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Abstract

The Nat/H* exchanger isoform 1 (NHE1) is the predominant isoform in
mammalian cells, and regulates intracellular pH and ion concentrations. NHE1 also
interacts with numerous proteins and signalling pathways. Consequently, it has been
found to influence cell volume, growth, differentiation, and motility, and has roles
in heart disease and cancer. While a wealth of biochemical and physiological data
is available on NHE], little is known about its structure or mechanism of function.
In this thesis, a “divide and conquer” approach was used to study the structure and
function of NHEI1. The structures of individual transmembrane (TM) segments
were determined using nuclear magnetic resonance (NMR) spectroscopy, and the
function of the TM segments in the full protein were investigated using site-directed
mutagenesis in cultured cells. We first examined the structures and functions of the
second (EL 2) and fourth (EL 4) extracellular loops of NHEI. Both loops contained
functionally important residues, however, EL 2 was found to be structured by NMR
while EL 4 was unstructured. Next, we investigated two critical TM segments in
NHEI1, TM VI and TM XI, as well as TM IV of sod2, a yeast Na*/H" exchanger.
These TM segments were found to have unusual structures consisting of a N- and
C- terminal alpha-helix, with an extended segment in between, and the structures
correlated well with the functional data. We also looked at larger regions of NHE1
using NMR to examine the TM—TM interactions in the protein, starting with a
structure of a two-TM segment of NHE1, TM VI-VII. We also present preliminary

NMR experiments on two three-TM segments, TM V-VII and TM X-XII, as well



as full-length Escherichia coli NhaA. Overall, the “divide and conquer” approach
has allowed us to successfully examine the structures and functions of single-TM
segments of NHEI. Furthermore, studies on multi-TM segments and NhaA suggest
that we may be able to assemble the structure of NHE]1 from its segments or even

study the complete protein by NMR spectroscopy.
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Chapter 1

Introduction

Portions of this chapter have been published elsewhere in modified form:

* Lee, B. L., Sykes, B. D., and Fliegel, L. (2011) Structural analysis of the
Na'/H" exchanger isoform 1 (NHE1) using the divide and conquer approach.
Biochem. Cell. Biol. 89, 189-199.

* Lee, B. L., Sykes, B. D., and Fliegel, L. (2013) Structural and functional
insights into the cardiac Na™/H" exchanger. J. Mol. Cell. Cardiol. 61, 60-67.

Membrane proteins

Integral membrane proteins function by allowing the cell to interact with its
environment by transversing the membrane bilayer to provide a connection between
the outside and inside of the cell, that otherwise acts as a barrier. The various
functions of membrane proteins include transporters that allow molecules to cross
the membrane, receptors that convey signals to the cell in response to external
stimuli, cell adhesion molecules to allow the cell to interact with its neighbours, as
well as enzymes that catalyze important reactions within the cell. The importance
of membrane proteins can be emphasized by the fact that they make up 20-30%
of the genome of an organism (/). The function of membrane proteins also make
them important in the pharmaceutical industry, where they represent 40—60% of the
proteins that are currently targeted by drugs (2).

Because of their importance in cellular function and in the pharmaceutical
industry, the structures of membrane proteins are of great interest. The three-
dimensional structure of membrane proteins can provide insight into the details
of the molecular mechanisms of the protein, as well as provide a starting point

for the rational design of drugs that could specifically target that protein and its
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Figure 1-1. Structures of integral membrane proteins. (Left) The first high resolution
membrane protein structure: the photosynthetic reaction center of Rhodopseudo-
monas viridis, an alpha-helical membrane protein. The four subunits are coloured
in different shades of grey, with the polypeptide backbone shown in a cartoon rep-
resentation, co-factors shown as sticks, and bound ferrous ion shown as a sphere.
(Right) The beta-barrel membrane protein OmpA from Escherichia coli, in a cartoon
representation.

function. The first high resolution protein structure was determined in the 1950’s
(3), and since then, the number of protein structures has grown almost exponentially.
There are currently around 87000 protein structures representing around 21000
unique sequences (structures with less than 30% sequence similarity) deposited
in the Protein Data Bank (4). The determination of membrane protein structures,
however, has lagged behind. The first membrane protein structure was published
in 1985, and there are currently about 1200 high resolution structures representing
about 400 different proteins (5).

The first membrane protein structures, a low resolution electron diffraction
structure of bacteriorhodopsin and a high resolution x-ray structure of a photosyn-
thetic reaction center (Figure 1-1), were published in 1975 and 1985, respectively (6,

7). These structures exemplified many of the characteristics of membrane proteins
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recognized today. They contain long stretches of hydrophobic amino acids that
fold into alpha-helices and insert into the hydrophobic environment of the mem-
brane bilayer. Membrane proteins often contain more positively charged residues
compared to negatively charge residues in the helix-connecting intracellular loops:
the “positive inside rule” (8), as well as a higher proportion of aromatic residues
at the membrane-solvent interface, an “aromatic belt” (9). More recent structures
have found that membrane proteins do not just consist of bundles of alpha-helices,
but include many less regular structural features, such as proline induced kinks,
re-entrant loops, and discontinuous helices which were found to be important for the
function of the proteins (10, 11). The properties of the membrane are also important
to membrane proteins (/2, 13). The structures and functions of membrane proteins
can be affected by membrane thickness, surface charge, curvature, and some proteins
require specific lipids for their function.

While the majority of membrane proteins are primarily alpha-helical in
structure, a small percentage of membrane proteins contain a beta-barrel structure
(Figure 1-1). In bacteria, beta-barrel membrane proteins make up around 2—3% of the
genome. They are found primarily on the outer membranes of bacteria, mitochondria,
and chloroplasts. This thesis focuses on the structural and functional aspects of the
larger class of alpha-helical membrane proteins, and specifically on the ubiquitous
human Na™/H" exchanger isoform 1 (NHE1).

Membrane protein structure determination

Because of the disparity between the number of structures of soluble proteins
and the structures of membrane proteins compared to their importance in cell func-
tion and disease, there is a need for more structural information about membrane
proteins. However, membrane protein structures have been difficult to obtain. While
many soluble proteins that have been crystallized have been expressed in prokary-
otic systems such as Escherichia coli, membrane proteins, particularly eukaryotic
membrane proteins, may have more specialized requirements for their expression
(14), such as post-translational modifications, or specialized insertion or folding
systems not found in bacteria. The yield of membrane proteins from overexpression
is often lower than soluble proteins, as their expression can become toxic to the cell.
Furthermore, their hydrophobic nature can make them difficult to purify and handle
compared to soluble proteins, requiring the use of detergents, which can affect their

stability and structure.



Initial predictions of the structure or topology of membrane proteins usually
involves an examination of the sequence of the protein. Important residues can
be found through comparison with closely related sequences, where functionally
important residues are usually conserved. The sequences also reveal long stretches
of primarily hydrophobic residues which suggest the location of the hydrophobic
transmembrane (TM) helices (15, 16). More modern prediction methods are rela-
tively accurate and can usually predict the general topology of the protein (/7). If
structures of homologous proteins are available, one could attempt to model the
sequence onto the three-dimensional structure of the homologous protein. These
methods only provide a prediction of the general topology of the protein and requires
experimental validation. More difficult to predict are the more unusual but func-
tionally important features that have been found in many recent membrane protein
structures, such as discontinuous helices, extended segments in the center of a TM
helices, and re-entrant loops, structured intra- or extracellular loops that enter and
exit the membrane, as well as helix distorting kinks (10, 11, 18).

These predictions can be experimentally tested using biochemical methods.
The topology of the protein can be investigated using protein or chemical tags,
or enzymatic cleavage (/9). Chemical cross linking, fluorescence and electron
paramagnetic resonance spectroscopy can provide site-specific information about
the three dimensional structure (20). However, these techniques only give a low
resolution picture of the structure of the protein.

Diffraction techniques such as x-ray crystallography and electron crystallog-
raphy have been the main methods for obtaining high resolution structural data for
entire membrane proteins. These techniques can provide atomic resolution detail of
very large and complex proteins. As with studying membrane proteins in general,
the amount of protein that can be produced is a limiting factor. For crystallogra-
phy specifically, obtaining well diffracting crystals is the primary challenge. Some
strategies that have been developed to attempt to form crystals have included using
chimeric proteins (217), or unusual lipid phases (22). Despite these difficulties, the
majority of membrane protein structures have been determined by these methods,
and many more structures will follow in the future.

Another method for obtaining high resolution structural information is nu-
clear magnetic resonance spectroscopy (NMR). NMR is an attractive method for
studying the structure and function of membrane proteins and proteins in general, in
that proteins can be studied in physiologically relevant conditions and without the

demanding need for the formation of crystals. NMR is also useful for determining
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the structures of dynamic and flexible proteins, which do not crystallize well. As
with crystallography, the expression of sufficient amounts of protein can be a limiting
factor. High concentrations of protein are needed for NMR, and protein yields may
be reduced due to the need for potentially expensive isotopic labelling necessary
for NMR structure determination experiments. The quality of the NMR spectra of
membrane proteins can also make structure determination difficult. The repetitive
helical structure and often large size of many membrane proteins can result in exten-
sive crowding and overlap between the peaks in the NMR spectra. For these reasons,
NMR studies have traditionally been limited to smaller proteins and peptides. The
first NMR protein structures were of small proteins around 50 residues in size (23).
For membrane proteins, the first structures were of simple single TM proteins (24,
25). Recently developed methods such as transverse relaxation optimized correlation
spectroscopy (TROSY), perdeuteration, selective labelling schemes (26) as well as
solid-state magic angle spinning NMR (27) have been used to study larger and more
complex systems with NMR spectroscopy. This has allowed for the determination
of large proteins such as the 82 kDa malate synthase (28) and the 27 kDa mem-
brane protein sensory rhodopsin (29) using solution state NMR. Solid-state NMR
techniques allowed for the structure determination of the 34 kDa G-protein coupled
receptor, CXCR1 (30). Site specific studies of even larger proteins such as the 670

kDa 20S proteosome core particle have also been shown to be possible (317).

Nat/H' exchangers

The focus of this thesis is the structure and function of the first characterized
human Na*/H" exchanger (NHE) isoform, NHE1. Na™/H" exchangers are a family
of membrane proteins that catalyze the transmembrane exchange of sodium ions
for protons. NHEs are widely distributed across phyla and kingdoms. In lower
organisms, they are mainly involved in exporting sodium ions for salt tolerance,
while in eukaryotes, they play a large role in regulating intracellular and intercom-
partmental pH. Three cation/proton antiporter families have been described: CPA1,
CPA2, and a Na'-transporting carboxylic acid decarboxylase family (32). The
CPA1 family includes many well-studied examples of NHEs from fungi, plants,
and mammals. It includes the eukaryotic NHE clade with several subgroups. Nine
isoforms of mammalian NHEs (NHE1-NHE9) have been identified in this family
and are thought to be electroneutral transporters (32, 33). The CPA2 family consists

of several clades, some members of which are electrogenic. Its members include the



well studied E. coli NhaA, as well as the yeast sod2, and the human Nhal and Nha2
(32, 34). The mammalian sperm-specific NHEs are found in the remaining family
(32).

NHE1

Cation/proton exchange was proposed as part of Peter Mitchell’s chemios-
motic hypothesis (35), and was first demonstrated in rat liver mitochondria (36).
Mammalian Na™/H" exchange was first demonstrated in rat intestinal and renal
microvilli by Murer et al. in 1976 (37), and the first isoform, NHEI1, was cloned
and sequenced by Sardet et al. in 1989 (38). In humans, nine isoforms, numbered
NHET1 through NHE9, have since been identified, along with three more distantly
related isoforms, NHA1, NHA?2 and a sperm-specific NHE (32). NHE 1-5 are
located primarily on the plasma membrane. NHE] is ubiquitous, and is considered
the “housekeeping” isoform. NHE 2—4 are found primarily in the kidney and gas-
trointestinal tract. NHES is found in the brain. NHE 6-9 are found in intracellular
membranes and regulate organellar pH.

Human NHE1 contains 815 amino acids, with a 500 amino acid N-terminal
membrane domain responsible for ion transport and pH sensing, and a 315 amino
acid C-terminal regulatory domain. The membrane domain functions by removing
intracellular protons in exchange for extracellular sodium in a 1:1 ratio to regulate the
intracellular pH. The energy for transport comes from the sodium electrochemical
gradient normally maintained by the Na*t/K™ ATPase. NHE1 shows little activity
under physiological resting conditions. However, it is activated through a “pH sensor”
on the intracellular side of the membrane domain by a decrease in intracellular pH. Its
activation is also modulated by its regulatory domain through its phosphorylation and
its interactions with numerous regulatory proteins (33). NHEI has also been shown
to be involved in cell volume regulation (39), cell motility (40), and is involved in
cell growth and differentiation (47).

NHEI1 has several pathological roles (42). NHE1 has been implicated in
ischemic heart disease. The build-up of intracellular acid under hypoxic conditions
in ischemia leads to activation of NHE1 and an influx of sodium. The function of
the Na™/K* ATPase that would normally remove sodium is inhibited, due to the
decreased levels of ATP under anaerobic conditions. The influx of sodium ions from
NHE! must then be handled by other proteins such as the Nat/Ca?* exchanger

acting in reverse. This results in a detrimental influx of calcium that affects various



cell signalling pathways, and promotes cell death. The activation of NHE1 has also
been shown to be involved in cardiac hypertrophy (42). NHE1 has been shown to
be involved in cancer metastasis and invasiveness, by promoting the abnormal pH
microenvironments and cell migration characteristics of cancers (43). An unusual
splice variant of NHE1, missing TMs II-IV of the Wakabayashi model (see below),
may be involved in Na™/Li™ countertransport in erythrocytes, and may be associated
with hypertension and diabetic nephropathy (44, 45). The increased activity of
NHETI in these various diseases suggests that NHE1 could present a target for drugs
aimed at treating these diseases. However, clinical trials in humans have proven
inconclusive or disappointing (46), possibly due to the specificity of the inhibitors
and the route or timing of administering the drugs.

While there is a large body of research into the roles of NHEI in cellular
function and its role in a variety of diseases, there is little known about the structure
of NHEI1. A better understanding of the detailed structure of NHEI could help in
understanding how it carries out its functions, as well as allow for the design of
better drugs and treatment strategies targeting NHE1. The complete high resolution
structure of NHE] is currently not known. However, progress had been made into
elucidating the topology of NHEI, the structures of homologous Na™/H™ exchanger
proteins, and the structures of smaller regions of NHE1 including a few isolated TM

helices and regions of the C-terminus.

NHET1 topology

The sequence of human NHE1 was first determined by Sardet et al. (38),
who predicted that the membrane domain consisted of 500 amino acids with 10
TM helices using hydropathy analysis (/6). They predicted two potential N-linked
glycosylation sites; it was later shown that only N75 between the first two TM helices
acts as a N-linked glycosylation site (47). The hydrophilic C-terminal tail of about
300 amino acids contained a net positive charge and several putative phosphorylation
sites, and thus was placed in an intracellular orientation. Phosphorylation of the C-
terminal tail (48), and detection of a C-terminal domain epitope only in permeabilized
cells (49) later confirmed the intracellular placement. Orlowski et al. (50) cloned and
sequenced rat NHE 14, and using hydropathy analysis (/5) and sequence alignment
between the isoforms also suggested that NHE1 contained 10 TM helices. In
comparison to the topology proposed by Sardet et al. (38), the first two helices were

discarded and two additional helices were added, which while not as hydrophobic as



the surrounding helices, contained highly conserved polar or charged residues that
were likely to be important for function. Differences in predictions seem to result
from differences in the hydrophobicity scales used and from window sizes used to
predict the TM regions.

Detailed analysis of the topology of NHE1 was performed by Wakabayashi et
al. (51), using the cysteine scanning accessibility method (52). This method involves
introducing an individual cysteine mutation into a cysteineless mutant of the protein
and testing the accessibility of that cysteine to the sulfhydryl reactive reagents.
The use of whole vs. permeabilized cells allowed them to test for extracellularly
vs. intracellularly accessible cysteines in NHE1. They confirmed the intracellular
localization of the N-terminus. They proposed a 12 TM model (referred to here as
TMs I-XII) based on the accessibility of the residues tested (Figure 1-2, top) with the
N- and C-terminus in the cytoplasm and the glycosylation site at N75 between TM I
and II. The tenth TM in the hydrophobicity model contained residues on either end
accessible extracellularly and was proposed to be a re-entrant loop rather than a TM
segment, entering and exiting on the same side of the membrane. Two intracellular
loops, between TMs IV-V and VIII-XI, were also suggested to be re-entrant loops,
as these two loops contained both extracellularly and intracellularly accessible
residues. They suggested that these re-entrant loops might line the pore and play a
role in ion translocation. Experiments by Sato et al. (53, 54) using a cell-free protein
expression and membrane insertion system support the cytosolic localization of the
N-terminus and the unusual topology of the re-entrant segment. They also showed
that a plant NHE, Nhx1, has a similar topology. Finally, Wakabayashi et al. found
that the predicted extracellular loop between the last two TM helices was found to
be inaccessible and was reassigned as TM XI (51, 55).

Brett et al. (32) analyzed the evolutionary relationship between a large sam-
ple of proteins in the cation/proton antiporter superfamily, which includes NHE].
The family of proteins appear to have a common fold in the transmembrane domain
corresponding to TM II-XII of the topology model of Wakabayashi (57) as sug-
gested by the similar hydropathy profiles of the exchangers. TM I-II appeared to be
poorly conserved, and in the mammalian NHEs, TM I often appeared to be missing
in sequence alignments. The C-terminal regulatory region varied in size and has low
sequence similarity, which could reflect differences in regulation, localization, and

function of the different isoforms.
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Figure 1-2. Topology models of NHE1. (Top) Wakabayashi topology model. (Bot-
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Figure 1-3. Crystal structure of NhaA. TM 4, 5 and 11 are shaded grey and labelled.
¢, cytoplasmic halves of TM 4 and 11. p, periplasmic halves of TM 4 and 11. Key
aspartate residues implied in ion binding are shown as sticks and labelled.

NhaA

NhaA is a distant bacterial homologue of NHE1 which functions in salt
tolerance. Unlike NHEI, it removes sodium using the proton gradient in a 1:2
sodium:proton ratio, and it is active at basic pH. The membrane domain is smaller,
with 388 amino acids, and NhaA does not contain a C-terminal regulatory domain.
NhaA is also insensitive to most eukaryotic NHE inhibitors (56). The ability to
overexpress and purify active NhaA in milligram quantities was crucial to the
determination of the complete structure as well as in functional studies of the
protein (57). The high-resolution structure of NhaA has provided a starting point to
interpreting the functional data on NhaA and providing insights in to the mechanism
of Na™/H" exchange.

The structure of E. coli NhaA was solved at a high resolution by X-ray
crystallography (58). NhaA consists of 12 TM helices and has a novel fold. The
structure showed a long loop between TMs 1 and 2 and contained a surface associated
helix and a 2 strand beta sheet that was important for dimerization (56). When the
beta-sheet was removed, monomers of NhaA were functional though with altered
kinetics, suggesting that monomers were the principal functional unit. NhaA also
contains a group of 6 TMs which contains two bundles of TM helices containing
three TMs each, TM 3-5 and TM 10-12, which are related by a pseudo two fold
symmetry. Two of the helices, TM 4 and TM 11, were “discontinuous helices”

that contained extended regions in the center of each helix and which crossed each
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other. These are a critical part of the novel fold of NhaA. Many membrane protein
structures contain similar internal structural repeats (59) or discontinuous helices
(11) in their structures, which may be important in substrate binding and transport.
The TM 4/11 region of NhaA contains a negatively charged D133 on TM 4 and
positively charged K300 on the nearby TM 10, both of which could compensate for
the introduction of helix dipole partial charges introduced by the breaks in TM 4 and
11 in the center of the membrane. Two highly conserved aspartate residues, D163
and D164 on TM 3, are believed to be important in cation binding. Figure 1-3 shows
the structure of NhaA, highlighting the critically important TMs 4, 5, and 11.

The structure of NhaA was solved at pH 4, where it is in an inactive, “acid-
locked” state. In this state, the important D163-D164 site is only partly accessible
from the cytoplasmic side and completely inaccessible from the periplasmic side.
Studies using electron microscopy (60), computational simulations (67, 62), and
various biochemical analyses suggest a mechanism for the activation and transport
mechanism of NhaA. Charged residues located around the cytoplasmic end of TM 9
and the N-terminus act as a pH sensor, which undergoes a conformational change
(60, 63) at basic pH. This in turn triggers a change in conformation of TMs 4,
11, and 10 to fully expose the cytoplasmic ion binding site and readies the protein
for transport (60, 64). Ion transport can then proceed by an “alternating access”
mechanism. Na™ binds in the pore near D163 and D164 (62, 65). Binding causes
a disruption of the delicate electrostatic balance between the charged residues and
helix dipoles, which triggers conformational changes in the transporter that releases
the Na™ ion to the periplasm. Two H* can then bind in the pore and are transported
into the cytoplasm, resetting the transporter for Na™ binding once again.

A 2D topology and a 3D model of NHE1 was proposed based on the bacterial
crystal structure of NhaA as a template (66). They used modern TM helix prediction
and protein alignment algorithms to model the NHE1 sequence onto the NhaA
structure. The 2D topology of this model is shown in Figure 1-2. While the 12
TM helices of NhaA and the 12 TM helices of the Wakabayashi model suggest that
there could be a 1-to-1 correlation between the NhaA and Wakabayashi topologies,
the topology developed by Landau et al. assigns some helices differently. This
topology model also contains 12 TM helices (labelled as TMs 1-12); however, it
does not include the first two helices of the model of Wakabayashi (57). Landau
et al. argued that these helices do not appear to be important for the function of
the protein and are poorly conserved. Furthermore, enzymatic cleavage of NHE1
between TM II and III did not affect NHE1 function (67). However, both fully and
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partially glycosylated NHE1 are visible in western blots of NHE1, and Wakabayashi
et al. locate the N-terminus in the cytoplasm (57), which suggests that these two
helices and the intervening loop are present. This could suggest that there are 14
TMs in NHEL1: the twelve predicted by Landau plus two additional N-terminal TM
helices. The assignment of the next 6 TMs (TM III-VIII, now numbered TM 1-6) is
the same. TM IX is split into two short helices (TM 7-8) and the re-entrant segment
between TM IX-X is reassigned as TM 9. This rearrangement of the re-entrant
loop, however, places the fifth extracellular loop, with numerous extracellularly
accessible residues (517), on the inside of the membrane. They suggest that this loop
could be near the pore of the protein, similar to the re-entrant loops suggested in
the model of Wakabayashi. The remaining three TMs (TM 10-12) are the same
in both models. They also predict that TM 4 (TM VI) and 11 (TM XI) contain
unwound central regions, like the TM 4/11 assembly observed in NhaA. Charged
residues that are evolutionarily conserved among NHE family members are placed
in the core of the protein and are proposed to play a role similar to the corresponding
residues in NhaA. D238 is thought to be similar to D133 in NhaA, compensating
for the helix dipole charges. D163-D164 in NhaA is replaced with N266-D267
in eukaryotic exchangers, which may play a role in ion binding. Evidence which
supports this model includes the conservation of residues closer to the core and
lack of conservation at the periphery of the model, and the clustering of residues
important in pH regulation and in inhibition of NHE1 activity to one region of the

extracellular face of the exchanger.
Homologous Na"/H" exchangers

NHA2

A model of a related protein, human NHA?2 (68), was also published using
the same methodology as the study by Landau et al. (66). The results suggested a
structure similar to that of NhaA but with unique features. The study also included
model-based mutagenesis experiments to support their results. Guided by their
model of NHA?2, mutagenesis of conserved charged residues and residues in the
protein core suggested that NHA2 may have a TM segment assembly similar to
that of NhaA. The dipoles of this assembly appear to be compensated for by polar,
uncharged residues rather than the negatively charged aspartates in NhaA. They also

suggest that an additional positively charged arginine residue not present in NhaA or
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NHEI1 may play a role in the transport mechanism of NHA2.

NhaP1

A three-dimensional EM structure of the Methanococcus janasschii NhaP1
exchanger has been solved (69). The organization of the helices of NhaP1 is similar
to NhaA, with a linear arrangement of helices forming a dimer interface, and a
6 TM bundle. NhaP1 shows 13 TM helices in contrast to the 12 in NhaA. The
additional helix is likely at the N-terminus and interacts with the second monomer.
They found that this helix is important for activity, however it did not appear to be
necessary for dimerization. The Landau model (66) of NHE1 does not model the
first two predicted TM helices TM I-II, however multiple sequence alignments by
Goswami et al. (69) suggest that NHE1 may have 14 TM regions, including TM
I-II, with 13 TMs equivalent to NhaP1 and an additional helix corresponding to TM
V. This would suggest the Landau model is accurate for the region containing the
TM VI-XII region, while the helices in the first half of the model may be assigned
differently. Their alignment also suggests also that human NHE6 has 15 TMs, with

the first TM functioning as a cleaved signal sequence (70).

ASBT

Recently, a crystal structure of a sodium/bile salt symporter ASBT was found
to have an almost identical fold to NhaA (71). It contains 10 TMs, with the 6 TM
bundle and 4 TM “panel” superimposable onto the NhaA structure. The emergence
of a 10 TM rather than a 12 TM protein with a near identical fold to NhaA and with
a completely different function, suggests that this fold could be present in many

other transporter proteins as well.

Structural studies of NHE1

Electron microscopy

A low resolution envelope of full length NHEI has been obtained using
single particle electron microscopy (72). In this study, NHE1 was successfully
overexpressed and purified in Saccharomyces cerevisiae. The envelope of the protein
was determined by single particle reconstruction of negatively stained, purified
NHEI protein. The size of the envelope corresponded to a dimer of NHE1. NHE1

has been shown to exist as dimers, although the functional unit is a monomer (73).
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The envelope of the NHE1 dimer contains two compact, higher density regions
which are likely the two NHE1 monomers. These two regions agree with the size
and shape of a dimer of NhaA. The NHEI structure observed also contains a “ridge”
which was interpreted to be the density from the combined cytoplasmic domains
of the two NHE1 molecules. Recently, a low resolution envelope of a plant NHE,
SOSI, has also been solved (74). This structure also appeared to be a dimer, and

two conformations of the C-terminal domain could be observed.

Intrahelical loops

There is little structural and biochemical information on the intracellular
and extracellular loops of NHE1. The extracellular loops of NhaA contain residues
important for pH induced activation (75), and contain a beta-sheet essential for
dimerization (56). The loop regions of NHE1 could similarly be important for pH
induced activation, inhibitor binding and interacting with the C-terminal tail and
associated regulatory proteins. Many charged residues on the intracellular loops were
found to be important for the pH sensitivity of NHE1, and mutation of these residues
shifted the intracellular pH dependence of the exchanger (55, 76, 77). Murtazina et
al. (78) found that E391 was important for activity. This residue is located within
the proposed extracellular re-entrant loop between TM IX and X, however in the
Landau model (66), this is near the center of TM9. Extracellular loop (EL) 2 contains
residues which may be important in inhibitor binding (79). This could be related to
its proximity to TM IV, which also has many inhibitor sensitive residues. Wang et al.
(80) identified functionally important cysteine (C477) in EL 6.

C-terminus

The C-terminus of NHE1 spans residues 500-815 and is found on the intra-
cellular side of the membrane. Circular dichromism analysis suggests the domain
contains 35% o-helix, 16% B-turn, and 49% random coil (81). Circular dichromism
analysis of the last 180 amino acids suggests mostly sheet, turn, and coil structure,
with very little helical content (87). The membrane-proximal region (~500-600) ap-
pears to be involved in the dimerization of NHE1 (82). The distal region (~600-815)
may be intrinsically disordered based on NMR studies (83). Structures of the CHP1,
CHP2 and calmodulin regulatory proteins bound to the C-terminal tail of NHEI
have been solved. Residues 503—545 of the C-terminal tail form an amphipathic
helix on binding to CHP1 (84) or CHP2 (85). Calmodulin binding (86) to residues
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Figure 1-4. The two-stage model of membrane protein folding. (Left) Individual
TM segments can fold independently into helical structures on insertion into the
membrane bilayer. (Right) Folded TM alpha-helices interact and form the final
three-dimensional protein structure.

622—690 of the C-terminus have also been determined. The C-terminal has been
suggested to undergo Ca’t dependent conformational changes. This may be an
effect of calmodulin binding, through disruption of the interaction of the calmodulin
binding region to an acidic D/E rich patch (residues 753—-759) (87). The C-terminal
tail also displays phosphorylation and pH-dependent conformational changes (88).
These conformational changes may be important in the regulation of the exchanger.
The complete structure of the C-terminal tail, its interactions with other proteins,

and how it regulates the membrane domain activity remain to be elucidated.

The ‘““divide and conquer” approach

While there has been a lot of progress on the development of NMR techniques
for studing large proteins, there are still very few structures of large membrane
proteins determined using NMR. An alternative approach to membrane protein
structure is the “divide and conquer” approach, which can avoid the problems
associated with expressing and studying the full-length membrane protein (89). This
approach studies the structures and interactions of smaller peptides that represent
the TM segments of the larger multi-TM protein. Such smaller peptides tend to be
easier to produce, both chemically and biosynthetically, than full membrane proteins.
Their smaller size is also more favourable for NMR spectroscopy, providing simpler
and better resolved NMR spectra than the larger, full-length proteins.

The divide and conquer approach is based on the concept of the two-stage

folding model of alpha-helical membrane proteins proposed by Popot and Engelman
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(Figure 1-4) (90). The model reasons that TM helices are able to form energetically
stable, independently folding domains in membrane environments. Alpha-helices
form because it is energetically unfavourable to place exposed polar backbone
C=0 and N—H groups within a hydrophobic environment. This can be alleviated
through the formation of hydrogen bonds between these groups (97) to form either
alpha-helical or beta-barrel structures. Hydrophobic side chains on the outside of
the structures allow the helix or barrel to insert into the hydrophobic membrane
environment. Alpha-helices are thought to fold at the membrane interface, where the
environment is intermediate between the solvent and membrane (92). Van der Waals
forces and conserved motifs such as the GXXXG motif can then allow the helices in
a multi-span TM protein to interact and form the final three-dimensional structure.
In eukaryotes, the insertion of the TM helices is mediated by the Sec translocation
machinery, which identifies and folds individual TM helices as they are translated,
then allows them to exit to the bilayer where they can interact with other TMs.

The two-stage model implies that individual TM helices act as independently
folding domains that, when placed in an appropriate membrane-like environment,
might be expected to have similar structures both isolated and in the complete protein.
NMR studies of individual TM helices and loops have shown that the structures are
often very similar to the structures of helices found in crystal structures (93-95),
and kinks or unstructured regions found in these isolated helices have functional
relevance (/1), supporting this approach. Naider et al. have used this method to
examine single- and multi-TM regions of the GPCR Ste2p (96-98).

Due to the difficulty of studying the structure of the complete NHE1 protein,
we decided to use the “divide and conquer method” (89) to study the structure of
NHEI1. Rainey et al. and Reddy et al. have previously determined the structures of
some isolated TM helices of NHEI using NMR. These were TM 1V (residues 155—
180) (99), TM VII (250-275) (100), and TM IX (338-365) (101). These helices were
chosen based on the Wakabayashi et al. (57) model and their functional importance
due to the presence of charged or helix-breaking residues and previous mutagenesis
studies. Each putative TM helix did not form simple canonical alpha-helices, but
rather displayed kinks and extended structures within what would be the center of the
TM helices. Furthermore, these unusual features tended to correspond to regions in
the TM helix that were functionally significant in the full protein based on thorough
mutagenesis experiments on those TMs. Non-helical regions in TM helices have
been found in the structures of many transporter proteins and are suggested to play

key roles in their function (71).
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Milligram amounts of peptide are needed for NMR structural analysis. A
peptide representing TM IV was expressed in E. coli as a fusion protein with an N-
terminal streptococcal immunoglobulin binding domain (GB1 domain) for solubility
and a C-terminal poly-histidine tag for purification (/02). Methionine residues
separated the three regions of the fusion protein, allowing for purification of the
TM IV peptide by cyanogen bromide cleavage and subsequent purification by high
performance liquid chromatography (HPLC). This expression system allowed for
stable isotopic labelling of TM IV for detailed NMR study. Attempts at expression
or purification of TM VII using the GB1 system resulted in poor yield of purified
peptide, so TM VII, along with TM IX, were made synthetically (100, 101), without
isotopic labelling. Multiple naturally occurring charged residues and/or additional
non-natural lysine residues were placed at the termini of the synthetic peptides.
Lysine tags have been shown to increase peptide solubility during purification (103).
These peptides can then be studied solubilized in membrane-mimicking conditions.
The structure of TM IV was determined in a mixture of chloroform, methanol and
water. The mixture is similar of the membrane environment: with components
representing a hydrophobic lipid core and polar solvent environment. Later peptide
structures were determined in detergent micelles, which may better represent the
lipid bilayer (/04) by forming particles containing a core of hydrophobic tails,
surrounded by polar head groups.

The NMR structural studies were performed simultaneously with comple-
mentary functional assays involving comprehensive mutagenesis of the residues
of the TM helix being studied. Such functional assays are important to the inter-
pretation and validation of the NMR structural data. The effects of the mutations
on protein expression, trafficking, and activity were measured in cultured cells,
providing insights into the role of each of the residues in the TM segment. Cysteine
substituted mutants could also be reacted with sulfthydryl reactive reagents, such
as negatively charged MTSES and positively charged MTSET. The treatment of
specific mutants with MTSES or MTSET resulting in the inhibition of transport
activity would suggest that those residues are not only extracellularly accessible,
but are within the pore of the protein, as the size and/or charge of MTSES/MTSET
could likely block the entry of Na™ into the pore.
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Figure 1-5. NMR structures of NHE1 TM segments. (A) TM IV. (B) TM VII. (C)
TM IX. The lowest energy structures from the NMR structural ensembles are shown.
The peptide backbone in shown in a cartoon representation; the thicker cartoon in
(A) represents a region of beta-turns. Side chains are shown as sticks. Some of the
functionally important side chains are labelled. The structures were determined in
organic solvents (TM 1V) or detergent micelles (TM VII and IX).

Structural and functional studies of NHE1 transmembrane he-
lices

™ IV
The NMR structure of a peptide representing TM IV (residues 155-177) of

NHEI was determined in an organic solvent mixture of 4:4:1 chloroform/methanol/
water (Figure 1-5, A) (99). Counter to expectations, TM IV did not adopt a canonical
transmembrane alpha-helical structure. TM IV has an irregular structure, containing
three structurally distinct regions. The N-terminal region (residues 159-163) contains
overlapping beta turns. The central region (residues 165-168) contains two prolines
and is extended. The C-terminal region (residues 169—176) contains a short helical
segment at residues 170-174. While the individual regions can be superimposed in
the NMR structural ensemble, the three regions rotate freely with respect to each
other, so the entire structure cannot be superimposed. This could represent flexibility
in the TM segment that could be important for function or could be a result of a lack
of interactions between the isolated TM helix and the balance of the protein.

TM 1V has been found to be important in modulating inhibitor efficacy
towards NHE1. Mutations to F162, L163, F167, F165, and G174 (105-108) were all
found to confer inhibitor resistance upon NHE1. The residues important for inhibitor
sensitivity are primarily on the N-terminal beta-turn region and the extended segment
in the NMR structure, which corresponds to the extracellular half of TM 1V (residues
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159-168). Slepkov et al. (99, 109, 110) tested many mutants of TM IV for transport
activity and found it very sensitive to mutation. Of 23 cysteine mutants of TM IV, 11
resulted in an exchanger with less than 20% of wild-type activity. P167/P168 was
particularly important for the folding and activity of NHEI. Labelling of a F161C
mutant NHE1 protein with either extracellularly applied, positively charged MTSET
or negatively charged MTSES, resulted in inhibition of transport activity. This
suggested that this residue is near the ion translocation pore, where MTSES/MTSET
could sterically block the pore. The pore-lining location would also be consistent
with changes in inhibitor sensitivity with mutations in this region.

The NMR structure of TM IV was found to roughly resemble the crystal
structure of TM 4 of NhaA (/11), initially suggesting that there could be a one-to-one
direct correlation between the 12 helices predicted by Wakabayashi et al. (57) and
the 12 helices in NhaA. Despite the primarily non-helical nature of the TM IV
NMR structure, the comparison showed there was a significant degree of similarity
between the two structures. The N-terminal beta turns in the NMR structure could
be superimposed onto the N-terminal helix of the crystal structure, while the central
extended and C-terminal helical regions of TM IV could be superimposed on the
same regions of TM 4. Owing to the presence of pivot points in the NMR structure,
only the structured regions and not the entire peptide could be superimposed. The
NhaA structure also contains a critical residue, D133, which corresponds to P168
in the alignment. Both proline and aspartate residues can be found to cap the N-
terminus of helices (/12), lending support for this alignment. However, D133 is also
thought to play a role in electrostatic balance and conformational changes resulting
from ion binding (//3). In TM 1V, no such residue is present in or close to the
extended region, although it is also possible other nearby residues, D159 or D172
could play a similar role.

The Landau et al. (66) topology model of NHE1 suggests TM IV is equivalent
to TM 2 of NhaA. TM 2 of NhaA is kinked at its center rather than extended as TM
IV is in the NMR structure. P167 and P168 in NHE1 TM IV maintain the extended
structure of TM IV in the NMR model, and interactions with other TMs might be
required for it to more resemble TM 2 of NhaA. Prolines have been shown to be
able to incorporate into helices and induce kinks (/7/4). NhaA TM 2, however, does
not contain prolines, although they may have been lost over the evolution of protein
structures (/75). TM 2 in NhaA also lines both the cytoplasmic and periplasmic
channels which would be in agreement with the pore-lining accessibility of F161
in NHE1 TM IV. Aspartates 159 and 172 in TM 1V are on the structured helical or
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beta turn regions in the NMR structure, not near the center of the TM, making them
unlikely to be directly involved in ion translocation like D133 in NhaA. Studies on
NhaA suggest that aspartates of TM 2 could play a role in pH induced activation
of the exchanger (75), which could suggest a similar role for the TM IV aspartates
of NHE1. Mutation of these two aspartates did affect the activity of the exchanger.
However, there was no clear correlation between the changes in activity and the
properties of the amino acid mutations (78). This could also suggest a regulatory,

rather than direct role, for TM IV in the transport mechanism.

™ VII

The structure of TM VII (residues 250-275) was solved in DPC micelles
(Figure 1-5, B) (100). It is primarily helical, with a kink at residues G261-S263 in
the center of the helix. The peptide appears to show two conformations in solution:
one where the TM helix is relatively straight, and one where the two halves are
folded together around the kink. Further NMR based dynamic studies on this system
suggest slow interconversion between these two states (//6) that may be important
for conformational changes necessary in ion transport. Mutations in the kink to
residues with stronger helical propensity such as alanine or isoleucine inhibited
activity, possibly by limiting this flexibility.

Mutagenesis of the amino acid residues in TM VII affected the activity of
NHE]1, with mutation of several residues influencing inhibitor efficacy (78, 100, 117).
TM VII was less sensitive to mutation than TM IV, with only a few key residues
showing significant effects on NHE1 activity when mutated. N266, and D267 were
critical to NHEI function, as with their mutation to cysteine or alanine, NHE1 was
nearly inactive. In contrast, retention of the charge with a D267E mutation maintains
activity. In addition, inserting an additional amino acid into TM VII inhibited activity
of NHEI, showing that the positioning of D267 is also important. These results
together suggested a putative role in ion binding. When E262 was mutated and
NHE1 was expressed in mammalian cells, there was generally increased intracellular
protein and a moderate decrease in activity, suggesting that E262 may be important
in proper protein folding or in attracting cations. Cysteine accessibility studies also
suggest that .255 and L.258 are pore lining (/17). Mutations of various hydrophobic
residues in TM VII to alanine show altered sensitivity to the inhibitor EMD87580,
which further supports the critical and pore lining role of this segment.

It seems unlikely that TM VII of NHEI could be equivalent to TM 7 of NhaA.

TM 7 is a short helix containing only about 15 residues instead of the approximately
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20 residues predicted for TM VII. Alignment of the sequences of TM VII and TM
7 suggested that the N-terminal half of TM VII would align with TM 7, while the
C-terminal half would form part of TM 8. This would suggest that the break at
residues 261-263 in the NMR structure could consist of an extracellular loop, with
the critical E262 and D267 at either end of the loop. However, the peripheral location
of TM 7/8 in NhaA contradicts the critical role and positioning of the residues in
TM VII in NHEI activity.

Landau et al. (66) suggest that TM VII is equivalent to TM 5 in NhaA. Unlike
the NMR structure, TM 5 in NhaA is a straight helix, with the charged aspartates
facing the pore. This could suggest that additional helix-helix interactions in NHE1
may be important in maintaining a more helical structure, and in maintaining the
correct orientations of the flexible halves of TM VII. NhaA has a DD motif (residues
163—164) rather than a ND motif (residues 266—267) that is found in NHE1 and
related exchangers. These aspartates in NhaA are implicated in direct ion binding
(65). NhaA does not have an additional residue equivalent to the more distal E262 in
NHEI1, however its importance in NHE1 could suggest some role in ion binding or
activation or alternatively, could reflect differences in the functions of NHEI and
NhaA such as their differing stoichiometry. Alternatively, a nearby glutamate on TM
8 of NhaA could play a role similar to E262 (68). Interestingly, the two pore lining
leucines identified in NHE1 (L255 and L258) are on the intracellular side of the
membrane in both the models of NHEI topology, yet were found to be accessible to
extracellularly applied reagents. This could be similar to the intramembrane loops
that are thought to be positioned inside the cell, but are accessible from the outside
of the cell (57). Their accessibility is also consistent with a role similar to NhaA
TM 5 which is critical for the activity of the exchanger. The critical nature of the
charged residues and pore lining nature of L.255/258 suggest they all lie along the
ion translocation pathway. This is supported in the location of TM 5 in the Landau
(66) model, and these residues lie on one face of the TM in some structures in the
NMR ensemble.

™ IX
In DPC micelles the structure of TM IX (residues 338-365) shows two

helical regions bent at a right angle to each other around a kink at residue S351

(Figure 1-5, C) (/18). Mutations to E346, G352, H349, have been found to decrease

drug sensitivity (79, 119, 120). Mutations to H349 showed little effect on activity.

E346 and G352 mutations, however, decreased activity. Reddy et al. (/07) found
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that E346 and S351 are pore lining. Mutations to either of these residues also
affected extracellular sodium and intracellular proton affinities. Most of the important
residues lie in the center of the TM helix, near the kink in the NMR structure where
they could play some role in ion transport and inhibitor binding. TM 9 in NhaA
forms a long kinked helix. This kink, and residues on the extracellular side of the
helix, are thought to be important in pH sensing and the resulting conformational
changes. In the model of Landau (66), the sequence of TM IX forms two TM
helices, TM 7-8, with the central kinked region forming an extracellular loop, and
with TM 8 lining the extracellular pore. This could also be consistent with the
accessibility and inhibitor binding studies, and activity could be affected by changes
to the pH sensitivity of the protein. In NhaA, TM 8 lines the pore and is involved in
pH regulation (/217). It is not clear from current data whether TM IX represents a
single helix as predicted by Wakabayashi (57), or if it is two TMs as predicted in the
Landau topology model (66).

Objectives

While there is a large amount of functional and physiological data regarding
NHEI, there is still very little known about its structure. Currently, there are two
differing topology models for NHE1: one proposed by Wakabayashi et al. based
on biochemical evidence, and another by Landau et al., based on evolutionary
conservation and homology modelling. They differ in the numbering and positioning
of the TM helices between the two models and it would be useful to distinguish
which topology model is more correct to help interpret the large body of functional
data available as well for comparisons to the data available for NhaA. The NMR
structures by Rainey et al. and Reddy et al. provide the only detailed structural
information about the transmembrane helices of NHE1 and correlate well with the
functional studies. They provide some hint that the structures of NHE1 and NhaA
may be similar, however its is unclear which of the topology models is correct and
the structural details of the remainder of the protein remain to be determined. The
only other structural data on NHE1 membrane domain comes from single particle
reconstruction using electron microscopy. The structure and mechanism of regulation
of the C-terminal domain is also poorly understood.

The focus of this thesis is the structural and functional investigation of
NHEI, specifically, using NMR and the “divide and conquer” approach to look at

the transmembrane domain of NHE1. These structural results will be integrated with
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the results with the detailed functional data obtained in the Fliegel laboratory. We
also attempt to extend the divide and conquer approach to looking at the structures
of multiple transmembrane helices, and gain some further insight into the structure,
function and folding of NHE1. Some of the goals of this thesis include, firstly, gain
structural and functional insights into additional TM helices of NHE1. Secondly,
test and compare the two topology models in light of the NMR structures and
corresponding functional data. Can we distinguish between the two topologies and
choose one over the other? Finally, to what extent can we use the “divide and
conquer” approach for studying structure and function of NHE1?

The work presented in this thesis consists primarily of work that has been
published collaboratively, combining the structural and functional study of particular
regions of NHE1. The methods used in both the structural work using NMR and
in vitro cell culture functional work are common throughout the studies, and are
detailed in Chapter 2. Additional procedures used only in one or two chapters are
detailed in their respective chapters. Chapters 3 and 4 examine the structure and
function of two extracellular loops of NHE1, extracellular loop 2 (EL 2) (between
TM III-1V) and extracellular loop 4 (EL 4) (between TM VII-VIII). There are few
studies on the interhelical loops of NHE1, however, these loops may be important
in the function of NHEI, as well as important in interactions with NHE1 inhibitors.
We then continue by investigating the structure and function of the transmembrane
helices of NHE1. We start by studying TM XI in Chapter 5 and TM VI in Chapters
6 and 7. These helices have been previously shown to be functionally important
in NHE1. We show that they adopt interesting structures and show that they are
central to the mechanism of the protein. Chapter 8 examines the structure and
function of the fourth transmembrane segment of a yeast Na*/H™ exchanger, sod2.
This exchanger is more closely related to the bacterial NhaA and our results may
imply similarity in the structure and function of sod2, NhaA, and NHE1. Chapter 9
attempts to take the divide and conquer approach further, looking at the structure of
a larger NHE1 peptide: two linked transmembrane helices, TM VI-VII, connected
by the native intracellular loop sequence. The structure of two interacting helices
may allow us to build up TM—TM interactions of NHEI1, and provide insight into
not just the secondary structure, but also the tertiary, three-dimensional structure and
the folding of NHE1. Chapter 10 presents preliminary data, where we attempt to
look at even larger segments using NMR spectroscopy, such as 3 TM segments of
NHE1, TM V-VII and TM X—XII, which builds on the previous work of TM VI
and TM VI-VIIL. We also look at full length Escherichia coli NhaA using solid-state
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NMR, as a possible model Na™/H™ exchanger protein for NMR studies, and which
may provide a possible stepping stone to future NMR studies of full length NHEI.
Finally, Chapter 11 presents some overall conclusions and future directions from
this work. The appendices contain work that does not follow the main topic of this
thesis, primarily structural studies of other transmembrane or membrane interacting

peptides.
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Chapter 2

Methods

Portions of this chapter have been published elsewhere in modified form:

* Lee, B. L., Li, X,, Liu, Y., Sykes, B. D., and Fliegel, L. (2009) Structural and
functional analysis of extracellular loop 2 of the Na™/H™ exchanger. Biochim.
Biophys. Acta, Biomembr. 1788, 2481-2488.

* Tzeng, J., Lee, B. L., Sykes, B. D., and Fliegel, L. (2011) Structural and
functional analysis of critical amino acids in TM VI of the NHEI isoform of
the Na™/H" exchanger. Biochim. Biophys. Acta, Biomembr. 1808, 2327-2335.

The NMR and structural methods were written by BLL and BDS, and the functional
methods were written by YL, XL, JT, and LF.

Introduction

The experimental procedures used in Chapters 3—7 describing the structural
and functional analysis of the single TM helices and extracellular loops are similar.
To avoid repetition, these methods are detailed in this chapter. The first half describes
the functional analysis of mutations to NHE1 in cells. The second half describes
the procedures for the NMR structural analysis of peptides representing fragments
of NHE1 TMs and extracellular loops. Figure 2-1 shows a flowchart of the general
methods used in studying the transmembrane helices of NHE1. Some additional
methods are described in Chapters 6 and 7 that are used specifically in those chapters.
The procedures for the expression and purification of peptides fused to maltose
binding protein are described in Chapters 8 and 9, and are also used for peptides in
Chapter 10 and Appendix D.
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Figure 2-1. Flow chart of the structural and functional analysis of NHE1.
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Functional methods

The function of NHE1 was investigated through site directed mutagenesis
and characterization of mutant NHE1 exchangers in cultured cells. Individual amino
acids were usually mutated to cysteine, which also allowed for cysteine accessibility
assays, or alanine, as a more non-disruptive mutation. Occasionally other amino
acids mutations were tested as well. The activity of the mutants were determined by
examining the recovery of the cells from an acute acid load. Since mutations could
affect not only the activity but the correct folding and processing of NHE1, western
blots were used to quantify the amounts of total and plasma membrane localized
protein, and the activity normalized against these values. In addition to the basal
activity of the mutants, changes in activity with or without inhibitors suggest roles
for the mutated residue in inhibitor binding. Changes in activity upon the addition
of the sulthydryl reactive compounds MTSET or MTSES to cysteine mutants can

suggest a pore lining location for those residues.

Site-directed mutagenesis

Mutations were made to an expression plasmid (pYN4+) containing a hem-
agglutinin (HA)-tagged human NHEI isoform of the Na®/H" exchanger. The
plasmid contained the cDNA for the entire coding region of the Na™/H™ exchanger
and it has been previously demonstrated that the tagged expressed protein functions
normally (/). The plasmid also contains an ampicillin resistance gene for bacterial
selection and a neomycin resistance gene for mammalian cell culture selection.
Studies in which amino acids were mutated to cysteine utilized a cysteine-less NHE1
protein which had all of the native cysteines mutated to serine (2). The activity
of the cysteine-less protein was not found to be significantly different from the
activity of the wild-type protein. Studies in which mutations were made to alanine or
other amino acids utilized the wild-type NHE1 sequence containing cysteines. The
specific mutations and the primers used are listed in tables in the respective chapters.
Site-directed mutagenesis was performed using PCR amplification by PWO DNA
polymerase (Roche Molecular Biochemicals) and using the Stratagene (La Jolla,
CA) QuikChange™ site-directed mutagenesis kit. Mutations created or deleted a
restriction enzyme site and the fidelity of DNA amplification was confirmed by DNA

sequencing.
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Cell culture and stable transfection

Stable cell lines of all mutants were made as described earlier (/) via trans-
fection with Lipofectamine™ 2000 Reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA). (Lipofectamine™ forms cationic liposomes that aid in the passage of the
negatively charged nucleic acids through the negatively charged plasma membrane
(3).) AP-1 cells are a Chinese hamster ovary cell line that lacks an endogenous
Na™/H" exchanger. They were used to examine NHEI activity and were routinely
grown in a humidified atmosphere of 5% CO; and 95% air in &-MEM supplemented
with 10% (v/v) bovine growth serum, 25 mM HEPES, penicillin (100 U/mL) and
streptomycin (100 ug/mL), pH 7.4 at 37 °C. The transfection and selection of stable
cell lines was carried out as described previously and transfection was done with
Lipofectamine™ 2000 Reagent (2). Briefly, 1.0 x 10° cells were seeded in 60 mm
Petri dish, in 4 mL of growth media. Cells were grown until 90% confluent and
transfected with 10 pg of wild type or mutant plasmids. Post transfection, cells
were trypsinized, diluted 10 or 100 times with &-MEM medium and plated in 100
mm dishes in ¢-MEM media containing 800 pg/mL geneticin (G418) that was used
to maintain selection pressure without acute acid load selection. pYN4+ plasmid
encoded a neomycin resistance gene, which allowed the selection of transfected
cells using geneticin (G418) antibiotics. After the initial selection, single clones of
transfected cells were obtained and stable cell lines were maintained in 400 pug/mL
G418 and were regularly re-established from frozen stocks at passage numbers
between 5 and 15. Results shown are from at least two independently obtained

clones for each mutant cell line.

SDS-PAGE and immunoblotting

Cells were cultured in 60 or 35 mm dishes until 80-90% confluent, and then
were harvested as described earlier (4). Growth medium was removed by aspiration
and cell monolayers were washed with 4 °C phosphate-buffered saline. Plates were
kept on ice to reduce protein degradation. RIPA Lysis buffer (1% NP-40, 0.25%
sodium deoxycholate, 0.1% Triton X-100, 5 mM EGTA, 0.1 mM phenylmethyl-
sulfonyl fluoride, 0.1 mM benzamidine, protease inhibitor cocktail) was added to
AP-1 cells for 1-3 min. Cell debris were removed by centrifugation at 14,000 rpm
for 5 min at 4 °C. Supernatants were kept in clean eppendorf tubes and they were
either frozen for —80 °C storage or prepared for SDS-PAGE. Cell lysates containing
NHETI were resolved on 10% SDS/polyacrylamide gels. For Western blot analysis
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equal amounts of up to 100 pg of each cell lysate sample was resolved on 10%
SDS-polyacrylamide gels. Proteins were transferred onto nitrocellulose membrane
(BioRad) and detected using anti-HA monoclonal antibody. The secondary antibody
was peroxidase-conjugated goat anti-mouse antibody. NHEI was visualized by
enhanced chemiluminescence (Amersham enhanced chemiluminescence Western
blotting and detection system), and X-ray films (Fuji medical X-ray film) were
processed by Kodak XOMAT 2000 M35 processor. Imagel software (National
Institutes of Health, Bethesda, MD, USA) was used to quantify band intensities.

Cell surface expression

Targeting of NHE] to the cell surface was examined essentially as described
earlier (2, 4). Cells were grown to 50-70% confluence in 60 mm dishes. The plates
were placed on ice, washed once with 4 °C PBS followed by a second wash with
4 °C borate buffer pH 9 (154 mM NaCl, 7.2 mM KClI, 1.8 mM CaCl,, 10 mM boric
acid). 3 mL of freshly made sulpho-NHS-SS-Biotin (Pierce Chemical Company,
Rockford, IL, USA), which reacts with primary amine groups and interacts with
streptavidin resin, at a concentration of 0.5 mg/mL in borate buffer was added to
each plate and cells were incubated for 30 min at 4 °C. Cells were then washed
3 times with cold quenching buffer pH 8.3 (192 mM glycine, 25 mM Tris) on ice.
Solubilization of cells was achieved by addition of 500 uL IP lysis buffer pH 7.5
(1% (w/v) deoxycholic acid, 1% (w/v) Triton X-100, 0.1% (w/v) SDS, 150 mM
NaCl, 1 mM EDTA, 10 mM Tris/Cl, 0.1 mM phenylmethylsulfonyl fluoride, 0.1 mM
benzamidine, and lab-made protease inhibitor cocktail). Cell debris was removed
by centrifugation at 16,000 x g at 4 °C for 20 min. Supernatants were transferred
into two equal 200 pL fractions in eppendorf tubes, to a “Total” fraction and an
“Unbound” fraction. We have found (2, 4) that bound labelled NHE1 does not
reliably elute from streptavidin resin so we examined total and unbound fractions.
In the unbound fraction, 50 puL of immobilized streptavidin resin was added to
bind the biotin labelled proteins. Unbound fractions were then incubated at 4 °C
overnight with gentle rocking. The supernatant containing unbound NHE1 were
collected the following day by centrifugation at 16,000 x g for 2 min to pellet the
bound NHEI1. 25 pL of the total fraction and 28 uL. of unbound fraction were
loaded on 10% acrylamide gels for SDS-PAGE. NHE1 was detected by western
blotting. Calculations of surface targeting and corrections for activity were for the

fully glycosylated protein.
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Nat/H" exchange activity

NHEI1 activity was measured using a PTI Deltascan spectrofluorometer as
described earlier (4). Stably transfected cells were seeded on glass coverslips (2 x 10
cells per coverslip) and grown until they reached 80-90% confluency. The coverslip
was then transferred to a cuvette holder with constant stirring at 37 °C. The cells
were loaded with 0.15 pug/mL 2',7'-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein
acetoxymethyl ester (BCECF-AM) as a fluorescent pH indicator and incubated in
“Normal buffer” (135 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1.8 mM CaCl,, 5.5
mM glucose, and 10 mM HEPES, pH 7.4) at 37 °C. Normal buffer is nominally
bicarbonate free. BCECF-AM is uncharged and can penetrate the cell membrane.
Intracellular esterases cleave the AM group, trapping the now charged molecule
inside the cell. Intracellular acidosis was induced by NH3/NH1r prepulse/withdrawal:
incubation for 3 min in “Normal buffer” supplemented with 50 mM NH4Cl, pH
7.4, followed by incubation for 30 sec in “Na™-free buffer” (135 mM N-methyl-
D-glucamine, 5 mM KCl, 1.8 mM CaCl,, I mM MgCl,, 5.5 mM glucose, and 10
mM HEPES, pH 7.4). An equilibrium of NH; + H" = NHI is established across
the membrane via the uncharged and membrane permeable NH3 species. Entry of
NH3 into the cell and equilibration with NHI transiently increases intracellular pH.
Removal of NH;/N HI from the extracellular side results in rapid exit of NH3 and
intracellular acidification due to excess H™ left within the cell. Intracellular pH (pH;)
recovery and fluorescence measurement was in “Normal buffer” allowing the cells to
recover for at least 3 min. There were no differences in buffering capacities of stable
cell lines. Following pH; recovery for every experiment, a three-point pH calibration
curve was made using the K*/nigericin method with Na™-free calibration buffers
(5 mM N-methyl-D-glucamine, 135 mM KCl, 1.8 mM CaCl,, 1 mM MgSQy, 5.5
mM glucose, 10 mM HEPES, at pH 6, 7, and 8) and 10 uM nigericin (5). Buffering
capacity of cells was determined as described earlier (5, 6) and proton flux via
NHEI was determined using the slope of the first 20 seconds of the recovery period.
Other kinetic parameters of the Na*/H' exchanger were determined essentially as
described earlier (5, 6). Because we earlier found that growth conditions affect the
absolute level of NHEI activity, experiments comparing the activities of wild type
and NHEI mutants were done in pairs or groups, so that all comparisons of activity
were done with cells grown to the same confluence and with the same media.

For some experiments, Na™ and Li™ concentrations were varied while main-

taining osmolarity with N-methyl-D-glucamine. In other experiments we investigated
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Figure 2-2. NHEI inhibitor EMD87580.
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Figure 2-3. Sulthydryl reactive reagents. (A) 2-Sulfonatoethyl methanethiosulfonate
(MTSES). (B) (2-(Trimethylammonium)ethyl) methanethiosulfonate (MTSET).

the inhibitor sensitivity of some mutants. Cells were treated with the highly selective
NHEI] inhibitor EMD87580 (Figure 2-2) at varying concentrations (7). EMD87580
was dissolved in water and the inhibitory effect of EMD87580 was measured using
a dual-pulse acidification assay. In this assay, cells were treated with ammonium
chloride two times as described above and allowed to recover in NaCl containing
medium following each pulse. The first pulse and recovery is in the absence of
EMD&87580 while the second pulse recovery is in the presence of inhibitor. To
calculate residual activity during recovery from acidosis the following formula was
used:

Proton flux with reagent

%Residual activity = x 100%

Proton flux without reagent

The rate of recovery from acid load is compared =+ inhibitor. Results are shown
as mean + S.E. and statistical significance was determined using a Wilcoxon-
Mann-Whitney Rank Sum test. ICsq values were calculated as described earlier (8).
Differences between the ICsq values of mutants was determined by a Holm-Sidak
post hoc test. The extracellular accessibility of cysteine mutants to the sulthydryl
reactive reagents (2-(trimethylammonium)ethyl) methanethiosulfonate (MTSET) or
2-sulfonatoethyl methanethiosulfonate (MTSES) (Figure 2-3) were also performed
using the two pulse acidification assay. After recovery from the first pulse, the cells
are incubated with 10 mM MTSET or MTSES in Normal buffer for 10 min, then the
second pulse was performed as above.

Structural methods

We adopted the “divide and conquer” approach to investigating the structure

of NHE1. Chemically synthesized peptides were purchased in the case of smaller
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or difficult to express peptides. Larger peptides were overexpressed in E. coli, by
fusion to a larger, soluble protein which can help to prevent peptide degradation,
aid in solubility and purification. Expression in bacteria also allows for °N, 13C,
and/or 2H isotopic labelling for NMR studies. The fusion protein expression is
detailed in later chapters. The purified transmembrane peptides were dissolved in
conditions that would mimic the hydrophobic environment of a lipid bilayer, such as
organic solvents or detergent micelles. The structures of the peptides could then be

determined using standard solution state NMR methods.

Peptide synthesis and purification

Peptides representing the transmembrane segment or extracellular loop of
interest was purchased from GI Biochem (Shanghai) Ltd. or the Alberta Peptide In-
stitute (for EL 2) crude or at ~95% purity. Crude peptide was purified at the Institute
for Biomolecular Design at the University of Alberta using HPLC. Peptide purity
and identity was assessed with HPLC, matrix-assisted laser desorption ionization
mass spectrometry and assignment of the NMR spectra. The peptide sequences were
initially based on the sequences predicted by the topology model of Wakabayashi
et al. (9), and were sometimes lengthened to include charged residues which more
clearly signified the end of a transmembrane helix. The boundaries of the TM helices
studied in this thesis were approximately the same in both the Wakabayashi (9) and
Landau (/0) models. For the hydrophobic transmembrane sequences, additional
lysine residues were added to each termini as this has been shown to improve sol-
ubility and handling during purification (//, /2). The extracellular loop peptides
did not contain lysine tags but instead contained an N-terminal acetyl group and a
C-terminal amide group to remove the positive and negative charges from the termini

that would not be found in the native, full length sequence.

NMR sample preparation and spectroscopy

Samples for NMR spectroscopy were prepared by dissolving 1-2 mM lyo-
philized transmembrane peptide in DPC-d3g in 95% H;0, 5% D,O to provide a
deuterium signal for the spectrometer frequency lock, and 0.25 mM deuterated
2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS-dg) (Chenomx Inc.) as an internal
NMR standard. The amount of membrane mimetic detergent used was calculated
such that the sample had the same or greater micellar concentration compared to

peptide concentration. Assuming 50-75 molecules of DPC (dodecylphosphocholine)
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detergent per micelle, this resulted in a 1:75 molar ratio of peptide to detergent.
Larger amounts of detergent were used for SDS (sodium dodecylsulfate) samples
(primarily TM V-VII) and DMPC (dihexanoyl phosphatidylcholine) samples (at-
tempted with TM VI-VII) due to their higher critical micellar concentrations (CMC)
(8-15 mM vs. 1 mM for DPC), whose amount does not contribute to the micelles.
Deuterated DPC and SDS were used for non-labelled peptides to suppress strong
'H detergent signals that would otherwise interfere in '"H 1D and 'H-'H 2D NMR
experiments. Water soluble peptide samples such as for EL 2 contained 95% H,O,
5% D50, 0.35 mM DSS-dg, 150 mM KCI or NaCl, and between 2—-20 mM imidazole
as a pH buffer and a NMR-based pH indicator (/3). The pH of the samples were
adjusted to 5 without consideration of the deuterium effects on the glass pH elec-
trode. Samples in organic solvents or solvent-water mixtures contained at least one
deuterated organic solvent for the spectrometer lock (usually CDCl3 or isopropanol-
dg (IPA-dg)) with the remainder of the solvent components non-deuterated. Some
peptide samples were made in neat DMSO-dg. Organic solvent mixtures containing
volatile solvents could be exchanged by evaporation under dry Ny, or Ary(,) and/or
lyophilization, from which the recovered peptide could be redissolved in different
membrane mimetics or organic solvents. Total volumes of the NMR samples ranged
from 0.5-0.7 mL for a standard thin-walled 5 mm NMR tube or 0.32 mL for 5 mm
Shigemi tubes.

Spectra for peptides were routinely obtained on spectrometers with a 'H
frequency of 500 or 600 MHz, while additional 2D or 3D NOESY spectra were often
acquired on a cold-probe equipped 800 MHz spectrometer for improved resolution
and sensitivity. Initial characterization of the samples used one-dimensional 'H
NMR spectra for unlabelled samples or two-dimensional 'H-'SN heteronuclear sin-
gle quantum correlation (HSQC) spectra for N labelled samples, primarily looking
at the lineshape and chemical shift dispersion of the backbone amide peaks. The
peaks in the amide region (~7-9 ppm) should be sharp and well defined, indicating
structural homogeneity in the sample, and well dispersed (> 0.5 ppm), indicating
folding of the peptide. Spectra acquired for assignment and structure calculation
included two-dimensional 'H-"H double quantum filtered correlation spectroscopy
(DQF-COSY), total correlation spectroscopy (TOCSY) (60 ms mixing times), and
nuclear Overhauser effect spectroscopy (NOESY) (150-250 ms mixing times) exper-
iments for unlabelled samples. Three-dimensional 'H-"H-'SN TOCSY-HSQC and
NOESY-HSQC could also be obtained for N labelled samples. Experiments were

acquired at a temperature of 30 °C. Spectra for EL 2 were acquired at 10 °C. Spectra
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were processed using NMRPipe (/4) and analyzed in NMRView (/5). The identifi-
cation and assignment of peaks was performed manually in NMRView. Sequential
assignment was performed using acquired spectra using standard methods (/6). For
15N labelled peptides, 3D HNHA spectra were sometimes acquired to obtain 3/inHe
coupling constants which can be related to the peptide backbone phi dihedral angles.

The peptides used for NMR structure determination were usually chemically
synthesized, and were not labelled with B3C or PN, due to the high cost of labelled
amino acids. As such, only homonuclear 1D 'H spectra and 2D 'H-'H correlation
spectra could be used. Some peptides were expressed biosyntheically, in E. coli as
fusion proteins, which allowed for N labelling at only a modest increase in cost.
Isotopic labelling can provide a additional spectral dimension to resolve crowded
regions in the homonuclear spectra. >N labelling, for example, can can be used to
obtain 2D 'H->N HSQC spectra, which can more clearly resolve the amide peaks
compared to 'H-only spectra, and provide a clearer indication of the quality of the
protein and NMR sample. Each peak represents an individual amide 'H-""N pair
in the sample. The number, dispersion, and width of the peaks can indicate the
purity, degree of structuring, or aggregation state of the protein. Isotopic labelling
also allows for the acquisition of the 3D analogues to the 2D homonuclear spectra
for assignment and structure determination used above, again, to take advantage
of the better resolution of peaks the additional >N or *C dimension can provide.
Many additional experiments have also been developed around isotopically labelled
samples. The motional properties of the peptide can be characterized by various
I5N relaxation experiments, which are all based on the 2D HSQC experiment, for

example.

NMR structure calculations

Structure calculations were performed using the Python scripting interface
in Xplor-NIH (/7) based on the peptide structure calculation protocol developed
Rainey et al. (I8, 19). NOE restraints for structure calculation were generated
within NMRView by calibrating restraints by peak intensity and sorting them into
distance ranges of strong (1.8-2.8 A), medium (1.8-3.4 A), or weak (1.8-5.0 A).
Some restraints were extended into a very weak category (1.8-6.0 A) as needed
during refinement. Calibrated distances for TM VI-VII were not binned but rather
the calibrated distance ranges were used directly. Comparison of the chemical
shifts of the peptide to random coil chemical shifts (20, 27) were used to predict
regions containing alpha-helical secondary structure. Helical dihedral angle restraints
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(¢ = —60=+30° and y = —40+40°) were added to regions that were helical based
on both structure calculation and chemical shifts. A soft square-well potential was
used for the restraining function in structure calculation to allow for some error
in the peak assignments and distance calibration. Ambiguous restraints used the
“sum” averaging method in Xplor-NIH (78, 22) to allow for the restraint to match the
distance either one or the other of the ambiguous pairs of protons, rather than match
some averaged distance between both pairs of protons. In each round of structure
calculation, an extended polypeptide was generated and subjected to simulated
annealing using the distance restraints and dihedral dihedral angle restraints, with
50 structures generated for each round. After each round, violating restraints were
examined and either lengthened or removed. Restraints were increased up to the next
binned distance range or increased based on the average magnitude of the violation
and the number of structures violating. Initially, violations > 0.5 A in > 50% of
structures were examined. Refinement of restraints gradually increased in stringency,
to where violations > 0.1 A in > 10% of structures were examined. Initial structure
calculation runs did not include dihedral angle restraints in the helical regions so as
not to bias the structure calculations. Later runs included dihedral angle restraints
either at a fixed strength or gradually increased then decreased in strength over the
course of the iterative runs. 50 structures were calculated in each run and for the
final run, the structures were sorted by overall energy and the lowest 50% or more of

the structures were kept for analysis.

45



References

1.

10.

11.

Slepkov, E. R., Chow, S., Lemieux, M. J., and Fliegel, L. (2004) Proline
residues in transmembrane segment IV are critical for activity, expression and
targeting of the Na™/H™ exchanger isoform 1. Biochem. J. 379, 31-38.

Slepkov, E. R., Rainey, J. K., Li, X., Liu, Y., Cheng, F. J., Lindhout, D. A.,
Sykes, B. D., and Fliegel, L. (2005) Structural and functional characterization
of transmembrane segment IV of the NHE1 isoform of the Na*/H™" exchanger.
J. Biol. Chem. 280, 17863—-17872.

Dalby, B., Cates, S., Harris, A., Ohki, E. C., Tilkins, M. L., Price, P. J., and
Ciccarone, V. C. (2004) Advanced transfection with Lipofectamine 2000

reagent: primary neurons, sSiRNA, and high-throughput applications. Methods
33, 95-103.

Ding, J., Rainey, J. K., Xu, C., Sykes, B. D., and Fliegel, L. (2006) Structural
and functional characterization of transmembrane segment VII of the Na™/
HT exchanger isoform 1. J. Biol. Chem. 281, 29817-29829.

Murtazina, R., Booth, B. J., Bullis, B. L., Singh, D. N., and Fliegel, L. (2001)
Functional analysis of polar amino-acid residues in membrane associated

regions of the NHE1 isoform of the mammalian Na®™/H" exchanger. Eur. J.
Biochem. 268, 4674-4685.

Silva, N. L., Wang, H., Harris, C. V., Singh, D., and Fliegel, L. (1997) Charac-
terization of the Na*/H™ exchanger in human choriocarcinoma (BeWo) cells.
Pflugers Arch. 433, 792—-802.

Chen, L., Chen, C. X., Gan, X. T., Beier, N., Scholz, W., and Karmazyn, M.
(2004) Inhibition and reversal of myocardial infarction-induced hypertrophy
and heart failure by NHE-1 inhibition. Am. J. Physiol.: Heart Circ. Physiol.
286, H381-H387.

Slepkov, E., Ding, J., Han, J., and Fliegel, L. (2007) Mutational analysis
of potential pore-lining amino acids in TM IV of the Na™/H" exchanger.
Biochim. Biophys. Acta, Biomembr. 1768, 2882-2889.

Wakabayashi, S., Pang, T., Su, X., and Shigekawa, M. (2000) A novel topol-
ogy model of the human Na®/H" exchanger isoform 1. J. Biol. Chem. 275,
7942-7949.

Landau, M., Herz, K., Padan, E., and Ben-Tal, N. (2007) Model structure
of the Na™/H" exchanger 1 (NHE1): functional and clinical implications. J.
Biol. Chem. 282, 37854-37863.

Cano-Sanchez, P., Severino, B., Sureshbabu, V. V., Russo, J., Inui, T., Ding,
F.-X., Arshava, B., Becker, J., and Naider, F. (2006) Effects of N- and C-
terminal addition of oligolysines or native loop residues on the biophysical
properties of transmembrane domain peptides from a G-protein coupled
receptor. J. Pept. Sci. 12, 808—822.

46



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Melnyk, R. A., Partridge, A. W., Yip, J., Wu, Y., Goto, N. K., and Deber, C. M.
(2003) Polar residue tagging of transmembrane peptides. Biopolymers 71,
675-685.

Baryshnikova, O. K., Williams, T. C., and Sykes, B. D. (2008) Internal pH
indicators for biomolecular NMR. J. Biomol. NMR 41, 5-7.

Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J., and Bax, A.

(1995) NMRPipe: a multidimensional spectral processing system based on
UNIX pipes. J. Biomol. NMR 6, 277-293.

Johnson, B. A. (2004) Using NMRView to visualize and analyze the NMR
spectra of macromolecules. Methods Mol. Biol. 278, 313-352.

Wiithrich, K. (1986) NMR of Proteins and Nucleic Acids, John Wiely & Sons,
New York, NY.

Schwieters, C. D., Kuszewski, J. J., Tjandra, N., and Clore, G. M. (2003) The
Xplor-NIH NMR molecular structure determination package. J. Magn. Reson.
160, 65-73.

Rainey, J. K., Fliegel, L., and Sykes, B. D. (2006) Strategies for dealing
with conformational sampling in structural calculations of flexible or kinked
transmembrane peptides. Biochem. Cell Biol. 84, 918-929.

Wang, J., Hodges, R. S., and Sykes, B. D. (1995) Generating multiple con-
formations of flexible peptides in solution on the basis of NMR nuclear
Overhauser effect data: application to desmopressin. J. Am. Chem. Soc. 117,
8627-8634.

Wishart, D. S., Sykes, B. D., and Richards, F. M. (1992) The chemical shift
index: a fast and simple method for the assignment of protein secondary
structure through NMR spectroscopy. Biochemistry 31, 1647-1651.

Wishart, D. S., Bigam, C. G., Holm, A., Hodges, R. S., and Sykes, B. D.
(1995) 'H, 13C and N random coil NMR chemical shifts of the common
amino acids. I. Investigations of nearest-neighbor effects. J. Biomol. NMR 5,
67-81.

Briinger, A. T. (1992) X-PLOR (Version 3.1) A System for X-ray Crystallog-
raphy and NMR, Yale University Press, New Haven, CT.

47



Chapter 3

Structural and functional analysis of extracel-
lular loop 2 of the Na*/H" exchanger

A version of this chapter has been published as:

* Lee, B. L., Li, X., Liu, Y., Sykes, B. D. and Fliegel, L. (2009) Structural and
functional analysis of extracellular loop 2 of the exchanger. Biochim. Biophys.
Acta, Biomembr. 1788, 2481-2488.

BLL performed the NMR, and XL and YL performed the functional experiments.
BDS and LF helped edit the manuscript.

Summary

The extracellular regions of the NHE1 membrane domain are believed to
contribute to cation coordination, transport and sensitivity to inhibitors. In this study
we characterized the structure and function of extracellular loop 2 (EL 2). Mutation
of residues P153, P154 and F155 demonstrated that these residues were critical for
efficient NHE1 function. Mutations to Ala resulted in decreases in cation affinity
and in decreases in activity of the protein, these were more marked in both P154 and
F155. NMR spectroscopy was used to characterize the solution structure of a peptide
NAc-G150-F155-NH;. The peptide showed at least three different conformers in
solution due to cis—trans isomerization of the T152-P153 and P153-P154 peptide
bonds. The trans-trans conformation appeared to be in an extended conformation,
whereas the cis-trans conformation showed a propensity to form a beta turn. Our
results show that the EL 2 region is critical to NHE1 function and that a peptide of
the EL 2 region can adopt different structures in solution potentially forming a beta
turn that is important in function of the full protein. Mutation of P154 could disrupt
the beta turn, affecting helix packing and the protein structure and function.
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Figure 3-1. Model of the NHE1 isoform of the Na®/H* exchanger. The right panel

indicates the topology of the Na™/H™ exchanger isoform 1 (13) while the left side is
an enlargement of illustrating amino acids of TM III-EL 2-TM IV.

Introduction

Mammalian NHE1 plays a key role in regulation of cell pH, cell volume,
and cell proliferation; and in metastasis of certain kinds of tumour cells (/, 2).
It also promotes cell growth and differentiation (3), is critical to cell motility in
some cell types (4), and regulates sodium fluxes and cell volume after challenge
by osmotic shrinkage (5). The Na™/H™ exchanger also plays a critical causal role
in heart hypertrophy and in the damage that occurs during heart ischemia and
reperfusion. Inhibition of the exchanger with Na*/H™" exchanger inhibitors protects
the myocardium (6-S8).

Although the exact mechanisms of transport and inhibitor binding by NHE1
are not known, specific residues within several regions of the membrane domain
as well as several extracellular loops and membrane-associated segments of NHE1
have been implicated as being important for ion binding and transport (reviewed in
(9)). The membrane-associated segment, extracellular loop (EL) 5 is involved in
the drug sensitivity and cation binding and transport (9, 10). Loop regions between
a-helices can influence their arrangements and packing (/7) and extracellular loops
of membrane proteins have been shown to modulate their function (/2).

TM IV immediately follows EL 2 (Figure 3-1). Numerous residues of TM IV
have been implicated in NHE1 function and the extramembrane loops at either end
of TM IV contain residues that are important for NHE1 function. Early experiments
showed that three residues of EL 2 affect both the drug sensitivity and the activity
of the exchanger (/4). Intracellular loop (IL) 2, at the C-terminal end of TM 1V,
contains residues that may line the ion-transport pore and when mutated to Cys.
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Mutation Oligonucleotide sequence Restriction site

PI53A 5'-GGTGTAGGCGAGACggCgCCCTTCCTGCAGTCCGAC-3' Narl
P154A 5'-GGTGTAGGCGAGACgCCggCCTTCCTGCAGTCCGACGTCTTC-3’ Nael
FI55A 5'-GGTGTAGGCGAGACACCCCCCgcCCTaCAGTCCGACGTCTTCTTCCTC-3 (PstI)

Table 3-1. Oligonucleotide primers for site-directed mutagenesis. Mutated nu-
cleotides are in lower case letters. Mutated codons are indicated in bold. Restriction
sites removed (in parentheses) or added are in bold. In each case the forward
direction of the primer pair is illustrated.

R180 and Q181 are accessible by externally applied MTSET (/3). Recently, we
determined the structure of TM IV which was predominantly not alpha helical,
though structured (/5). F161, in the extracellular side of the bilayer, was a pore
lining residue and Pro residues in the middle of the bilayer were critical to function
(15, 16). However, in those studies we did not examine the preceding EL 2. In this
study we characterize EL 2 in detail. We examined individual amino acids of this
extracellular loop and their contribution to differential drug cation sensitivity and
cation coordination. In addition we present the first NMR solution structure of an

extracellular loop of a mammalian Na*/H™ exchanger.

Methods

Mutagenesis was performed as described in Chapter 2. Primers used for
mutations are described in Table 3-1. For NMR structural studies, an EL 2 peptide
consisting of amino acids G150 to F155 of human NHE1 (sequence, GETPPF; acetyl-
capped N-terminus, amide-capped C-terminus) was synthesized by the Alberta
Peptide Institute at > 95% purity. NMR spectroscopy and structure calculation were
performed essentially as described, however a 2D ROESY experiment was obtained
instead of the 2D NOESY experiment.

Results

Figure 3-1 illustrates a general model of the Na®/H™ exchanger (/3) and
an enlargement of TM III-EL 2-TM IV is also shown. Based on our and other
reports of the importance of TM IV we conducted further investigation of this
region. In particular, we characterized amino acids P153, P154 and F155 of the
extracellular loop 2. Prolines may be particularly important in membrane proteins,
disrupting o-helices, and introducing flexibility (/6, /7). Mutations were made to
an expression plasmid containing a full length, tagged human NHE1 isoform of the

Na®™/H™ exchanger. Initially, experiments determined whether these mutant forms
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Figure 3-2. Western blot analysis of cell extracts from stable cell lines expressing
wild type and mutants of NHE1. (A) Western blot of cell extracts from AP-1
cells transfected with HA-tagged wild-type NHE1 (WT) or transfected with NHE1
mutants P153A (P153A), P154A (P154A) and FI155A (F155A). Anti-HA antibody
was used to detect tagged NHE1 protein and the amount of NHEI protein was
quantified. Numbers underneath the lanes indicate the mean value (4 S.D.) of the
sum of densitometric scans of both 110 kDa and 95 kDa bands relative to wild-type
NHEI1 for at least three experiments. (B) Plasma membrane targeting of the Na™/H™
exchanger in AP-1 cells transfected with wild-type NHE1 (WT) and with the NHEI
mutants P153A (P153A), P154A (P154A) and F155A (F155A). Sulfo-NHS-SS-
biotin-treated cells were lysed and their proteins were solubilized and subsequently
treated with streptavidin agarose to bind labelled protein as described in the Methods.
Equal samples of total lysates (T) and unbound (representing intracellular) lysates
(I) were run on SDS-PAGE and blotted with anti-HA antibody to identify NHE1
protein. Non-specific (CT) refers to an experiment in which non-specific binding
to streptavidin-agarose beads was measured by following the standard procedure
without labelling cells with biotin. The percent of the total NHE1 protein localized
to the plasma membrane is indicated. The results are mean + standard error for at
least 4 determinations. * indicates significantly reduced plasma membrane targeting
in comparison to wild type NHE1 (p < 0.05).
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of the Na™/H™ exchanger expressed and targeted properly. Western blotting using
anti tag (HA) antibodies was used to characterize the proteins expression (Figure 3-2,
A). AP1 cells transfected with plasmid containing the HA-tagged wild type NHE1
resulted in the presence of an immunoreactive species of 110 kDa, plus a smaller
band at 95 kDa that represents an immature form of the exchanger that is not fully
glycosylated (15). Untransfected cells (Lane 1, AP1) show no such immunoreactivity.
The level of expression relative to the wild type Na™/H™ exchanger is shown below
each mutant. The P153A mutant had significantly decreased expression (p < 0.05),
78% of the wild type, while the protein level of P154 and F155A mutants was not
significantly different than that of wild type.

Mutation of membrane associated amino acids can affect surface targeting
of the Na™/H" exchanger (/5). Therefore, we examined intracellular targeting of
the NHE1 expressing cell lines. After cells were treated with sulfo-NHS-SS-biotin,
labelled proteins of lysates were bound to streptavidin-agarose beads. To identify
NHEI1 protein, we used Western blotting with anti-HA antibody and examined equal
amounts of total cell lysates and unbound lysates. This revealed the relative amounts
of tagged intracellular NHEI1 protein. Figure 3-2, B, illustrates examples of the
results and a summary of at least 4 experiments. A majority of the wild-type NHE1
protein was present on the plasma membrane, P154A and F155A proteins had similar
level of plasma membrane localization in comparison with the wild type protein.
However, P153A did have slightly, but significantly reduced plasma membrane
targeting compared to the wild-type NHE1 protein. We noted that non-specific
binding of proteins to streptavidin agarose beads was approximately 5%, therefore,
our values of NHE1 on the cell surface are an overestimate by this amount. We
also analyzed the subcellular distribution of the fully glycosylated and partially or
de-glycosylated forms of NHE1 separately (Table 3-S2). This analysis showed that
the partially glycosylated form of NHE1 was mostly intracellular and the surface
targeting of fully glycosylated NHE1 was therefore 5—10% higher than the values
given in Figure 3-2, B. The P153A mutant, was still significantly decreased in its
targeting relative to the other mutants.

Since we observed that these mutations did not greatly impair expression or
surface targeting of the protein, we examined the activity of the mutant exchangers
in comparison with the wild type protein. Figure 3-3 shows both the uncorrected
activity (grey bars) and the activity corrected for expression and surface processing
(black bars) relative to wild-type NHEI for the three mutants. All three mutants
had significantly decreased activity relative to wild-type NHE1. The P153A mutant
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Figure 3-3. Na™/H" exchanger activity of AP1 cells stably transfected with control
and NHEI mutants. NHE activity was measured in 135 mM NaCl as described in
Methods in stable cell lines expressing wild type NHE1 (WT) and NHE1 mutant
proteins P153A (P153A), P154A (P154A) and F155A (F155A). Initial pH’s of the
mutant cells after acidification were 6.04, 6.06, 6.07 and 6.07 for the mutant cell
lines, respectively, and were not significantly different from one another. Grey
bars indicated uncorrected values of NHEI activity. Black bars indicate activity
after correction for the level of expression and surface targeting relative to the WT.
Results are relative to the value of the wild type NHE1 protein and are the mean
+ S.E. for 5-7 determinations from two independently made cell lines. * indicates
significantly different from the wild type at p < 0.01.

was decreased the least of these mutants. When correcting for expression levels and
targeting this decrease was reduced.

EMD®&87580 is a potent and selective NHE1 inhibitor (/8). Alterations in
sensitivity to inhibition have been reported earlier upon mutation of amino acids in
transmembrane segments of NHE1 and may indicate important alterations in cation
binding or coordination by the protein (/9, 20). To determine whether alterations
in NHEI inhibitor sensitivity occurred with the amino acids mutated in this study,
we initially tested the effect of 0.7 uM EMD87580 on the mutants. We have earlier
determined that this concentration of EMD87580 inhibits approximately 40-50% of
the activity of the NHEI protein (9, 21). The initial pH of recovery varied nominally
by an average of less than 0.04 pH units between wild type and mutants. The
difference between the starting pH of the first and second pulse varied nominally
by an average of 0.009 pH units. Figure 3-4 shows the results comparing the rate
of proton flux of the second pulse in the presence of EMD87580 with that of the
proton flux in the absence of EMD87580. The P154A mutant had decreased level
of inhibition by EMD87580 in comparison to the wild type. To further investigate

these results in more detail we characterized the effectiveness of a wide range of
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Figure 3-4. Effect of EMD87580 on activity of wild type and NHE1 mutant proteins.
NHET activity was determined in 135 mM NaCl. The activity was determined in a
dual pulse assay in which cells were acidified twice and allowed to recover twice.
The relative rates of proton flux were determined and the second pulse in the presence
of 0.7 uM EMD®87580, was compared to the first. NHE1 (WT); P153A (P153A);
P154A (P154A); F155A (F155A). The results are the mean + S.E. of at least 12
determinations. * indicates significantly different from the wild type at p < 0.05.

concentrations of EMD87580 on the mutant NHEI proteins relative to the control
(not shown). In these tests there was also no significant difference in the starting pH;
of recovery or between the starting pH; in the first and second pulse of recovery. The
value of wild type NHE1 ICsy was 0.64 uM. The ICs( values of P153A and P155A
were 0.84 and 0.83 uM respectively, which were not significantly different from the
wild type. The resistance of the P154A mutant was increased more than that of the
others and it had an ICsg of 1.27 uM, a two-fold increase over that of the wild type
and was the only statistically significant change (p < 0.05).

To gain insights into the nature of the effects of the mutations, we examined
their affinity for Na™ or Li™ relative to that of the wild type. Ammonium chloride
was used to induce acidification and varying levels of NaCl or LiCl were used to allow
recovery. Differences in activity between the groups were not due to differences in
initial pH following acidification induced by ammonium chloride. Figure 3-5, A,
illustrates the effects of altering the Na™ levels on the activity of the protein. All
the mutants had less activity than wild type. The P153A had the most activity of
the mutants while the P154A and F155A mutants were reduced more in activation
in comparison with the wild type. The Ky, for the wild type, P153A, P154A and
F155A was 73.3, 74.2, 66.6, and 72.3 mM respectively, which indicated that the
affinity for Na™ was not greatly altered compared to the wild type. The Viax values
of the wild type and P153A, P154A and F155A mutants were 196, 138, 111 and 56
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Figure 3-5. Effect of different Na™ and Li™ concentration on activity of wild type
and NHEI mutant proteins. NHEI activity was determined as described in the
“Methods” and is shown without correction for expression levels or targeting. (A)
Effect of different Na™ concentrations (10, 20, 40, 70, 100 and 135 mM) on NHE1
activity. (B) Effect of different Li™ concentrations (10, 20, 40, 70, 100 and 135 mM)
on NHEI activity. All the results are the mean 4= S.E. of at least 8 determinations.

mM/min, respectively, suggesting substantial apparent decreases for the mutants. It
should be noted that saturating concentrations of NaCl were not necessarily reached
due to osmotic considerations with the cells, so the Vihax values should be noted as
estimates only.

Similar experiments were done using LiCl instead of NaCl (Figure 3-5, B).
In this case, the proton transport rates were much lower than that of Na™. The Vijax
for wild type, P153A, P154A and F155A mutants was 66, 71, 51 and 19 mM/min,
respectively, indicating a possible decrease in the Vi, of transport for the P154A
mutant and a reduction in activity in the F155A mutant. The K, for these proteins
was 22, 29, 30 and 23 mM, respectively, which again illustrated that the Li™ transport
affinity of the P154A mutant was not greatly altered. It was noted that for the wild
type NHE1 protein and the three mutants, by the LiCl concentration of 70 mM
activity was maximal and further increases in LiCl did not stimulate NHE1 activity
further. It has been previously reported that lower concentrations of LiCl are required
for activation of NHE1 in comparison to NaCl concentrations (9, 22).

The peptide representing the predicted extracellular loop 2 of NHE1 was
synthesized with N-terminal acetate and C-terminal amide caps to remove charges
at the peptide termini that would not be present in the full protein. NMR spectra
were acquired with a sample containing 0.1 M KCI; however, the extracellular loop
would normally be exposed to a higher concentration of Na™ compared to K™ in its
native environment. The 1D NMR spectra of a sample in 0.1 M NaCl was the same

as spectra in 0.1 M KCl (data not shown), so the KCI sample was used for analysis.
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Figure 3-6. Region of 1D NMR spectrum showing cis—trans isomerization in the EL
2 peptide. The threonine methyl region from the 1D spectrum of the EL 2 peptide
is shown, with the methyl peaks labelled with the conformation of the peptide it
belongs to: trans-trans (tt), trans-cis (tc), or cis-trans (ct). The relative percentages
of each from integration of the peaks are shown in brackets.

Trial 1D NMR spectra were acquired at 10, 20, and 30 °C. Spectra acquired
at 10 °C allowed for better resolution of peaks near the water peak, and the 2D
spectra for analysis were obtained at this temperature. It is also expected that lower
temperatures would stabilize any nascent structure in the peptide. Due to the small
molecular weight of the peptide (~700 Da), NOESY spectra crosspeaks would have
intensities near zero, and so a ROESY spectrum was obtained instead.

Sequential assignment was performed using the TOCSY and ROESY spectra.
Spectra showed triplicate peaks from all of the residues except the N-terminal glycine,
resulting from the slow cis—trans isomerization of the peptide bonds preceding the
two prolines. Figure 3-6 shows a portion of the 1D spectrum containing the Thr
methyl peaks from the three conformations. Integration of the threonine methyl
peaks in the 1D spectrum gives percentages of about 73, 19.5, and 7.5% for the
three conformations. X—Pro peptide bond conformations were determined from the
X-Ha to Pro-Ha or Pro-H§ connectivities. The major conformation was identified
as trans-trans, and the second as trans-cis. The third conformation (cis-trans) was
not investigated further due to spectral overlap and the low intensity of the peaks. A
cis-cis conformation could not be seen.

Contacts from the ROESY spectra between P153 and F155 suggest a beta
turn in the trans-cis conformation. A strong Pro Hox—Phe HN contact can be seen,
which would suggest a beta-turn at residues T152-F155. Other contacts, between
the Pro and Phe rings, suggest there could be an interaction between them, possibly

a CH--- & interaction, which could help stabilize the cis bond and promote turn
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Figure 3-7. Structures of EL 2 peptide calculated from ROESY distance restraints.
Single structures from the ensembles of structures calculated for the (A) trans-trans
and (B) trans-cis conformation of the peptide.

formation (23). There are also weak contacts between the Phe and Glu residues,
which could result from the turn formation. The interaction of the Phe and Pro rings
is supported by the splitting of the Phe Hf proton peak, from which 2 different values
of the 3JHaHﬁ coupling constants can be measured (~ 5 and 12 Hz), suggesting
restricted movement of the side chain. In contrast, the trans-trans conformation has
only a single peak with a 3JHaH[3 of ~7.6 Hz. There do not appear to be any contacts
in the trans-trans conformation that support formation of any secondary structure.
Structures were calculated separately for the trans-trans and trans-cis confor-
mations. Structures for the third conformation were not calculated, due to the lack of
interresidue restraints. Secondary structure assignment using the PROMOTIF v2.0
(24) suggests that beta-turns occur in some of the structures calculated in both the
trans-trans and trans-cis peptides. 35 of 46 trans-cis peptide structures contained
beta-turns at T152-F155, with some structures showing close contacts between the
Phe and Pro rings. The flexible nature of a small peptide would allow it to sample
a large number of conformations, with the result that the spectra would show an
average of these conformations. The restraints obtained from the ROESY spectrum
are thus also an average of the conformations the peptide is experiencing. The
variation in the structures could be reflective of this flexibility, or of the low number
of intermolecular restraints available for structure calculation, but the presence of
crosspeaks in the ROESY still suggest that a turn is being formed. 24 of the 44
structures in the trans-trans conformer contained beta-turns at G150-P153, however,
due to a lack of appropriate interresidue contacts, it is unlikely that a stable turn is

being formed. Figure 3-7 shows a calculated structure for each conformation.
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148 GVGET PPF LQSDV 160  Human (32)

148 GVGEK PPF LQSEV 160 Rabbit (33)

148 AVGET PPF LQSEV 160 Porcine (34)

148 GVGET PPI LQSEV 160 Bovine (#Q28036)

156 GVGET PPV LHSDT 168 Amphiuma (35)

139 AIGEK APV LHYEL 151 Flounder (36)

221 GVGES PPL LQSDI 233 Ornithorhynchus (XM_001518234)
129 AVGET PPV LNSDV 141  Xenopus 37

115 VIGEE PPV LDSQL 128 Oncorhyncus (38)

140 AVGEK PPI LKSDI 152 Coturnix (ABJ88911)

154 GSWKR EEV FSPMG 166 Drosophila (NM 134647)

Figure 3-8. Alignment of amino acid sequences of EL 2 and surrounding region
of various NHEI1 proteins. The alignment was made either manually or using the
program “DNA Strider.” The EL 2 region is shaded where identical to that of human
NHEI1. References (32—38) are indicated and where they were not available the
accession number of the protein sequence was given.

Discussion

Studies on the membrane domain of the NHE1 isoform of the Na*/H™
exchanger have suggested that specific amino acids of the TM segments IV, VII, IX
and XI are critical in the function of the protein (19, 21, 25, 26). Specific mutations
of TM 1V in particular can alter the Na™ affinity and sensitivity to inhibition (79,
27). It is known that the loop regions at either end of transmembrane segments also
contain residues that are important for NHE1 function (14, 19, 28). In K channels
and in the E. coli Na™/H" antiporter NhaA, residues extending past the plane of
the lipid bilayer have also been suggested to be important in attraction of cations,
facilitating their transport (29, 30). Studies have suggested TM IV and associated
amino acids are important in cation coordination and inhibitor efficacy (14, 15, 22,
27, 31). In the present study we therefore further characterized three residues of the
extracellular loop 2 involved in the NHE1 structure, function and drug recognition.

Of the amino acids 153—155 it was clear that both P154 and F155 are critical
to NHEI function. Though mutation of either residue did not cause a great aberration
in either targeting or expression of the protein, mutation of either causes nominally
larger decreases in activity than mutation of P153. The only significant effects on
resistance to inhibition by EMD87580 were via mutation of P154, further suggesting
it had a critical role in NHE1 function. Figure 3-8 shows a comparison of the amino
acid sequences of EL 2 and nearby sequences of TM Il and IV. P154 was completely
conserved in all vertebrate species examined while F155 was more variable and
P153 was usually, but not always, conserved. F155 was not well conserved, though
a bulky hydrophobic residue was always present in this position. Neither EL 2 nor
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this general region were conserved at all in invertebrate species such as Drosophila.
It is generally agreed that conservation of a particular region or of an amino acid
is suggestive of a more critical function, which is in agreement with our results.
Of the other amino acids studied, the P153A mutation decreased both the protein
expression level and the surface targeting comparing with the wild type. This result
indicated that although P153 is not as critical to NHEI activity as P154 and F155,
its mutation affects NHE1 expression levels and targeting.

In the case of F155A mutation, there were no significant changes among
the protein expression level and surface targeting however, activity was reduced
and EMD87580 sensitivity was slightly decreased. Thus the F155 residue was not
essential for NHE1 structure and function but mutation to Ala resulted in a decrease
in activity of NHE1. It may be that a bulky hydrophobic residue is required at this
position for full function (Figure 3-8).

An earlier report demonstrated that in rat NHE1, the dual mutation P157S/
P158F (corresponding to human P153/P154) markedly reduced the sensitivity to
another NHE1 inhibitor EIPA, 7 fold (/4). We observed that mutation of either
residue had a smaller affect on inhibitor sensitivity than that study. This could be due
to either the different inhibitor used, EMD87580 vs. EIPA, or because we mutated
individual amino acids and not both prolines simultaneously. The dual P157S/P158F
reported earlier (14) did not affect Na™ affinity but did affect maximal activity of
the protein. Our study found that mutation of P154 had a marked inhibitory effect
on cation affinity in addition to transport rate, while mutation of P153 did not. Our
results therefore suggest the second Pro of the pair in EL 2 is more important than
the first in determining vertebrate NHE1 function.

Because Pro residues are known to significantly influence the secondary
conformations of proteins, they may contribute to the differential drug sensitivity of
the NHE isoforms. Prolines tend to be helix breakers (/7, 39) within TM segments.
In addition it has been suggested that membrane proteins accumulate Pro residues at
the end of their TM segments in order to expose select amino acids at the interface
of molecular recognition events, while allowing stable association and native folding
(40). It is also interesting to note that TM IV itself has a pair of Pro residues, P167
and P168 that are critical to function of the protein (/6). However in contrast to
these prolines, the requirement for a Pro at position 153 and 154 is not absolute.
Substitutions could be made that retained NHE1 activity.

Proline residues have a high preference of forming the cis isomer of the

peptide bond preceding it due to the cyclic nature of proline, relative to other amino
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acids, which are mainly in the trans form (4/). Three conformations of the peptide
could be observed in solution due to the cis—trans isomerization of the peptide bonds
preceding the proline residues, with a possible fourth conformation not observed,
due to a low population and/or peak overlap. When in the trans-cis conformation,
the peptide is able to form a beta turn, and this suggests that the sequence in the full
protein could also adopt a turn. Also, the sequence involved appears to be favourable
in forming a turn with a cis-peptide bond (42). The formation of a turn would support
its predicted location in the topology model of NHEI, as a short loop between two
transmembrane helices. The beta-turn structure allows for a 180-degree reversal of
peptide backbone facilitating re-entry into the membrane bilayer. A short peptide
would be quite flexible, with a large population of the peptide in a trans-trans and
extended conformation, so the actual conformation in the protein would likely also
depend on the distances between the ends of the two connecting helices as well as
its interactions other nearby residues.

The ability of the peptide sequence to adopt a beta-turn might explain the
results in the mutagenesis experiments. If the sequence forms a turn in the full
protein, then the mutation of the critical P154 to Ala could make the formation of
the turn less favourable, due to the decreased preference for the cis bond previous to
the mutated residue. Conformational changes in the TM helix packing have been
implicated in the bacterial Na™/H" exchanger activation (43, 44) and dynamics
simulations suggest that the sequences of interhelical loops may be involved in
stabilizing helix interactions (45). The change from a beta-turn to an extended
conformation in the extracellular loop could affect the packing of the transmembrane
helices, which could result in a less active protein. The observed decrease in
inhibition by EMD87580 could be due to a decrease in binding of the inhibitor, due
to a change in structure of its binding pocket on mutation of the loop region. The
drug could be binding in a pocket that includes the loop, so that a mutation would
change the structure of the binding pocket, or the drug could bind in a pocket which
is indirectly affected by mutations in the loop which could affect the helix packing.

In summary our results show that EL 2 is important in NHE1 function, likely
playing a role in maintaining appropriate conformation of the protein, possibly
by influencing helix packing. P154 and F155 are both critical residues of this
extracellular loop though significant function of the protein still remained after their
mutation. Future studies will characterize the role of other extracellular loops of the

protein.
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Supplementary Materials

Protein WT PIS3A  PI54A FIS5A  CT
NHE 69+1  *58+1 7242 67+4 241
dNHEl 1543 17+£3 11£1 1742 5+1

Table 3-S2. Analysis of plasma membrane targeting of the Na*/H™ exchanger
in AP-1 cells transfected with wild-type NHE1 (WT) and with the NHE1 mutants
P153A (P153A), P154A (P154A) and F155A (F155A). Experiments were carried out
as described in Figure 3-2, B, and the distribution of the fully glycosylated (NHEI) or
partially/de- glycosylated NHE1 (ANHE1) was analyzed separately. The percent of
the total NHE1 protein localized to the plasma membrane is indicated. The results are
mean + S.E. for at least 4 determinations. * indicates significantly reduced plasma
membrane targeting in comparison to wild type NHEI1 (p < 0.05). Non-specific
(CT) refers to an experiment in which non-specific binding to streptavidin-agarose
beads was measured by following the standard procedure without labelling cells
with biotin.
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Chapter 4

Structural and functional analysis of extracel-
lular loop 4 of the NHE1 isoform of the Na*/
H* exchanger

A version of this chapter has been published as:

* Lee, B. L., Liu, Y., Li, X., Sykes, B. D. and Fliegel, L. (2012) Structural and
functional analysis of extracellular loop 4 of the NHE1 isoform of the Na*t/

H™ exchanger. Biochim. Biophys. Acta, Biomembr. 1818, 2783-2790.

BLL performed the NMR, and YL and XL performed the functional experiments.
BDS and FL helped edit the manuscript.

Summary

The mammalian Na™/H" exchanger isoform 1 (NHE1) is a ubiquitously
expressed plasma membrane protein. It regulates intracellular pH by removing
a single intracellular H' in exchange for one extracellular Na™. The membrane
domain of NHE1 comprises the 500 N-terminal amino acids and is made of 12
transmembrane segments. The extracellular loops of the transmembrane segments
are thought to be involved in cation coordination and inhibitor sensitivity. We
have characterized the structure and function of amino acids 278-291 representing
extracellular loop 4. When mutated to Cys, residues F277, F280, N282 and E284 of
EL 4 were sensitive to mutation and reaction with MTSET inhibiting NHE1 activity.
In addition they were found to be accessible to extracellular applied MTSET. A
peptide of the amino acids of EL 4 was mostly unstructured suggesting that it does
not provide a rigid structured link between TM VII and TM VIII. Our results suggest
that EL 4 makes an extension upward from TM VII to make up part of the mouth of
the NHET1 protein and is involved in cation selectivity or coordination. EL 4 provides
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a flexible link to TM VIII which may either allow movement of TM VII or allow
TM VIII to not be adjacent to TM VII.

Introduction

The mammalian NHE1 protein is believed to consist of 12 transmembrane
(TM) segments that comprise the N-terminal 500 amino acids. These are connected
by a series of extra membrane segments which form intracellular and extracellular
loops (EL). Loops between a-helices can influence their arrangements and packing
(1) and can modulate protein function (2). For NHE1, EL 5 may be involved in drug
sensitivity and cation binding (3, 4). EL 2 links TM segments III and IV and mutation
of residues of EL 2 affects both the drug sensitivity and the activity of NHEI (5, 6).
Two models of the topology of NHEI are in question with two different models, one
model is based on cysteine accessibility studies (7) and a second being based on
computational comparison with the deduced structure of the Escherichia coli Na™/
H™" exchanger NhaA suggested (8). Although significant variation in the predictions
occurs after amino acid 315, prior to this region the models are essentially identical
with the exception of the latter model predicting that the first two transmembrane
segments are cleaved free of the protein. Amino acids 278290 are predicted to
form an EL in both models. They form EL 4 connecting TM VII and VIII in the
model of Wakabayashi et al. (7) and are predicted to form the same loop in the
model of Landau et al. (8§) connecting the same two transmembrane segments that
are numbered V and VI in that model. Little is known about this particular loop
connecting TM VII (amino acids 251-273) and VIII (amino acids 291-311) in terms
of its functional role and contribution by the amino acids present in it. We have
earlier examined the structure and function of TM VII. We found that TM VII is
a predominantly o-helical segment, that is critical to NHE1 function and that it
contained pore lining residues (9, 10).

ELs of transporters are often critical to their function. For example in the
serotonin transporter, the glutamate transporter and the glycine transporter (//-
13) ELs play key roles in function. For Na*/K™ ATPase the second EL is a major
determinant of extracellular cation affinity (/4, /5). Amino acids of the acetylcholine
receptor (/6, 17) and NhaA (/8) ELs are also involved in the attraction of cation to
the extracellular surface. In this study we examined the role of EL 4 (amino acids
274-290) of the NHE1 isoform of the mammalian Na™/H™ exchanger. We also used
NMR to characterize the structure of synthetic peptides representing EL 4.
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Figure 4-1. Models of EL 4 of the NHE1 isoform of the Na™/H' exchanger.
Topological model of the EL 4 of the transmembrane domain of the NHE1 isoform
of the Na™/H™ exchanger. TM segment numbering is based on cysteine accessibility
studies (7).

Methods

Both the functional characterization of NHEI and structural characterization
of an EL 4 peptide were carried out as described in Chapter 2. Mutants are listed
in Table 4-S1. For NMR spectroscopy, linear and cyclic peptides representing
EL 4 (sequence acetyl-YHLFEEFANYEHVGIVDI-amide, and disulfide-cyclicized
acetyl-CGYHLFEEFANYEHVGIVDIFLGFLC-amide), were purchased from GL
Biochem (Shanghai) Ltd. The samples were dissolved in DMSO-dg. NMR spectra
for the linear and cyclic peptide samples were obtained at temperatures of 30 °C and

35 °C, respectively.
Results

Characterization of EL 4 mutants

Figure 4-1 illustrates a model of EL 4 and shows the amino acids present.
EL 4 consists of residues Y274-1291. It contains several acidic residues and a
mixture of hydrophilic and hydrophobic amino acids. EL 4 was initially studied by
a combination of site specific mutagenesis and cysteine scanning mutagenesis. The
acidic residues of EL 4, E278, E279, E284 and D290, were changed to their corre-
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Figure 4-2. Analysis of wild type NHE1 and mutant EL 4 proteins. (A) Western blot
of whole cell lysates of stable cell lines expressing Na™/H™ exchanger EL 4 mutants
or control protein. Mutations are as indicated. 100 pg of total protein was loaded in
each lane. Numbers below the lanes indicate the amount of NHE1 protein relative to
wild type NHE. Mean values (n = 3 to 4) were obtained from densitometric scans
of both the 110 and 95 kDa bands. AP-1 refers to AP-1 cells mock transfected. Wt,
and cNHEI refer to cells stably expressing wild type Na™/H™ exchanger protein and
the cysteineless NHEI, respectively. (B) Surface localization of NHE1 in AP-1 cells
expressing control and EL 4 mutants. Equal amounts of total cell lysate (left lane)
and unbound intracellular lysate (right lane) were examined by Western blotting with
anti-HA antibody to identify NHE1 protein. WT and cNHEI are cell lines stably
expressing wild type NHEI and cysteineless NHE1, respectively. The percent of the
total NHE1 protein found on the plasma membrane is indicated for each mutant. For
Ct this indicates the amount of non-specific binding to streptavidin-agarose beads.
Results are the mean & S.E., with n > 4 determinations. Autoradiography exposure
times were increased for mutants expressing lower levels of protein. (C) Summary
of the rate of recovery after an acute acid load of AP-1 cells transfected with wild
type NHE1, cNHE, and EL 4 Na®/H" exchanger mutants. The mean activity of
cNHEI stably transfected with NHE1 was 1.7 ApH/min, and this value was set to
100% and other activities are a percent of those of cNHE. Values are the mean + S.E.
of 610 determinations. Results are shown for mean activity of both uncorrected
(black) and normalized for surface processing and expression levels (gray).
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sponding non-charged amino acids, E to Q and D to N in individual mutant proteins.
Also, all the amino acids of EL 4 were changed to cysteine in the background of
the cysteineless NHE1 (cNHE1) protein. We first determined the expression levels,
targeting and activity of the mutant NHE1 proteins. Figure 4-2, A—C, illustrates
these results. Expression levels were determined by western blotting with antibody
against the HA tag on the Na™/H* exchanger protein. Figure 4-2, A, demonstrates
that all the mutant proteins were expressed. As shown earlier (/9), NHE1 was
expressed as a fully glycosylated and a partial or de-glycosylated protein and these
two immunoreactive bands were present in all stable cell lines. Expression of several
of the mutants was reduced. Most notably, the E279Q and Y283C protein levels
were less than 10% of the level of cNHE1. The mutants Y274C, L276C, V286C and
1291C also had reduced expression that was between 50 and 30% of cNHE1. Most
other mutants had some slight decrease in expression compared to controls, though
a few (D290N, H275C, F277C, E279C, F280C) were equivalent to cNHE1. For
both the E279Q and the V286C mutants, aside from their lower levels of expression,
it was notable that a larger percentage of the expressed protein was present as the
unglycosylated form.

We next examined the targeting of the mutant proteins to the cell surface.
Cell surface biotinylation experiments were done as described earlier (9). The results
are shown in Figure 4-2, B. The mutant proteins targeted well to the cell surface.
Though minor variations occurred in the efficiency of targeting, these were not nearly
as large as we have observed earlier with mutations of transmembrane regions of the
NHEI1 protein (19, 20).

Determination of the activity of the EL 4 mutants showed that most of the
mutants had reduced activity relative to either the wild type or cysteineless NHE1
protein. With the exception of the G287C and 1288C mutants, all of the activity
was less than half of that of the control (Figure 4-2, C). The uncorrected activity
of the E279Q, Y274C, L276C, Y283C and V286C mutants was less than 10% of
the control level and these mutants were considered inactive or nearly so, and were
not used for further study. For the E279Q and the Y283C much of the decrease
in measurable activity was due to a decrease in the expression level of the protein,
though the residual activity was too low for further characterization.

We determined the effect of MTSET and MTSES on the activity of the
remaining active cysteine mutants. The results are shown in Figure 4-3. Mutant
F277C was exquisitely sensitive to inhibition by positively charged MTSET, but not
to inhibition by negatively charged MTSES. Mutants F280C, N282C and E284C
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Figure 4-3. Effect of sulphydryl reactive compounds, MTSET and MTSES, on
activity of cNHE1 and single cysteine NHE1 mutant containing cell lines. (A)
Example of results of effect of MTSET on activity of cNHEI and F277C NHEI1
mutant. NHE1 protein activity was assayed in stably transfected AP-1 cells as
described in the “Methods.” Activity was measured after two acid pulses. The
first pulse illustrated was in the absence of MTSET. For ease of viewing, only the
recovery from acidosis is shown for the second pulse, in which cells were treated
with MTSET. NH4Cl, treatment with ammonium chloride. After NH4Cl treatment,
there was a brief Na™ free treatment to induce acidosis. NaCl, time when recovery
from acidosis was in NaCl containing buffer, for the second pulse this contained
MTSET as indicated and cells were pretreated with MTSET for 10 min prior to
NH4Cl induced acid load. (B) Summary of effects of MTSET and MTSES on NHE
activity of EL 4 mutants. Activity was measured after dual ammonium chloride
pulses as described in the “Methods.” The second acidification was after cells were
treated with 10 mM MTSET or MTSES. Results are presented as the percent of
activity of the second acid load, relative to the first. * indicates that the second
recovery from acid load was significantly lower than the first at p < 0.05. Solid
filled bars represent MTSET treatments and hatched bars are MTSES treatments.
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Figure 4-4. Accessibility of residues of EL 4 to reactivity with MTSET. The
accessibility of the residues of EL 4 to reactivity with MTSET was measured as
described in the “Methods.” (A) Examples of results illustrated MTSET blocking
of reactivity with IRDye800-maleimide. Prior reaction with MTSET blocks the
reactivity with IRDye800-maleimide. + indicates reacted with MTSET prior to
reaction with IRDye800-maleimide. (B) Summary of the results illustrating calcu-
lated accessibility of residues of EL 4. Results are the mean + S.E. of at least 3
experiments.

were all also partially sensitive to inhibition by MTSET while only mutant F280C
was partially sensitive to inhibition by MTSES.

It is possible that some Cys residues were reactive with MTSES or MTSET
but that this was not inhibitory to NHE1 activity. We therefore measured the
accessibility of the active cysteine mutants. The results are shown in Figure 4-
4. Residues that were inhibited by MTSET when changed to Cys (F277, F280,
N282, E284) were more accessible to MTSET and incubation with MTSET blocked
reactivity with IRDye800-maleimide. The F280C mutant protein was less accessible
than the F277C, N282C and E284C containing proteins, but was more accessible

than other residues.

Characterization of EL 4 peptide

We purchased two chemically synthesized peptides containing the EL 4
sequence for high-resolution NMR spectroscopy. The first peptide was a linear
peptide containing Y274-1291 of EL 4, with N-terminal acetyl and C-terminal amine
caps to remove the charges at the peptide termini. A second peptide of the sequence
acetyl-CG-Y274-1.296-C-amine was also synthesized. Additional residues on the C-
terminal end of this second peptide corresponded to the slight difference in prediction
of the locations of the transmembrane helices between the topology models proposed

by (7) and (8). The peptide also contained disulfide-linked cysteines at the termini
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to produce a cyclic peptide, which may restrict the conformations adopted by the
extracellular loop, and a glycine spacer at the N-terminal end to increase the distance
between the ends of EL 4. These were designed to link the N and C-terminals of
the peptide, mimicking a putative association between transmembrane segments VII
and VIIL.

1D '"H NMR spectra were used to judge the quality of the samples of solu-
bilized EL 4 for structure determination. Spectra of the linear peptide in aqueous
buffer (50 mM imidazole, 100 mM KCl, 10% D,0O, 0.25 mM DSS-dg) suggested
that the peptide was unstructured in aqueous solution. HN and Ho peaks in the
1D spectra were distributed over a very narrow range, 8.0-8.4 ppm and 4.1-4.3
ppm, respectively. Addition of up to 20% TFE-d3 did not affect the dispersion
of the HN and Ha peaks and again suggested that the peptide was unstructured.
The peptide sample was lyophilized and reconstituted in DMSO-dg, where there
appeared to be an improvement in the dispersion of the peaks, suggesting it may
be more structured in DMSO. 2D NMR spectra were then acquired for assignment
and structure determination. The cyclic peptide was found to be insoluble in H,O
and TFE/H,O, but was soluble in DMSO. NMR spectra were also acquired for this
peptide in DMSO.

Differences in the quality of the spectra could be observed between the linear
and cyclic peptides. Spectra of the linear peptide contained relatively narrow peaks,
while the spectra of the cyclic peptide contained broad peaks as shown by the amide
regions of the 1D NMR spectra (Figure 4-5). Both peptides could be fully assigned.
The cyclic peptide also contains additional unassigned peaks that may have been
either impurities or minor conformations of the peptide.

The NMR spectra suggest that despite the increased dispersion of the peaks
in DMSO compared to aqueous solution, the peptide is still mostly unstructured in
DMSO. There is poor chemical shift dispersion in the Hoo dimension, as shown
by the 2D DQF-COSY spectra (Figure 4-5) with the non-glycine Ho peaks limited
to 4.1-4.6 ppm in both the linear and cyclic peptides. The NOESY spectra of
both peptides contained weak intraresidue HN-Ho peaks and strong sequential Hot-
HN connectivities, and generally lack medium and long range connectivities, also
indicative of poorly structured peptides. A comparison of Ha chemical shift values
with published random coil chemical shift values measured in HO (27) and DMSO
(22) also suggest that the peptides are relatively unstructured in solution (Figure 4-6).
Continuous regions of large negative chemical shift differences suggest alpha-helical

content, while positive values would suggest beta-sheet content. Neither of the
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Figure 4-5. 1D 'H and 2D 'H-"H DQF-COSY spectra of the linear and cyclic
EL 4 peptides in DMSO. The HN-Ha “fingerprint” region of the 2D DQF-COSY
spectra of the linear and cyclic peptides is shown. Above are the corresponding HN
regions of the 1D NMR spectra of the peptides. Spectra for the linear peptide were
acquired at 500 MHz and 30 °C, and 800 MHz and 35 °C for the cyclic peptide, and
referenced to the DMSO peak at 2.50 ppm.

peptides shows any contiguous segments with either strong negative or positive
values, again suggesting that the peptides are relatively unstructured. The similarities
in the chemical shifts and chemical shift differences between the linear and cyclic
peptides suggest that they may also be adopting similar, if relatively unstructured,
conformations, despite the restraint provided by the disulfide bond in the cyclic

peptide.
Discussion

Functional investigation of EL 4

In this study we examined EL 4 of the NHE1 isoform of the Na®/H" ex-
changer, examining the residues critical in function, their accessibility and the
structure of EL 4. There has been some previous related work (7) that examined
the topology of NHE1 and the accessibility of a few residues of EL 4. Mutation of
amino acids E278 to H285 to Cys resulted in a protein in which all these mutants
were all shown to be accessible extracellularly. In addition that study examined the

effect of external MTSET on NHEI1 activity. They found some similar but some
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Figure 4-6. Chemical shift index values for the linear and cyclic EL 4 peptides
in DMSO. Differences in Ha chemical shift between observed Ha values for the
peptides and published random coil Ha chemical shifts in water (2/) and DMSO
(22) are shown per residue. Contiguous regions of large negative secondary shifts
suggest helical content while large positive secondary shifts suggest beta sheet
content. Regions exceeding the cutoff value of —0.1 ppm (dotted line) when using
random coil values determined in water suggest helical content (23).
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different results from our study. Similar to their study, we found slight inhibitory
effects of MTSET on the N282C mutant protein. However, we found many other
differences. In contrast to their results, we found no significant inhibitory effect of
MTSET on the A281C mutant. It should be noted that the effect of MTSET that
was found earlier was very small. Another difference between their study and ours
is that we found significant effects of MTSET on the E284C protein and of both
MTSET and MTSES on the F280C protein which was not shown earlier. Further,
we found that the F277C mutant protein (which was not examined in that study)
was inhibited most strongly by MTSET. Why they did not detect effects of MTSET
on the F280C protein is uncertain at this time. However we found a significant,
reproducible inhibitory effect of MTSET and in addition, this residue was accessible
to MTSET. We noted that accessibility of the F280C mutant protein was temperature
sensitive, and was greatly reduced at 30 °C (not shown). It should be noted that the
earlier study examined NHE1 activity using a radioisotope assay examining Na™
uptake. The present assay, examining rapid kinetics of NHE1 in a dual pulse system,
would likely have greater time-resolution and detect changes in activity that might
not be detectable using a radioisotope assay. Of note, we found that the F277C
mutant protein was the most reactive protein with MTSET, in our accessibility assay
(Figure 4-4), further confirming the results of the activity measurements.

We also found that with the exception of mutant F280C, positively charged
MTSET was inhibitory while negatively charged MTSES was without effect. If EL
4 is an external region of the NHEI protein involved in cation coordination, it would
appear reasonable that addition of a positively charged compound would be more
inhibitory, possibly repelling a cation at the mouth of the protein. In the case of the
F280C mutant protein, while MTSET was greatly inhibitory, negatively charged
MTSES was also strongly inhibitory, though not as much as MTSET. In this case,
effects on ion passage by MTSES are likely due to a steric hindrance caused by the
addition of the bulky compound and are not charge related. Another mutant protein,
the F277C mutant, was the most strongly inhibited by MTSET. We suggest that
this side chain of this amino acid was more directly pointing toward the mouth of
the extracellular cation funnel of the NHE1 protein. Therefore, its linkage to the
positively charged MTSET more effectively caused inhibition of cation coordination
in the mouth of the NHE1 protein. Overall, our study suggests that the residues F277,
F280, N282 and E284 form an important part of the extracellular pore of NHEI.
Mutation of the adjacent residues .276 and Y283 to Cys caused an inactive protein,

suggesting they may also play an important part of the extracellular pore of NHEI.
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While further study of these residues is called for, clearly the side chain of these
amino acids must be within certain constraints that were not met by substitution to
Cys.

We also made mutations to eliminate the negative charge on amino acids
E278, E279, E284 and D290. In all cases activity was reduced but not eliminated.
For the mutant protein with the E279Q mutation, the decrease in activity was largely
due to a reduction in the level of protein expression. We had hypothesized that
having negatively charged side chains, these amino acids might be critical in cation
attraction. However for these amino acids this does not appear to be the case.
Nevertheless, it is apparent that only amino acid E279 is important of these, and the
effects were mainly on protein expression. An effect on protein conformation or

processing may occur.

Analysis of EL 4 structure and function

High-resolution NMR analysis of the linear and cyclic EL 4 peptides suggests
that both peptides adopt mostly random-coil conformations in DMSO. DMSO has
an intermediate dielectric constant (~46) (24) similar to the membrane interface
(25), making it a reasonable mimetic of the environment experienced by the loop. A
study by Katragadda et al. (26) showed that the NMR structures of isolated loops
from bacteriorhodopsin in DMSO adopt structures equivalent to the known crystal
structure of the protein. Other studies (27-29) including our own on EL 2 of NHE1
(30), have also found structures in interhelical loops in aqueous solution or DMSO.
However, this was not the case for EL 4 of NHEI. It is unlikely that the length of
the peptides we studied is the reason for the lack of structure, as the other studies
on isolated loops have used peptides of similar lengths. The lack of structure could
suggest that the loop is flexible, which could be important in the function of NHEI.
Alternatively, the loop may only be structured in the full protein, where interactions
with other extracellular regions of the protein and with the membrane bilayer could
restrict the conformation of the loop. However to address this possibility we examine
the EL 4 peptide with its ends tethered by a disulfide bond. Even in this case we did
not find a structured peptide. In the three-dimensional model of NHE1 proposed by
Landau et al. (8) EL 4 connects the transmembrane helices 5 and 6 of this model
(corresponding to TM VII and TM VIII of the Wakabayashi model (7)). The Landau
et al. model does not suggest any interactions between the transmembrane segments.
The lack of structure in the loop could be to allow the helices to be some distance

apart from each other.
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Our data are somewhat contradictory to a recent 3D model which did not
place VII and VIII surrounding the catalytic core of the protein (3/). However,
that model did not directly provide evidence for the location of these transmem-
brane segments and was largely based on homology modelling. We have earlier
demonstrated that TM VII possesses several amino acids that when changed to
Cys, are sensitive to derivatization with MTSET and affect protein function (9, 10).
In addition, mutation of residues of TM VII altered sensitivity to NHE1 specific
inhibitors (9). Additionally, E262 of TM VII is exquisitely sensitive to mutation
and changing that residue to an Asp, alters the affinity of the NHE1 protein to Li™
but not for Na™, suggesting that this amino acid is involved in cation coordination
(4). TM VII also has a flexible middle region from amino acids G261-S263 which
may allow conformation changes associated with movement during transport (9,
32). These data all support a role for this transmembrane segment in NHE1 function

which is consistent with a functional role for EL 4 in the pore of the NHE1 protein.

Conclusions

Overall, our results support a model in which TM VII is important in the
catalytic core of the protein and amino acids 274-284 of EL 4 make an extension
upward from TM VII to make up part of the mouth of the protein. A flexible
connection from TM VII to TM VIII may allow TM VII to make conformational
changes associated with its postulated role in transport (32). F277, F280, N282,
E284 are in particular shown to be critical as demonstrated by the inhibitory effect

shown when mutated to Cys and reacted with positively charged MTSET.
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Supplementary Materials

Mutation Oligonucleotide Sequence Restriction Site
E278Q 5'-CCTGTATCACCTCTTTcAGGAaTTcGCCAACTACGAAC-3 EcoRI
E279Q 5'-CCTGTATCACCTCTT¢GAGcAGTTTGCCAACTACG-3' Begl
E284Q 5'-GAGTTTGCCAACTACcAACACGTtGGCATCGTGGACATC-3' BstXI
D290N 5'-CACGTGGGCATCGTGaACATCTTCCTCGGCTTC-3/ Xmnl
Y274C 5'-GACGCCGTCACTGTaGTaCTGTgTCACCTCTTTGAGG-3 Scal
H275C 5'-GACGCCGTCACTGTaGTaCTGTATtgCCTCTTTGAGGAGTTT-3 Scal
L276C 5'-GTGGTCCTGTATCACtgCTTTGAGGAaTTcGCCAACTACGAAC-3' EcoRI
F271C 5'-GTCCTGTATCACCTCTgTGAGGAaTTcGCCAACTACGAACAC-3’ EcoRI
E278C 5'-CCTGTATCACCTCTTTtgcGAaTTeGCCAACTACGAACAC-3 EcoRI
E279C 5'-CCTGTATCACCTCTTTGAGtgTTTcGCgAACTACGAACACGTGGGC-3' Nrul
F280C 5'-CCTGTATCACCTCTT¢cGAGGAGTETGCCAACTACGAACAC-3 Begl
A281C 5'-CACCTCTTTGAGGAaTTctgCAACTACGAACACGTGG-3' EcoRI
N282C 5'-CCTCTTTGAGGAGTTTGCatgCTACGAACACGTGGGC-3 Sphl
Y283C 5'-GAGGAGTTTGCCAAtTgCGAACACGTGGGCATC- 3 Mfel
E284C 5'-GGAGTTTGCCAACTACtgcCACGTGGGCATCGTGG- 3’ Bgll
H285C 5'-GAGTTTGCCAACTACGAAtgCGTGGGCATCGTGGAC- 3’ Bsml
V286C 5'-GCCAACTACGAACACtgcGGCATCGTecGACATCTTCCTCGGC- 3’ Sall
G287C 5'-CCAACTACGAACACGTGtGCATCGTe¢GACATCTTCCTCGGC- 3 Sall
1288C 5'-CTACGAACACGTGGGCtgCGTecGACATCTTCCTCGGC- 3’ Scal
V289C 5'-CTACGAACACGTGGGCATatgcGACATCTTCCTCGGC-3' Ndel
D290C 5'-AACTACGAACACGTGGGCATCGTatgCATCTTCCTCGGCTTC-3’ Nsil
1291C 5'-GAACACGTGGGCATCGTcGACigCTTCCTCGGCTTCCTG-3' Sall

Table 4-S1. Oligonucleotides used for site-directed mutagenesis of EL 4. Mutated
nucleotides are in lower case, restriction sites are in bold.
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Chapter 5

Structural and functional analysis of trans-
membrane region XI of the NHE1 isoform of
the Na™/H™ exchanger

A version of this chapter has been published as:

* Lee, B. L., Li, X., Liu, Y., Sykes, B. D., Fliegel, L. (2009) Structural and
functional analysis of transmembrane X1 of the NHEI isoform of the Na™/H™
exchanger. J. Biol. Chem. 284, 11546-11556.

BLL and XL contributed equally to this work. BLL performed and analyzed the
NMR experiments. XL and YL performed the mutagenesis and accessibility experi-
ments. The manuscript was written by BLL, XL, LF, and BDS.

Summary

We characterized structural and functional aspects of the critical transmem-
brane (TM) segment XI (residues 449—470) of the Na™/H™' exchanger isoform 1
(NHE1) by using cysteine scanning mutagenesis and high resolution NMR. Each
residue of TM XI was mutated to cysteine in the background of the cysteine-less
protein and the sensitivity to water-soluble sulfhydryl reactive compounds MTSET
and MTSES was determined for those residues with at least moderate activity re-
maining. Of the residues tested, only proteins with mutations L457C, 1461C, and
L465C were inhibited by MTSET. The activity of the L465C mutant was almost
completely eliminated, whereas that of the L457C and 1461C mutants was partially
affected. The structure of a peptide representing TM XI (residues K447-K472)
was determined using high resolution NMR spectroscopy in dodecylphosphocholine
(DPC) micelles. The structure consisted of helical regions between D447-Y454
and F460-K471 at the N- and C-termini of the peptide, respectively, connected by a
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Figure 5-1. Models of the Na*/H" exchanger. (A) Simplified topological model
of the transmembrane domain of the NHE1 isoform of the Na™/H™ exchanger as
described earlier (/). EL, extracellular loop; IL, intracellular loop. (B) Model of
amino acids present in TM XI.

region with poorly defined, irregular structure consisting of residues G455-G459.
TM XI of NHEI had a structural similarity to TM X1 of the Escherichia coli Na™/
H* exchanger NhaA. The results suggest that TM X1 is a discontinuous helix, with
residue L.465 contributing to the pore.

Introduction

The membrane domain of human Na®/H" exchanger isoform 1 (NHEI)
contains 500 amino acids and is thought to consist of 12 transmembrane (TM) helices
as determined by cysteine scanning accessibility mutagenesis by Wakabayashi et
al. (Figure 5-1, A) (/). The membrane domain is responsible for ion movement
across the membrane. The mechanism of transport of the membrane domain is of
great interest both from a scientific viewpoint and in the design of improved NHEI
inhibitors that may be necessary for clinical use (2). In this regard, we have recently
characterized the functionally important residues and the structure of TM IV, TM
VII, and TM IX (3-5).

Several different lines of evidence have suggested that TM XI is also critical
to NHEI function. A recent study generated chimeras of NHE1 from various
species and found that a region including TM XI was important in determining
NHEIT inhibitor sensitivity (6). More specifically, mutagenesis of several amino
acids of TM XI has shown that it is likely involved in either ion transport or proper
targeting to the plasma membrane. Two mutants in TM XI, Y454C and R458C, are
retained in the endoplasmic reticulum (7). In addition, mutation of G455 and G456

in TM XTI shift the pH; dependence of the exchanger to the alkaline side, whereas
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mutation of R440 in intracellular loop 5 at the N-terminal end of TM XI shifts the
pH; dependence to make it more acidic (8, 9). Also, the structure of the bacterial
Na™/H™' exchanger NhaA has been elucidated. Both TM IV and TM XI play a
critical role forming an assembly that cross, with each being a helix, an extended
polypeptide and a short helix (/0). We found that TM IV of NHE1 has a similar
structure and function to that of TM IV of NhaA (3, 11), leaving open the possibility
that TM XI of NHEI] is also similar in structure and function to TM XI of NhaA.

For these reasons, we undertook a systematic examination of the structural
and functional aspects of TM XI of the NHE1 isoform of the Na™/H™ exchanger.
In this study we use cysteine scanning mutagenesis and site-specific mutagenesis
to identify and characterize critical pore lining residues of the protein. We also use
nuclear magnetic resonance (NMR) spectroscopy to characterize the structure of a
synthetic peptide representing TM XI in dodecylphosphocholine (DPC) micelles.
Evidence has suggested that TM segments of membrane proteins possess all the
structural information required to form their higher order structures in their amino
acid sequence (/2). This has been demonstrated in earlier studies on membrane
protein segments such as the cystic fibrosis transmembrane conductance regulator
(13), a fungal G-protein coupled receptor (/4), bacteriorhodopsin (/5, 16), and
rhodopsin (/7), where it was shown that isolated TM segments from membrane
proteins had structures in good agreement with the segments of the entire protein.
Also, the use of DPC micelles has been shown to be an excellent membrane mimetic
environment for these studies (/8, 19). Our study identifies L4635 as contributing to
the pore of the protein and shows that the structure of TM XI consists of two helices
corresponding to D447-Y454 and F460-K471 at the N- and C-termini, respectively,
connected by a flexible region at residues G455-G459. The structure of TM XI was
similar to the x-ray structure of TM XI of NhaA.

Experimental procedures

Experiments were performed essentially as described earlier in Chapter 2.
Residues were mutated to cysteine in a cysteine-less NHE1 plasmid construct.
The primers used for site directed mutagenesis are listed in Table 5-1. Based on
the cysteine scanning results, additional mutations of L465 to alanine, lysine and
aspartate were also made, and these primers are listed in Table 5-2. Transfection,
characterization and cysteine accessibility were performed as described. A peptide
representing TM XI (sequence KDQFIIAY GGLRGAIAFSLGYLLDKK, acetyl-
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Mutation Oligonucleotide sequence Restriction site

GIn449 5'-GTATCGTGAAGCTtACCCCCAAGGACtgcTTCATCATCGCC-3’ HindIII
Phe450 5'-CCCCCAAGGACCAAtgcATCATCGCCTATGG-3' Sstl
Ile451 5'-CCCAAGGACCAGTTCtgcATCGCaTATGGGGGCCTGCGAG-3' Ndel
Ile452 5'-GGACCAGTTCATCtgeGCaTATGGGGGCCTGC-3 Fspl
Alad53 5'-CCAGTTCATCATCtgc TATGGaGGCCTGCGAGGGGC-3' Stul
Tyrd454 5'-CAGTTCATCATCGCatgeGGGGGCCTGCGAGG-3/ Sphl
Gly455 5'-CATCATCGCCTATtgcGGCttaaGAGGGGCCATCGCC-3' Afill
Gly456 5'-CATCGCCTATGGGtgcttaaGAGGGGCCATCGCC-3' AflIT
Leud57 5'-GCCTATGGGGGCtgeCGeGGGGCCATCGCCTTC-3 Sacll
Argd58 5'-CATCGCCTATGGaGGCCTGtgtGGGGCCATCGCC-3' Stul
Gly459 5'-GGGGGCCTGCGAtgeGCAATCGCCTTCTCTC-3 Fspl
Alad60 5'-GGGGCCTGCGAGGatgCATCGCCTTCTCTC-3’ Nsil
Ile461 5'-GGCCTGCGAGGGGCATGCGCCTTCTCTCTGGG-3 Sphl
Alad62 5'-CTGCGAGGGGCCATatgCTTCTCTCTGGGC-3' Ndel
Phe463 5'-GAGGGGCCATCGCatgeTCTCTGGGCTACC-3 Sphl
Ser464 5'-GGCCATCGCCTTCTgeCTaGGCTACCTCCTGG-3 AvrIl
Leu465 5'-CATCGCCTTCTCTtgcGGgTACCTCCTGGACAAG-3’ Kpnl
Gly466 5'-CGCCTTCTCTCTGtGCTACCTtCTaGACAAGAAGCACTTC-3' Xbal
Tyrd467 5'-CCTTCTCTCTGGGCTgtCTaCTGGACAAGAAGCAC-3' Accl
Leu468 5'-CTCTCTGGGCTACtgtCTaGACAAGAAGCACTTC-3' Xbal
Leu469 5'-GCCTTCTCTCTGGGaTAtCTCtgcGACAAGAAGCACTTC-3 EcoRV
Asp470 5'-GGGCTACCTCCTGtgcAAaAAGCACTTCCCCATG-3 (Xmnl)

Table 5-1. Oligonucleotides used for site-directed mutagenesis of TM XI. Mutated
nucleotides are in lower case lettering, restriction sites are bold. Restriction sites
deleted are indicated in parentheses. Oligonucleotides used for cysteine scanning
mutagenesis are shown. All mutations were to Cys.

Mutation Oligonucleotide sequence Restriction site
L465A  5'-GCCATCGCCTTCTCTgcGGGETACCTCCTGGACAAG-3’ Kpnl
L465K  5'-GCCATCGCCTTCTCTaaGGGETACCTCCTGGACAAG-3 Kpnl
L465D  5-GCCATCGCCTTCTCTgatGGgTACCTCCTGGACAAG-3' Kpnl

Table 5-2. Synthetic oligonucleotides used for mutagenesis of L465 to Ala, Lys, or
Asp.
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Figure 5-2. Analysis of wild type and mutant NHE1 proteins. (Continued on
page 89.)

capped N-terminus, amide-capped C-terminus) was purchased from GI Biochem
(Shanghai) Ltd. at ~95% purity. An ~5% impurity was identified in the 'H NMR
spectra (see below). NMR and structure calculation were also performed as described.
In addition to the 2D COSY, TOCSY and NOESY homonuclear spectra, a 2D Bc.
'H natural abundance HSQC was also obtained at 500 MHz. The ensemble of NMR
structures and the structure calculation restraints have been deposited in the Protein
Data Bank and Biological Magnetic Resonance Bank (PDB code 2KBV, BMRB

accession number 16056).

Results
Figure 5-1, A, shows a general model of the NHE] isoform of the Na®™/H"

exchanger based on the topology deduced by cysteine scanning accessibility studies

(1). Figure 5-1, B, shows a schematic model illustrating the amino acids of TM XI.
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Figure 5-2. (Continued from page 88.) (A) Western blot of cell extracts of AP-1
cells containing stably transfected Na™/H" exchanger mutants or control. In all
mutations the amino acid indicated was changed to cysteine. 100 pg of total protein
was loaded in each lane. Numbers below the lanes indicate the values obtained from
densitometric scans of both the 110 and 95 kDa bands relative to wild type NHE.
Results are typical of three to five measurements. AP1 refers to mock transfected
AP-1 cells. Wt, refers to cells stably transfected with wild type Na™/H™' exchanger
protein. (B) Subcellular localization of control and TM XI mutants in AP-1 cells.
Sulfo-NHS-SS-biotin-treated cells were lysed and streptavidin-agarose beads were
used to bind labelled proteins as described under “Experimental Procedures.” Equal
amounts of total cell lysate (T) and unbound intracellular lysate (I) were run on
SDS-PAGE and Western blotting with anti-HA antibody identified NHE1 protein.
Wi, refers to cells stably transfected with wild type Na®™/H' exchanger protein.
Ct refers to a control experiment in which nonspecific binding to streptavidin-
agarose beads was carried out following the standard procedure but without labelling
cells with biotin. The percent of the total NHEI protein found within the plasma
membrane is indicated for each mutant. For Ct, the numbers indicate the amount of
nonspecific binding to streptavidin-agarose beads. Results are the mean 4 S.E. of
at least three determinations. (C) Rate of recovery from an acid load by AP-1 cells
stably transfected with cNHE1, and TM XI Na*/H™" exchanger mutants. Na*/H™"
exchanger activity was measured after transient induction of an acid load as described
under “Experimental Procedures.” The activity of cNHE]1 stably transfected with
NHE1 was 0.036 ApH/s, and this value was set to 100%. All mutations to cysteine
were done in the background of the cysteine-less NHE1 and activities are percent of
those of cNHE. Mutations were in the cNHE]1 and results are expressed as mean =+
S.E. of 8-16 determinations. Results are shown for mean activity of both uncorrected
(black) and normalized for surface processing and expression levels (hatched). *
indicates mutants with uncorrected activity that is less than 20% of cNHEI.
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To examine which amino acids of TM XI are pore-lining, we used the cysteine-less
Na™/H™ exchanger (c(NHE1). Each residue in TM XI of cNHE1 was mutated to a
cysteine residue. Initial experiments examined whether these mutant forms of the
Na'™/H" exchanger were active enough for further study. Figure 5-2, A-C, examines
the expression, targeting, and activity of the wild type and mutant TM XI mutants.
Expression levels of several of the mutants were greatly decreased in comparison
to the controls. Changing 1452, G455, or A460 to Cys decreased expression to
less than 20% of that of cNHE1. Eight other mutant Nat/H" exchangers, 1451C,
A453C, Y454C, G456C, R458C, G459C, A462C, and L469C, also had expression
reduced to levels 22—45% that of cNHE1. All the mutants with reduced expression
of NHEI showed a great reduction in the level of mature, fully glycosylated protein.
In some of these mutants (I451C, Y454C, G455C, G456C, R458C, G459C, and
L469C) expression was predominantly of the lower molecular weight form of the
Nat/H™ exchanger, which represents protein with reduced levels of glycosylation.
We have earlier shown that unglycosylated Na*/H™' exchanger may be functional
(20), therefore the unglycosylated protein was included in analysis of the levels of
protein expression.

We have previously (3) demonstrated that the mutation of amino acids of
transmembrane segments in the Na™/H™ exchanger can affect the plasma membrane
targeting of the protein. Therefore, we examined intracellular targeting of the NHEI
TM XI expressing cell lines. Cells were treated with sulfo-NHS-SS-biotin and
then lysed and solubilized as described under “Experimental Procedures.” Labelled
proteins were bound to streptavidin-agarose beads and equal amounts of total cell
lysates and unbound lysates (representing intracellular protein) were separated by
size using SDS-PAGE. Western blotting with anti-HA antibody identified the tagged
NHEI protein. Figure 5-2, B, illustrates examples of the results and a summary of
quantification of both the 106 and 97 kDa bands. The immature form of the protein
was included because we previously noted that there can be some leak of this protein
to the cell surface (27). A number of the mutants had reduced targeting to the cell
surface, in comparison to cNHE1. Less than 10% of G456C, R458C, and G459C
were targeted to the cell surface, and because the nonspecific was ~5%, the results
suggest that these proteins were mostly, if not all, retained within the cell. A second
class of mutant was targeted about half as well as the cysteine-less NHE1, with
~20-30% targeted to the cell surface. This consisted of 1451C, G455C, F463C,
Y467C, and L469C. The balance of the mutants were similar to cNHE]1 in their
targeting efficiency.
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We determined how mutations of TM XI affected the activity of the protein.
The rate of recovery from an acute acid load was determined as described earlier
(21). Figure 5-2, C, illustrates the rate of recovery from an acute acid load by
stable cell lines transfected with either wild type Na*/H™ exchanger or mutants of
TM XI. The rate of recovery is also shown when corrected for both the level of
expression and surface targeting for most mutants. The mutants fell into several
general categories. One mutant A453C had less than 50% of the cNHE activity,
but the activity was near normal when correcting for expression levels and surface
targeting, suggesting that the protein itself was fully functional but the mutations
were affected for expression levels and surface targeting. L465C was similar to
A453C but with higher uncorrected NHE]1 activity. In both cases this was due to a
combination of effects on expression levels and surface targeting. Mutants L.457C
and [461C retained over 50% of cNHEI1 activity and had relatively normal surface
targeting and expression levels. The balance of the mutants had quite reduced
activity, less than 50% of the cNHEI1 level. Q449C, F450C, S464C, and G466C had
25-45% of cNHEI activity and this was only slightly improved by correcting for
expression levels and surface targeting. This indicated that these proteins themselves
were at least partially defective in Na™/H' exchange activity. A number of other
mutants had quite low activity relative to cNHE]1, less than 20% of uncorrected
values. This included 1451C, 1452C, Y454C, G455C, G456C, R458C, G459C,
A460C, A462C, F463C, Y467C, L468C, L469C, and D470C. For most of these
mutants correcting for expression levels and surface targeting increased activity
although this was always well below that of cNHE1, suggesting that the effects were
at least in part due to direct effects on the activity of the protein. It was not possible
to accurately determine the corrected activity for many of these mutants because of
their variability, low expression levels, and poor surface targeting. This included
G456C, R458C, and G459C.

We examined the sensitivity to MTSET or MTSES of the mutant Na*/H*
exchangers that had greater than 20% residual activity of cNHE1 (Figure 5-3, A and
B). Of the active Na*/H™ exchangers, only L465C was greatly affected by treatment
with positively charged MTSET. This resulted in elimination of most of the activity
of the protein. Two other mutants, L457C and 1461C, were partially inhibited by
MTSET. Negatively charged MTSES had no effect on any of the mutant proteins.
Mutants G459C and A460C are not illustrated in the inhibition results due to their
low activity, but were also tested. Experiments indicated that they were not inhibited
by addition of MTSES or MTSET.
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Figure 5-3. Effect of MTSET and MTSES on activity of cNHE1 and single cysteine
TM XI mutant NHE1 containing cell lines. (A) Summary of results of Na™/H*
exchanger assays of active TM XI mutants. Activity was measured after two pulses
of transient induction of an acid load as described under “Experimental Procedures.”
The first activity was in the absence of MTSES or MTSET, the second was when cells
were treated with 10 mM reagent before transient acidification. Results illustrated
represent the percentage of activity of the second acid load, in comparison to the
first. * indicates that the second recovery from acid load was significantly lower
than the first at p < 0.01, Mann-Whitney U test. Solid filled bars represent MTSES
treatments and hatched bars represent MTSET treatments. (B) Example of results
of effect of MTSET on activity of wild type and L465C mutant. Wild type (Wt)
and L465C NHEI protein activity was assayed in stably transfected AP-1 cells as
described under “Experimental Procedures.” Activity was measured after two acid
pulses as described in (A). The first pulse in the absence of MTSET is shown. For
ease of viewing, only the recovery from acidosis is shown for the second pulse, in
which cells were treated with MTSET. NH4Cl, treatment with ammonium chloride;
sodium free, treatment with Na™ free buffer to induce acidosis; NaCl, recovery from
acidosis in NaCl containing buffer, for the second pulse this contained MTSET and
cells were pretreated with MTSET for 10 min prior to NH4Cl-induced acid load.
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Figure 5-4. Characterization of site-specific mutants of L465. (A) Western blot of
cell extracts of AP-1 cells containing stably transfected Na™/H" exchanger mutants
or control. Samples were analyzed as described in the legend to Figure 5-2, A.
Numbers below the lanes indicate the values obtained from densitometric scans of
both the 110 and 95 kDa bands relative to wild type NHE1. Results are typical of
three to five measurements. cNHE refers to cysteine-less NHE1. A, D, and K refer
to mutant cell lines containing cNHE1 with the 1465 mutations to Ala, Asp, and Lys
respectively. (B) Subcellular localization of TM XI mutants in AP-1 cells. Mutants
contained the NHE1 L465 mutations to Ala, Asp, and Lys as indicated. Sulfo-NHS-
SS-biotin-treated cells were lysed and streptavidin-agarose beads were used to bind
labelled proteins as described under “Experimental Procedures.” Equal amounts of
total cell lysate (T) and unbound intracellular lysate (I) were run on SDS-PAGE and
Western blotting with anti-HA antibody identified the NHE1 protein. The percent
of the total NHEI protein found within the plasma membrane is indicated for each
mutant. Results are the mean 4+ S.E. of at least three determinations. (C) Rate of
recovery from an acid load by AP-1 cells stably transfected with cNHE, and TM
XI Nat/H* exchanger L465 mutations to Ala, Asp, and Lys. Nat/H™ exchanger
activity was measured after transient induction of an acid load as described in the
legend to Figure 5-2, C. All mutations to cysteine were done in the background
of the cysteine-less NHE1 and activities are percent of those of cNHE. Mutations
were in the cNHE1 and results are expressed as mean =+ S.E. of 8—16 determinations.
Results are shown for mean activity of both uncorrected (black) and normalized for
surface processing and expression levels (hatched).
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Because of the strong effect that we observed of MTSET on L465C, we
conducted a series of experiments in which we mutated that amino acid to a neutral
residue (Ala), to a negatively charged residue (Asp), and to a positively charged
residue (Lys). We then determined effects on activity, surface processing, and
expression of the intact NHE1 protein. The results are shown in Figure 5-4. Western
blotting (Figure 5-4, A) against the anti-HA tag of the NHE1 mutant proteins showed
varying effects dependent on the mutation. Mutation of L465 to Asp resulted in a
large decrease in the amount of protein expressed and in addition, virtually all of the
protein expressed was of the unglycosylated or partially glycosylated form. Similarly,
mutation to Ala reduced the amount of protein expressed and reduced the amount of
fully glycosylated protein, but not to as great an extent. Mutation of L465 to Lys
did not reduce the amount of NHE1 expressed. There was also a significant amount
of fully glycosylated protein although the amount relative to the de-glycosylated
protein was somewhat reduced. In all three cases, targeting to the cell surface was
low (Figure 5-4, B). This was especially true for the L465D mutant. Activity of the
three mutants was greatly reduced (Figure 5-4, C). In all cases the raw activity we
observed for the mutants was only a small fraction of the control level. It was of
interest that for the L465A and L465D mutants, there was a significant amount of
activity present, when correcting for aberrant surface targeting and expression levels.
In contrast, the L465K protein was well expressed and targeted to the cell surface,
but the change to a positively charged residue completely eliminated activity of the
protein.

We used NMR spectroscopy to determine the structure of a TM XI peptide.
Cationic residues at the termini of peptides have been shown to aid in their purifi-
cation and maintenance of transbilayer orientation (22). For this reason, the ends
of the peptide were chosen to be K447 and K472, which provides cationic residues
at both ends of the peptide and include the predicted TM XI sequence. The N-
and C-terminal acetyl and amide caps, respectively, remove charges at the peptide
termini that would not be present in the full protein.

The peptide was readily solubilized in the presence of DPC, which acts as
a membrane mimetic, and provided a sample that was stable for months at room
temperature. Previous structural studies of transmembrane helices from NHE1 also
found DPC micelles to be effective for solubilization and sample stability (5, 23).
An examination of the two-dimensional 'H-'"H NMR spectra showed additional
peaks that could not be assigned to the major conformation of the TM XI peptide.
Adjusting sample conditions such as peptide concentration and the peptide-to-lipid
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Unique NOE restraints

Total 548
Intraresidue 195
Sequential 195
Medium range (i+2 to i+4) 156
Long range (> i+5) 2
Ambiguous 47
Ramachandran plot statistics

Core 72.0%
Allowed 26.0%
Generously allowed 1.0%
Disallowed 1.0%
XPLOR-NIH energies (kcal/mol)

Total 16.78 £2.44
NOE 0.89+1.03
NOE violations

0.1-0.2 A 6
0.2-0.3 A 2
>03A 1

Table 5-3. NMR structural statistics for the 40 structures retained out of 50 structures
calculated.

ratio did not affect intensity of these peaks in the DQF-COSY NMR spectra, and
therefore they were assumed to be an impurity (~5% based upon the area of the
NMR peaks) in the synthetic TM XI peptide and not a minor conformation in slow
exchange. The sample for structure determination contained ~2 mM TM XI peptide
and ~150 mM DPC in 95% H;0, 5% D, 0 with 0.25 mM deuterated 2,2-dimethyl-2-
silapentane-5-sulfonic acid as a chemical shift and intensity standard. Concentrations
of 1 mM peptide and 75 mM DPC were used in previous studies (4, 5); however, we
decided to use concentrations of 2 and 150 mM for an increased signal to noise ratio
in the NMR spectra. There were no noticeable differences in the spectra at the higher
concentration. Spectra were taken at 30 °C, which gave good one-dimensional 'H
NMR spectral characteristics.

Sequential assignment using two-dimensional 'H-'H DQF-COSY, TOCSY,
and NOESY NMR spectra allowed all of the hydrogen atoms in the peptide to be
assigned except for Phe H{ and Tyr Hn. Assignments for carbon atoms using
the natural abundance '*C-'"H HSQC NMR spectrum were incomplete because of
the limited chemical shift dispersion. The predominantly a-helical nature of the
peptide, resulting in limited chemical shift dispersion, and the relatively broad line
widths in the spectra, meant some of the NOE assignments were ambiguous. The
impurities were ~5% of the concentration of the TM XI peptide, and any impurities
from the NOE, similarly reduced, were unlikely to be a concern for assignment.
Nonetheless, a soft-well potential function was used during structure calculation

to allow for any ambiguous or erroneous assignments. Dihedral angle restraints
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Figure 5-5. Dihedral angle order parameters for the final 40 ensemble members.
Order parameters are calculated as in reference (23). An order parameter of 1
indicates the particular angle is the same for all members in the ensemble, and is 0
when the angles are completely random.

were not initially applied during structure calculation to allow the structure to be
based mainly on the observed NOE distance restraints. Chemical shift prediction
of secondary structure (24, 25) (Figure 5-S1) and NOE connectivities (i + 3 and
i+4) (Figure 5-S2) suggested helical regions at approximately residues 449453
and 461-469. Therefore, the phi and psi angles in these regions were restricted
to —60 4 30° and —40 +40°, respectively, for additional rounds of annealing and
refinement. After refinement, a total of 548 unique restraints were used for the final
structure calculation. The 40 lowest energy structures of the 50 calculated were
retained, which satisfied restraints with minimal NOE and dihedral angle violations.
Structure calculation statistics are summarized in Table 5-3 and Figure 5-S2.

It was not possible to superimpose the entire ensemble of NMR structures
over the full-length of the peptide. The pair wise backbone r.m.s. deviation for each
of the ensemble members compared with the average structure ranged from 1.81 A
to 4.36 A. Superposition of the ensemble members was done using the method of
Kabsch (26), as implemented in LSQKAB in the CCP4 suite. To look for regions of
fixed structure, segments of the peptide 4 to 15 residues long were superimposed, and
contiguous segments of residues obtained from the superimpositions with an r.m.s.
deviation less than 1.0 A were examined based on the length and r.m.s. deviation of
the segments.

Residues K447-G454 at the N-terminus and A460-K471 at the C-terminus

best indicated a region of fixed structure from the r.m.s. deviation analysis and
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Figure 5-6. NMR structure of TM XI in DPC micelles. Superimposition of struc-
turally conserved regions of the TM XI peptide structure. Superimposition of the
backbone atoms of the structurally conserved regions (A) K447-G454 and (B) G460—
K471. The backbone is shown in black, side chains are shown in color. (C) Two
views of a single ensemble member with MTSET-sensitive residues labelled.

are mainly helical. The relative orientation of these two regions vary with respect
to each other among the ensemble members around a structurally variable central
region consisting of residues G455-G459. The dihedral order parameters (23)
(Figure 5-5) for the N- and C-terminal regions are close to unity, indicating strongly
conserved dihedral angles in these regions across the ensemble, whereas the order
parameter for the central region shows large variation in the dihedral angles for
those residues. A plot of the averaged backbone r.m.s. deviations per residue versus
the average structure, for superimposition of residues 447-454 and 460471, is
shown in Figure 5-S3. The two superimposed regions show low r.m.s. deviations,
which increase in toward the extended region. The superimposition of the C-terminal
helix (Figure 5-S3, diamonds) shows an increase in r.m.s. deviation at residues
L465-G466. This is reflected in the structures as a slight bend in the helix at these
residues. Superimposition of residues A460-L465 and G466-K471 separately give
better r.m.s. deviation values than for the entire C-terminal helix, and show that there
is some slight variability between the two halves of the helix at this bend. Residues
F461-K471 and D448-Y453 fall within the helical region of the Ramachandran plot
and show good clustering of the dihedral angles, and so can be assigned as o-helical.
Superimposition of the structurally conserved regions at the N- and C-termini are
shown in Figure 5-6, A and B. Figure 5-6, C, shows a schematic of an ensemble
member from two views, which shows the general structure of the peptide: two

helices connected by an extended segment.
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Figure 5-7. Comparison of TM XI of NHE1 with TM XI of NhaA. (A) SEQSEE
based (27) alignment of the amino acid sequences of TM XI of NhaA and NHEI. (B)
Alignment of the sequences based on optimal structural alignment of the extended
regions (highlighted) of NHE1 TM XI (G455-G459) and NhaA TM XI. Colon
indicates replacement by similar amino acid and asterisk indicates amino acid
identity. MTSET-sensitive residues, and the corresponding residues in NhaA are
shown in bold. (C) Comparison of the NMR structure of TM XI of NHE1 in DPC
micelles with that of TM XI in the x-ray structure of NhaA. Amino acids 447-472
of NHEI and amino acids 327-352 of NhaA are included. The ensemble member of
the NMR structures chosen for comparison had the lowest backbone r.m.s. deviation
compared with the corresponding region in NhaA for the superimposition of the
extended regions, and with arbitrary rotation of the two helices around the flexible
(G455 and G459 to match the helices of NhaA.

The region between the two helices does not superimpose well. At best,
G455-R458 superimposes poorly, with an r.m.s. deviation of 0.8 A, and shows
decreased dihedral angle order parameters compared with the helical regions. The
large variation in dihedral angles over this segment and variation in the relative
orientation of the helices in the ensemble could suggest that this region is flexible. It
should be noted, however, that variability seen in the structure could be a result of
a lack of NOE restraints to constrain the structure of that region, instead of actual
flexibility in the structure. Glycine residues have fewer NOE restraints compared
with other residues (Figure 5-S2) due to the lack of side chain contacts, and could
explain the variability in the structures because much of the flexibility in the structure
occurs around Gly residues, 455, 456, 459, and 466.

A comparison of the NMR structure of TM XI of NHEI in DPC micelles
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with the structure of TM XI in the x-ray structure of NhaA is presented in Figure 5-
7. Figure 5-7, A, shows an alignment of the TM XI sequences from NhaA and
NHEI using SEQSEE (27), which shows reasonable sequence similarity but a poor
alignment of the helical and central regions that are predicted by the x-ray and NMR
structures. Attempting to align the structures of the extended region to the x-ray
structure of TM XI of NhaA results in reasonable backbone superimposition of
residues 455-459 of NHEI1 on to residues 335-339 of NhaA, with the orientations of
both the N- and C-terminal helices around this segment varying. Using this central
region to align the sequences of NHE1 and NhaA TM XI (Figure 5-7, B) suggests
that the MTSET-sensitive residues L.457, 1461, and LL465 identified in this article
would correspond to 1337, M341, and 1345, respectively. Figure 5-7, C, shows a
comparison of structures of NhaA and NHE1 TM XI with arbitrary rotation of the
helices around the variable G455 and G459 residues in the NMR structure to better
match the orientation of the NhaA helical regions. Clearly the general structure of
the two peptides is similar for the two proteins; although this cannot be taken as
proof that the NMR structure in DPC micelles is equivalent to that of the full-length

protein in vivo.

Discussion

In this study we examined the structural and functional characteristics of
TM XI of the NHE1 isoform of the Na™/H" exchanger. A number of studies (6,
8, 9) have suggested that this transmembrane segment is critical in activity of the
protein. When we replaced amino acids of TM XI with cysteines we found that
it was quite sensitive to this substitution. Of the 22 amino acids mutated, 14 had
activity severely reduced. Several others also had activity reduced to a lesser degree.
We found earlier that the susceptibility to mutation was high in some transmembrane
segments such as TM IV, whereas other TM segments such as TM IX appear more
tolerant of changes. We noted this variability earlier (5) and it has been found in
other proteins (28). This could reflect a more critical role of a particular TM segment,
in function. Of note, amino acids 454—463 were all greatly reduced in activity, with
the exception of L457 and 1461. Most of the mutations made resulted in decreased
activity of the product protein that were often caused at least partially by effects
on targeting and expression levels. R458 and Y454 of this region have previously
(7) been suggested to be retained in the endoplasmic reticulum when mutated to

cysteine. In our hands, proteins with these mutations showed little activity. We found
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that R458 was retained in an intracellular location, however, targeting of Y454 was
only slightly reduced below that of the cysteine-less protein. It was not possible to
test either mutant protein for the effects of sulthydryl reactive reagents on activity.

When we examined the remaining active mutants for sensitivity to sulthydryl
reactive reagents, we found that only the L465C mutant was strongly affected by
positively charged MTSET. It was unaffected by negatively charged MTSES. This
suggested that this residue is likely a pore lining residue of the protein. That the
positively charged compound would inhibit activity, but not the negatively charged
one, could be due to direct electrostatic repulsion of a transported cation. MTSES
would not provide any such repulsion. This concept is supported by site-specific
mutagenesis studies of this amino acid. The L465K mutant was totally inactive
despite being well expressed and targeted to the plasma membrane. The L465D
mutant, whereas reduced in activity and not well targeted or expressed, was still
functional. Mutation of L465 to Ala resulted in a protein with minimal activity,
possibly due to structural effects of expression of the smaller amino acid. The L465A
protein was poorly expressed and targeted.

We also found that MTSET treatment resulted in reduction of activity of two
other amino acids, L457 and 1461. We suggest that their side chains may be near
and partially accessible to the protein translocation pore, but likely are not directly
pointing to the pore. This is supported by the structural analysis of the protein. TM
X1 was found to be comprised of two helical segments, with an intervening more
extended region. The location of the pore lining residues in the peptide structure is
shown in Figure 5-6, C. Both L465 and 1461 are on the same side of the C-terminal
helix. Looking down the helical axis, the two residues are ~40° offset from each
other, such that L4635 could be pointing into the pore, whereas 1461 is not directly
pointing toward the pore, but is at an orientation in agreement with the idea that
it could be close to the pore. The side chain of L457 is located in the structurally
variable region, so no conclusion can be drawn about its orientation from the peptide
structure. Further insights into its orientation must await elucidation of the structure
of the intact protein and its presence in a variable region is likely a limitation in
the present analysis imposed by examining the peptide in DPC micelles. In the
full protein, the extended region would likely be more rigid and L457 in a different
position due to the environment and interactions provided by the surrounding TM
helices in the intact protein.

It is important to note that recently, there has been disagreement on the

proposed topology of the NHE1 protein. An earlier model (7) used substituted
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cysteine accessibility studies to predict a 12-TM protein with an internal C-terminus
and several membrane-associated segments (Figure 5-1, A). More recently, Landau
et al. (29) proposed a different topology using the crystal structure of Escherichia coli
NhaA as a template for bioinformatics and computational analysis for fold alignment
algorithms to propose a new topology. Although several of the TM segments differed
between the two models, TMs X—XII were essentially unaltered. This supports the
assignment of these amino acids as TM XI in our study.

We found that TM XI consisted of two helical regions, comprising amino
acids 447-453 and 460—471 connected by an extended region from amino acids
455-459. In their study, Landau et al. (29) made several predictions about the
structure of TM XI. They suggested that G455 and G456 would facilitate unwinding
of that region of the TM XI helix. Our results agree with their predictions as these
two amino acids were within the extended region of amino acids 455-459. The fact
that there were only two amino acids that retained good functional activity within
the 454—-463 sequence supports the concept that this is a domain critical to function
of the protein. Unfortunately mutant proteins containing these amino acids did not
retain enough activity to be examined functionally.

G455 and G456 have been shown to be critical in affecting the set point of
the NHEI protein and have been suggested to constitute important elements of the
pH sensor of NHE1 (17, 18). Their presence in a conserved extended region of the
protein would support this hypothesis. It should be noted, however, that in NhaA,
Arkin et al. (30) favour a model of pH regulation by which protonation-deprotonation
of a single carboxyl of an acidic residue affects protein structure and regulates pH
sensitivity. If this were true for NHEI, then changes to G455 and G456 would likely
affect NHE1 function through alterations in structure, which secondarily alter the
pH sensor of the protein or regulation by the pH sensor. We found that mutation
of these two residues resulted in both reduced expression and glycosylation of the
protein. In addition, targeting of the protein was mostly aberrant. This, plus their
presence in, and possible mediation of the structure of the extended region supports
the concept that they are critical for the structure of the protein.

Because TM IV of NHE] has a similar structure and function to TM IV of
NhaA (/1), we examined the possibility that TM XI of NHE1 has a similar structure
and function to TM XI of NhaA. Although the two proteins have poor primary
amino acid sequence conservation, we have earlier suggested that they may have
similar three-dimensional structures and might conserve key residues important in
function (37). We therefore compared our structure of TM XI of NHE1 with the
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NhaA crystal structure (/0). The equivalent of the MTSET-sensitive residues L465
and 1461 of NHE1 in the NhaA structure would be 1345 and M341, respectively,
based on the alignment shown in Figure 5-7, B. Residues 345 and 341 in NhaA
are on the C-terminal helix of TM XI, on the periplasmic side of the pore. If the
corresponding residues in NHE1 are in a similar location, near the extracellular
pore, this would account for them being MTSET accessible. Residue 1337 of NhaA,
equivalent to residue L457 in NHEI, does not appear to be accessible from the pore
and points toward the cytoplasmic side. The crystal structure is of an inactive state
of NhaA, however; conformational changes suggested to occur with activation (32,
33) may allow access to this region.

In summary, we have shown that TM XI of NHEI is critical to function of
the protein and possesses a pore lining residue at amino acid L465. The structure of
TM X1 is that of a helix with an intervening interrupted irregular structure consisting
of residues G455-G459. It has an overall similarity to the structure of TM XI of the
E. coli antiporter NhaA. Future experiments will further compare the structure and
function of NHE1 with that of NhaA in an effort to further elucidate the mechanism
of function of the mammalian Na™/H™ exchanger. Solving the structure of the full-
length protein will provide more details of transmembrane segment overall structure
and elucidate the precise location of any residues that are in variable regions of

peptide segments.
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Figure 5-S1. Chemical shift index prediction of secondary structure. Difference
between observed and random coil chemical shifts (25) for each residue in the TM
XI peptide for Ha (top), Cox (center), and Cf (bottom) chemical shifts. Contiguous
segments showing upfield shifts for Hax (< —0.1 ppm, dotted line) and Cf3 atoms
and downfield shifts for Ca atoms (> 0.7 ppm) from random coil values indicate
helical character. Unassigned Cor and Cf3 atoms are given a value of zero in the
figure.
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Figure 5-S2. NOE restraints used in the final TM XI structure calculation. (A) A
summary of the NOE restraints between particular HN, Ha, HB atoms, modified
from CYANA output (L.A. Systems, Inc.). (B) Summary of the number of NOE
restraints per residue classified as intraresidue, sequential, medium range (i + 2 to
i+4), and long range (> i+ 4).
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Figure 5-S3. Per residue RMSD values for the optimal superimpositions of the N-
and C- terminal helices. Superposition and RMSD calculations were performed
with LSQKAB from the CCP4 suite, and with custom scripts. Regions of the
calculated ensemble of the peptide were iteratively superimposed, and the resulting
segments with RMSD less than 1.0 A were further sorted by size and RMSD over
the segment to find the optimal regions for superimposition. Per-residue RMSDs are
shown for the superimpositions of the backbone atoms of K447-G454 (squares) and
G460-K471 (diamonds).
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Chapter 6

Structural and functional analysis of trans-
membrane segment VI of the NHE1 isoform
of the Na"/H" exchanger

A version of this chapter has been published:

* Tzeng, J., Lee, B. L., Sykes, B. D. and Fliegel, L. (2010) Structural and
functional analysis of transmembrane segment VI of the NHE1 isoform of the
Na'/H" exchanger. J. Biol. Chem. 285, 36656-36665.

BLL and JT contributed equally to this work. BLL performed and analyzed the
NMR experiments. JT performed the mutagenesis and accessibility experiments.
The manuscript was written by BLL, JT, LF, and BDS.

Summary

The Na™/H™ exchanger isoform 1 is a ubiquitously expressed integral mem-
brane protein. It resides on the plasma membrane of cells and regulates intracellular
pH in mammals by extruding an intracellular H" in exchange for one extracellular
Na™. We characterized structural and functional aspects of the transmembrane
segment (TM) VI (residues 227-249) by using cysteine scanning mutagenesis and
high resolution NMR. Each residue of TM VI was mutated to cysteine in the
background of the cysteineless NHE1 protein, and the sensitivity to water-soluble
sulthydryl-reactive compounds (2-(trimethylammonium)ethyl) methanethiosulfonate
(MTSET) and 2-sulfonatoethyl methanethiosulfonate (MTSES) was determined for
those residues with significant activity remaining. Three residues were essentially
inactive when mutated to Cys: D238, P239, and E247. Of the remaining residues,
proteins with the mutations N227C, 1233C, and L.243C were strongly inhibited by
MTSET, whereas amino acids F230, G231, A236, V237, A244, V245, and E248
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were partially inhibited by MTSET. MTSES did not affect the activity of the mutant
NHEI1 proteins. The structure of a peptide representing TM VI was determined
using high resolution NMR spectroscopy in dodecylphosphocholine (DPC) micelles.
TM VI contains two helical regions oriented at an approximate right angle to each
other (residues 229-236 and 239-250) surrounding a central unwound region. This
structure bears a resemblance to TM IV of the Escherichia coli protein NhaA. The
results demonstrate that TM VI of NHEI] is a discontinuous pore-lining helix with

residues N227, 1233, and L243 lining the translocation pore.

Introduction

NHEI1 consists of an N-terminal membrane domain of ~500 amino acids
and a C-terminal regulatory domain of ~315 amino acids (/, 2). The membrane
domain is responsible for ion movement. Two models of the topology of NHE1 exist.
An analysis of topology by cysteine scanning accessibility suggested that NHE1 has
three membrane-associated re-entrant segments and 12 integral transmembrane seg-
ments (3). A different model of the topology of NHE1 was more recently suggested
(4). It was based on computational methods, including evolutionary conservation
analyses and fold alignment methods with NhaA, a partially homologous bacterial
Na™/H™ antiporter whose crystal structure has been determined (5). A compari-
son of the models shows some similarities and some differences (6). Amino acids
227-249 are predicted to form a transmembrane segment with the same orientation
in both models and were initially referred to as TM VI in the topology model of
Wakabayashi et al. (3).

The mechanism of transport of the membrane domain is both of great interest
from a scientific viewpoint and potentially helpful in the design of improved NHEI
inhibitors for clinical use (6). In this regard, we have recently characterized the
functionally important residues and the structure of TM IV (residues 155-180), TM
VII (residues 250-275), TM IX (residues 338-365), and TM XI (residues 447-472),
as well as the second extracellular loop (residues 153-155).

TM VI of NHET1 has not been well studied. In the proposed new topology of
NHEI suggested by Landau et al. (4), TM VI (amino acids 227-249) is renumbered
as TM IV. This region corresponds to TM 1V of the bacterial antiporter NhaA. In the
high resolution structure of NhaA, TM IV was an important part of a novel fold of
two TMs that crossed each other in the center of the membrane and played a key role

in 1on binding and transport (5). It was proposed that amino acids 227-249 of NHEI
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provide an equivalent role for this protein, forming part of the TM 4-TM 11 assembly
(4). We therefore decided to investigate TM VI (amino acids 227-249) of NHE1 in
detail. We used cysteine scanning mutagenesis to identify and characterize critical
pore-lining residues of the protein. We also used nuclear magnetic resonance (NMR)
spectroscopy to characterize the structure of a synthetic peptide representing TM
VI in dodecylphosphocholine (DPC) micelles, including paramagnetic relaxation
NMR experiments (7, 8) to examine the location of the peptide in the micelle and
its interaction with a cation. Studies have shown that TMs of membrane proteins
possess all of the structural information required to form their higher order structures
in their amino acid sequence (9). This has been demonstrated in earlier studies on
membrane protein segments, such as the cystic fibrosis transmembrane conductance
regulator (/0), bacteriorhodopsin (11, 12), a fungal G-protein-coupled receptor (13),
and rhodopsin (/4). The use of DPC micelles has also been shown to be an excellent
membrane mimetic environment for these studies (/5, 16).

Our results identify TM VI as a critical pore-lining segment of NHE1. Three
residues were identified as lining the pore, and several others were affected by
changing them to Cys and reacting with MTSET. We also demonstrate that TM VI
is an interrupted helix with a similarity to TM IV of NhaA.

Experimental procedures

Mutagenesis and NMR experiments were performed as described in Chap-
ter 2. The primers used in site-directed mutagenesis are listed in Table 6-S1. For
NMR experiments, a synthetic peptide representing TM VI (sequence acetyl-KKKD-
NLLFGSIISAVDPVAVLAVFEEIHKKK-amide) was purchased from GI Biochem
(Shanghai) Ltd.

Paramagnetic relaxation experiments

Paramagnetic relaxation enhancement (PRE) rates were measured by titrating
a MnCl, stock solution into an NMR sample of TM VI in DPC to concentrations
of 0, 0.1, 0.2, 0.5, and 1.0 mM Mn?* and measuring proton 77 relaxation rates at
each titration point using a series of two-dimensional 'H-"H NOESY spectra with a
saturation recovery sequence at the beginning (8). The saturation recovery sequence
at the beginning of each NOESY utilized the gradient homospoil option built into
the Varian tnnoesy pulse sequence. The relaxation delays were 200, 314, 493, 775,
1216, 1910, and 3000 ms for the series of NOESY experiments at each titration point.
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Figure 6-1. Models of NHE1 isoform of the Na*t/H™ exchanger. (A) Topological
model of the transmembrane domain of the NHE1 isoform of the Na*/H™" exchanger
based on cysteine accessibility studies (3). (B) Topological model of NHE1 based on
comparison with crystal structure of bacterial homologue NhaA (4). (C) Schematic
diagram of amino acids present in TM V1.

NMRView (/7) was used for peak assignment and intensity measurement. Curve
fitting was performed using the program Xcrvfit (Version 4.0.12; R. Boyko and B. D.
Sykes) for determining 77 and PRE values.

Results

Figure 6-1 shows models of the NHE1 isoform of the Na*/H™ exchanger.
Figure 6-1, A, is a schematic based on the topology deduced by cysteine scanning
accessibility studies (3), whereas Figure 6-1, B, is a model of NHE1 based on
homology modelling with bacterial NhaA (4). Residues corresponding to TM VI
in Figure 6-1, A, are predicted to be in the same orientation and relative position
in Figure 6-1, B. The first two TMs are believed to be cleaved and removed in this
model; therefore, TM VI is relabelled TM IV. Figure 6-1, C, shows a schematic
model illustrating the amino acids of this TM (herein referred to as TM VI based on
(3)). To examine which amino acids of TM VI are lining the protein cation pore, we
performed a cysteine scanning accessibility study of this TM. Each residue in TM
VI of cysteineless Na™/H™ exchanger (¢(NHE1) was mutated to a cysteine residue.
Initially, we determined whether these mutant forms of the Na™/H™" exchanger were
active enough to permit functional analysis. Figure 6-2, A-C, illustrates the results
of experiments determining expression, targeting, and activity levels of the wild type
and TM VI mutant NHE1 proteins. Expression levels (Figure 6-2, A) of some of
the TM VI Cys scanning mutants decreased greatly. N227C and A236C mutations
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Figure 6-2. Analysis of wild type and mutant NHE1 proteins. (Continued on
page 114.)
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Figure 6-2. (Continued from page 113.) (A) Western blot of whole cell extracts
of stable transfectants expressing Nat/H* exchanger TM VI mutants or control
proteins. All mutations were to cysteine. 75 ug of total protein was loaded in each
lane. The numbers below the lanes indicate the mean values (n = 3 to 4) obtained
from densitometric scans of both the 110 and 95 kDa bands relative to wild type
NHE]1. AP-1, mock-transfected AP-1 cells. Wt and cNHE], cells stably expressing
wild type Na™/H™ exchanger protein and the cysteineless NHEI, respectively. *,
significantly different from cNHE1 at p < 0.05. (B) Surface localization of cells
expressing control and TM VI mutants, as described under “Experimental Proce-
dures.” Equal amounts of total cell lysate (left lane) and unbound intracellular lysate
(right lane) were examined by Western blotting with anti-HA antibody to identify
NHEI1 protein. cNHEI Ct, a control experiment in which nonspecific binding to
streptavidin-agarose beads was carried out following the standard procedure but
without labelling cells with biotin. The percentage of the total NHE1 protein found
on the plasma membrane is indicated for each mutant; calculations were based on the
fully glycosylated protein only. For the control experiment, this indicates the amount
of nonspecific binding to streptavidin-agarose beads. Results are the means + S.E.
(n > 6 determinations. Autoradiography exposure times were increased for mutants
expressing lower levels of protein. +, significantly different from that of cNHE1
at p < 0.01. (C) Summary of the rate of recovery from an acute acid load of AP-1
cells transfected with cNHE and TM VI Na®™/H" exchanger mutants. The mean
activity of cNHEI stably transfected with NHE1 was 0.01 ApH/s, and this value was
set to 100%. Activities are a percentage of those of cNHE1. Values are the mean +
S.E. (error bars) of 610 determinations. Results are shown for mean activity, both
uncorrected (black) and normalized for surface processing (of glycosylated protein)
and expression levels (gray). Mutants P239C and E247C were not corrected for
surface targeting. *, mutants with uncorrected activity that is significantly different
from that of cNHEI at p < 0.001.
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decreased expression to less than one-third of control. The mutants 1233C and
P239C had expression reduced to 60 and 40% of the cNHEI protein, respectively. In
all cases in the mutants with reduced NHE1 expression, there was a great reduction
in the level of mature, fully glycosylated protein. It was also noticeable that in
the P239C and E247C mutants, expression was almost exclusively of the lower
molecular weight, partial or deglycosylated form of the NHE1 protein.

Mutation of amino acids of TMs of NHEI can cause intracellular retention
of the NHE1 protein (/8). We wanted to determine if changes in NHEI activity
that we observed were due to effects on the protein itself or were due in whole or
in part to intracellular retention of the protein. We therefore examined intracellular
targeting of the NHE1 TM VI-expressing mutant cell lines as described under
“Experimental Procedures.” Sulfo-NHS-SS-biotin cell surface-labelled proteins were
bound to streptavidin-agarose beads, and equal amounts of total cell lysates and
unbound lysates (representing intracellular protein) were examined by using SDS-
PAGE. Western blotting against the anti-HA tag identified the relative amount of
NHET1 protein in the total and intracellular fractions (Figure 6-2, B). Table 6-S2
shows a summary of the plasma membrane localization of the glycosylated and
unglycosylated proteins. Although some of this unglycosylated protein may be
functional (/9) and may still target to the cell surface (20), a majority of the surface
protein is of the glycosylated protein (27), so the activity was corrected for surface-
localized glycosylated NHE]1 protein. The results are shown in Figure 6-2, B, and
Table 6-S2. The fully glycosylated protein is more highly targeted to the cell surface,
relative to the partial or deglycosylated protein. The relative amounts of the partial or
deglycosylated protein targeted to the plasma membrane varied from ~30 to 15% of
the fully glycosylated levels. This was noticeably decreased for mutants F230C and
D238C, although the significance of this observation is not yet clear. A number of the
mutants (L229C, 1234C, S235C, P239C, A241C, V242C, V245C, and E247C) had
significantly less targeting of the fully glycosylated protein to the cell surface. For
some of the mutants, the difference between the cNHE]1 targeting and the mutants
was not very large (L229C, 1234C, S235C, A241C, V242C, and V245C); however,
for other mutants, the amount of glycosylated protein targeted to the surface was
negligible (P239C and E247C). For mutants 1233C and L243C, surface targeting
of the glycosylated band was slightly increased, although the significance of this
observation is not yet clear.

We also determined the Nat/H™' exchanger activity of the NHE1 TM VI
mutants. An acute acid load was induced as described earlier (27), and the rate of
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recovery from the acute acid load was determined in stable cell lines transfected with
either wild type Nat/H™ exchanger or mutants of TM VI. To determine if decreased
activity was due to effects on the protein itself or due to changes in surface targeting
or expression, the rate of recovery was also corrected for both of these values, relative
to cNHE1 (Figure 6-2, C, and Table 6-S3). Several of the mutants (D238C, P239C,
and E247C) had greatly reduced activity that was less than 15% of the control levels.
It was not possible to accurately work with them for further experiments. Several
other mutants (N227C, 1233C, A236C, L.243C, and E248C) had activity from 15 to
40% that of cNHEI. Their activity, although reduced, was still substantial enough
for further experimentation. It was notable that for the mutants N227C, A236C,
A241C, and V242C, the NHE1 activity was essentially equivalent to controls when
corrected for effects on surface processing and expression levels. This indicated that
the protein functioned normally but that the reduced activity we observed was due to
decreased expression or targeting of the protein. The N227C and A236C mutants
had large decreases in expression levels but normal surface targeting. (Both the
A241C and V242C mutants had significant decreases in surface targeting and minor
decreases in expression levels.) Two mutants, S235C and 1249C, had somewhat
elevated levels of NHE1 activity. The significance of this observation is not yet clear,
although for 1249C it may reflect a higher level of surface targeting.

We next determined the sensitivity of the Cys mutants to MTSET or MTSES.
Figure 6-3, A, illustrates one example of the findings with a mutant that is sensitive
to MTSET, and Figure 6-3, B, shows a summary of the results of the various mutants
tested. Of the active Na™/H" exchangers, N227C, 1233C, and L.243C were very
sensitive to MTSET treatment. This resulted in elimination of most of the activity of
the protein. Seven other mutants, F230C, G231C, A236C, V237C, A244C, V245C,
and E248C, were partially inhibited by MTSET although to a more limited extent.
Negatively charged MTSES had no effect on any of the mutant proteins. As a control,
we examined the sensitivity of an F161C mutant that we have previously determined
was sensitive to both MTSET and MTSES (/8). This mutant was again inhibited by
both MTSET and MTSES.

NMR spectroscopy was used to determine the structure of a peptide con-
taining the TM VI sequence. The peptide included residues D226-H250, which
encompasses the predicted transmembrane helix in both models of the NHE1 topol-
ogy (Figure 6-1, A—C). We added cationic lysine residues at the termini of this
peptide as we have earlier (20) because this aids in their purification and in the

maintenance of correct transbilayer orientation (22). N- and C-terminal acetyl and
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Figure 6-3. Effect of sulfthydryl-reactive compounds, MTSET and MTSES, on
activity of cNHE1 and single cysteine NHE1 mutant-containing cell lines. (A)
Example of results of the effect of MTSET or MTSES on activity of cNHE1 and
1233C mutant. cNHE and 1233C NHEI1 protein activity was assayed in stably
transfected AP-1 cells as described under “Experimental Procedures.” Activity
was measured after two acid pulses. The first pulse in the absence of MTSET is
shown. For ease of viewing, only the recovery from acidosis is shown for the second
pulse, in which cells were treated with MTSES or MTSET. NH4Cl, treatment with
ammonium chloride; Na Free, treatment with Na™-free buffer to induce acidosis;
NaCl, recovery from acidosis in NaCl-containing buffer (for the second pulse, this
contained MTSET/MTSES, and cells were pretreated with MTSET/MTSES for 10
min prior to NH4Cl-induced acid load). (B) Summary of results of mutant and control
activities of TM VI mutants. Activity was measured after two ammonium chloride
pulses as described under “Experimental Procedures.” The second acidification was
after cells were treated with 10 mM reagent. Results are presented as the percentage
of activity of the second acid load relative to the first. * or §, the second recovery from
acid load was significantly lower than the first at p < 0.01 or p < 0.05, respectively.
Solid filled bars, MTSET treatments; lightly shaded bars, MTSES treatments.
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amide caps, respectively, were added to remove charges at the peptide termini similar
to our earlier procedure (20) to better represent the full-length protein. We have
previously used DPC to act as a membrane mimetic for transmembrane segments of
NHET1 (20, 23). TM VI peptide was solubilized by a similar procedure and provided
a stable, well behaved sample suitable for structure determination by NMR. A
one-dimensional 'H NMR spectrum of the peptide in DPC showed relatively narrow
lines and reasonable spectral dispersion, indicative of structure formation in the
peptide (results not shown).

Sequential assignment of the peptide was accomplished using two-dimen-
sional 'H-"H double-quantum filtered correlation spectroscopy (DQF-COSY), total
correlation spectroscopy (TOCSY), and nuclear Overhauser effect spectroscopy
(NOESY) using standard procedures (24). The assignment of the peptide was
complete except for some Lys He atoms. Strong NOE peaks observed between
D238 Ho and P239 H¢ indicate a trans conformation for the peptide bond between
D238 and P239. Additional resonances that would correspond to a cis peptide bond
conformation were not detected, suggesting that the dominant conformation is the
trans-proline conformation. Distance restraints for structure calculation were ob-
tained from the two-dimensional NOESY spectrum acquired at 800 MHz. Distances
were calibrated using peak intensity rather than peak volume to compensate for
peak overlap. A soft square well potential was used for the NOE potential to com-
pensate for possible erroneous assignments or overrestrained distances. Structures
were initially calculated without dihedral angle restraints, so the structure would
be influenced primarily by the NOE distance restraints. Dihedral angle restraints
were added in at a later stage of refinement. NOE restraints and chemical shift index
prediction of secondary structure (25) (Figure 6-S1) suggested that the peptide was
helical at approximately residues L229-A236 and V240-K251. Helical dihedral
angle restraints for phi (60 & 30°) and psi (40 +-40°) dihedral angles were applied
to these residues for several further rounds of calculation. The 40 lowest energy
structures of the 50 structures of the final structure calculation were kept for analysis,
and the structure calculation statistics are summarized in Table 6-S4.

The ensemble of peptide structures do not superimpose particularly well
with each other over the entire length of the peptide. Attempts to superimpose
small regions of the ensemble of structures show two overlapping segments of the
peptide at residues 1.228-D238 and V237-K253, which superimpose well, where
the average root mean square deviation per residue over the ensemble of structures

is less than 1 A (Figure 6-4 and Figure 6-S2). Superimposition was performed using
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Figure 6-4. NMR structure of TM VI in DPC micelles. Shown is superimposition
of structurally conserved regions of the TM VI peptide structure. Superimposition of
the backbone atoms of the structurally conserved regions 228-238 (A) and 237-253
(B) is shown. The backbone is shown in black, and side chains are shown in color.
(C) Views of a single ensemble member with MTSET-sensitive residues labelled
shown from two sides.

Figure 6-5. Distance restraints maintaining the kinked structure of TM VI. The
lowest energy ensemble member is shown in both a schematic diagram and a stick
representation. Distance restraints to and from atoms in residues V237 and D238 to
other atoms are shown in black dotted lines.
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the method of Kabasch (26), as implemented in the CCP4 suite (27). The lowest
energy structure is shown in Figure 6-4, C. The two structurally conserved regions
contain two a-helices at residues L.229-A236 and P239-K252, based on the dihedral
angles in that region, and are maintained at approximately right angles to each other
primarily due to restraints from V237-D238 in the extended region to residues in
the helices on either side (Figure 6-5). This extended segment allows for some
variation in the relative orientations of the two helices among the ensemble members
(Figure 6-S2). A plot of the dihedral angle order parameters (28) (Figure 6-S3) also
shows the two structured regions of the peptide, corresponding to the helices, and a
short, more structurally variable region, corresponding to the extended region. The
N-terminal end of the peptide, K223-L.228, appears to be unstructured, as shown by
the lack of NOE contacts in that region and by chemical shift index values suggesting
random coil conformations. The C-terminal helix is slightly curved, which could
reflect the peptide’s conformation in the micelle or the smaller number of NOE
contacts between the residues that are located on the outside of the curve.

A crystal structure of an E. coli Na™/H™" antiporter, NhaA, has been de-
termined (5). NHE1 and NhaA share similar activities and are distantly related;
therefore, it is possible that they have similar structures, as has been suggested earlier
(4). Pairwise alignment of TM VI of NHE1 onto the sequence of NhaA suggests
that TM VI aligns with TM VI of NhaA (residues 180-200); this alignment is shown
in Figure 6-6, A. TM VI in NhaA is a straight helix and primarily hydrophobic,
located on the periphery of the protein in the NhaA crystal structure. This alignment
does not support the critical role of NHE1 TM VI found in this paper. Using more
advanced alignment and structure prediction techniques, Landau et al. (4) suggest
that the sequence of TM VI of NHEI1 is equivalent to TM IV of NhaA. A SEQSEE
(29) alignment of these two helices (not shown) suggests that the P239 in NHE1
lines up with the D133 in NhaA. This is close to the alignment proposed in the
Landau model that aligns NHE1 D238 and NhaA D133. The latter alignment is
shown in Figure 6-6, B, and is used for superimposition of the NMR structure of
TM VI with the structure of TM IV from NhaA (Figure 6-6, C).

No member of the ensemble of structures of the entire length of TM VI,
determined by NMR, superimposed well onto the entire structure of TM IV from
NhaA. The L-shaped conformation of the NMR structure inhibits superimposition
of the entire structure onto NhaA TM IV, which has a more linear conformation.
Differences in the conformations of the helical regions also prevent a reasonable

superimposition (root mean square deviation < 1 A) of the helices between NHE1
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(A) NHE1 TMVI: 226 DNLLFGSIISAVDPVAVLAVFEE 248
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NhaA TMVI: 177 NDLSMASLGVAAVAIAVLAVLNL 199

(B) NHE1 TMVI: 226 DNLLFGSIISAVDPVAVLAVFEE 248

|| | I*
NhaA TMIV: 121 ITREGWAIPAATDIAFALGVLAL 143

)\?O L243
m}" D133
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Figure 6-6. Comparison of TM VI of NHE1 with TM IV of NhaA. (A) Region
identified using the SEQSEE program (29) for the optimal pairwise alignment of
the sequence of NHE1 TM VI against the entire NhaA sequence. (B) Alignment of
the sequences of NHE1 TM VI and NhaA TM 1V, as suggested by Landau et al. (4),
with the extended regions highlighted. A vertical bar indicates amino acid identity.
*, similar amino acids. MTSET-sensitive residues and the corresponding residues
in NhaA are shown in boldface type. (C) Comparison of a representative NMR
structure of TM VI of NHE1 (right) with that of TM IV of NhaA (left). Amino acids
223-253 of NHE1 and amino acids 121-143 of NhaA are shown. The conserved
Asp residue and MSTET-sensitive residues in NHE1 and the corresponding residues
in NhaA are labelled.
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Figure 6-7. Paramagnetic relaxation enhancement rates for TM VI in DPC micelles.
Backbone Ha PRE values are shown for TM VI. Higher PRE values represent a
greater change in the measured 77 relaxation rates with respect to Mn>* concentra-
tion and consequently represent regions of the peptide that are closer to the surface
of the detergent micelle that are more accessible to the water-soluble Mn>™ ions.

TM VI and NhaA TM IV. However, smaller, overlapping segments of the NMR
structure of TM VI of NHEI1 can superimpose well onto the crystal structure of
TM IV of NhaA, covering the two helical regions in the structures. The central
extended region in the NMR structure does not superimpose particularly well with
the extended region in the crystal structure of TM IV of NhaA. At best, A130-
D133 of NhaA and S235-D238 of NHE] align structurally, with root mean square
deviations of about 1-2 A. Despite the poor superimposition of the NMR and crystal
structures, there is nevertheless a qualitative resemblance between them. The lowest
energy ensemble member of the TM VI NMR structure and the structure of TM IV
from NhaA are shown in Figure 6-6, C. Both contain two &-helices at each end
separated by an extended region of two or three residues in the middle. Both the
NMR structure of NHE1 TM VI and the crystal structure of NhaA TM IV contain an
evolutionarily conserved Asp residue at the beginning of the C-terminal helix. This
seems to support the sequence alignment and three-dimensional structural model of
NHETI proposed by Landau et al. (4). The residues identified in NHE1 TM VI that
are most sensitive to MTSET, N227, 1233, and 1243, correspond to T122, 1128, and
L 138, respectively, based on this alignment.

To determine the location of the TM VI peptide within the DPC micelles,
we measured the paramagnetic relaxation enhancement rates for the peptide in the
presence of Mn?". Broadening and overlap of peaks in the one-dimensional NMR
spectra prevent accurate measurement of relaxation times. In the absence of isotopic

labelling, such as for synthetic peptides, homonuclear two-dimensional spectra have
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been used to resolve peaks and measure the relaxation rates of samples (8, 30).
We used a two-dimensional NOESY with a saturation recovery pulse sequence to
measure the 77 relaxation times of the peptide. Only resolved peaks were used for
curve fitting to determine 7] times. PRE values are determined by linear fitting
of 1/Ty versus Mn?* concentrations. PRE values were averaged together in the
case of multiple measurable peaks representing the same proton. PRE values for
backbone Ha atoms are shown in Figure 6-7. The regions of the peptide that were
determined to be helical in the NMR structure show a periodic variation in PRE
values, with maxima at G231-S232, V237, A241, A244, and E247. PRE values
increase dramatically at residues within or near the extended region of the NMR
structure, A236-D238. Values for A236 and D238 were similar to or higher than
V237 but could not be fitted accurately and are not shown. Due to overlap of peaks
even in the two-dimensional spectra, only a few peaks from the terminal lysines
could be used for measurement. The terminal Lys Ho appear to have relatively
low PRE values compared with the rest of the peptide. The PRE measurements
(Figure 6-7) provided additional details about the structure of the peptide and its

interactions with the micelle (see “Discussion”).

Discussion

In this work, we characterized both the structural and functional characteris-
tics of amino acids 228-249 of the NHE1 isoform of the Na™/H™" exchanger. These
residues are purported to be either TM VI (3) or TM 1V (4) of the protein. This TM
has not been well studied earlier, but molecular modelling by Landau et al. (4) and
our own (not shown) suggested that it may be an important pore-lining segment,
critical in activity of the protein. Initial experiments therefore used cysteine scanning
mutagenesis to examine if this segment was pore-lining. All of the amino acids
of the segment from N227 to 1249 were mutated to Cys in the background of the
cysteineless protein that we have earlier shown is fully functional (/8, 20). With
mutation to Cys, the activity of many residues was reduced. For the amino acids
D238, P239, and E247, the activity was reduced so greatly that it was not possible to
assay these mutants further. For 12 other mutants, the activity was reduced but was
sufficient for measurement. We have found that some TMs (TM IV (/8) and TM
IX (23)) are more tolerant of mutations to Cys. Others, such as TM XI (20), appear
to be intolerant of changes, and this differential sensitivity has been noted in other
proteins (37). In several cases (N227, A236, A241, and V242), partially decreased
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activity was due to decreased levels of expression or targeting of the protein. This
indicated that these proteins were functional but were not processed properly.

When mutated to Cys, amino acids of TM VI (amino acids 228-249) were
exquisitely sensitive to reaction with MTSET. Of the 20 mutant locations that
were active and were changed to Cys residues, treatment with MTSET resulted in
inhibition in 10 amino acid positions. This made TM VI more susceptible than
any of TM 1V, IX, or XI. Three of the mutants (at amino acids N227, 1233, and
L.243) were greatly inhibited by MTSET, whereas seven others were inhibited to
a lesser degree. In no cases did reactivity with MTSES cause any inhibition with
the amino acids of TM VI. A positive control, F161 of TM 1V, was inhibited by
both MTSES and MTSET. Positively charged MTSET may be inhibitory because
of direct electrostatic repulsion of a Na™ or H'. These results suggested that many
residues of TM VI were pore-lining and that this segment plays an important role
in forming the pore of the NHE1 protein. Although the residues strongly inhibited
by MTSET (N227, 1233, and 1.243) are strong candidates for pore-lining residues,
those partially inhibited (F230, G231, A236, V237, A244, V245, and E248) are
less clear cases. Residues A244 and V245 are next to L243 and may have partial
access to the pore. We have previously found a similar phenomenon; in TM IX,
residues adjacent to strongly inhibited residues also tended to be partially inhibited
(20). E248 is on a similar face of TM VI as A244 (Figure 6-4), which may explain
its partial accessibility. Residues N227, F230, A236, and V237 also are on the same
face of the peptide as N227 (Figure 6-4), which may again account for their partial
accessibility.

The structure of TM VI was that of two o-helices between residues L.229 and
A236 and residues P239 and K252, separated by an extended region at V237-D238.
We have also found that in the cases of TM XI of NHE1 (20) and TM 1V of NHEI1
(18), the TM is not a continuous unbroken helix. Recent structures of membrane
proteins have suggested that this is not an uncommon occurrence. For example,
TMs of rhodopsin are interrupted or kinked at multiple sites (32). Up to 40% of
TM helices contain kinks or other distortions from an ideal helix conformation, and
these residues tend to be highly conserved and often directly involved in the function
of transporters and channels (33). These regions also tend to have an increased
incidence of glycine or prolines (33), and we found that the extended region of
V237-D238 was immediately upstream of P239. Proline residues are considered to
be helix breakers because they lack an amide hydrogen and cause a kink of ~26° in

the o-helix (34, 35). This causes the (i —4) backbone carbonyl to not have its normal
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hydrogen bond donor and prevents formation of the (i — 3)-carbonyl—(i 4- 1)-amide
backbone hydrogen bond (34). With each proline, the a-helix also has two free
backbone carbonyls that could coordinate cations or interact with inhibitors (35).
All three residues upstream of P239 (A236, V237, and D238) were important in
activity or expression and, when mutated, resulted in decreases in NHE1 activity. In
addition, the A236C and V237C mutants were partially inhibited by reactivity with
MTSET, suggesting that they are accessible from the cell exterior and pore lining or
at least partially accessible to the pore. This extended region of TM VI appears to be
critical to NHE1 function.

The crystal structure of the E. coli Na™/H™ antiporter NhaA revealed a novel
fold consisting of two TMs, TMs IV and XI, that were assembled to form crossed
extended chains (5). Modelling of NHE1 based on the structure of NhaA suggested
that residues of TM VI (amino acids 227-249) might play a role equivalent to TM
IV of NhaA. A comparison of these two segments is shown in Figure 6-6. Although
the two segments are not identical, they were similar in overall structure. It was
proposed that D238 of NHE1 could play a critical role in stabilizing helix dipoles
(4) similar to D133 of NhaA. When we mutated D238 to Cys, NHE1 was essentially
inactive, supporting this suggestion. The location of D238, at the end of a helix,
is also similar to that of D133 of NhaA (Figure 6-6). One possibility is that P239
maintains the extended structure of this region by breaking the helix and allowing
dipole formation, whereas D238 stabilizes the helix dipole that forms. Supporting
this suggestion is the fact that TM VI of NHEI is similar to that of TM IV of NhaA,
more so than to other TMs of NhaA, including TM VI. A comparison of alignments
between TM VI of NHE1 with TMs VI and IV of NhaA is shown in Figure 6-6, A
and B. Although the alignment of TM VI of NHE1 with TM VI of NhaA shows more
sequence identity, alignment with TM IV of NhaA lines up the critical D238 residue
and the extended regions from the structures of the two TMs. Further experiments
are necessary to test if P239 and D238 are critical to formation of an extended helix
and to dipole stabilization.

Comparison of the structure of NHE1 TMs with NhaA further supports the
conclusion that TM VI of NHEI is similar to TM IV of NhaA. TM IV of NHEI1
(amino acids 155-177) has a general structure somewhat similar to that of TM IV of
NhaA (78, 36), with an extended region followed by a helix; however, the extended
region is not preceded by a helical region. Furthermore, unlike TM VI of NHE1
and TM IV of NhaA, TM IV of NHEI1 does not contain a charged residue in the
extended region of the NMR structure. Thus, TM IV of NHE1 does not compare
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as well to TM 1V of NhaA as TM VI of NHE1 (Figure 6-6, C). TM VI of NhaA
also does not compare well with TM VI of NHE1. TM VI of NhaA is an unbroken
helix and is not similar to the structure of TM VI of NHEI1 (4). It does not have an
extended region similar to TM VI of NHEI, and these extended regions of TMs of
NhaA are believed to be critical in protein function (see above).

We have earlier shown that TM XI plays a critical role in NHE1 function
(20). Landau et al. (4) suggest that TM VI (amino acids 227-249, referred to as TM
IV by them) plays a role equivalent to that of the TM IV-TM XI assembly in NhaA.
These helices are suggested to form the core of the alternating access mechanism.
Our results for both TMs are in agreement with their suggestion. We found that both
of these TMs have a helix-extended-helix conformation, that is capable of forming
dipoles similar to the TM IV-TM XI assembly in NhaA. Therefore, TM VI (amino
acids 227-249) and TM XI may form the core of an alternating access mechanism,
similar to TM IV and TM XI of NhaA. However, further experiments are necessary
to test this hypothesis.

Figure 6-4 illustrates the structure of TM VI of NHE1 with highlighting of
some of the MTSET-reactive positions and D238. Some of the MTSET-reactive
residues (N227, 1233, and V237) align along a similar face that is perhaps pore-lining.
D238 does not, but it may be more involved in helix stabilization, as suggested above.
Although the residues 1.243 and E247 line up on the same face of the C-terminal
helix, they do not align on the same face as the N-terminal MTSET-reactive residues,
although it must be remembered that they are separated from the more N-terminal
amino acids by the extended flexible region. In addition, the TM probably has
different positions in different parts of the reaction cycle, and it is unknown in which
position the present segment is maintained.

The alignment of the sequences of TM VI of NHEI and TM IV of NhaA
might suggest that the residues found to be pore lining in NHE1 may also be pore-
lining in NhaA (Figure 6-6, B). Residues L243 and E247 in NHE1 would correspond
to L138 and an A142 in NhaA based on this alignment. In agreement with the
MTSET results in NHEL1, these corresponding residues in NhaA are also pore-lining.
This also supports the suggestion that these two helices play similar roles in each
protein. The situation is less clear for the N-terminal region of the peptide. Residues
N227 and 1233 in NHE1 would correspond to T122 and 1128 in NhaA. Both of these
residues in the NhaA crystal structure are pointing away from the predicted pore
region. However, conformational changes or flexibility in the protein (37, 38) may

allow for access to these residues in NhaA, and this might also occur for NHEI.
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The results from the paramagnetic relaxation experiments (Figure 6-7) pro-
vide additional detail about the structure of the peptide and its interactions with the
micelle. The periodic nature of the PRE values confirms the two helical regions in
the NMR structure and suggests that they have one side facing the solvent and one
side facing the micelle, with the smaller and more polar residues facing the solvent.
There are two topologies of the peptide that might give these results: one where the
peptide is lying on the surface of the micelle or one where two or more peptides
interact to form a solvent-accessible pore within the micelle. Our experiments do not
distinguish between these two possibilities. Ha PRE values for the Lys termini of
the peptide are low. This could be a result of burial of the Lys residues in the micelle
or the electrostatic repulsion of the Mn>* by the positively charged side chains.
The large increase in PRE values in the extended region of the peptide suggests
that the region is binding Mn>*, probably through the attraction of Mn>* by some
combination of the negatively charged D238, exposed carbonyl groups, and a helix
dipole (Figure 6-5). This emphasizes the important role of this region in the function
of NHE1. The results may also be reflective of the important role of this TM, which
might be equivalent to the role of TM IV in NhaA in cation binding and transport (4,
5). There is some correlation between the functional data and the PRE data. Some
of the Mn2*-accessible residues (G231, A236, D238, A244, and E247) in the NMR
studies are also accessible to MTSET when mutated to Cys or are critical in NHE1
function in the full length protein. Other MTSET-accessible residues appear to be
adjacent to the Mn?*-accessible regions. It is uncertain at this time whether the
Mn?* accessibility reflects a role for Na™ or HT coordination, but the possibility is
intriguing. Further experimentation is necessary to determine if these NMR studies
can be used to predict pore-lining residues in a TM.

Overall, our results have shown that TM VI (amino acids 227-249) is a
pore-lining TM that is critical to NHEI function. It has a characteristic helix—
extended region—helix conformation that is conducive to formation of dipoles, with
the extended middle region that is typically important in the function of transport
proteins. The structure of TM VI of NHE] has an overall similarity to that of TM IV
of NhaA. Residue D238 has a location within the TM similar to that of the critical
D133 of NhaA. We have recently developed an expression system for overproduction
of the entire full-length NHE1 protein (39). Solving the structure of the full length

protein will provide more details of the TM and its position within the entire protein.
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Supplementary Materials

Mutation Oligonucleotide sequence Restriction Site
N227 5'-CAACAACATCGGCCTtCTaGACtgCCTGCTCTTCGGCAGC-3 Xbal
L228 5'-CGGCCTCCTGGACAAttgecCTCTTCGGCAGCATC-3' Mfel
L229 5'-CTCCTGGACAACCTGtgCTTCGGatecgATCATCTCGGCCGTG-3 Clal
F230 5'-CTGGACAACCTGCTCTgCGGatcCATCATCTCGGCCGTG-3 BamHI
G231 5'-GACAACCTGCTCTTCtGCAGCATCATCTCcGCgGTGGACCCCGTGGCG-3 Sacll
S232 5'-CAACCTGCTCTTCGGatGCATCATCTCGGCCGTG-3' Nsil
1233 5'-CTGCTCTTCGGCAGCtgCATCTCGGCCGTGGAC-3 Pvull
1234 5'-GCTCTTCGGCAGCATatgCTCGGCCGTGGACCC-3' Ndel
S235 5'-CTTCGGCAGCATCATaTgcGCCGTGGACCCCGTG-3’ Ndel
A236 5'-GGCAGCATCATCTCGtgCGTcGACCCCGTGGCGG-3' Sall
V237 5'-CAGCATCATCTCGG CatgcGACCCCGTGGCGG-3' Sphl
D238 5'-CGGCAGCATCATCTCcGCgGTGtgCCCCGTGGCGGTTC-3' Sacll
P239 5'-CATCATCTCGGCCGTcGACtgCGTGGCGGTTCTGG-3' Sall
V240 5'-TCGGCCGTGGACCCCtgeGCaGTTCTGGCTGTCTTTG-3 Fspl
A241 5'-GCCGTGGACCCCGTGtgcGTgCTaGCTGTCTTTGAGG-3' Nhel
V242 5'-CGTGGACCCCGTGGCatgecCTGGCTGTCTTTGAG-3 Sphl
L243 5'-GACCCCGTGGCGGTTtgeGCaGTCTTTGAGGAAATTC-3 Fspl
A244 5'-CGTGGACCCCGTGGCaGTaCTGtgTGTCTTTGAGGAAATTC-3/ Scal
V245 5'-CGTGGCGGTTCTGGCatgCTTTGAGGAAATTC-3' Sphl
F246 5'-GCGGTTCTGGCTGTCTgTGAGGAGATTCACATCAATGAG-3' BsaBI
E247 5'-GTTCTGGCTGTCTTTtgcGAEGATTCACATCAATGAG-3’ BsaBI
E248 5'-TCTGGCTGTCTTTGAatgcATTCACATCAATGAG-3' Nil
1249 5'-GCTGTCTTTGAGGAAtgcCACATCAATGAGCTG-3 Bsml

Table 6-S1. Oligonucleotides used for site-directed mutagenesis of TM VI. Mutated
nucleotides are lower case, restriction sites are bold.
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%NHEI plasma membrane

Cell line Total Glycosylated ~ Unglycosylated
cNHEI Ct  1.66+3.7 0+3.6 5.5£3.0
WTNHE1 51.0£1.8 67.3£2.4 21.1+3.1

cNHEI 53.6+3.1 72.8+3.3 17.942.9

N227C 52.1+3.4 67.4+£4.2 17.8+4.6

L228C 41.8+5.5 70.84+4.1 9.2+8.3
L229C 39.1+1.6 58.3+1.9 5.0£1.2
F230C 22.5+1.8 62.4+1.4 0+2.3

G231C 349429 582429 8.3+2.8
$232C 53.2+1.5 78.0+0.9 10.2+1.9
1233C 48.8+1.9 87.3+1.9 3.444.1
1234C 35.5+1.7 58.8+1.7 4.8£1.0
5235C 27.0+2.1 44.0+2.1 3.8+3.1

A236C 524423 77.4+2.1 13.1+£3

Vv237C 46.5+£1.0 74.3+3.3 9.1£1.1

D238C 423427 74.5+£2.0 2.9+3.6
P239C 13.1+4.3 0 13.1+4.3

V240C 50.3+1.7 78.0+£2.2 10.5+2.3

A241C 32.8+2.8 45.6+4.0 15.442.8

v242C 42.9+1.2 57.9+0.9 18.0£1.2

L.243C 48.3+£2.7 84.9+2.1 9.2+34
A244C 41.1+3.7 62.84+5.7 6.7£1.7
V245C 38.5+3.4 57.2+3.8 8.2+4.3
F246C 48.3+6.7 66.4+6.7 15.746.6
E247C 10.6+£3.5 0 10.6+3.5
E248C 42.8+3.1 79.7£2.2 13.74£3.9
1249C 56.5+3.3 78.6+2.3 16.9+2.8

Table 6-S2. Surface localization of total, glycosylated and unglycosylated NHE1
protein. Surface localization of the cNHE1 and the indicated mutants was measured
as described in the “Materials and Methods.” The percentage of NHE1 on the plasma
membrane is indicated for both the fully glycosylated, partial (or unglycosylated)
protein and for both together (total). cNHE1Ct is a control experiment to determine
background signal without treatment of cell surfaces with sulfo-NHS-SS-biotin.
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Activity

.. Surface Activity .
Activity . corrected for
. .. . localized corrected for .
Cell lines  Activity = Expression corrected for expression and
expression glycosylated sur.fact.a surface
NHEI1 localization -
localization

cNHEL1 100.0 100.0 100.0 72.8 100.0 100.0
N227C 15.8 19.2 82.1 67.4 17.0 88.7
L228C 70.6 107.5 65.6 70.8 72.5 67.4
L229C 83.8 103.0 81.3 58.3 104.7 101.6
F230C 53.6 119.8 44.7 62.4 62.5 52.2
G231C 92.3 126.8 72.7 58.2 115.4 91.0
$232C 98.8 125.0 79.0 78.0 922 73.7
1233C 30.0 60.4 49.6 87.3 25.0 41.4
1234C 107.2 121.6 88.2 58.8 132.7 109.2
S235C 117.6 117.5 100.1 44.0 194.7 165.7

A236C 39.5 31.4 125.9 774 37.2 118.4
Vv237C 69.2 1103 62.7 74.3 67.8 61.5
D238C 12.3 109.3 11.2 74.5 12.0 11.0
P239C 4.9 40.0 12.1 0.0 N/A 12.1
V240C 81.6 85.3 95.7 78.1 76.1 89.3

A241C 56.9 88.3 64.5 45.6 91.0 103.0
Vv242C 54.2 75.7 71.5 57.9 68.1 90.0
1L.243C 338 115.7 29.2 84.9 29.0 25.1
A244C 63.4 119.2 53.1 62.8 734 61.6
Vv245C 88.0 120.6 73.0 57.2 112.1 92.9
F246C 83.5 121.0 69.0 66.4 91.6 75.6
E247C 6.2 79.1 7.8 0.0 N/A 7.8
E248C 54.7 107.6 50.8 79.7 50.0 46.5

1249C 154.8 111.9 138.3 78.6 143.4 128.2

Table 6-S3. Activity of cNHEI and TM VI mutants corrected with protein ex-
pression and surface localization. The NHE activity, expression levels and surface
localization of the cNHEI1 and the indicated mutants was measured as described
in the “Materials and Methods.” The correction for surface localization was made
using values of surface processing for the fully glycosylated NHE1 protein.

Unique NOE restraints

Total 750
Intraresidue 194
Sequential 199
Medium range (i+2 to i +4) 201
Long range (> i+5) 4
Ambiguous 152
Ramachandran plot statistics

Core 61.4%
Allowed 33.4%
Generously allowed 3.6%
Disallowed 0.6%
Xplor-NIH energies (kcal/mol)

Total 25.31+£2.28
NOE 1.97+£0.73
NOE violations

0.1-0.2 A 13
0.2-03 A 5
>03A 0

Table 6-S4. NMR structural statistics for the 40 structures retained out of 50
structures calculated.
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Figure 6-S1. NOE distance restraints and chemical shift index predictions of sec-
ondary structure in TM VI. (A) NOE distance restraints used in structure calculation
that are indicative of helical secondary structure are shown. (B) Chemical shift index
prediction of secondary structure (25). Differences in chemical shift between the
experimental data and random coil chemical shifts < — 0.1 ppm (dotted line) are

indicative of helical structure.
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Figure 6-S2. Superimposition of NMR ensemble of TM VI. (A) Per-residue
RMSD values for superimposition of the structurally homogeneous regions of the
NMR ensemble. Squares, superimposition over residues 1.228-D238. Triangles,
superimposition over residues V237-K253. Values are pairwise RMSD values
between each ensemble member and an average structure, and averaged over the
entire ensemble. (B) TM VI NMR ensemble superimposed over residues L.228—
D238. (C) superimposition over residue V273-K253.
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Figure 6-S3. Dihedral angle order parameters for the final 40 ensemble members of
the TM VI peptide structure. Order parameters were calculated as in (28). The order
parameter is 1 for a dihedral angle that is identical across the ensemble of structures,
and is 0 when the angle is completely random.

132



References

1.

10.

11.

12.

13.

Karmazyn, M., Sawyer, M., and Fliegel, L. (2005) The Na™/H" exchanger: a
target for cardiac therapeutic intervention. Curr. Drug Targets: Cardiovasc.
& Haematol. Disord. 5, 323-335.

Fliegel, L. (2001) Regulation of myocardial Na*/H™" exchanger activity. Basic
Res. Cardiol. 96, 301-305.

Wakabayashi, S., Pang, T., Su, X., and Shigekawa, M. (2000) A novel topol-
ogy model of the human Na™/H™ exchanger isoform 1. J. Biol. Chem. 275,
7942-7949.

Landau, M., Herz, K., Padan, E., and Ben-Tal, N. (2007) Model structure
of the Na™/H* exchanger 1 (NHE1): functional and clinical implications. J.
Biol. Chem. 282, 37854-37863.

Hunte, C., Screpanti, E., Venturi, M., Rimon, A., Padan, E., and Michel, H.
(2005) Structure of a Na*/H™ antiporter and insights into mechanism of
action and regulation by pH. Nature 435, 1197-1202.

Kemp, G., Young, H., and Fliegel, L. (2008) Structure and function of the
human Na™/H" exchanger isoform 1. Channels 2, 329-336.

Zamoon, J., Mascioni, A., Thomas, D. D., and Veglia, G. (2003) NMR
solution structure and topological orientation of monomeric phospholamban
in dodecylphosphocholine micelles. Biophys. J. 85, 2589-2598.

Zangger, K., Respondek, M., Gobl, C., Hohlweg, W., Rasmussen, K., Grampp,
G., and Madl, T. (2009) Positioning of micelle-bound peptides by paramag-
netic relaxation enhancements. J. Phys. Chem. B 113, 4400—4406.

Cunningham, F., and Deber, C. M. (2007) Optimizing synthesis and expres-
sion of transmembrane peptides and proteins. Methods 41, 370-380.

Oblatt-Montal, M., Reddy, G. L., Iwamoto, T., Tomich, J. M., and Montal, M.
(1994) Identification of an ion channel-forming motif in the primary structure
of CFTR, the cystic fibrosis chloride channel. Proc. Natl. Acad. Sci. U.S.A.
91, 1495-1499.

Hunt, J. F,, Earnest, T. N., Bousché, O., Kalghatgi, K., Reilly, K., Horvéth, C.,
Rothschild, K. J., and Engelman, D. M. (1997) A biophysical study of integral
membrane protein folding. Biochemistry 36, 15156-15176.

Katragadda, M., Alderfer, J. L., and Yeagle, P. L. (2001) Assembly of a poly-
topic membrane protein structure from the solution structures of overlapping
peptide fragments of bacteriorhodopsin. Biophys. J. 81, 1029-1036.

Naider, F., Khare, S., Arshava, B., Severino, B., Russo, J., and Becker, J. M.
(2005) Synthetic peptides as probes for conformational preferences of do-
mains of membrane receptors. Biopolymers 80, 199-213.

133



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Yeagle, P. L., Choi, G., and Albert, A. D. (2001) Studies on the structure of
the G-protein-coupled receptor rhodopsin including the putative G-protein
binding site in unactivated and activated forms. Biochemistry 40, 11932—
11937.

Damberg, P., Jarvet, J., and Gréslund, A. (2001) Micellar systems as solvents
in peptide and protein structure determination. Methods Enzymol. 339, 271—
285.

Henry, G. D., and Sykes, B. D. (1994) Methods to study membrane protein
structure in solution. Methods Enzymol. 239, 515-535.

Johnson, B. A. (2004) Using NMRView to visualize and analyze the NMR
spectra of macromolecules. Methods Mol. Biol. 278, 313-352.

Slepkov, E. R., Rainey, J. K., Li, X., Liu, Y., Cheng, F. J., Lindhout, D. A.,
Sykes, B. D., and Fliegel, L. (2005) Structural and functional characterization
of transmembrane segment IV of the NHE1 isoform of the Na*/H* exchanger.
J. Biol. Chem. 280, 17863-17872.

Haworth, R. S., Frohlich, O., and Fliegel, L. (1993) Multiple carbohydrate
moieties on the Na*t/H™ exchanger. Biochem. J. 289 ( Pt 3), 637-640.

Lee, B. L., Li, X., Liu, Y., Sykes, B. D., and Fliegel, L. (2009) Structural and
functional analysis of transmembrane XI of the NHE1 isoform of the Na™/
H* exchanger. J. Biol. Chem. 284, 11546-11556.

Li, X., Ding, J., Liu, Y., Brix, B. J., and Fliegel, L. (2004) Functional anal-
ysis of acidic amino acids in the cytosolic tail of the Na®/H" exchanger.
Biochemistry 43, 16477-16486.

Davis, J. H., Clare, D. M., Hodges, R. S., and Bloom, M. (1983) Interac-
tion of a synthetic amphiphilic polypeptide and lipids in a bilayer structure.
Biochemistry 22, 5298-5305.

Reddy, T., Ding, J., Li, X., Sykes, B. D., Rainey, J. K., and Fliegel, L. (2008)
Structural and functional characterization of transmembrane segment IX of
the NHE1 isoform of the Na®/H™ exchanger. J. Biol. Chem. 283, 22018—
22030.

Wiithrich, K. (1986) NMR of Proteins and Nucleic Acids, John Wiely & Sons,
New York, NY.

Wishart, D. S., Sykes, B. D., and Richards, F. M. (1992) The chemical shift
index: a fast and simple method for the assignment of protein secondary
structure through NMR spectroscopy. Biochemistry 31, 1647-1651.

Kabsch, W. (1976) A solution for the best rotation to relate two sets of vectors.
Acta Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor. Gen. Crystallogr. 32,
922-923.

Collaborative Computational Project, Number 4 (1994) The CCP4 suite: pro-
grams for protein crystallography. Acta Crystallogr., Sect. D: Biol. Crystallogr.
50, 760-763.

134



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Rainey, J. K., Fliegel, L., and Sykes, B. D. (2006) Strategies for dealing
with conformational sampling in structural calculations of flexible or kinked
transmembrane peptides. Biochem. Cell Biol. 84, 918-929.

Wishart, D. S., Boyko, R. F., Willard, L., Richards, F. M., and Sykes, B. D.
(1994) SEQSEE: a comprehensive program suite for protein sequence analysis.
CABIOS, Comput. Appl. Biosci. 10, 121-132.

Arseniev, A., Sobol, A., and Bystrov, V. (1986) T} relaxation measurement by
two-dimensional NMR spectroscopy. J. Magn. Reson. 70, 427-435.

He, M. M., Sun, J., and Kaback, H. R. (1996) Cysteine-scanning mutagenesis
of transmembrane domain XII and the flanking periplasmic loop in the lactose
permease of Escherichia coli. Biochemistry 35, 12909-12914.

Sakmar, T. P., Menon, S. T., Marin, E. P., and Awad, E. S. (2002) Rhodopsin:
insights from recent structural studies. Annu. Rev. Biophys. Biomol. Struct.
31,443-484.

Kauko, A., Illergard, K., and Elofsson, A. (2008) Coils in the membrane core
are conserved and functionally important. J. Mol. Biol. 380, 170-180.

Barlow, D. J., and Thornton, J. M. (1988) Helix geometry in proteins. J. Mol.
Biol. 201, 601-619.

Sansom, M. S. (1992) Proline residues in transmembrane helices of channel
and transport proteins: a molecular modelling study. Protein Eng. 5, 53—-60.

Slepkov, E. R., Rainey, J. K., Sykes, B. D., and Fliegel, L. (2007) Structural
and functional analysis of the Na*/H™" exchanger. Biochem. J. 401, 623-633.

Appel, M., Hizlan, D., Vinothkumar, K. R., Ziegler, C., and Kiihlbrandt, W.
(2009) Conformations of NhaA, the Na*/H" exchanger from Escherichia
coli, in the pH-activated and ion-translocating states. J. Mol. Biol. 386, 351—
365.

Arkin, I. T., Xu, H., Jensen, M. @., Arbely, E., Bennett, E. R., Bowers, K. J.,
Chow, E., Dror, R. O., Eastwood, M. P., Flitman-Tene, R., Gregersen, B. A.,
Klepeis, J. L., Kolossvary, 1., Shan, Y., and Shaw, D. E. (2007) Mechanism of
Nat/H™ antiporting. Science 317, 799-803.

Moncoq, K., Kemp, G., Li, X., Fliegel, L., and Young, H. S. (2008) Dimeric
structure of human Na*/H™ exchanger isoform 1 overproduced in Saccha-
romyces cerevisiae. J. Biol. Chem. 283, 4145-4154.

135



Chapter 7

Structural and functional analysis of critical
amino acids in TM VI of the NHE1 isoform
of the Na"/H" exchanger

A version of this chapter has been published as:

* Tzeng, J., Lee, B. L., Sykes, B. D. and Fliegel, L. (2011) Structural and
functional analysis of critical amino acids in TM VI of the NHE1 isoform of
the exchanger. Biochim. Biophys. Acta, Biomembr. 1808, 2327-2335.

BLL performed the modelling, and JT performed the functional experiments. The
manuscript was written by BLL and JT, and edited by BDS and FL.

Summary

The mammalian Nat/H™ exchanger isoform 1 (NHE1) resides on the pl-
asma membrane and exchanges one intracellular H™ for one extracellular Na™. It
maintains intracellular pH and regulates cell volume, and cell functions including
growth and cell differentiation. Previous structural and functional studies on TM
VI revealed several amino acids that are potentially pore lining. We examined these
and other critical residues by site-directed mutagenesis substituting N227 to Ala,
Asp, and Arg; 1233 to Ala; 1243 to Ala; E247 to Asp and Gln; and E248 to Asp and
GIn. Mutant NHE1 proteins were characterized in AP-1 cells, which do not express
endogenous NHE1. All the TM VI critical amino acids were highly sensitive to
substitution and changes often lead to a dysfunctional protein. Mutations of N227 to
Ala, Asp, and Arg; 1233 to Ala; L.243 to Ala; E247 to Asp; and E248 to Gln yielded
significant reduction in NHE1 activity. Mutants of N227 demonstrated defects in
protein expression, targeting and activity. Substituting N227 to Arg and 1233 to Ala
decreased the surface localization and expression of NHE1 respectively. The pore
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lining amino acids 1233 and 1.243 were both essential for activity. E247 was not
essential, but the size of the residue at this location was important while the charge
on residue E248 was more critical to NHE1 function. Limited trypsin digestion
on L243 to Ala and E248 to GIn revealed that they had increased susceptibility to
proteolytic attack, indicating an alteration in protein conformation. Modelling of
TM VI with TM XI suggests that these TM segments form part of the critical fold
of NHE1 with 1233 and L465 of TM XI forming a critical part of the extracellular

facing ion conductance pathway.

Introduction

As part of a series of studies analyzing the structure and function of trans-
membrane regions of NHE1 (/—4) we recently analyzed the peptide structure of TM
VI (N227-1249) of NHE1 in DPC micelles, and analyzed the functional contribution
of amino acids of that segment by using the cysteine scanning accessibility method
(5). Many amino acid residues of TM VI (transmembrane segment VI) were sensitive
to mutation to Cys and reaction with external sulfhydryls indicating that TM VI was
a critical pore lining segment. Interestingly, TM VI had a structure consisting of a
helix, an extended region, followed by another helix. This was similar in structure
to the critical TM 1V of the Escherichia coli Na*t/H" exchanger NhaA (6) and
we proposed that it serves a similar critical role in NHE1 activity. In this study
we further characterized this key transmembrane segment. Of the residues in TM
VI that maintained sufficient NHE1 activity when substituted to Cys, the key pore
lining amino acids of TM VI were N227, 1233 and 1.243. Several other residues had
partially depressed activity when substituted to cysteine including, E247 and E248.
Moreover, the E248 to Cys mutant was partially inhibited by MTSET treatment (5).

Here we further characterized the functional importance of critical amino
acids in TM VI. Applying site-directed mutagenesis methods, N227, 1233, 1.243,
E247, and E248 of TM VI were substituted into N227 to Ala, Asp, and Arg; 1233
to Ala; L243 to Ala; R247 to Asp and Gln; and R248 to Asp and GIn. These
mutant NHEI proteins were assessed for their protein expression, activity, and
surface localization. Limited digestion with trypsin was used to examine protein
conformational changes caused by mutations. Additional structural modelling was
performed based on previous NMR studies of TM VI and XI to investigate their
assembly in the cation translocation pore. Our results demonstrate that TM VI forms

a critical part of the cation access pathway along with TM XI. N227 and 1233 form
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Mutation Oligonucleotide sequence Restriction site

N227A 5'-CAACAACATCGGCCTtCTaGACgcCCTGCTCTTCGGCAGC-3' Xbal
N227D 5'-CAACAACATCGGCCTtCTaGACgACCTGCTCTTCGGCAGC-3' Xbal
N227R 5'-CAACAACATCGGCCTtCTaGACcgCCTGCTCTTCGGCAGC-3' Xbal
1233A 5'-CTGCTCTTCGGatcCgcCATCTCGGCCGTGGAC-3' BamHI
L243A 5'-GACCCCGTGGCGGTTgecGCgGTCTTTGAGGAAATT-3/ Sacll
E247D 5'-GTTCTGGCTGTCTTTGAcGAGATTCACATCAATGAG-3 BsaBI
E247Q 5'-GTTCTGGCTGTCTTTcAGGAEATTCACATCAATGAG-3' BsaBI
E248D 5'-TCTGGCTGTCTTcGAaGAcATTCACATCAATGAG-3 BstBI
E248Q 5'-TCTGGCTGTCTTcGAacAAATTCACATCAATGAG-3' BstBI

Table 7-1. Oligonucleotides used for site-directed mutagenesis of TM VI. Nu-
cleotides mutated are indicated in lower case, and restriction sites introduced are
indicated in bold.

part of the extracellular facing pore while 1.243, E247 and E248 form critical parts

of the intracellular fold of the coordination pathway.

Methods

Functional characterization of NHE1 mutants were performed essentially as
described in Chapter 2. Mutations made and primers used are listed in Table 7-1. In
addition, limited trypsin digestion of NHEI and modelling of TM VI-XI complex

was also performed and are detailed below.

Limited trypsin digestion

Limited trypsin digestion of NHE1 was used to determine changes in the
conformation of the protein as described earlier (7). Cell lysates were prepared as
described above using RIPA lysis buffer, with the exception that proteinase inhibitors
phenylmethylsulfonyl fluoride, benzamidine and protease cocktail were not added.
Trypsin (phenylalanyl chloromethyl ketone-trypsin, Sigma, St., Louis, MO) was
prepared and dissolved in TE buffer. Equal amounts of proteins (100 uL) from cell
lysates were treated with trypsin at different trypsin:protein ratios (1:1500, 1:2000,
1:2500, 1:3000) and incubated at 37 °C for 5 min. The reaction was terminated
by addition of SDS-PAGE loading buffer followed by boiling at 100 °C for 5 min.
Samples were resolved by SDS-PAGE and NHEI detected by western blot analysis.
Quantification of the band intensity was done using ImageJ 1.35 software (National
Institutes of Health, Bethesda, MD, USA). To minimize variation we compared the
level of fully glycosylated NHE1 protein in mutant proteins to that of the wild type

protein treated simultaneously and run on the same gel.
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Modelling of the predicted functional assembly of NHE1

Restraints defining the secondary structure of both TM VI and TM XI
were obtained from the previously published NMR structures of synthetic peptides
representing TM VI and TM XI in dodecylphosphocholine micelles (4, 5). Additional
restraints defining the interaction between TM VI and TM XI were measured from
the three dimensional model of NHE1 by Landau et al. (8) which proposes that TM
VI and TM XI are equivalent to the discontinuous helices TM IV and TM XI found
in the crystal structure of NhaA (6). All interhelical distances between protons less
than 4 A were used. These distances were converted to restraints with a range of
1.8-4.0 A for the calculation of the model. Calculation of the final model structure
used the distance and dihedral restraints from the NMR structure calculation of TM
VI and TM XI combined with the interhelical distance restraints obtained from the
model of Landau et al. (§). An ensemble of 50 structures were calculated, from
which the 25 lowest energy structures were used to calculate an average structure.
Calculation of the model was performed using simulated annealing in Xplor-NIH
2.26 (9) through the Python scripting interface.

Results

Analysis of amino acids of TM VI critical for NHEI activity

We have previously (5) demonstrated that TM VI of NHE1 is a pore lining
segment with several specific amino acids of TM VI identified as pore lining residues
and with other residues having depressed NHE1 activity when mutated to Cys. We
therefore decided to further investigate the characteristics of the critical pore lining
residues N227, 1233, 1.243, and other residues (E247 and E248) important for
activity. Nine mutations of various types were made to replace these residues in
the background of wild type NHE1 protein. Hydrophilic N227 was mutated to an
Ala with a small side chain group, to a Gln with longer hydrophilic side chain, and
to a positively charged Arg. 1233 and L.243 were mutated to Ala to remove the
contribution of their long hydrophobic side chains. E247 and E248 were mutated
into the similarly charged, but smaller Asp and to a polar Gln side chain that does
not have a free carboxyl. All TM VI mutant plasmids were successfully transfected
in AP-1 cells and the expressed NHE1 protein was detected by SDS-PAGE and
subsequent western blotting against the HA tag. Initial experiments determined

the expression levels of each TM VI mutant protein (Figure 7-1). NHE1 has two
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Figure 7-1. Characterization of expression of NHE1 mutant proteins. (A) NHEI
expression levels of mutants of critical residues in TM VI. Western blot anal-
ysis of whole cell extracts of WT NHEI1, and TM VI mutants. Each lane con-
tained 75 pg of total protein. The specific mutations are indicated. AP1 indicates
untransfected-control cell lysates. NHE1 expression levels were examined using
anti-HA antibody. Numbers underneath the lanes indicate the mean value (+ S.E.)
of the sum of densitometric scans of both 110 kDa and 95 kDa bands relative to
wild-type NHEI for at least three experiments. * indicates mutants with signifi-
cantly different expression than WT NHEI at p < 0.05. (B) Surface localization of
NHEI1 proteins with mutations in critical residues of TM VI. Sulfo-NHS-SS-biotin
treated cells were lysed and their proteins were solubilized and subsequently treated
as described in the “Methods.” Equal samples of total lysates (T) and unbound
(representing intracellular) lysates (I) were resolved on SDS-PAGE and probed
with anti-HA antibody to identify NHE1 protein. The amount of surface localized
fully glycosylated NHE1 was calculated from densitometric analysis by taking
(Total protein) — (Unbound protein) = (Membrane surface localized protein). The
percent of the total NHE1 protein localized to the plasma membrane is indicated.
Results are mean £ S.E., n > 6 experiments. * Indicates significantly reduced
plasma membrane targeting in comparison to wild type (WT) NHE1 (p < 0.05).
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forms: the mature NHEI is glycosylated and has a higher molecular weight at around
105-110 kDa, whereas the immature form of NHEI is partially or non-glycosylated
with a molecular weight around 85-95 kDa. Both forms were present in our stably
expressing cells. Some of the mutants expressed reduced amounts of NHE1 protein.
L243 A and E248Q had expression reduced to ~90% and ~75% of control NHE1
respectively. 1233 A displayed the lowest expression of NHE1 expression at only
44% of wild type. Mutation of N227 to Arg reduced expression of the mature
form of NHEI drastically and the immature protein made up the majority of NHEI
expressed. We have previously found that mutation of some other residues of NHE1
had the same effect including the mutations 1145C, Y4554C and G459C (4).

The surface localization of TM VI mutants was investigated. Membrane
proteins are usually synthesized in the endoplasmic membrane destinations. Previous
studies have found that mutations in NHE1 may interrupt the synthesis and transport
network, which causes intracellular retention of the mutant protein and is reflected
in impaired restoration of acidified pH; (4, 10, 11). Surface targeting experiments
were carried out as described in the “Methods.” The total and unbound (intracellular)
fractions of cell lysates were examined by SDS-PAGE and western blotting, and the
amount of fully glycosylated and partially/non-glycosylated NHE1 were measured.
The results are shown in Figure 7-1, B and Table 7-S2. Examination of the fully
glycosylated NHE1 protein demonstrated that the amount of NHE1 targeted to the
cell surface declined significantly for both N227R and E248D mutants (Figure 7-1,
B). N227R targeted to the cell surface about half as well as the control. 1233A and
E248Q displayed ~20% higher localization of mature glycosylated NHE1 protein to
the cell surface. There was also an ~10% significant reduction in the glycosylated
form of the E248D mutant on the plasma membrane. The mature fully glycosylated
NHEI1 protein generally targeted to the membrane surface, whereas the immature
partially glycosylated NHE1 largely remained mainly intracellular (Table 7-S2).
However significant amounts of partially- or un-glycosylated NHE1 protein were
also present on the cell surface similar to results we have observed earlier (5).
Examination of the individual plasma membrane targeting of the fully glycosylated
and partially or de-glycosylated forms of the mutants showed that targeting was
impaired in several other cases, this included in all N227 mutants and in L243A and
E248D (Table 7-S2).

The cation transport activity of NHE1 TM VI mutant stable cell lines was
examined by assessing their ability to recover from a transient intracellular acidifica-

tion. The results are shown in Figure 7-2. Figure 7-2, A, illustrates an example of a
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Figure 7-2. Characterization of NHE]1 activity for mutations of critical residues
in TM VI. (A) Example of activity traces of wild type and mutant NHE1 proteins.
The activity of WT NHEI protein is shown. For clarity, only the pH; recovery
after acidosis is illustrated for the mutant proteins N227A, [233A, and E248Q. (B)
Summary of NHE activity of mutant NHE1 proteins. The activities of NHE1 WT
control, and TM VI mutants were determined as described in “Methods.” The rate of
recovery in WT NHEI was set to 100% and mutants’ recovery rates were expressed
as a percent of WT. Results are mean + S.E. (n > 6 determinations). Solid bars
are NHEI1 activities as measured, not corrected for the level of protein expressed
or surface targeting. Hatched bars indicate NHEI activity corrected for expression
levels and surface targeting. * indicates uncorrected TM VI mutant activities that
are significantly lower than that of WT NHEI at p < 0.05.
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time course of transient intracellular acidifications followed by recoveries. The graph
in Figure 7-2, B, indicates the uncorrected NHE1 activities in black bars and hatched
bars are activities normalized with expression levels and levels of surface localization
of the mature form of NHE1. Table 7-S2 illustrates the raw NHEI activities prior
to correction with protein expression levels and surface expression. Some mutant
NHET proteins had nearly no signs of pH; recovery after intracellular acidification
(N227R, 1233 A, and L243A). N227A exhibited ~75% of control activity. N227D
and E248Q had less than 40% of control activity. Correcting the raw activities for
protein expression and localization, did not revert activity back to wild type NHEI
levels indicating that the effect of the mutations on activity were due to effects on
actual activity of the NHE]1 proteins, and not due to aberrant targeting or expression
levels.

Of the nine TM VI mutations four residues, 1233A, L.243A, E247D, and
E248Q were chosen for further investigation to determine the nature of the defect
in NHET1 activity. Limited trypsin digestions were carried out to determine if there
were changes in protein conformation (7, 12). Cell lysates were treated with trypsin
for 5 min and at different ratios of trypsin:protein (1:1500 to 1:3000 as indicated)
to produce fragments of NHE1 protein. Control digestions of wild type NHE1
protein were always done simultaneously with the mutants to make experimental
results more uniform. The results (Figure 7-3, A—E) showed that there was no
significant difference between the digestion pattern of NHE1 control, E247D and
1233 A mutant proteins. E248Q displayed a higher sensitivity to trypsin than the
wild type, and most of the immunoreactive NHE1 bands disappeared even at the
lowest trypsin:protein ratio of 1:3000. Other mutants were slightly more susceptible
to trypsin hydrolysis compared to WT NHE1. For L243A, most of the bands were
digested in the L243 A mutant at 1:2000 trypsin:protein ratio treatment. There was
no appearance of additional bands due to trypsin digestion. Western blot analysis
was done using the HA-tag at the C-terminal tail of NHE].

Molecular modeling of TM VI and TM XI

NhaA, a bacterial homologue to the human Na®™/H™' exchanger NHE1, con-
tains two discontinuous helices, TM IV and TM XI (6). These helices are thought to
be central to the alternating-exchange mechanism in the transporter. In the model
of NHEI1 developed by Landau et al. (8), they suggested that TM VI and XI are
functionally and structurally equivalent to TM IV and XI, respectively, of NhaA.
We previously determined the structure of peptides of TM VI and TM XI using

143



(A) wr 1233A
80
B 604
<
2
5
= 401
(=]
®
20
1500 2000 2500 3000 1500 2000 2500 3000 0 v . . ,
1500 2000 2500 3000
B) wr L243A Trypsin:protein
80
B 601
3
]
5
2 404
(=]
IS3
20
0 £ ; . -
1500 2000 2500 3000 1500 2000 2500 3000 1500 2000 2500 3000
C Trypsin:protein
©  wr E247D . ,
120
100
=
2
5
£ 804
=
=}
kS
S 601
40
1500 2000 2500 3000 1500 2000 2500 3000 0 1500 2000 2500 3000
Trypsin:protein
D) wr E248Q 100 ; .
80
=
2
2 60A
g 60
=
5
5 404
S3
20
.-
0 J— -——--ee *-"E248Q
1500 2000 2500 3000 1500 2000 2500 3000 1500 2000 2500 3000
Trypsin:protein

Figure 7-3. Limited trypsin digestion of selected TM VI mutants. (A-D) Rep-
resentative Western blots (left side) of WT NHEI1, E247D, E248Q, LL243A, and
1233 A whole cell lysates treated with trypsin:protein ratios of 0:1, 1:1500, 1:2000,
1:2500, and 1:3000 as indicated. The pattern of NHEI digestion was detected using
anti-HA antibodies. Similar results were reproduced at least two times. (Right side)
Summary of results of digestion of WT and mutant NHE1. The relative levels of
fully glycosylated NHE1 were compared for WT and mutant NHE1 proteins. The
levels of each mutant are compared with that of the WT done simultaneously and
run on the same gel.
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Figure 7-4. Model of TM VI/TM XI assembly. (A) Model of discontinuous helix
assemblies in NHE1 using NMR and artificial restraints. The model was generated
using NMR restraints from the structure determination of the individual helices TM
VI (residues 226-250) and TM XI (residues K447-K472) combined with distances
from the model determined by Landau et al. (8). Additional terminal lysine tags
present in the TM VI peptide structure, but not in the native sequence, are included.
TM VI is shown in green, and TM XI is shown in blue. Residues in TM VI which
were mutated in this study are labelled. The right diagram is a 180° rotation of the
structure. (B) Model of discontinuous helices in NHE1 determined by Landau et al.
(8). The diagram shows the predicted structure of TM VI and TM XI as determined
by Landau et al. (8) (who describe them as TM 4 and TM 11 respectively). TM
VI (TM 4) (residues D226-H250) is shown in green and TM XI (TM 11) (residues
K447-K472) is shown in blue. Residues in TM VI which were mutated in this study
are labelled. The right diagram is a 180° rotation of the structure. The side chain of
D267 from TM VII (TM 5) (residues 253-273) is shown in red.
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high-resolution solution-state NMR in dodecylphosphocholine micelles and found
that TM XI of NHEI1 is similar in structure to TM XI of NhaA (4), and that TM VI
of NHEI1 is similar in structure to TM IV of NhaA (5). Both TM VI and TM XI
contained two helical regions connected by a flexible, extended region, similar to
the structure of the discontinuous helices of TM IV and XI NhaA (6), suggesting we
could model our NMR structures into a similar conformation. To generate a model of
the NMR structures of interacting TM VI and TM XI, experimental NMR restraints
from the individual helices were combined with restraints based on the Landau 3D
model of NHE1. Restraints defining the structure of each of the TMs were defined
by the previously published NMR distance and dihedral restraints (4, 5). Restraints
for the interaction between the TMs were obtained from the Landau model (8), with
inter-TM proton-proton distances less than 4 A set as distance restraints with a range
of 1.8-4.0 A. These restraints were combined and used to generate 50 structures.
An average structure calculated from the 25 lowest energy structures is shown in
Figure 7-4, A.

The secondary structures of TM VI and TM XI in this model are the same
as in the NMR structures. TM VI consists of two helical regions, at residues
229-236 and 239-250, separated by a short extended region at residues 237-238.
Residues 223-228 are flexible in the model as in the NMR structure. TM XI has a
similar structure, with two helical regions at residues 447—454 and 460—471, with
an extended region at residues 455-459. The orientation of the helices in TM VI is
also approximately the same as the earlier published NMR structure (5), with the
two helical regions at right angles to each other. TM XI, which had much variability
in the orientation of its helices in the NMR structure (4), also adopts a right angled
conformation, likely adopting to the conformation of TM VI.

TM VI and TM XI from the model of Landau et al. (8) are shown in Figure 7-
4, B. The helical regions for TM XI in the Landau model are almost the same as
the NMR model (residues 448-454 and 460—470). The N-terminal helix in TM VI
1s different. Residues 227-232 form a helix, while 233-236 form a distorted helix.
This difference in structure results in many restraint violations in this region in the
NMR model shown in Figure 7-4, A. In the C-terminal helix, residues 240-246 in
the Landau model are helical, making this shorter than in the NMR based model. The
lysine tags in the NMR based model are not present in the native protein structure or
in the model of Landau et al. (8). In Figure 7-4, B, it can be seen that the axes of the
C-terminal helices of TM VI and TM XI are parallel, while in Figure 7-4, A, they
are tilted away from vertical, towards the N-terminal helices of TM VI and TM XI.

146



The interhelical restraints result in the orientation of side chains in the interface of
the NMR model to be generally similar in the Landau model, while the orientation
of side chains away from the interface tends towards the results obtained with NMR
measurements.

We examined the relative position of the mutated amino acids of TM VI in
two model structures of TM VI. The amino acids mutated in this study are indicated.
In Figure 7-4, A, N227 which was essential for activity, is on the extracellular face
of the membrane, possibly on the extracellular loop, and could be part of the mouth
or funnel of the protein. 1233 is in close association with TM XI, perhaps mediating
inter-TM associations but also possibly lining a potential pore region. It is near to
L465 which was a pore lining residue of TM XI (4, 5). The essential amino acid
1.243 is facing slightly away from region between the two TM segments but points
along the same face as L465. Both E247 and E248 are in or near the cytosolic face
of the protein. The charge on E248 was essential for activity and it is interesting that
it faces away from the direction of the side chain of 1.243. E247 is on a similar side
as 1.243 and L465.

Figure 7-4, B, illustrates a model of TM VI and TM XI based upon the
predictions of Landau et al. (8). There are similarities and some differences from
Figure 7-4, A, in the position of the mutated amino acids. N227 is on the extracellular
side but points more away from a putative extracellular funnel region. 1233 is
pointing more towards the inter-TM VI-XI space, still in association with L465.
Amino acid L243 is in a similar position as in Figure 7-4, A. The acidic amino
acids E247 and E248 face in near opposite directions to each other. E247 is in a
similar position as in Figure 7-4, A, while the relative position of E248 has changed
markedly, now on the intracellular loop rather than part of the TM helix, and it
points more towards the space between the TM segments. Both residues are on the

cytosolic side of the membrane.

Discussion

TM VI in NHE] function

The mechanism of Na*/H™" exchange is a question of significant interest
both as a basic biological problem, and because of the critical role that the NHE1
protein plays in both heart disease, cell growth and differentiation, and in metastasis
of tumour cells. In the E. coli Nat/H™ exchanger, NhaA, TMs IV and XI play a
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critical role in Na*t/H™ exchange. Both these helices are discontinuous, interrupted
by an extended segment and the discontinuous helices form mid-membrane dipoles.
The ion binding site of NhaA is formed around the extended segments of TMs IV
and XI and includes a cluster of amino acids (D164, D163, D133 and T132) (6,
13). We recently examined the structure and properties of TM VI of NHE1. We
showed that it is a critical TM segment containing the pore lining amino acids N227,
1233 and L.243 that are accessible from the extracellular aqueous phase. TM VI
had an architecture similar to that of TM IV of NhaA, with two helical parts being
interrupted by an extended mid membrane segment (5). TM IV of NHEI had a
smaller amount of similarity to TM IV of NhaA. It had only one helical region
consisting of amino acids 169-176 (/). We also found that another TM fragment of
NHEI1, TM XI, had the helix-discontinuous region-helix structure, similar to that of
TM XI of NhaA. It also possesses pore lining residues (4).

Functional analysis

In the present study, we further characterized some of the critical amino
acids of TM VI. As noted above, amino acids N227, 1233 and L.243 were earlier
shown to be pore lining amino acids, being reactive with MTSET applied from
the extracellular surface. In addition, we earlier found that mutation of amino
acids E247 and E248 to Cys resulted in an inactive and partially active protein
respectively. The E248C mutant was also partially inhibited with externally applied
MTSET (5). We therefore further characterized these five amino acids in efforts to
determine what role they played in NHE1 function. N227 was substituted to Ala,
Asp, and Arg. 1233 and L.243 were mutated to Ala and E247 and E248 were mutated
to Asp and Gln respectively. N227 is clearly an important though not essential
amino acid. None of the mutations in N227 were very well tolerated; N227C
(5) and N227R (present study) expressed reduced amounts of NHE1 and only the
immature form of NHEI respectively. N227A and N227D exhibited diminished
NHET activity and had some mistargeting. Asn contains an uncharged polar side
chain, and substitution to alanine had the least effect on NHE1 activity. When
N227 was mutated into negatively charged Asp, the activity of NHE1 dropped to
40% of control. Substituting positively charged Arg for N227 seemed to be the
most unfavourable. It resulted in virtual elimination of activity, mistargeting of the
protein and decreased expression. The positive charge introduced by Arg could
affect sodium coordination, or could destabilize other balancing electrostatic forces

within the membrane. This could lead to conformational changes in the protein
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which led to loss of production of the fully glycosylated protein. Overall, our results
with this amino acid suggest that it is pore lining, though not absolutely essential.

1233 and L.243 were also shown earlier to be important pore lining amino
acids (5). For both of these amino acids, mutation to Ala eliminated NHE1 activity.
The decrease in activity was not accounted for by decreased protein expression
levels or by decreased targeting to the cell surface. These results demonstrate that
these amino acids are not only pore lining, but their side chain is critical to the
maintenance of NHE]1 activity. That mutation to the small uncharged Ala caused so
dramatic an effect on activity, further indicates that these amino acids are critical in
NHE] function. Limited digestions with trypsin did suggest a possible change in the
conformation of the 1233 A mutant, though this analysis was not as clear because
of the lower expression level of this protein. The .243A mutant protein did show a
slight change in accessibility to trypsin, indicating a change in protein conformation.
We suggest that mutation of this pore lining amino acid to a smaller one affects the
protein folding or stability, which affects its accessibility to trypsin and also affects
ion binding and transport. It should be pointed out that our analysis of changes in
protein conformation was done using the C-terminal HA tag. Thus it is possible
that other changes in the N-terminal region were not detected by our assay and new
fragments not containing the HA tag would not be detected.

Analysis of amino acids E247 and E248 was quite revealing. We earlier
demonstrated that mutation of these residues to Cys compromised NHE1 activity
and that E248 was at least partially pore lining (5). These results were intriguing
and partially led to the decision to further investigate these amino acids. Also, we
have earlier (/4) suggested that the negative charge that these side chains impart,
could aid in cation coordination. Therefore, we investigated the effect of neutralizing
and modifying the charge in these positions. We obtained different results with
these two amino acids. Neutralizing the charge on E247 had no effect on NHE1
activity, while changing to the smaller Asp residue noticeably inhibited activity. In
contrast, changing E248 to Asp, had no effect on NHEI activity while changing
to Gln, caused a precipitous decline in NHE1 activity that was accompanied by a
change in conformation of the protein. These results demonstrate that the charge
on E247 is unimportant in activity, while the location and size of the amino acid
is more critical. At position 248, the charge is critical and a small change in the
position of the carboxyl group was not of great significance. We suggest that at
amino acid 248, the carboxyl is involved in cation coordination and/or maintenance

of the coordination structure or sphere of the NHE1 protein. A mutation at this
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amino acid, neutralizing the carboxyl group, destabilized the conformation of the

protein.

Structure and function of the critical fold of NHEI
As noted above, TM VI of NHE1 resembles TM IV of NhaA, more so than

does TM IV. It also has more pore lining amino acids, as determined by cysteine
scanning mutagenesis (5). In addition, we earlier noted that TM XI of NHEI is
similar to TM XI of NhaA (4). We therefore suggest that TM VI and TM XI
constitute the critical catalytic fold of NHEI1, similar to TM IV and TM XI of NhaA.
Landau et al. (8) have also suggested that TM VI and TM XI play the equivalent
role to TM IV and XI of NhaA. Their model suggests that the amino acids of “TM
VI” are actually TM 1V, (the first two TM segments of NHE1 being removed as a
signal sequence) and thus they propose a critical TM IV-TM XI structure. Recently
Nygaard et al. (/5) modelled the NHE1 protein. Their modelling suggests that TM
IV (amino acids 160-179) and TM XI are the critical fold in NHE1 and are similar
to TM IV and TM XI of NhaA. Their modelling also suggested that D172 of TM 1V
and R425 of TM X have dipole masking functions. However, we have shown that the
charge on D172 is unnecessary for NHE1 function (/6). Mutation of this residue to
Gln did not affect NHE1 activity and mutation to Asn only slightly reduced activity
(16). Thus, the charge at this amino acid is not necessary to NHE1 function and it is
unlikely to have a dipole masking function. In addition, as noted above, TM VI of
NHEI1 is much more similar to TM IV of NhaA, than is TM IV of NHE1. Thus we
suggest that TM VI and TM XI are much more likely candidates for the critical fold
mediating NHEI transport.

We therefore examined the putative structure of the TM VI and TM XI region
and the location of the critical amino acids of TM VI. The entire structure of the
NHEI] protein is unavailable; however, we have earlier (4, 5) determined the structure
of peptides representing TM VI and TM XI, and Landau et al. (8) have modelled
this region based on comparison with NhaA. Figure 7-4 depicts two models of the
TM VI/XI assembly, the one from this study based on the NMR derived structures
of the TM segments (Figure 7-4, A) and one from the model of Landau et al. (&)
(Figure 7-4, B). The positions of N227, 1233, 1.243, E247 and E248 are indicated as
well as some other critical nearby amino acids. In general the overall architecture of
the model based on the determined NMR structures and the model base on that of
Landau et al. (8) are similar but there are differences in the position of the side chains
as noted below. Both Figure 7-4, A, and Figure 7-4, B, illustrate that D238 lies
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between the assembly of discontinuous helices TM VI/XI, and it may compensate for
the positive polarity contributed by the N-terminal ends. Previously we demonstrated
that substituting D238 with Cys resulted in a dysfunctional NHE1 protein (5). When
considered in the context of the whole model (8), Figure 7-4, B, shows that the
side chain of L.243 is pointing towards the same face of the membrane as a putative
protonation site at D267. This position is similar in the empirically based NMR
model (Figure 7-4, A). D267 is also located in close proximity to the pore lining
residues 1233 and L465, which might explain their sensitivity to mutation (4, 5, 8).
Given that L465, 1233 were pore lining, and that D267 is the putative protonation
site, it appears as though this region defines at least part of the channel and transport
site of the protein. Clearly mutation or derivation of amino acids in this region is
detrimental to the function of NHEI as demonstrated by mutation to amino acids
D267, 1233 and L465 (2, 4, 5). Furthermore, studies in NhaA suggest that movement
occurs in this region during activation and transport, which could also explain the
pore accessibility we observed (17, 18).

While it is uncertain which model is closer to the true structure of NHEI,
some features of each model correlate better with the data we obtained. The charge
on E247 was not essential while that on E248 was. In addition we (5) found that
when E248 was mutated to Cys, reaction with MTSET partially inhibited the protein,
suggesting it is at least partially pore lining. In the NMR structure based model
E248 points more away from a putative coordination sphere and is in a helical region
while in the model of Landau et al. (8), E248 is part of a flexible loop and appears
to point more towards the putative cytoplasmic coordination sphere, which could
be important in attraction of protons for transport and is more in accordance with
our effects on function. Conversely, N227 was intolerant of mutation and clearly
an important amino acid. Mutation to a positively charged amino acid was most
detrimental, in keeping with a putative role in a coordination sphere of a cation. In
Figure 7-4, B, N227 points further away from a coordination sphere while in the
NMR based model (Figure 7-4, A), it is part of a flexible region possibly in the
extracellular loop, where it could be more oriented towards a putative coordination
region, which is in greater accordance with its function. Other amino acids have
less variation in their position between the two models. It should be noted that
overall, both models were quite similar and differences could represent a limitation
in solving the structures of single isolated helices or different conformations of the

protein during the reaction cycle.
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Conclusion

In conclusion, the critical amino acids of TM VI, N227, 1233, L243, E247
and E248, contribute significantly to the normal function of NHE1. N227 is essential
in protein expression, processing and activity. The pore lining 1233 may locate close
to D267 and L265 and is essential for NHEI activity, perhaps forming part of a
narrowing cation access channel or a trimming region. L.243 is another pore lining
residue that contributes to Na*/H™ transport and protein stability/conformation.
E247 and E248 are most likely involved in cation transport or protein stability as
well, with E248 important in protein stability and conformational folding and the
charge on E248 being critical in protein function. We suggest that TM VI makes up
part of a critical fold of NHEI1, similar to that which occurs in NhaA. A full length
high resolution structure of NHEI is desirable to confirm these observations and

solve the mechanism of mammalian Na™/H™ translocation.
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Supplementary Materials

Cell Line  Activity (ApH/min) S.E.

WT 0.87 0.010
N227A 0.65 0.025
N227D 0.35 0.007
N227R 0.06 0.033

1233A 0.05 0.004
L243A 0.05 0.003
E247D 0.36 0.011
E247Q 1.02 0.041
E248D 0.98 0.064
E248Q 0.29 0.014

Table 7-S2. Raw NHE activity of WT (control) and TM VI mutants was determined
as described in the “Materials and Methods.” Results are mean = S.E. (n > 6
determinations.
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Chapter 8

Structural and functional analysis of trans-
membrane segment IV of the salt tolerance
protein sod2

A version of this chapter has been submitted for publication as:

» Ullah, A., Kemp, G., Lee, B. L., Alves, C., Young, H., Sykes, B. D., and
Fliegel, L. Structural and functional analysis of transmembrane segment IV of

the salt tolerance protein sod2. J. Biol. Chem., in press.

AU performed mutation and functional analysis of sod2, AU and CA performed
cloning and expression of the peptide, GK performed expression and purification of
the peptide as well as the sod2 modelling, and BLL performed the NMR experiments.
Each also helped write the manuscript, with HY, BDS, and LF editing.

Summary

Sod2 is the plasma membrane Nat/H™ exchanger of fission yeast S. pombe.
It provides salt tolerance by removing excess intracellular sodium (or lithium) in ex-
change for protons. We examined the role of amino acid residues of transmembrane
segment IV (TM 1IV) (residues F126-1152) in activity by using alanine scanning
mutagenesis and examining salt tolerance in sod2-deficient S. pombe. Two amino
acids were critical for function. Mutations T144A and V147A resulted in defective
proteins that did not confer salt tolerance when re-introduced into S. pombe. Sod2
protein with other alanine mutations in TM IV, had little or no effects. T144D and
T144K mutant proteins were inactive, however a T144S protein was functional and
provided lithium, but not sodium, tolerance and transport. Analysis of sensitivity
to trypsin indicated that the mutations caused a conformational change in the sod2
protein. We expressed and purified TM IV (amino acids 125-154). NMR analysis
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yielded a model with two helical regions (amino acids 128—142 and 147-154) sep-
arated by unwound region (amino acids 143—146). Molecular modelling of sod2
suggested TM IV has a structure similar to that deduced by NMR analysis and an
overall structure similar to that of E. coli NhaA. TM IV of sod2 has similarities to
TM V of the Zygosaccharomyces rouxii Na™/H' exchanger and TM VI of isoform 1
of mammalian Na™/H" exchanger. TM IV of sod2 is critical to transport and may

be involved in cation binding or conformational changes of the protein.

Introduction

Under normal physiological conditions, plants, yeast and mammalian cells
have relatively low Na™ concentrations in their cytosol. Since the external Na* is
much higher than internal Na™, this leads to an accumulation of intracellular Na™.
Organisms respond to this salt stress in several ways. Plants and yeast deal with
these excess “toxic” levels of intracellular Na™ primarily by either extruding it, or
by sequestering it into vacuoles, thereby reducing the cytosolic concentration. This
process is mediated by transporters and other regulatory proteins. In the fission yeast
Schizosaccharomyces pombe, the Na™/H™ antiporter (sod2) is responsible for most
of the salt removal from the cytosol (/). This protein functions by using the external
proton gradient to pump out internal sodium ions. Disruption of this gene results in a
reduced extrusion of cytoplasmic Na™ and a decreased tolerance of external Na™ (7).
Sod2 removes both Na™ and Li™ from the cytosol using the proton gradient created
by the plasma membrane ATPase (/, 2). We have previously (3, 4) used S. pombe
with a knockout of the sod2 gene to study the effects of mutation of amino acids
in this protein. Because of the limited number of other salt tolerance mechanisms
in this species, removal of this gene results in a severe salt tolerance phenotype (/,
3, 4). This makes S. pombe a very useful organism for the study of salt tolerance
proteins.

Sod2 belongs to the class of Na™/H* exchanger membrane proteins that ex-
change Na™ for H' across lipid bilayers. The eukaryotic and prokaryotic genes that
encode the members of this monovalent cation/proton antiporter superfamily have
been reviewed (5). Briefly, the superfamily includes three families, the cation/proton
antiporter 1 family, cation proton/antiporter 2 family and the sodium-transporting
carboxylic acid decarboxylase family, each of which has unique bacterial ances-
tors. The cation/proton antiporter 1 family includes many well studied Na*/H"

exchangers including from fungi, plants and mammals, and includes the human
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NHE1-NHED9 isoforms. The cation/proton antiporter 2 family includes S. pombe
sod2 and shares its origins with prokaryotic NhaA, the E. coli antiporter, for which
a crystal structure has been deduced (6). This family also includes two relatively
recently characterized forms of human Nat/H* exchangers, HSNHA1 and HsNHA?2,
that may be involved in hypertension (5, 7, 8). The sodium-transporting carboxylic
acid decarboxylase family is a smaller family that mediates transmembrane export
of 1-2 Na™ in exchange for an extracellular H* (5), and contains the mammalian
sperm-specific Na™/H" exchangers.

The mechanism of transport of Na®/H™ exchangers is of great interest both
because of the potential to improve salt tolerance in plants and make salt resistant
phenotypes, but also as a fundamental scientific problem. Significant progress
has been made in the understanding of bacterial transport by NhaA (6). However
eukaryotic transporters are not as well understood, and have a different exchange
stoichiometry, and are activated by different physiological conditions. NHE] is the
most well characterized mammalian Na®™/H* exchanger and we have determined the
structure and critical residues of several membrane associated fragments of NHE1
(9—15). One of the critical TM segments is TM IV, which has been compared to the
important TM 1V of E. coli NhaA (9, 16). We have earlier examined several key
residues of sod2 in different transmembrane segments of the protein (3, 4, 17, 18).
In this study we examine the structure and function of a transmembrane segment
of this yeast salt tolerance protein. Our results demonstrate that TM IV of sod2
is critical to sod2 function with amino acids 144—147 comprising part of a region
critical for transport. This study is the first structural and functional characterization
of an entire transmembrane segment of a yeast salt tolerance membrane protein and

demonstrates that this region is critical for cation selectivity and salt tolerance.

Experimental procedures

Materials

Restriction enzymes were obtained from New England Biolabs, Inc. (Mis-
sissauga ON, Canada). PWO DNA polymerase was obtained from Roche Applied

Science (Roche Molecular Biochemicals, Mannheim, Germany).
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Strains and media

S. pombe bearing the sod2 gene disruption (sod2::ura4) was used for all
transformations and as a control where indicated (3). It was maintained on low
sodium minimal KMA medium or yeast extract adenine (YEA) using methods
described earlier (/, 3). KMA medium was used where indicated and contains (per 1
L): potassium hydrogen phthalate, 3 g; K;HPO4, 3 g; yeast nitrogen base without
amino acids, 7 g; glucose, 20 g; and adenine, 200 mg. Leucine at 200 mg/L. was
added to maintain the sod2::ura4 leul-32 strain where indicated and all media was
buffered using 50 mM MES/Citrate and adjusted to pH 5.0 with KOH. Wherever
indicted NaCl or LiCl was added to the media. For growth curves in liquid media
5 x 10 cells from an overnight exponentially growing culture were inoculated into
2.5 mL of fresh liquid media. S. pombe containing the pREP-41s0d2GFP plasmid
(and mutant derivatives) were routinely grown in medium in the absence of thiamine.
Cultures were grown at 30 °C with constant agitation using a rotary shaker. The Aggo
was determined at the various times indicated. Growth curves were determined a
minimum of three times and results are mean =+ S.E. The plasmid pREP-41s0d2GFP
was used for sod2 expression and has been described earlier (/9). pREP-41s0d2GFP
contains the entire sod2 gene plus a C-terminal GFP tag separated by a nine amino
acid Gly-Ala spacer. The GFP has the S65T mutation and an Ndel site was removed
by silent mutation to assist in cloning.

Growth on plates was supplemented with NaCl or LiCl at the indicated
concentrations in KMA medium with leucine agar. The plasmid pREP-41s0d2GFP
without any mutations (/9), was used as a control.

Sod2 TM 1V (see below) was expressed in XL1-Blue cells as a maltose
binding protein fusion using a modified pMAL-c2x containing a tobacco etch virus
(TEV) protease cleavage site between maltose binding protein and the peptide of
interest. Expression was induced with IPTG in either LB (for unlabelled peptide) or
MO (for labelled samples) media. Expression conditions were: LB, 0.6 mM IPTG,
37 °C, 24 h; and M9, 1 mM IPTG, 22 °C, 48 h. LB media contains: tryptone, 1%
w/v; yeast extract, 0.5% w/v; NaCl, 1% w/v. M9 media contains: (ISNH4)QSO4,
7.5 mM; glucose, 28 mM; thiamine, 30 uM; [NaoHPOy4, 47 mM; KH;POy4, 22 mM;
NaCl, 8.5 mM]; [MnSOy - 1H,0, 30 uM; FeSO4 - 7TH,0, 3.3 uM; MgSO, - 7TH,0,
203 uM; CaCl, - 2H,0, 3.4 uM]; [KoHPO4, 60 mM; KH,POy4, 36 mM; pH adjusted
to 7.5 with KOH]; where the individual components or mixtures contained within

the square brackets were autoclaved separately and combined afterwards.
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Site-directed mutagenesis

Mutations to sod2 were made to the pREP-41s0d2GFP plasmid directly. The
mutations created or removed a restriction enzyme site as described earlier (20).
Table 8-S1 summarizes the mutations made to the sod2 gene. DNA sequencing was

used to confirm the accuracy of the mutations and fidelity of DNA amplification.

Western blotting of sod2

Western blot analysis was used to compare levels of sod2 expression (20).
Cell lysates were made from 50 mL cultures of yeast transformed with wild type
and mutant pREP-41s0d2GFP. Yeast cells grown in KMA medium to an ODgg of 2
at 30 °C. Cells were pelleted (3500 x g, 10 min) and washed with double distilled
water and resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0, 5 mM EDTA,
protease inhibitor cocktail (27), and 1 mM dithiothreitol). Cells were then lysed
using a Bullet Blender® using 0.5 mm zirconium oxide beads at a speed of 10 for
40 minutes. In some cases they were passed through an Emulsiflex homogenizer
at a pressure of 25000 psi. Unbroken cells were pelleted by centrifugation at
3500 x g for 5 min, and the supernatant was centrifuged at 14000 x g for 10 min.
Enriched membranes of the supernatant were then pelleted at 100000 x g for 1 h,
and resuspended in a small volume of the same buffer. Equal amounts of up to 25 ug
of each sample were resolved on a 10% SDS/polyacrylamide gel. Nitrocellulose
transfers were immunostained using a primary antibody of anti-GFP polyclonal
antibody (A generous gift of Dr. Luc Berthiaume, Dept. of Cell Biology, University
of Alberta). The secondary antibody was IRDye 680-conjugated goat anti-rabbit
polyclonal antibody (Bio/Can, Mississauga, ON, Canada). The Odyssey scanning
system was used for Western detection (LI-COR Biosciences, USA). Immediately
after transfer and prior to immunostaining, nitrocellulose transfers were stained with

Ponceau S to ensure equivalent loading and transfer of samples (22).

Trypsin treatment of microsomal membranes

Yeast cell membranes were prepared as described above and were made to
a concentration of 2 mg/mL in 1 mM EDTA, adjusted to pH 7.4 with Tris-HCI.
Trypsin (phenylalanyl chloromethyl ketone-trypsin, Sigma, St. Louis, MO) was
added to give a trypsin:protein ratio (1:200) and the samples were incubated at 30 °C,
for the times indicated. The reaction was terminated by the addition of SDS-PAGE

sample buffer and samples were resolved on 12% SDS-polyacrylamide gels. Western
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blotting against the sod2 GFP tag was performed to examine the degree of protein

fragmentation (4).

Microscopy and indirect immunofluorescence

Confocal imaging of S. pombe containing GFP tagged sod2 was performed
on an Olympus IX81 microscope equipped with a Nipkow spinning-disk optimized
by Quorum Technologies (Guelph, ON, Canada). Images were acquired with the
60x objective on a Hamamatsu EM-CCD camera (Hamamatsu, Japan) using the
software Volocity (Improvision Inc., Lexington, MA). Yeast cells were either fixed
in 4% formaldehyde prior to imaging or for live cell imaging, confocal microscopy
was used examining the GFP tag on sod2 essentially as described earlier (/9).

Indirect immunofluoresence was performed using an antibody cross reac-
tive against the plasma membrane HT-ATPase of S. pombe and originally made
against Neurospora H"-ATPAse (a generous gift of Dr. C. Slayman, Yale School
of Medicine). Cells were prepared for immunofluorescence by treatment with zy-
molase essentially as described earlier (23). Labelling was performed with rabbit
anti-H'-ATPase antibody at a dilution of 1:1000. Visualization used Cy3 conjugated
donkey anti rabbit antibody (Jackson Immunochemicals, West Grove PA, USA) at a
1:250 dilution.

Atomic absorption spectrophotometry

To determine the ability of wild type and mutant sod2 proteins to remove
intracellular Na™ or Li™, various strains were grown in KMA medium to an ODg
of approximately 0.4. Cells were harvested by centrifugation and washed and were
then incubated in KMA medium supplement with either 100 mM NaCl or 10 mM
LiCl for 1 h to load the cells with the appropriate cation. Cells were then harvested
and were washed two times with 20 mM MES, pH 7.0 and resuspended in 10 mL
buffer containing 20 mM MES pH 5.5, 0.1 mM MgCl, and 2% glucose at 30 °C.
Samples were taken at various intervals up to 2 h and Na™ or Li* content were
determined by atomic absorption spectrophotometry as described earlier (4). Results

from at least three independent experiments are shown.

Sod2 TM 1V peptide purification
Amino acids 125-154 (sequence LFPQINFLGSLLIAGCITSTDPVLSALI-

VG) of sod2 were expressed as a fusion protein with maltose binding protein. The
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design was such that we also introduced 3 additional N- and C-terminal lysines to
the peptide. This was done to aid in the solubility of the peptide, as described earlier
(11, 15). The primers SodMBPf (5'-CATGGGATCCAAAAAAAAATTGTTTC-
CACAAATTAACTTTTTAGG-3') and SodMBPr (5'-CCGGGAATTCTCATTT-
CTTTTTTCCTACAATCAATGCTGATAG-3') were used to amplify the DNA of
sod2 while adding the terminal lysines. They were designed to allow for in frame
expression with MBP in a modified pMal-c2X plasmid (24) which also has a tobacco
etch virus (TEV) protease site upstream of the insert to allow for cleavage from the
MBP. PCR was performed using the pPREP-41s0d2GFP plasmid as a template and
the PCR product contained the TM IV sequence with the modified termini flanked
by a 5 BamHI restriction endonuclease site and a 3’ EcoRI site. After cloning
into the modified pMal-c2X vector mentioned above, the plasmid construction was
confirmed by DNA sequencing.

The E. coli strain XL1 blue was used for expression. Expression and purifi-
cation were similar to the procedures used by Douglas et al. (24). After induction
cells were pelleted by centrifugation at 4000 x g and were stored at —20 °C. For
purification cell pellets were suspended in 100 mL of purification buffer (PB) con-
taining (per 1 L): 10 mM sodium phosphate buffer, pH 7; 60 mM NaCl; 0.5 mM
EDTA; 20% v/v glycerol; 0.02% NaN3 plus added HALT protease inhibitor cocktail
(EDTA-free) (Thermo Scientific, Rockford, IL, USA). The cells were lysed using
either ultrasonication (Branson Sonifier, Emerson Industrial Automation, Danbury,
CT, USA) or high-pressure homogenization (Emulsiflex-C3, Avestin Inc., Ottawa,
Canada). They were then clarified by centrifugation at 50000 x g for 30 min at
4 °C. The supernatant containing MBP-sod2 fusion protein was loaded onto an
amylose-affinity column (NEB, Mississauga, ON, Canada) and allowed to incubate
with agitation for 1-2 h at 4 °C. The resin was washed with 3 column volumes of
cold PB and the fusion protein eluted in cold elution buffer (PB + 60 mM maltose).
For efficient cleavage of the maltose binding protein tag, the eluent was concentrated
to > 5 mg/mL and 1 mM DTT was added. The sod2 fragment was cleaved free
of the MBP using TEV protease at 10 U/mg of fusion protein. TEV cleavage was
at 16 °C for 48-72 hours. The protein was then precipitated by the addition of
trichloroacetic acid (1.5 g per 100 mg fusion protein) and pelleted by centrifugation.
After brief washes with water to remove residual TCA the pellet was subjected to
liquid-liquid extraction with CHCl3:2-propanol:water (ratio 5:5:1). First the organic
solvents were mixed and added to the pellet. Gentle scrapping was used to break the

pellet up into small pieces before homogenization with a glass Dounce homogenizer.
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After most of the pellet was pulverized the appropriate amount of water was added
to the homogenizer and homogenization continued. When the remaining insoluble
material appeared quite “fibrous” the mixture was added into a separatory funnel
and shaken intermittently throughout the day then left to separate overnight. In
the morning the organic (bottom) layer was removed and put in a clean separatory
funnel. One volume of fresh water was added and the extraction repeated. The
resulting organic layer was then used directly for NMR studies. Most complete
extraction of the hydrophobic peptide was achieved at 1 vol = 1 mL, per 30 mg
fusion protein (i.e. 5 mL CHCI3, 5 mL 2-propanol, and 1 mL water per 30 mg
fusion protein. For studies of unlabelled peptide, deuterated solvents (Cambridge
Isotope Laboratories, Andover, MA) were used and the extraction was carried out at
higher protein concentrations (i.e. 1 vol per 100 mg fusion protein). For °N labelled
samples CDCI3 and undeuterated 2-propanol were used. The identity of the purified
peptide was confirmed by MALDI-TOF mass spectrometry. The purity of the sod2
TM IV peptide was estimated at over 95%.

NMR spectroscopy

Peptide samples obtained from liquid-liquid extraction were used for high-
resolution NMR spectroscopy. After testing with various membrane mimetics,
examination of 1D "H NMR and 2D >N HSQC NMR spectra indicated that the best
solvent for sod2 TM IV was CDCI3/IPA-dg. By drying the organic extract under
a gentle stream of nitrogen gas an adequately concentrated sample for structure
determination was obtained. CDCIlj in the extract was used as a lock solvent and
spectra were referenced to tetramethylsilane added to the solvent.

All NMR spectra were acquired at 500 MHz and 30 °C. 2D >N HSQC (25),
3D >N NOESY-HSQC (150 ms mixing time) (26), TOCSY-HSQC (50 ms mixing
time) (26), and HNHA (27, 28) spectra were collected with VnmrJ (Varian Inc.) and
processed in NMRPipe (29). Resonance assignment and analysis was performed in
NMRViewl] (30). Xplor-NIH (37) was used to model the secondary structure of the
peptide.

Homology modelling

A homology model of sod2 was created with the program Modeller (32) using
the crystal structure of Escherichia coli NhaA (PDB entry: 1ZCD). Arabidopsis
thaliana SOS1 was used as a mediator to align sod2 and NhaA using Clustal
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Omega (33) on the EMBL-EBI server (34). The alignment was refined by using the
TMHMM2 secondary structure prediction algorithm (35) to predict the location of
o-helical transmembrane segments and the JPred3 algorithm (36) to further support
the regions of predicted a-helical secondary structure in sod2. These data, along
with the known position of transmembrane helices in NhaA, were used to adjust
the alignment to best reflect the most likely position of transmembrane segments
in sod2. Short helical restraints (< 10 residues) were given to Modeller, in regions
where longer helices was predicted. The validity of the model was analyzed using a
protein validation software suite (37) and the ConSurf method (38, 39) on the online
server (40).

Results

We examined amino acids thought to be important in activity of a trans-
membrane segment of the yeast S. pombe salt tolerance protein sod2. While the
transmembrane segment assignments are not certain, amino acids 126151 were as-
signed as TM 1V based on previously published (47) model of the protein (Figure 8-1,
A) based on hydrophobicity analysis. This segment (FPQINFLGSLLIAGCITST-
DPVLSAL) is mainly comprised of very hydrophobic residues, with a few polar
residues interspersed (Figure 8-1, B). The borders of the membrane lipid interface
are not known though for purposes of mutational analysis, 26 amino acids were
chosen which is larger than required for a typical ¢-helical transmembrane segment
to cross a lipid bilayer.

We compared the amino acid sequence of sod2 with several other related
Na™/H™ exchanger proteins using the program CLUSTAL Omega (33), a multiple
sequence alignment tool from EMBL-EBI (34). Sod2 did not align well directly
with the sequences of human NHE1 or E. coli NhaA although isolated regions did
show some similarity (not shown). When sod2 was compared with a more closely
associated salt tolerance protein SOS1 (42) (Figure 8-1, C), there were significant
areas of identity and similarity especially in the sequence proposed to be TM IV. In
turn, the TM IV region of SOS1 aligned well with TM VI of NHEI (Figure 8-1, D)
permitting a three-way alignment of the TM IV regions of sod2, SOS1 and NHEI.
We have recently (/5) shown that TM VI of NHE], rather than TM 1V, is structurally
related to TM IV of NhaA which may account for this finding (see discussion).

Since sod?2 is the major salt exporter of S. pombe (19), initial experiments

measured the ability of sod2 TM IV mutants, to rescue salt tolerance in the salt
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Figure 8-1. Models of sod2. (Continued on page 166.)
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Figure 8-1. (Continued from page 165.) (A) Topological model of sod2 based on
hydrophobicity analysis (4/). EL, extracellular loop; IL, intracellular loop. (B)
Schematic diagram of amino acids present in TM IV of sod2. (C) Alignment of
sod2 with NhaA using SOS1 as an intermediate as described in the “Materials and
Methods.” Sod2 TM 1V and aligned residues in NhaA are labelled with Gonnet PAM
250 amino acid conservation scores between sod2 and NhaA TM IV (*, identical;
;, strongly similar; ., weakly similar). The transmembrane segments, from the crystal
structure or the homology model of NhaA and sod2 respectively, are highlighted.
(D) Sequence alignments of sod2 TM IV with putative analogous transmembrane
segment from human NHE1 (TM VI) and Sod2-22p (TM V), coloured and labelled
as in (C). The critical threonine residues of sod2, sod2-22p and NhaA are denoted
by #.

sensitive sod2::ura4 deletion strain. As both LiCl and NaCl are transported by sod2
(43) we examined the ability of mutant proteins to rescue growth in LiCl or NaCl
containing medium. Aside from NaCl challenge, LiCl was used for assays in liquid
and solid media. LiCl is toxic at lower concentrations than NaCl, avoiding osmotic
challenge that might occur with use of high concentrations of NaCl. Figures 8-2 and
8-3 (also Figures 8-S1 and 8-S2) illustrate the effect of mutations of TM IV on the
ability to restore salt tolerance in liquid media (summarized in Table 8-S2). Figure 8-
2 (and Figure 8-S1) demonstrates that the sod2::ura4 strain is intolerant to LiCl
concentrations of 5 and 10 mM. In contrast, S. pombe with wild type sod2 protein
grows well in LiCl concentration up to 10 mM, with only a slight reduction in growth
compared to growth in 0 mM LiCl. Figures 8-4 and 8-5 illustrate complementary
experiments in solid media. S. pombe containing wild type sod2 was able to grow on
solid media containing up to 10 mM LiCl whereas the sod2::ura4 knockout showed
reduced growth in 5 mM LiCl and almost no growth in 10 mM LiCl.

A variety of effects were obtained with mutation of TM IV and the mutants
were divided into groups according to their characteristics (Table 8-S2). Results are
shown in Figures 8-2 through 8-5 and supplementary Figures 8-S1 and 8-S2. Group
I mutants showed no effect of the mutation in either liquid or solid media. This
included F126A, P127A, Q128A, [129A, FI31A, I137A, C140A, 1141A, T142A,
S143A, L148A and L151A. Group II mutants had very mild effects on growth in
either liquid or solid media or both. For example, in some cases they showed good
salt tolerance in liquid in the presence of 5 mM LiCl, but slightly reduced growth
with 10 mM LiCl. This included N130A, L132A, G133A, S134A, L135A, L136A,
GI139A, S149A, L151S and I152A. Group III mutants had a very marked effect on
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Figure 8-2. Growth of S. pombe containing either wild type or TM IV mutant sod2
proteins in liquid media with various concentrations of LiCl. Examples of growth of
S. pombe containing no sod2 (sod2::ura4), wild type sod2, a mutated sod2 with an
intermediate phenotype and a series of T144 mutants are shown. (The growth of all
the mutants in LiCl are shown in Figure 8-S1 and summarized in Table 8-S2.) LiCl
tolerance of strains was assessed by inoculating 2 x 10° cells into 2.5 mL of medium
at 30 °C for up to 72 hours. Growth was assessed by measuring the absorbance of
the cell suspensions at 600 nm at the indicated times. Results are the mean + S.E. of
at least three determinations. S. pombe were grown in the presence of 0, 2, 5 or 10
mM LiCl. S2:U4 refers to sod2::ura4 (S. pombe with the sod2 knockout described
earlier (3)). Sod2 refers to sod2::ura4 containing the wild type sod2 protein (/9). In
other cases the indicated sod2 TM IV mutant was introduced into S2:U4 with the
presence of 0, 2, 5 or 10 mM LiCl as indicated.
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Figure 8-3. Growth of S. pombe containing either wild type or TM IV mutant
sod2 proteins in liquid media with various concentrations of NaCl as described for
Figure 8-2. Examples of growth of S. pombe containing no sod2 (sod2::ura4), wild
type sod2, a mutated sod2 with an intermediate phenotype and a series of T144
mutants are shown. (All mutants growth in NaCl are shown in Figure 8-S2 and
summarized in Table 8-S2.) NaCl was added at concentrations of 0, 0.2 or 0.5 M as
indicated. Results are the mean + S.E. of at least three determinations.
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Figure 8-4. Growth of S. pombe containing wild type and TM IV mutant sod2 on
solid media containing various concentrations of LiCl. Samples of stationary phase
cultures of the various yeast strains were taken and were serially diluted 10-fold.
These were spotted onto minimal media plates supplemented with LiCl at the concen-
tration indicated. Plates were then incubated for 4-5 days at 30 °C. Sod2(WT) refers
to S. pombe transformed with pREP-41s0d2GFP without any mutations. sod2::ura4
is S. pombe with the sod2 knockout described earlier (43). Other designations are
the sod2::ura4 yeast strain transformed with pREP-41s0d2GFP with the indicated
point mutation in sod2 (panels A-D). Results are typical of at least 3 experiments.
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Figure 8-5. Growth of S. pombe containing wild type and TM IV mutant sod2 on
solid media as described in Figure 8-4 except containing the indicated concentrations
of NaCl. Results are typical of at least 3 experiments.
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both NaCl and LiCl tolerance in both solid and liquid media. This included T144A,
T144D, T144K, V147A and V147L. Group IV and V were categories consisting
of one mutant. Group IV consisted of only T144S, which was inactive, or nearly
so in NaCl containing media, but functional in LiCl containing media. This mutant
was notable since mutation of the same amino acid T144, to either Ala, Asp or
Lys created a nearly non-functional protein. Group V was I152A which had an
intermediate phenotype, affected partially in both liquid and solid medium, and more
so in liquid medium with LiCl.

Western blot analysis was used to determine if all the mutant proteins were
expressed. Figure 8-6 demonstrates that the sod2-GFP fusion protein was present as
a band of approximately 60 kDa. All mutant proteins were expressed. Ponceau S
staining was used to confirm sample transfer after immunoblotting. In some cases
there was evidence of immunoreactive degradation products. It was not clear whether
this was occurring in vivo or in the process of preparing cell lysates. However, the
occurrence of the degradation products was variable from cell lysate to lysate (not
shown), possibly indicating that degradation products were produced during sample
preparation.

To determine whether the mutant sod2 protein was properly folded we
carried out limited digestion with trypsin. This method examines the proteolytic
attack on accessible Arg and Lys, and has been used earlier to examine changes
in the structure of sod2 (4) and of the mammalian Na*/H" exchanger (44). We
compared the digestion of wild type sod2 with that of the V147A, T144A and T144S
mutants (Figure 8-7). We found that the T144A mutant sod2 protein was digested
significantly more rapidly than the wild type with the T144S and the V147A showing
intermediate patterns of digestion.

Because we found that mutation of T144 and V147 were detrimental to the
ability of sod2 to restore growth in salt containing medium, we further examined
the subcellular location of the mutant proteins in S. pombe by confocal microscopy
(Figure 8-8). The H-ATPase was used as a plasma membrane marker (Figure 8-
8, A). Wild type sod2-GFP had an irregular distribution, partially on the plasma
membrane and partially intracellular, similar to what we have noted earlier (4, 19).
The H*-ATPase was primarily located on the plasma membrane with occasional
indications of intracellular labelling, possibly due to biosynthesis of the protein. Both
T144A and V147A sod2 mutants were distributed in a similar manner as that of the
wild type sod2. There was evidence of some co-localization on the plasma membrane,

and though this was not complete there were no differences apparent between the
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Figure 8-6. Western blot analysis of expression levels of sod2 wild type and mutant
containing S. pombe. Cell extracts from S. pombe strains separated by SDS-PAGE
and were blotted with anti-GFP antibody. Molecular weight markers are indicated.
A-D, cell extracts of sod2::ura4: untransformed (sod2::ura4); transformed with wild
type (WT) sod2 protein; or transformed with sod2 proteins with the mutation indi-
cated. Cell extracts were made as described in the “Experimental procedures.” Upper
panel, western blot; lower panel, Ponceau S staining of blot prior to immunoreaction.
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Figure 8-7. Analysis of susceptibility of mutant and wild type sod2 protein to trypsi-
nolysis. Yeast cell membrane fractions were incubated with a 1:200 trypsin:protein
ratio for 0—30 min at 30 °C as described in the “Experimental Procedures.” Samples
were then analyzed by SDS-PAGE and Western blotting using anti-GFP antibody.
(A) Western blot of wild type (WT) and sod2 mutant proteins. (B) Summary of
quantification of effects of trypsin on percentage of sod2 protein remaining over
time. Results are mean + S.E. of at least 4 experiments. * indicates significantly
different from WT at p < 0.05. + indicates significantly different from T144A at
p < 0.05.

wild type sod2 protein and the mutant proteins. We confirmed the observations on
the localization of wild type and mutant sod2 using live cell imaging (Figure 8-8, B).
All mutants and wild type sod2 had a predominantly plasma membrane localization.
Similar to our earlier observations (4) the distribution throughout the membrane was
not even, with occasional concentration at the apical tips of the membrane.

To gain further insight into the effects of the critical mutations on ion flux in
S. pombe, we examined the expulsion of intracellular NaT and Li™ as an indication
of sod2 activity. It was previously demonstrated (1, 45) that sod2 accounts for most
of Na™ and Li* expulsion in S. pombe and its deletion or inactivity, results in greatly
reduced expulsion of these ions from the cytosol. We examined the decreasing
content of these cations after a period of cation loading (4). The results are shown in
Figure 8-9. After incubation in NaCl containing medium, NaCl content of S. pombe
expressing wild type sod2 declined relatively rapidly. In contrast, the sod2 knockout
and all of the mutants T144A, T144S and V147A, were all greatly impaired in their
ability to reduce cellular Na™ content (Figure 8-9, A). The mutants were also all
impaired in their ability to extrude Li™ (Figure 8-9, B), with the exception of the
T144S mutant, which reduced cellular Li™ content approximately as well as the wild
type sod2 protein. The V147A mutant also had a slight tendency towards decreasing

cellular Li™ content.
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Figure 8-8. Confocal microscopy of S. pombe expressing wild type sod2-GFP
and sod2-GFP with mutations in TM IV. (A) Exponentially growing cells were
harvested treated with Zymolase and washed and mounted on coverslips before
imaging. Rows indicate the yeast strain. sod2::ura4 indicates the S. pombe knockout
strain without the sod2 protein. Sod?2 refers to the wild type sod2 protein expressed
in S. pombe. Rows T144A and T147A indicate sod2 protein with these point
mutations. Left column illustrates GFP fluorescence. Centre column Cy3 (red)
fluorescence (H-ATPase). Right column, illustrates both Cy3 and GFP fluorescence.
(B) Exponentially grown cells were harvested and used directly for live cell imaging
of GFP fluorescence.
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Figure 8-9. Loss of Na™ or Li* content from S. pombe containing wild type
or mutant sod2 proteins. Cells expressing various indicated sod2 proteins or the
sod2::ura4 knockout strain, were incubated in high NaCl (A) or LiCl (B) containing
medium for 1 h and resuspended in Na™ or Li* free medium. The Na™ or Li™
content was determined by atomic absorption spectrophotometry as described in the
“Experimental procedures.” Results are the mean + S.E. of at least 3 experiments.
Where not shown S.E. were too small to be displayed.
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Figure 8-10. SDS-PAGE (12%) analysis of purification of MBP-sod?2 fusion protein.
(A) Sod2-TM 1V fusion protein was produced and purified as described in the “Ex-
perimental procedures” and samples from the purification procedure are illustrated.
CL, crude bacterial lysate; AS, clarified lysate supernatant after ultracentrifugation;
FT, flow through, maltose affinity column unbound fraction; W, maltose affinity col-
umn wash fraction; E, maltose affinity column eluted fraction (~2 mg/mL protein).
MW, molecular weight ladder (kDa). (B) Tris-tricine (16%) analysis of TEV cleav-
age of sod2 fusion protein followed by organic extraction. cE, 10x concentrated
elution fraction; dig, concentrated elution fraction following 3 day cleavage with
TEV; Organic, samples of the organic layer following extraction; 1d10, 10 uL of
organic layer following one round of extraction; 2d25, 25 uL sample of organic layer
following two rounds of extraction; MW, molecular weight ladder (kDa).
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To gain molecular insights into how these functionally important residues
may be arranged in the structure of sod2 we expressed and purified a peptide
representing TM IV (KKKGS-LFPQINFLGSLLIAGCITSTDPVLSALIVG-KKK),
containing residues 125-154 of sod2, for NMR experiments. Following purification
of a maltose binding protein fusion protein and cleavage with TEV, an organic liquid
extraction technique was used to isolate the hydrophobic TM IV peptide from any
remaining aqueous contaminants (Figure 8-10). After two rounds of extraction
the organic layer contained relatively pure peptide with only trace amounts of
contaminants remaining and we proceeded directly with NMR experiments using
the sample in organic solvent.

Initially, 1D 'H and then 2D >N HSQC spectra were used to judge the quality
of peptide samples for structure determination while varying the solvent/detergent,
pH, and temperature. The peptide was poorly soluble in a CHCI3/MeOH/H,0
mixture, which has been used successfully in previous work for a transmembrane
segment of the mammalian Na*/H™ exchanger (/6). It was also poorly soluble in
trifluoroethanol/H, O and although the peptide could be solubilized in dodecylphos-
phocholine, SDS, or DMSO, these samples only gave moderate quality 2D °N
HSQC spectra (Figure 8-11, A). The peaks were broader and less well resolved than
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Figure 8-11. 2D N HSQC spectra of sod2 TM IV peptide. (A) 2D SN HSQC
spectra of sod2 TM IV peptide in detergent micelles. Samples in detergent micelles
were prepared from peptide in organic solvent that was dried under Ar,,) and
reconstituted in 1% DPC or SDS, 10 mM imidazole, 0.25 mM DSS, 95% H-O,
5% D»0, pH 6.0. Spectra were acquired at 500 MHz and 30 °C. (B) 2D °N
HSQC of sod2 TM IV in 50% CDCI3/50% isopropanol with assignments indicated.
The sample was taken directly from the organic extraction procedure and partially
concentrated by slow evaporation under Nj).
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a sample in CHCI3/IPA. The best spectra were obtained in the solvent mixture used
for the organic extraction, CHCI3/IPA, and this solvent mixture was used for further
NMR analysis. The 1D spectrum showed good dispersion of the backbone amide
peaks, however there was an additional broad intensity underneath the amide region
which may have been peptide aggregates or impurities. Peaks were well resolved
in a 2D N HSQC spectrum suggesting that the solvent mixture would be suitable
for further experiments (Figure 8-11, B). With the exception of proline residues
and the N-terminal glycine, complete backbone resonances and partial side chain
resonances assignments were obtained from the 3D NMR spectra. A labelled 2D
HSQC spectrum is shown in Figure 8-11, B. A few additional peaks were present in
the HSQC that could not be assigned that could result from impurities in the sample
or minor conformations from cis-trans isomerization from one or both prolines in
the TM 1V peptide.

A comparison of the Ha chemical shifts with random coil chemical shifts
(46) (Figure 8-S3) suggests that there are two alpha-helical regions: residues 128—
142 form a longer helix on the N-terminal half of the peptide and residues 147153
form a shorter helix on the C-terminal half. The residues between the helices, 143—
146, have shifts close to random coil values, and are likely dynamic or extended in
structure. The termini are also likely unstructured, with He shifts close to random
coil. The chemical shift data is supported by the *JinHe coupling constants, as
the helical regions have coupling constants around 4—6 Hz, consistent with helical
structure, and with termini with coupling constants at around 7 Hz, indicating
dynamic or unstructured residues. Critical residue T144 has a coupling constant of
about 8 Hz, suggesting this region between the two helices is adopting an extended
conformation. Values for some residues were not determined due to overlap of
peaks in the HN region of the spectrum. Proton-proton distances from NOESY data
also support the secondary structure prediction (Figure 8-S4). Ho—HN (i,i + 3) and
(i,i+4) contacts can be observed within the two helical regions. Further evidence of
the extended region between the two helices are shown by the presence of exchange
NOE peaks at 4.8 ppm to the residual water in the sample (Figure 8-S5), indicating
interactions with water with this region.

A model representing the likely structure that sod2 TM IV could adopt
was constructed with Xplor-NIH (37) using the 3 Junme and the Ho chemical shift
data (Figure 8-12). The model structure calculation begins with a simple extended
polypeptide upon which the measured NMR restraints are added and energy min-

imization calculations are performed. This process was followed several times
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Figure 8-12. Ensemble of 25 models of sod2 TM IV created with Xplor-NIH. (Left)
Side view of the ensemble with the structures superimposed along the N-terminal
helix. The unstructured, flexible termini are not shown for clarity and the amino and
carboxyl ends of the structures are labelled for reference. (Right) View of the same
ensemble down the N-terminal helix, showing the flexibility in the position of the
C-terminal helix relative to the N-terminal helix.

analyzing violations resulting from conflicts between the data and the model. Res-
idues that had large errors in the calculations, or where the 3 Janme and chemical
shift data conflicted or were ambiguous, were not included in the modelling. The
model displays disordered termini, a longer helical stretch of residues 129-142, an
extended region from residues 143—147 and a shorter helix from residues 148—153.
The model and NMR data has been deposited to the Protein Data Bank (ID: 2M7X)
and the Biological Magnetic Resonance Data Bank (Entry: 19216).

To gain insight into the potential role of TM IV in the folded structure of
sod2 and to provide evidence that the deduced structure of TM IV was correct, we
constructed a homology based model of the entire sod2 protein. The model was based
on the crystal structure of E. coli NhaA, the only Nat/H* exchanger with a high
resolution crystal structure available. As noted above, sod2 did not align directly with
NhaA, using the Clustal Omega alignment program (33). To overcome this problem
we used SOSI as an alignment template as it aligned with both NhaA and sod2
(Figure 8-1, C). These alignments were then used to construct a sequence comparison
between NhaA and sod2. The initial model largely resembled the architecture of
NhaA except for one large structural anomaly wherein amino acids 237-255 formed
a long loop that traversed parallel through the membrane domain looping around
two transmembrane segments. Closer analysis of this feature indicated that several
of the residues were in steric conflict and that this structure was invalid. To resolve
this we sought to improve our sequence alignment using the TMHMM2 secondary

structure prediction algorithm (35) to predict the location of o-helical transmembrane
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Figure 8-13. Homology model and TM structures compared. (A) Homology model
of sod2 membrane domain (residues 12—429) based on the crystal structure of E.
coli NhaA (PDB:1ZCD) using Modeller software (32). (B) Homology model (red)
aligned with NhaA (blue). (C) Structures of analogous TM segments of NhaA TM
IV (blue) and NHE1 TM VI (green) next to the sod2 TM IV models made with
Xplor-NIH (rainbow) and Modeller (red). Key residues have been labelled for each
peptide (see discussion). (D) Homology model of sod2 viewed perpendicular to
the membrane plane from the extracellular side. The key residues of TM IV (T144—
V147) are shown as orange spheres. (E) Reproduction of panel D with all known
functional mutations in magenta spheres. D266 and D267 are labelled, showing their
distance from the transport pore.
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segments in sod2. Significantly, the predicted helical regions aligned approximately
with the actual locations of transmembrane segments in NhaA, giving an unbiased
indication that our initial alignment was reasonable. The predictions were further
corroborated using JPred3 secondary structure prediction algorithm (36) which
indicated very similar helical regions to TMHMM?2. Using these secondary structure
predictions the alignment was adjusted so that predicted helices of sod2 lined up with
the known helices of NhaA. This alignment replaced the aberrant intramembrane
loop at residues 237-255 with a transmembrane alpha-helix that satisfied the steric
conflicts. However closer inspection revealed that up to 7 amino acids at the ends of
several transmembrane helices dipped back into the membrane. To address this we
looked at the predicted length of transmembrane helices in sod2 versus NhaA and
noted that many were longer in sod2 than NhaA. Since Modeller does not account
for significant differences in transmembrane segment length, short helical restraints
were added to the ends of the sod2 transmembrane segments predicted to be longer
than the aligned sequence in NhaA. To ensure no undo bias was added by secondary
structure prediction the same TMHMM?2 and JPred3 algorithms (35, 36) were used to
predict helical regions of NhaA. The algorithm predicted helices that aligned nearly
perfectly (less than 2 residues different) with the actual location of transmembrane
helices in the crystal structure (with the exception of the two short helices, 7 and
8, which were predicted to be one long helix). The resulting model (Figure 8-13,
A) no longer appeared to have any structural anomalies and was in good agreement
with the NhaA structure (Figure 8-13, B). The validity of the model was confirmed
using the protein structure validation software suite (37). This evaluation revealed
only seven residues with backbone angles outside of the allowable region of the
Ramachandran plot. Six of these residues are located in extramembrane loops where
the backbone bonds would be flexible enough to adopt a more preferable angle.
The seventh residue, V373, is located in the unwound region of transmembrane
segment XI. To resolve the significance of this disallowed dihedral angle, sculpting
was performed using PyMol (DeLano scientific). Upon relaxation of the region
containing V373, an admissible dihedral angle were obtained.

The model was further validated from a bioinformatics standpoint using the
ConSurf method (38, 39). Using the ConSurf server (40) 91 protein sequences (of >
35% identity and a BLAST score of > 300) were selected and aligned with the sod2
sequence. The server then calculates a Bayesian conservation score (0-9), gives it a
corresponding colour and maps it onto the model of sod2 (Figure 8-14). Regions of

high sequence conservation (pink to purple) are, as expected, found in the core of
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Figure 8-14. ConSurf conservation mapping on sod2 homology model. The ConSurf
server was used to create a multiple sequence alignment and calculate the overall
conservation score for each residue in sod2. This conservation score (0-9) was
mapped onto the homology model of sod2 using a colour scale. Internal regions
of the protein important for transport show generally higher levels of conservation
and external region of the protein are less well conserved. The key residues in TM
IV have either the highest conservation score, 9 (T144, D145, P146) or the second
highest, 8 (V147).

the transporter while regions of less conservation (white to blue) are found on the
outer surface. Significantly the critical amino acids T144, D145, and P146 all have
the highest conservation score of 9 and V147 has a score of 8.

Figure 8-13, C, shows a comparison of the deduced and modelled TM
segments of sod2, TM IV and TM IV of NhaA and TM VI of NHE1. All display a
characteristic helix—extended region—helix configuration. The NMR structure of TM
IV of sod2 is very similar, though not identical, to the structure of sod2 deduced by
modelling.

Figure 8-13, D, illustrates the homology model of sod2 viewed perpendicular
to the membrane plane from the extracellular side. The key residues of TMIV
(T144-V147) are shown as orange spheres and have a central, potentially pore lining
location. Figure 8-13, E, illustrates the position of all known functional mutations in

the model.

Discussion

Removal of excess salt in plants and yeast is crucial in dealing with excess
“toxic” levels of intracellular Na™. In plants, improvements in salt tolerance has
significant agricultural implications for crops. The yeast Schizosaccharomyces

pombe, is a useful model organism for the study of salt tolerance as the Na*/H™
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antiporter (sod2) plays the major role in salt removal from the cytosol and its deletion
results in a Na™ and Li™ sensitive phenotype (/). While significant advances have
been made on the study of mammalian (47) and E. coli (48) Na*/H™ exchangers,
there has been much less study on plant and yeast Na®/H' exchangers. Here we
present the first systematic examination of a transmembrane segment of this type
of transporter by alanine scanning mutagenesis and NMR spectroscopy. Alanine
scanning mutagenesis has been used earlier to characterize transmembrane segments
of membrane proteins including the NHE1 isoform of the mammalian Na®™/H™"
exchanger (10, 49). The premise is that the small side chain of alanine can substitute
for amino acids without disrupting the protein structure, while at the same time
altering the nature of the side chain. All the amino acids of TM IV were mutated to
alanine, with the exception of A138 and A150 which were already alanine. Also, in
earlier studies we had already characterized D145 and P146 (4, 17).

Most of the alanine mutants had either no effect, or mild to intermediate
effects on the ability of sod2 to restore salt tolerance in sod2::ura4 S. pombe (Table 8-
S2, Group I and II mutants). However, effects of mutation of amino acids T144 and
V147 were notable and were explored in more detail. Several experiments suggested
that the effects we found on these amino acids were on cation coordination either
directly or indirectly though a change in conformation of the protein. In support of
this hypothesis, the expression level and targeting of these mutant forms of sod2 were
normal. Western blot expression (Figure 8-6) of the mutant proteins showed that the
level of the mutants was comparable to that of controls. Localization of the T144
and V147 mutants was similar to that of wild type sod2 suggesting that impaired
targeting of sod2 was not a cause of failure to restore salt tolerance. However, limited
tryptic digestion suggested that there was a change in conformation of the mutant
proteins. This was especially noticeable in the T144A protein and was reduced,
though not eliminated in the functional T144S protein. These results suggest that a
change in conformation of the sod2 protein may be responsible for aberrant transport
by sod2. The conservative substitution of T144S, had an intermediate effect on
proteolytic sensitivity, suggesting that the hydroxyl side chain restored not only
activity, but also a least part of the conformational change.

For T144, mutation to either Ala, Asp or Lys did not restore the ability to
confer salt tolerance. However, changing T144 to a serine residue restored the
ability to confer resistance to LiCl and to transport LiCl, but not restore NaCl
tolerance and transport. The Zygosaccharomyces rouxii Na*/H" exchanger is a

related member of the yeast plasma membrane Nat/H™ antiporters. Amino acids
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124-156 of this protein are strikingly similar to amino acids 125-158 of S. pombe
sod2 with amino acids T141 and T143 of Zrsod2-22p aligning with amino acids T142
and T144 of sod2 respectively (Figure 8-1, D). Previous studies have demonstrated
that mutation of T141 and S150 of Zrsod2-22p to Ser and Thr respectively, altered
and broadened the cation selectivity of this antiporter and demonstrated that the
presence of hydroxyl groups in this region of the protein was critical for cation
transport (50). Similarly, the nearby residue P145 was also shown to be important
in substrate specificity. Amino acid T142 of sod2, which aligns with amino acid
T141 of Zrsod2-22p (Figure 8-1, D), was not critical in transport by sod2. Instead,
we found that the downstream T144 of sod2 had a role similar to that of T141
of Zrsod2-22p. These results suggest that amino acid T144 functionally, plays a
functional role similar to that of T141 of Zrsod2-22p despite the fact that it does not
align precisely with amino acid T141 of Zrsod2-22p.

Mutation of T144 to Ala, Lys or Asp severely abrogated activity. However,
mutation to serine restored LiCl transport completely, but did not restore NaCl
transport (Figure 8-9), suggesting that this hydroxyl might be directly participating
in the binding of cations. The ionic radii of Nat and Li* are 0.95 A and 0.65 A
respectively (44). A simple explanation may be that presentation of the hydroxyl
by Ser is such that it can coordinate the smaller Li* ion, but not the larger sodium.
Alternatively, it is known that hydrogen bond formation between the side chain
oxygen atom of a Ser and Thr and the i — 3 or i — 4 peptide carbonyl oxygen
may induce or stabilize a 3 to 4 degree bend in a helix relative to Ala (57). This
might cause significant changes in the TM segment that affect cation coordination.
Interestingly, T132 of the E. coli Na™/H" antiporter NhaA has been shown to
participate in cation coordination (52) and other Ser or Thr residues have also been
shown to be important in cation binding and transport in other membrane transporters
(53-55). However, experiments on the mammalian NHE1 isoform of the Na*/H™
exchanger have shown that not all Ser and Thr residues are important in this regard
(10, 15).

As noted above, T144S resulted in the most notable difference in cation
selectivity, and was able to restore growth in the presence of LiCl but not NaCl.
It also restored the ability of the protein to transport Li™, but not Na™, out of the
cell. However, mutation of the amino acids L132, G133, S134, 135, L136 and
G139 (Group II, Table 8-S2) exhibited phenotypes with slightly depressed growth in
both NaCl and LiCl containing media. Although the effect is small, this region is
conserved in both human NHE1 and Zrsod2-22p (50) (Figure 8-1, D) and it may be
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possible that changes in amino acid packing or helix dynamics lead to less efficient
transport and therefore reduced resistance. All these amino acids were in a helical
region of the protein.

In order to help explain the functional phenomena we expressed and purified
sod2 TM IV and analyzed the structure of the protein using NMR. Earlier studies
have demonstrated that the amino acid sequence of TM segments of membrane
proteins contain most of the required structural information needed to form their
native structures (56, 57). For example, Katragadda et al. demonstrated that the
structure of individual transmembrane helices of rhodopsin and bacteriorhodopsin
corresponded very well to the structures obtained by x-ray crystallography (58, 59).
We have also earlier used this approach and successfully produced transmembrane
peptides of the mammalian Na*/H™ exchanger in E. coli or synthetically (15, 16).
We therefore produced TM IV of sod2 as a MBP fusion protein. After cleavage free
of MBP, we used an organic extraction procedure to purify the TM IV fragment
which resulted in a sample of sufficient purity for structure determination by NMR.
Hu et al. used a similar protocol and demonstrated that sections of the membrane
domain of CorA, M2 and KdpF, are properly folded (60).

NMR experiments revealed significant information about the secondary
structure of sod2 TM IV. Measuring Ho chemical shift deviations from random
coil, we noted that there were contiguous regions of negative deviation which
are indicative of helical secondary structure (67). Likewise we calculated 3 FNHO
coupling constants from the ratio of the intensities of the diagonal and crosspeaks
for each residue in the HNHA spectrum (27, 28). These values are related to the
phi-bond dihedral angle. Although the amino terminal portion of the TM IV peptide
showed largely alpha-helical character, Hoe chemical shift deviations 133 and 139
are closer to random coil values, which could suggest that this N-terminal helix is
broken, distorted or dynamic at these positions. Importantly the coupling constants
show the same trends as the chemical shift deviations corroborating our secondary
structure observations. Although some supporting NOE data was collected the
relatively low number of helical distances observed could be a further indication of
dynamic behaviour or distortion of the helices. This could simply be a result of the
peptide being in organic solvent rather than in a membrane or perhaps it indicates the
importance of other transmembrane segments that might stabilize partially unwound
helices in the tertiary structure. Additionally, although data for the proline at position
146 could not be observed, it is predicted to be a helix breaker (62). This is not
unprecedented as the structure of hANHE1 TM IV shows two proline residues that
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disrupt the helix and form an extended section (/6). Most interestingly, all the
residues in this segment that have been found to be critical to sod2 function (T144
and V147 in this work, and D145 and P146 shown previously) are found in the
extended region or very close to it (Table 8-S2). This is consistent with the results of
other structural studies that have shown that discontinuous membrane helices are
often involved in substrate coordination, an example being E. coli NhaA (52). The
minor functional effects observed in the flanking helical regions may be connected
to the structural dynamics suggested by the NMR data.

Although the data was not sufficient to calculate a precise structure, a model
of sod2 TM IV was created using Xplor-NIH (37) to better visualize the secondary
structure and to provide a basis for comparison to other published structures. We
suggest that TM IV of sod2 may be functionally more similar to TM VI of NHE1
than to TM IV of NHEI. This is based on analysis of amino acid alignments, data
from experiments that examine the critical amino acids in this region and overall
structure of the region. The overall structure of human NHE1 TM V1 is similar to
that of TM IV of sod2 (Figure 8-13, C). Both contain two helices with an intervening
unwound region that is critical in function (/5). TM IV of human NHE]1 has an
unwound region, but this is flanked by only one helix (/6).

Assessment of functional properties of aligned residues also supports the
notion that TM IV of sod?2 is similar to TM VI of NHE1. Mutation of residues
D238 and P239 of human NHE] results in a non-functional protein. These residues
correspond to D145 and P146 in sod2 and we showed earlier that when D145 and
P146 of sod2 are mutated that the protein is inactive (4, /7). Similarly, the mutation
of V237 of NHEI to Cys had reduced function in the presence of cysteine-modifying
compounds, and this corresponds to T144 of sod2 which is critical to function.

We have earlier also noted that TM VI of NHE1 has more similarities to TM
IV of NhaA than TM IV of NHEI (/5). Comparison of sod2 TM IV with E. coli
NhaA TM IV also suggests that although they have different primary structures their
secondary structures are similar, both with helix-unwound region-helix configuration
(Figure 8-13, C). Interestingly, TM IV of E. coli NhaA also contains important
residues in this segment as mutation of either T132 or D133 have large effects on
the apparent K, indicating a role in the integrity of the transport mechanism (6, 63).
The extended peptide region may help accommodate the charged ion substrate (52).
Studies on other membrane proteins have confirmed that unwound helices participate
in substrate coordination and transport of many membrane proteins aside from Na™*/
H™ antiporters (52, 64).

184



In order to assess the effect these mutations might have on the folded str-
ucture, and to provide evidence that the deduced structure of sod2 TM 1V is valid
we constructed a homology model of the membrane domain of sod2. Mounting
evidence suggests that a finite number of folds exist for membrane transporters
(65) and that proteins with quite different primary amino acid sequence can have
surprisingly similar structures. For example, the bile acid sodium symporter of
Neisseria meningitides has a low primary sequence identity to E. coli NhaA but the
structure is surprisingly similar to that of NhaA (60).

With this evidence for justification, we decided to use the functionally related
NhaA structure as a template for homology modelling of sod2. After several iterative
rounds of modelling, described above, we obtained a model that appears to generally
satisfy our NMR data, and the collected biochemical data (Figure 8-13, A). The
model is largely free of steric conflicts as demonstrated by 98% of residues falling
within the acceptable regions of the Ramachandran plot and remaining residues
in flexible regions of the structure (Figure 8-13). Additionally, analysis using the
ConSurf method (38, 39) indicates that functionally important regions on the interior
of the transporter show the highest levels of conservation (Figure 8-14) including the
unwound section of TM IV. This method was also used to validate a model structure
of NHE1 (40, 66).

The overall architecture of the model of sod2 indicates the same fold as
NhaA (6) with helices IV and XI having an unwound, crossed configuration in the
membrane (Figure 8-13, B). Functionally critical residues H367 and D241 (43), P146
(4), and D145 and E173 (/19) are all situated in or near the putative transport pore
(Figure 8-13, E). The exceptions are residues D266 and D267. These residues were
found to be critically important for transport activity (43) but are not located near
the transport site. They are located on a short alpha-helix within a long extracellular
loop. A possible explanation is that this long loop may form a “cap-like” structure
on the cytoplasmic side of the pore opening. The negative charges could help attract
sodium ions for transport. Since this is not a feature found in NhaA it would be
unlikely to be predicted by molecular modelling.

Significantly, the critical residues in the model of TM IV T144-P146 are in
an extended conformation and face the hypothetical transport pore, in agreement
with our deduced NMR structure. This offers further evidence that these residues are
involved in ion translocation and supports the NMR structure we obtained (Figure 8-
13, C). V147, however, is in a helical conformation and faces towards the outer

helices in the homology model. From the homology model, one possible explanation
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of the functional defect of V147A is that mutation at this site affects helical packing,
likely destabilizing the structure, leading to a functional defect. This is supported
by our confocal data that suggests that V147A is targeted the same as the wild type
protein and by our trypsinolysis data that shows that V147A is more susceptible to
digestion suggesting increased flexibility. Alternatively, Val has a lower propensity to
form helices than either Ala or Leu; therefore these mutations may lead to increased
helical character perturbing the placement of TM IV in the membrane or decreasing
the segment’s flexibility preventing proper function (67). This is still consistent
with the trypsin digestion data as increased helical content may increase overall
protein flexibility while decreasing the local flexibility of TM IV. In contrast V147
in the NMR structure is shown to be in an extended conformation. In fact the
3JiNHe coupling constants and chemical shift data for V147 are just past the helical
cut-off indicating weak helical character. This suggests that V147 may be more
conformationally dynamic than the Ala and Leu mutants and that this flexibility is
required for proper function. The fact that V147 is extended in the NMR structure
and helical in the homology model (Table 8-S2) further suggests that this position is
likely locally flexible and requires the full membrane domain in order to form proper
folded helical contacts.

In summary, the secondary structure of the peptide based on NMR data
consists of a slightly kinked N-terminal helix at residues 128-142, followed by
a flexible extended segment at residues 143—146, and a short C-terminal helix at
residues 147—-154. This secondary structure is supported by homology modelling
of sod2 based on E. coli NhaA. The functional data suggest that residues 144—-146
appear to have analogous partners in E. coli NhaA, human NHE1 and Zrsod2-22p,
indicating the importance of this region in transport. Sod2 has a partially unwound
helix containing functionally important residues for ion transport consistent with
results from human NHEI and E. coli NhaA. This study extends our current
molecular understanding of salt tolerance and salt tolerance proteins. Previously we
demonstrated that mutation of D145 (1/7) and P146 (4) of sod2, resulted in a transport
defect that was unable to confer salt tolerance. Our present results demonstrate that
the flanking amino acids T144 and V147 are also critical for sod2 structure and
function and that TM 1V is likely to be directly involved in ion translocation. We
have also demonstrated that the hydroxyl of T144 is required for activity and that
the conservative Thr to Ser mutation results in the inability to transport Na™ while
maintaining Li" transport. We suggest that TM IV of sod2 serves a role similar to
that of TM IV of E. coli NhaA and TM VI of human NHEI.
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Supplementary Materials

Mutation Oligonucleotide Restriction site
F126A GCATATGCATTGgegCCACAAATTAACTTTTTAG Narl
PI27A GCATATGCATTGTTTgCgCAAATTAACTTTTTAG Fspl
QI128A GCATATGCATTGTTcCCAgcAATTAACTTTTTAGG BseYII
1129A CATATGCATTGTTTCCtCAggcTAACTTTTTAGGATC Bsu361
N130A GTTTCCACAAATTgcCTTTTTAGGATCcTTGCTGATCGCAGG BamHI
F131A CCACAAATTAACgcgTTAGGATCTTTGC Mlul
L132A CCACAAATTAACTTTgeeGGeTCTTTGCTGATCGC Nael
G133A CAAATTAACTTTTTAGctagcTTGCTGATCGCAGG Nhel
S134A CAAATTAACTTTTTAGGAZCTcTGCTGATCGCAGG Sacl
L135A CTTTTTAGGATCagcGCTGATCGCAGGATG Afel
L136A CTTTTTAGGATCTTTGgeGATCGCAGGATGTATAAC Pvul
1137A GGATCTTTGCTGgetGCAGGATGTATAAC Pstl
G139A CTTTGCTGATCGCAGCcATGCcATAACTTCTACTGATC Sphl
C140A GCTGATCGCAGGcgccATAACTTCTACTGATC Narl
1141A GCTGATCGCAGGATGcgcAACTTCTACTGATCC Fspl
T142A CGCAGGATGTATAgCgTCgACTGATCCTGTTC Sall
S143A GCAGGATGTATAACagCTACTGATCCTGTTC AlwNI
T144A GGATGTATAACTTCTgCaGATCCTGTTCTATC Pstl
T144D GGATGTATAACTTCTgacGATCCTGTcCTATCAGCATTG Drdl
T144K GGATGTATAACTTCTAagGATCCTGTTCTATC BamH1
T144S GGATGTATAACTTCTtCaGATCCTGTTCTATC AlwN1
V147A GTATAACTTCTACgGATCCTGCcTCTATCAGCATTGATTG BamHI
V147L GTATAACTTCTACgGATCCTcTTCTATCAGCATTG BamHI
L148A CTTCTACTGATCCTGTTgctagcGCATTGATTGTAGG Nhel
S149A CTTCTACTGATCCTGTgCTAgCAGCATTGATTGTAG Nhel
LISIA CCTGTTCTATCAGCAgcgATcGTAGGAGAAGGAGG Pvul
L1518 CCTGTTCTATCAGCATcgATcGTAGGAGAAGGAGG Pvul
1152A CCTGTTCTATCAGCgcTGgcgGTAGGAGAAGGAGGTC Afel

Table 8-S1. Oligonucleotides used for site-directed mutagenesis of sod2. Mutated
nucleotides are indicated in lowercase letters. Restriction sites that were introduced
are in bold. The forward oligonucleotide of the pair used for mutagenesis is shown.
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Figure 8-S1. Growth of S. pombe containing either wild type or TM IV mutant
sod2 proteins in liquid media with various concentrations of LiCl. (Continued on

page 191).
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Mutation  Liquid LiCl1 ~ Liquid NaCl ~ Solid LiCl ~ Solid NaCl =~ Group  Str NMR  Str Model

Sod2 wt +++ +++ +++ +++ N/A
F126A +++ +++ +++ +++ 1 D L
PI27A +++ +++ +++ +++ I D L
QI128A +++ ++ +++ +++ 1 D L
1129A +++ +++ ++ +++ 1 H L
NI30A +++ +++ ++ +++ I H L
F131A +++ +++ +++ +++ 1 H H
L132A ++ ++ ++ +++ I H H
G133A ++ ++ ++ ++ 11 H H
S134A ++ ++ ++ ++ 1I H H
L135A ++ ++ ++ ++ I H H
L136A +++ +++ ++ ++ II H H
1137A +++ +++ +++ +++ I H H
G139A +++ +++ ++ ++ 11 H H
CI140A +++ +++ +++ +++ I H H
1141A +++ +++ +++ +++ 1 H H
T142A +++ +++ +++ +++ I H H
S143A +++ +++ +++ +++ 1 E E
T144A - - + + 111 E E
T144D - - + + I E E
T144K - - + + 111 E E
T144S +++ - +++ + v E E
D145 N/A N/A N/A N/A N/A E E
P146 N/A N/A N/A N/A N/A E H
VI147A - - + + I E H
V147L - - - - 111 E H
L148A +++ +++ +++ +++ I H H
S149A ++ +++ +++ +++ I H H
L151A +++ +++ +++ +++ I H H
L1518 ++ +++ +++ +++ I H H
1152A + ++ ++ ++ \% H H

Table 8-S2. Summary of characteristics of sod2 TM IV. Effects of mutation of
the amino acids and structural characteristics (Str) of the indicated amino acid in
deduced NMR structure and structural model. Growth characteristics are indicated
by; +++, growth essentially equivalent to that supported by wild type sod2; ++,
growth slightly reduced compared to wild type sod2; +, growth greatly reduced
compared to wild type sod2 but still greater than that of sod2 knockout; -, growth
essentially equivalent to sod2 knockout yeast. Groupings refer to Group I, no effect
of mutation on salt tolerance; II, very mild effect; III, marked effect on NaCl and
LiCl tolerance; IV, marked effect on NaCl tolerance only; V, intermediate effect on
NaCl and LiCl tolerance. D, disordered; E, extended; H, helix; L, loop.
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Figure 8-S1. (Continued from page 189). All mutants, sod2 knock out (sod2::ura4),
wild type sod2, growth in LiCl are shown. LiCl tolerance of strains was assessed
by inoculating 2 x 10° cells into 2.5 mL of medium at 30 °C for up to 72 hours.
Growth was assessed by measuring the absorbance of the cell suspensions at 600 nm
at the indicated times. Results are the mean 4 S.E. of at least three determinations.
S. pombe were grown in the presence of 0, 2, 5 or 10 mM LiCl. S2:U4 refers to
sod2::ura4 (S. pombe with the sod2 knockout. Sod2 refers to sod2::ura4 containing
the wild type sod2 protein. In other cases the indicated sod2 TM IV mutant was
introduced into S2:U4 and grown in the presence of 0, 2, 5 or 10 mM LiCl as
indicated.
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Figure 8-S2. Growth of S. pombe containing either wild type or TM IV mutant
sod2 proteins in liquid media with various concentrations of NaCl. (Continued on

page 193).
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Figure 8-S2. (Continued from page 192). Methods as described for Figure 8-S1.
All mutants, sod2 knock out, (sod2::ura4, S2:U4), wild type sod2, growth in NaCl
are shown. NaCl was added at concentrations of 0, 0.2 or 0.5 M as indicated. Results
are the mean + S.E. of at least three determinations.
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Chapter 9

NMR structural analysis of transmembrane
pair VI and VII of the NHEI1 isoform of the
Na*/H" exchanger

BLL performed the NMR experiments and structure calculations, and Claudia Alves
performed the protein expression and purification. The introduction was written by
BLL, CA, and Larry Fliegel. The peptide purification methods were written by CA.
The NMR methods and results were written by BLL.

Summary

The mammalian Na™/H™ exchanger isoform 1 (NHE1) is a ubiquitously
expressed plasma membrane pH regulatory protein. It removes a single intracellular
H™" in exchange for one extracellular Na™. The catalytic membrane domain is com-
prised of 500 N-terminal amino acids and is predicted to contain 12 transmembrane
(TM) segments. While the crystal structure of the E. coli Na™/H" exchanger NhaA
has been deduced, large multi pass eukaryotic membrane proteins continue to be
refractory to expression, purification and crystallization. As such, we have adopted a
“divide and conquer” approach to investigating the structure and function of NHEI.
We have previously determined the structures for several single-TM segments of
NHEI using NMR. To gain further insight into the structure and function of NHEI,
we have expressed and determined the structure of a two-TM segment of NHE1, TM
VI-VIIL. The TM segment is expressed as a fusion protein with maltose binding pro-
tein, which has allowed us to produce the milligram amounts necessary for structural
studies. We use high-resolution solution-state NMR spectroscopy to determine the
structure of TM VI-VII in dodecylphosphocholine micelles. The structure of TM

VI is similar to previous studies, and contains a central extended segment while TM
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VII adopts a straight helix. The final structure is similar to TM 4-5 of E. coli NhaA

and may suggest a similar structure between the two proteins.

Introduction

The N-terminal 500 amino acids of mammalian NHEI protein consist of 12
transmembrane (TM) segments that comprise the catalytic component of the protein.
Two general models of the topology of NHE1 exist. One model is based on cysteine
accessibility studies (/) while the second is based on computational comparison with
the crystal structure of the E. coli Na™/H" exchanger NhaA (2). The two models
are compared in Kemp et al. (3)). The models vary from one another after amino
acid 315, however prior to this region the models are essentially identical although
the later model predicts that the first two transmembrane segments are non-essential
for ion transport. Amino acids 226275 are predicted to form two transmembrane
segments in both models.

Expression and purification of entire membrane domains of eukaryotic pro-
teins has proven to be a problematic goal. However, studies have demonstrated that
the amino acid sequence of TM segments of membrane proteins possess much of the
required structural information needed to form their higher order structures (4—6)
We have therefore earlier examined and expressed single TM segments of NHE1
including TM VI and TM VII. For TM VI our studies showed that it is a pore lining
TM segment that has a helical region, followed by an unwound region followed by
another unwound region (7, 8). Our studies of TM VII demonstrated that it was
predominantly o-helical and that it was critical to NHE1 function and contains pore
lining residues (9, 10).

While much of the required structural information has been demonstrated to
be contained within the primary amino acid sequence of TM segments, interactions
between TM segments can obviously not be studied with single TM segments.
Additionally, Hunt et al. (5) have suggested that in some cases, external constraints
between helices can affect the conformation of TM segments. For this reason in this
study we examined a pair of TM segments, TM VI-VII, that are linked together by a
short intracellular loop. We developed an expression system to express and purify
the pair of TM segments and have determined the structure of this TM pair in DPC
micelles using NMR.
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Materials and methods

Materials

Amylose affinity resin was from New England Biolabs (Pickering, ON,
Canada). Lipofectamine™ 2000 reagent was from Invitrogen (Carlsbad, CA, USA)
and PWO DNA polymerase was from Roche Applied Science (Roche Molecular
Biochemicals, Mannheim, Germany). Sulpho-NHS-SS-Biotin was from Pierce
Chemical Company (Rockford, IL, USA).

Expression and purification of the NHE1 C-terminus

To produce TM VI-VII of human NHE1 we expressed it as a fusion protein
with maltose binding protein (MBP) in E. coli. We used a modified version of a sys-
tem described earlier (/7). Synthetic DNA coding for amino acids 226274 of TM
VI-VII was purchased from GenScript (GGATCCAAAAAAAAAGATAACTTAT-
TATTCGGTTCTATTATTTCTGCTGTTGATCCAGTTGCTGTTTTAGCTGTTT-
TCGAAGAAATTCACATTAACGAATTATTACACATTTTAGTTTTCGGTGA-
ATCTTTATTAAACGATGCTGTTACTGTTGTTTTATATAAAAAAAAATGAG-
AATTC). The BamHI-EcoRI sites of the pUCS57-TMVI-VII plasmid were used to
insert the sequence into the vector pMPLB (/1) after removal of the insert in the
vector with BamHI and EcoRI. This created an inducible plasmid expressing maltose
binding protein fused to TM VI-VII and with a cleavable TEV site separating the
maltose binding protein and TM VI-VII (pMBPVI-VII). The DNA sequence was
codon optimized for expression in E. coli. Poly-lysine sequences were added to
both ends of the two-TM sequence to aid in solubility of the peptide as described
earlier (7). After cleavage of the fusion protein with TEV protease this would result
in a peptide of the sequence GSKKKDNLLFGSIISAVDPVAVLAVFEEIHINEL-
LHILVFGESLLNDAVTVVLYKKK, with the N-terminal additional GS residues
remaining from the TEV cleavage site.

The plasmid pMBPVI-VII was transformed into several E. coli strains in-
cluding XL1 blue, DH5a, BL21 Star (DE-3)pLysS, Topp 10, and Topp 11. After
trials with different strains and temperatures (not shown), XL 1 blue was chosen for
expression. Bacterial culture and protein expression was performed at 37 °C with
induction at an ODg(g of about 1.0 and with 0.2 mM IPTG for 20 hours. The cells
were harvested at 4 °C by centrifugation at 6000 x g for 30 min. Pellets from 1 L
cultures were resuspended in 50 mL. Amylose Buffer (20 mM Tris-HCI, 200 mM
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NaCl, ImM EDTA, pH 7.4), divided in two parts and stored at —80 °C. Prelim-
inary experiments produced unlabelled protein. Later experiments produced '°N
isotopically labelled peptide for more detailed characterization of the structure. For
these experiments cells were prepared essentially as described earlier (/2). E. coli
were grown in a minimal medium containing 87 mM NaH;PO4, 34 mM K,;HPOy,
4 mM MgSOQOy, 1.8 uM FeSOy, 55.5 mM glucose, pH 7.3. The medium was sup-
plemented with 1 g (>NH4),S04. Minimal medium was inoculated with 40 mL
of pre-culture and the culture was grown in a 5 L fermenter (BIOSTAT B from B.
Braun Biotech International) at 37 °C, 500 rpm, pH 7.0 up to an ODggq of 0.8—1.0.
Protein expression was induced with 0.2 mM IPTG and the balance of procedures
were as described above for unlabelled protein.

The cell pellet solution was thawed and cells were lysed using an EmulsiFlex
homogenizer at 15000-20000 psi. Homogenization was repeated six times at 4 °C.
The lysate suspension was centrifuged at 50000 x g for 30 min at 4 °C and the
supernatant was collected and stored on ice. 30 mL aliquots of the supernatant were
applied to a column with amylose resin in Amylose buffer. The column was washed
with 4 column volumes of of Amylose buffer and elution was with with 40 mM
maltose in 2.5 column volumes of Amylose buffer. Samples of the lysate and eluted

fractions were examined by SDS-PAGE.

MBP-TMVI-VII cleavage and peptide isolation

The eluted fractions were concentrated to 5 mg/mL using an Amicon-15
Ultra 30000 MWCO filter at 4300 rpm at 4 °C. Proteolysis of the fusion protein was
achieved by incubating the fusion protein with 10 U/mg amount of TEV protease at
21 °C overnight. This tended to cause the TM VI-VII peptide to come out of solution
so the sample containing the MBP protein and TM VI-VII peptide was centrifuged
at 100000 x g for 45 min at 4 °C and the supernatant containing mostly maltose
binding protein was discarded. The pellet was suspended in 20 mL/100mg digested
protein with re-suspension buffer 1 (50 mM phosphate pH 8.0 (Na;HPO4/NaH,POy,)
plus 1 M guanidine-HCI), using a glass homogenizer, and incubated for 30 min at
room temperature. This sample was centrifuged at 10000 x g for 20 min at 4 °C.
The pellet which was rich in TM VI-VII peptide, was dissolved in 5 mL/100mg
digested protein with re-suspension buffer 2 (50 mM phosphate pH 7.2 (Na HPO4)
plus 7 M guanidine-HCI). This sample was centrifuged 10,000 x g for 10 min at
4 °C and the supernatant was collected. 50 uL. samples were saved in each step to be
analyzed in 16% Tricine gels containing 6 M urea (/3).
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The supernatant of TM VI-VII in 7 M guanidine-HCI was purified using the
facilities from Institute for Biomolecular Design at University of Alberta. It was
applied onto a preparative reverse-phase Zorbax 300SB-C8 column (9.4 x 250 mm,
5 um particle size, Agilent Technologies). Buffer A consisted of 0.1% trifluoroacetic
acid in water and buffer B was 0.1% trifluoroacetic acid in acetonitrile. The column
was equilibrated with buffer A at a flow rate of 2.0 mL/min. The peptide was injected
and a linear gradient from 20 to 80% buffer B was run for 135 min. The fractions
were collected every minute and analyzed using a narrow bore reversed phase HPLC
column (Supelco Discovery C18 column, 5 um, 2.1 x 125 mm). Buffers A and B
were used and the gradient was from 20 to 98% buffer B over 35 min. Fractions
were analyzed by MALDI-TOF mass spectrometry. TM VI-VII containing fractions

were pooled and lyophilized.

NMR spectroscopy

NMR sample preparation and structure calculation were performed as de-
scribed in Chapter 2. PN-isotopic labelling of the peptide also allowed us to
investigate the dynamics of the peptide in DPC micelles. 77 and 7; NMR relaxation
measurements were acquired on a 600 MHz NMR spectrometer. 2D SN HSQC
spectra were acquired using the gNhsqc pulse sequence in VnmrJ with an initial 4 s
delay and relaxation times of 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3 s for 7] measurements
and 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 0.13 s for 7, measurements. Spectra were
processed in NMRPipe and assigned in NMRView]. 77 and 75 values were obtained

by fitting peak intensities to an exponential decay curve within NMRView]J.

Results and discussion

Initial characterization of purified TM VI-VII peptide in DPC micelles
utilized the 1D "H NMR spectra of non-isotopically labelled peptide samples. NMR
spectra with well resolved and reasonably narrow amide peaks were obtained under
the conditions used in our previous NMR studies on single transmembrane helices
of NHE1. Increasing the temperature to 40 °C did not appear to improve the spectral
quality, and increasing pH to 6 decreased the quality slightly. Therefore spectra were
obtained at 30 °C and pH 5 for structure determination. 3N isotopically labelled
peptide showed good resolution and dispersion in 2D 'H-'>N HSQC NMR spectra,
and allowed for additional 3D NMR experiments for assignment and structure

calculation as well as !°N relaxation measurements. The amide proton region of
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Figure 9-1. NMR spectra of TM VI-VII in DPC micelles. (Top) Amide/aromatic
region of the 1D "H NMR spectrum of unlabelled TM VI-VII peptide, showing
amide, amine and aromatic peaks. (Bottom) Corresponding region from a 2D 'H-"N
HSQC spectrum of N-labelled TM VI-VII showing only amide peaks, with peak
assignments shown.
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Figure 9-2. Summary of NMR structural data for TM VI-VII in DPC micelles.
(Top) Summary of short/medium range residue distances obtained from the 2D and
3D NOESY NMR spectra. Lines/bars represent observed distances between residues.
Continuous dgn(i,i+ 3) and dgn(i,i+4) contacts are indicative of helical structure.
Adopted from CYANA (/5) output. (Center) Chemical shift index prediction of
secondary structure (/6). Contiguous regions of negative deviation of the peptide Ho
chemical shifts from random coil chemical shifts suggest helical structure. (Bottom)
Dihedral angle order parameters for the final TM VI-VII structural ensemble. Values
of 1 represent regions with identical dihedral angles across the structures, while
values of 0 represent a random distribution of angles.

the 1D "H NMR spectrum and the assigned 2D 'H-""N HSQC NMR spectrum are
shown in Figure 9-1.

The peptide was assigned using standard methods (/4) using homonuclear
2D 'H-'H TOCSY, NOESY and DQF-COSY NMR spectra. The chemical shifts
of some residues were similar those of the previously assigned individual TM VI
(7) and TM VII (9) peptides, which aided the assignment process. The amide cross-
peaks in the 2D "H->'N HSQC NMR spectrum were assigned using 3D 'H-°N
TOCSY and NOESY HSQC NMR spectra, which also provided structural restraints.

The distance restraints obtaining using the 2D and 3D NOESY spectra with

mixing times of 150-200 ms were used to generate structural models of the peptide.
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Unique NOE restraints

Intraresidue 452
Sequential 392
Medium range (i+2 to i +4) 389
Long range (> i+5) 31
Ambiguous 484
Dihedral angle restraints

Phi 35
Psi 35
Restraint violations

NOE (>0.5A) 5
Dihedral (>5.0°) 2
Ramachandran plot statistics

Favoured regions 58.2%
Additionally allowed regions  30.5%
Generously allowed regions 8.6%
Disallowed regions 2.7%

Table 9-1. Structure calculation statistics for TM VI-VII in DPC micelles for the
final top 25 out of 50 lowest energy structures.

A further 2D homonuclear NOESY with a longer mixing time of 400 ms in D,O was
used to help look for methyl and aromatic side chain contacts. The helical restraints
observed are summarized in Figure 9-2. The dgn(i,i+ 3) and dgn(i,i +4) contacts
and negative deviations of Hor chemical shifts from random coil chemical shifts (16)
suggest that the regions of the helices are in agreement with the previous published
individual helix structures. NOE distance restraints were calibrated based on peak
intensity rather than volume due to peak overlap, and the iterative procedure to relax
the restraints was used for the same reason. Dihedral angle restraints were based
on chemical shift index predictions and preliminary structure calculations that did
not use dihedral restraints. Helical regions were restrained to ¢ = —60 4 30° and
v = —40+40°. Statistics from final 25 out of 50 structures are shown in Table 9-1.

The secondary structure of the final 25 structures agree with the NMR dis-
tance and dihedral restraints. The dihedral angle order parameters (lower panel of
Figure 9-2) show that TM VI contains two structurally conserved regions corre-
sponding to two short a-helices spanning residues 229-236 in the N-terminus (TM
VIn) and 239-247 in the C-terminus (TM VIc). Among the 25 ensemble members,
the two short helices do not have a fixed orientation with respect to each other, but
adopt angles of around 0°-90°. TM VII contains one long helical region between
residues 255-274. While this helix can be superimposed along its entire length,
superimposition over a shorter portion of TM VII reveals some slight differences in
the curvature of the TM segment among the ensemble members.

The final 25 structures of TM VI-VII show that the two helical regions are

similar to the previously published structures of the corresponding individual TM
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Figure 9-3. Comparisons of the TM segments of TM VI-VII with previously
published structures. Comparisons of TM VI (221-250) (A) and TM VII (250-277)
(C) from the structure of TM VI-VII in this study with the individual TM VI (B)
and TM VII (D) structures from previous studies (7, 9). The residues at the ends
of the a-helices are labelled. Residues in parentheses are the helix termini of the
opposing single or two-TM structure.
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segments. (Figure 9-3). The overall structure and helix orientations of TM VI are
mostly similar in the single-TM peptide and the TM VI-VII peptide in this study.
However, in comparison to the previously published individual TM structures, TM
Vlc is shorter in TM VI-VII, while in the single-TM peptide, it extends further
to include H250 and 2 of the 3 lysine tags (numbered as 251-253). These lysine
tags are not present in the TM VI-VII peptide, which only contains the native loop
residues. There is a larger difference in the structure of TM VII in the single-TM
study and TM VI-VII in this study. The helical boundaries of TM VII are similar,
spanning residues 254-274 in TM VI-VII compared to residues 255-272 in TM VII.
The slight difference at the C-terminal end of TM VII could be due to one additional
C-terminal lysine residue present in the TM VI-VII peptide that is not present in the
single-TM peptide. The single TM structure of TM VII revealed a kink at residues
260-263 in the middle of the TM that allowed the two halves of TM VII to adopt
either a straight or hairpin conformation. TM VII in TM VI-VII, however, forms a
straight helix and does not appear to be kinked.

T\ and T, relaxation measurements provide a measure of the motional prop-
erties of the peptide and are consistent with the secondary structure (Figure 9-4).
The ratio of 71 /T is proportional to the local rate of motion in the molecule, with
lower ratios corresponding to more mobile regions and higher ratios to less mobile
regions. The low T} /T ratio at the termini suggest that the termini (221-228 and
274-277) are quite mobile. Values increase up to a plateau which correspond to
the location of the structured helical regions. TM VIn has a lower Tj /75 ratio than
TM Vlc, suggesting the N-terminal helix is more mobile than the C-terminal helix.
Interestingly, the TM VlIc has a similar 7} /75 ratio compared to TM VII, suggesting
they are tumbling at about the same rate, even though TM VIc is about half the size
of TM VII. This could suggest that there is interaction between TM VI and TM
VII. The connecting loop between TM VI and TM VII may be undergoing slow
conformational exchange on ps to ms timescales which could explain the decrease
in 7, and increase in T} /75 ratio at residues 248-249 as well as the disappearance of
residues 250-251 in the 2D HSQC spectrum . This is also reflected in the structure,
where this region has lower backbone dihedral order parameters compared to the
helices. This suggests that the loop does not have a fixed structure, however interac-
tion between TM VI and TM VII could be partially restricting the conformation of
the loop. Reddy et al. published relaxation data at three spectrometer frequencies
for TM VII that was PN labelled at 6 specific residues (7). A comparison of the
data obtained by Reddy et al. and in this study are shown in Figure 9-S1. Values
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Figure 9-4. NMR I5N 7} and T3 relaxation times and 7} /T, ratios for TM VI-VII in
DPC micelles. Plateau regions represent the helical regions as determined by NOE
and chemical shift NMR data. Helical regions of TM VI are coloured light grey, and
TM VII a dark grey.
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(A) (B)

Figure 9-5. The structure of TM VI-VII in DPC micelles. (A) A representative
structure of TM VI-VII showing TM-TM interaction, with the observed long
range NOE restraints used in the structure calculation shown as dotted lines. (B)
Superimposition of the 10 members of the structural ensemble of TM VI-VII
that contain TM—TM interactions as defined by PROMOTIF. The structures are
superimposed over the backbone Ca atoms of residues 254-264 of TM VI-VII.
Residues 220-237 of TM VI are not shown for clarity.

for T, at 600 MHz are slightly higher in the individual TM VII likely reflecting the
smaller size of the single TM peptide compared to TM VI-VII. T; values appear to
be similar and perhaps slightly lower for TM VII in TM VI-VII at the C-terminus.
Ty /T, ratios are larger for TM VII in TM VI-VII on the N-terminus but similar at the
C-terminus. Overall the comparison is consistent with the higher molecular weight
of TM VI-VII and less mobility at the N-terminus of TM VII in the two TM peptide
due to the presence of TM VI.

The calculated structures show a weak interaction between TM VI and TM
VII. Based on PROMOTIF (/8) structural analysis, TM VIn does not interact at
all with TM VII, which would also be consistent with the relaxation results. 10
out of the 25 final structures show an interaction between the TM VIc and TM VII
according to PROMOTIF. A representative structure is shown in Figure 9-5, A,
with the identified long range restraints shown. Long range restraints occur mainly
between residues close to, or within, the interhelical loop. Many contacts originate
from F246 and H256 to other residues in the vicinity. NOE contacts between the
lower half of the TM VIc and TM VII could not be observed, suggesting that this
region TM VlIc interacts very weakly or not at all with TM VII. As a result of this, the
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(B)

Figure 9-6. Comparison of a representative NMR structure of TM VI-VII with TM
4-5 of NhaA. Functionally important residues are labelled.

TM VlIc does not always lie along TM VII in the structural ensemble, but sometimes
orients perpendicularly to TM VII. The conformational flexibility prevents defining
a precise interface between TM VI and VII. However, in the 10 structures above,
the interactions between the helices are primarily between F246 on TM VI and
H254 on TM VII. These residues are part of the helical regions of their respective
TMs, and likely other residues on the same face of both helices could participate in
the interaction, even though no NOE contacts could be observed. An ensemble of
structures showing the potential TM—TM interactions is shown in Figure 9-5, B.
Landau et al. (2) suggest that the TM VI-VII region examined in this paper
are equivalent to TM 4-5 in NhaA, based on homology modelling and evolutionary
conservation analyses. TM 4 of NhaA contains two short helices separated by
an extended region and contains a conserved aspartate (D133) at the start of the
C-terminal helix. TM 5 of NhaA is a straight helix containing two conserved and
functionally important aspartate residues (D163-D164) involved in ion binding and
transport (/9, 20). In a three dimensional model of NHE1 by Landau et al. (2)
based on the NhaA structure, TM VI-VII of NHE1 shows the same features as TM
4-5 of NhaA. The model has TM VI positioned such that the extended region is
placed near the side chains of TM VII, N266-D267, where this cluster of charged
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and polar residues would be predicted to play a role in the ion binding and transport
mechanism. N266-D267 are proposed to be homologous to D163-D164 in NhaA.
They further orient TM VI and TM VII such that on the cytoplasmic halves of TM VI
and TM VII, including residues P239, V242-1.243, F246 on TM VI and L255-H256,
V259-260, S263 on TM VII, as well as N266-D267 form a face on which the helices
interact. The extracellular ends of the helices do not interact as strongly in the model
or in NhaA. NMR studies on TM VI-VII show that this region in NHE1 has a similar
structure to TM 4-5 in NhaA. TM VI has the same discontinuous structure and TM
VIl is a straight helix. TM VI does not lie completely along TM VII as it does in the
Landau model. Interactions between the N-terminal and extended region of TM VI
and TM VII are missing. Due to the lack of restraints along TM VI and TM VII, the
extended region comes close to the acidic residues of TM VII only in a few structures.
The interface closer to the loop, however is similar. It includes the residues predicted
to interact in the Landau model, particularly the aromatic residues. A comparison
of the NMR structure of TM VI-VII and TM 4-5 of NhaA is shown in Figure 9-6.
The weaker interaction of TM VI and TM VII compared to those predicted in the
Landau model likely suggest that additional interactions in the full protein may be
important in maintaining the structure of TM VI-VII, by anchoring the free ends
of the peptide and providing additional packing constraints to encourage the proper
interaction of the helices. Nevertheless, the partial interaction of the two helices in
the NMR structure suggest that the weak interactions in TM VI-VII and the structure
of the connecting loop play a partial role in defining the structure and folding of
this region. The crystal structure of NhaA, off which the Landau model is based,
is an “acid-locked” inactive state (27). Conformational changes occur in NhaA on
activation and during transport which include changes in the conformation of TM 6
(19, 22). Thus it may also be important that the interaction between TM 6 and 7 not
be strong to allow for these conformational changes as well.

In conclusion, we have successfully expressed and solved the structure of
a two-transmembrane segment of the Na™/H™ exchanger, NHE1. The structure of
TM VI-VII in DPC micelles consists of two helices separated by an extended region
in TM VI, and a straight helix in TM VII. A resemblance of NHE1 TM VI-VII
to TM 4-5 of NhaA may suggest that these two regions share the same structure
and function in the full protein. Further experiments using mutagenesis will help
to confirm the conclusions made by NMR in this study. This study may also hold
promise for solving the structures of larger transmembrane segments as well as the

complete structure of NHEI.
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Figure 9-S1. Comparison of 1N relaxation data for TM VII from TM VI-VII (this
study, grey squares) and from the isolated TM VII (black circles) from Reddy et al.
(17), at a 600 MHz spectrometer frequency, showing 71, 7> and T}/ T5.
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Chapter 10

Preliminary NMR studies of three-transmem-
brane fragments of NHE1 and full-length E.
coli NhaA

Grant Kemp performed TM V-VII peptide expression and purification, Arghya
Basu and Yongsheng Liu performed NhaA expression and purification, and BLL
performed the NMR experiments.

Summary

The Nat/H* exchanger isoform 1 (NHE1) is an integral membrane protein
responsible for regulating intracellular pH. It is predicted to contain 12 transmem-
brane (TM) helices based on cysteine scanning accessibility studies. To gain further
insight into the structure and function of NHEI, we have adopted a “divide and
conquer approach.” We have previously examined individual TM helices of NHEI1,
using NMR to determine the structure of individual helices, and detailed mutagenesis
studies to examine their function. More recently, we have solved the structure of a
two transmembrane region of NHE1, containing TMs VI-VIL. In this chapter, we de-
scribe preliminary results on experiments with larger, three-TM regions, containing
TM V-VII and TM X-XII. We successfully expressed and obtained good quality
NMR spectra of the TM V-VII peptide. We further obtain 1D '3C solid state NMR
spectra of E. coli NhaA in lipid bilayers. These experiments may allow us further
study the TM—-TM interactions between the helices of NHE1 as well as provide a
starting point to studying the full length NHEI using solid-state NMR.
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Introduction

We have previously been successful in using combined NMR and biochemi-
cal techniques to characterize the structure and function of individual transmembrane
(TM) helices of NHE1. 5 TM helices, TM 1V, VI, VII, IX, and XI, as well as two
extracellular loops, EL2 and EL4 have been studied in this manner (/-7). The
TM helices were not simple alpha-helices, but rather were found to contain unusual
structural features in the NMR structures such as kinks and extended regions. Further-
more, these regions correlated well with residues that were functionally important
in the full protein. TM IV contained regions of beta-turn, extended and helical
character. TM VI and XI contain extended regions in the center of the TM helices
surrounded on either side by more canonical helical segments. TM IV contained
a short helical segment and a short region of overlapping beta-turns. TM VII and
IX contain kinks in the center of the helices. These regions all contain functionally
important residues; mutation of these residues often strongly reduced the activity of
NHEI in vitro.

While we can obtain detailed structural information about single TM helices
in this manner, we would also like to know about the interactions and relative
positions of the TM helices within NHE1. Interactions between transmembrane
helices are important for the proper folding and incorporation of membrane proteins
into the lipid bilayer, which can also affect the function of the protein. In cells,
the insertion of the TM helices is regulated by the Sec translocation machinery
(8), and the helices were generally found to enter the translocon sequentially and
were displaced into the bilayer environment as the next helix entered (9). However,
additional TM—TM interactions may be need to stabilize certain TM helices in the
bilayer. In aquaporin, the first two TMs returned to the translocon to interact with the
third TM as it exited the translocon (9). Marginally hydrophobic TM helices were
found to require the presence of the flanking loop regions or adjacent TM helices to
properly insert (10).

To examine the TM—TM interactions in NHEI1, we previously studied a
two TM segment corresponding to the TM VI and TM VII regions (residues 227—
270) of the protein (Chapter 9). TM VI-VII is suggested to represent TM 4-5 of
NHEI by Landau et al. (/7). TM 4 and 5 of NhaA contain three negatively charged
aspartate residues in the center of the TM helices: D133, D164, and D165. These
three aspartates are believed to be directly involved in the ion binding and transport

mechanism of NhaA (72, 13). The Landau model suggests that these residues would
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Figure 10-1. Crystal structure of NhaA highlighting the three-TM regions. TM 3-5
(residues 94—175) and TM 10-12 (residues 293-384) are shaded in dark grey and
light grey, respectively. The cytoplasmic side of the exchanger is at the top and the
periplasmic side on the bottom for the left-side cartoon.

be homologous to D240, N263, and D264 in NHEI, residues which we have shown
to be important for NHE1 function. The structure of this critical region can help
us understand the details of the transport mechanism of NHE1. Due to the larger
size of this peptide compared to the single transmembrane segments, the peptide
was produced biosynthetically. The peptides were produced as fusion proteins to
maltose binding protein (MBP), to improve solubility, stability and handling of the
peptides during expression and purification (/4). The NMR structure of the TM
regions in TM VI-VII are nearly identical to the individually determined TM VI and
TM VII structures. The two TM regions appear to be only weakly interacting around
the proximity of the connecting loop, but not interacting along the remainder of the
length of the regions. Nevertheless, the structure was similar to TM 4-5 of NhaA.

In NhaA, TM 4 and 5 interact along their lengths in the crystal structure,
unlike the NMR structure of TM VI-VII in DPC micelles. TM 4 and 5 also interact
with TM 3 in NhaA to form a three-helix bundle. TM 3-5 in turn interact with TM
10-12 forming a structure with a two-fold symmetry (/5). Figure 10-1 shows the
structure of NhaA and the critical TM 3-5 and TM 10-12 bundles. This 6-helix
motif is also present in the structures of the Methanococcus jannaschii Na*/H"
exchanger NhaP1 (/6) and the bile acid/sodium symporter ASBT (/7). TM 3 in
NhaA is proposed to be homologous to TM V in NHE1 (/7). Therefore, it may
be possible that TM V in NHEI is important in the proper folding of TMs V-VII.
The additional helix and its interactions may help to restrain the ends of the TM
VI and/or TM VII in the NMR structure of TM VI-VII where the two ends do not
interact. Similarly, TM X and XII in NHE1 may be important in maintaining the
structure of the TM X—XII segment.
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For this reason we decided to investigate the structures of the regions TM
V-VII and TM X—XII of NHE1. As with TM VI-VII, these peptides were produced
as MBP fusion proteins as described previously (Chapter 8). We were successful in
expressing the TM V-VII segment which also gave promising preliminary NMR
spectra. Additional NMR spectral acquisition is underway which may allow us to
determine the structure of this three-TM segment of NHEI.

In addition to examining the structures of large segments of NHE1, we also
describe NMR experiments on full length E. coli NhaA. NhaA can form both 2D (18)
and 3D crystals (/9) which has allowed for a structure to be solved to 3.45 A using
x-ray diffraction (/5). NhaA can be overexpressed in milligram amounts in E. coli
(19), and since it is expressed in defined minimal media (20), can potentially be I5N-
and/or '3C-isotopically labelled for NMR studies without significant modification of
the expression protocols. NMR studies of NhaA could provide information about the
dynamics or inhibitor binding of the protein at atomic resolution, building upon the
static picture provided by x-ray crystallography or the lower resolution information
from biochemical experiments and 2D crystallography. NhaA can also be used as a
model Na®™/H" exchanger with which we can develop the methodologies needed
to eventually study full-length NHE1 using NMR. NHE1 can be overexpressed in
Saccharomyces cerevisiae (21), where further optimization of the expression could
allow for sufficient protein for NMR studies of NHEI.

The large size of NhaA, combined with the additional size from the solu-
bilizing detergent micelles would make solution-state NMR difficult. While large
membrane protein structures have been determined by solution-state NMR (22,
23), they require multiple samples with different labelling schemes, high levels of
deuteration, and expensive site-specific labelling schemes. A recent structure of
the 37 kDa CXCR1 GPCR protein using magic-angle spinning (MAS) solid-state
NMR techniques and uniform '>N- and !3C-labelling suggests that solid-state NMR
may be a promising method for determining membrane protein structures (24). In
MAS NMR, the sample is physically spun rapidly, which cancels out the factors that
cause broad lines in non-spinning solid-state NMR and in solution-state NMR of
large proteins, and results in the sharp lines of “solution-state-like” spectra. MAS
NMR would also allow for the study of membrane proteins in lipid vesicles, a more
native-like environment than the detergents used for solution-state NMR or x-ray
crystallography. Therefore, in this chapter, we also present our preliminary work on

performing MAS solid-state NMR studies of NhaA in liposomes.
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Figure 10-2. Sequences and predicted topologies for TM V-VII and TM X-XII of
NHEI1. TM V-VII (residues 184-279) (A) and TM X-XII (residues 402-508) (B)
were expressed as maltose binding protein fusions with a glycine spacer, an TEV
cleavage site (which leaves the N-terminal G and S residues on the peptide), and
three lysines on the N- and C- termini of the peptide. Native NHEI1 residues are
shown in white, and added residues are shown in grey. Topology predictions are
based on the Landau et al. model (/7) however the boundaries of the helices only
vary by a few residues for these regions compared to the Wakabayashi et al. model

(25).

Methods

TM V-VII and TM X-XII were overexpressed and purified as described
for sod2 TM IV (Chapter 8), however an additional HPLC purification step was
performed after organic extraction. The sequences and predicted topologies for
these two regions are shown in Figure 10-2. HPLC purification resulted in peptide
dissolved in isopropanol (IPA)/water which could be exchanged by evaporation or
lyophilization of the solvent. NMR sample preparation and spectral acquisition were
performed as described in Chapter 2. Samples in detergent were produced by dis-
solving the detergent in the [PA/water mixture, followed by dilution, lyophilization,
and reconstitution in water/buffer. NMR spectra acquired included 1D 'H NMR
spectra for preliminarily examination of unlabelled peptides and 2D 'H-"N HSQC
spectra for 1'N-labelled peptides. 3D NOESY and TOCSY-HSQC spectra were also
obtained for TM VI-VII in SDS micelles. Spectra were obtained at 30 °C and at
spectrometer frequencies of 500 or 600 MHz.

NhaA expression and purification was performed as described (20). The
E. coli strain expressing His-tagged NhaA was a gift from Dr. Etana Padan. Briefly,

NhaA expressing cells were grown in minimal media containing 7.5 mM (NHy4)>SO4

222



as the sole nitrogen source and 0.5% glycerol as the sole carbon source. '*C
labelled NhaA was produced by replacing the 0.5% glycerol with 0.25% [U-'3C]-
glycerol. Cultures were grown in standard flasks rather than a fermenter as described
in the protocol. The bacteria were lysed using ultrasonication, and the bacterial
membranes containing NhaA were isolated using centrifugation. The membranes
were solubilized in a DDM-containing buffer and His-tagged NhaA was purified
using a nickel affinity column. The purified NhaA was then dialyzed against pH 4
buffer and further purified by gel filtration chromatography. The purified protein
was stored at 4 °C.

NhaA liposome samples were also prepared as described (20). Purified NhaA
was concentrated using centrifugal concentration (Millipore Amicon concentrators,
30 kDa cutoff). 12.5 mg E. coli polar lipids (Avanti) were solubilized in ~12.5 mg
DDM. Concentrated NhaA was added to the lipid/detergent solution and incubated
on ice for 30 min. Detergent removal and liposome reconstitution was performed
by adding activated Biobeads to the solution and incubating overnight at 4 °C. An
additional volume of Biobeads was then added and the sample incubated at room
temperature for 1 h. Liposomes were pelleted by ultracentrifugation at 100000 x g
at 4 °C for 1 h. The resulting lipid pellet was then transferred to a thin walled MAS
NMR rotor by centrifugation in a swinging bucket rotor. MAS NMR was performed
at room temperature and at a spinning speed of 9 kHz. 1D direct '3C-NMR spectra
(using the pulse sequence onepul.c in VnmrJ (Agilent Inc.)) and 1D tangent-ramped

cross-polarization '3C-NMR (tancpx.c) spectra were acquired for the sample.

Results

TM V-VII and TM X-XII

The two three-TM peptides were designed based on the Landau et al. model
(11) of NHEI. The regions correspond to TM 3-5 and 10-12 in the Landau et al.
model, and also cover TM V-VII and X—XII in the Wakabayashi et al. model (25),
representing residues 184-279 and 402-508 of NHE1. While the numbering of
the helices are different in the two models, the sequences and predicted boundaries
of the helices are nearly the same, only varying by a few residues on the ends
of the helices. Lysines were added to the termini as in previous studies (2—4) to
aid in the solubility and purification of the peptides. A TEV cleavage site on the
N-terminus was included to separate MBP from the TM peptide. Glycine spacers
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between the TEV cleavage site and the remainder of the protein aided in the efficient
cleavage of the TM segments from MBP. The sequences of the peptides are shown
in Figure 10-2.

Initial characterization of the peptides utilized the peptide directly obtained
from the organic extraction step, similar to TM IV of sod2 (Chapter 8). A 1D 'H
NMR spectrum of TM V-VII in chloroform/methanol/water showed reasonable
resolution and dispersion of peaks in the amide and aromatic region. Attempts
to reconstitute the peptide in detergent micelles generally resulted in broader, less
defined peaks in the amide/aromatic region of the spectra. '°N labelling allowed
us to use 2D 'H-'>N HSQC spectra for screening of samples. The additional
spectral dimension allowed us to examine the quality of the samples in a clearer
way than the 1D spectra. The quality of the samples can be determined through
the dispersion and linewidth of the peaks, which represent the amide H-N pairs in
the sample. Non-deuterated solvents and detergents can also now be used; signals
from these components will not be visible in the HSQC spectra. The same trend
was seen in ’N-labelled samples as the unlabelled samples: peptide dissolved in
solvent resulted in narrow peaks and peptide dissolved in detergents resulted in
broader peaks. Various solvent combinations and proportions were tested, including
chloroform/isopropanol/water, chloroform/trifluoroethanol, and pure isopropanol.
Detergents tested included DPC, SDS, LPPC, and LDAO. In some cases, salt
concentration, and temperature were also varied, although without significant effect.
Due to the somewhat poorer quality of the initial X—XII 1D 'H spectra compared
to TM V-VII, we decided to focus on the optimization of the TM V-VII peptide
expression and sample preparation for NMR spectroscopy.

The 1D '"H NMR spectra contained additional non-peptide, non-detergent
peaks that were likely a contaminant from the organic extraction procedure. There-
fore, an additional HPLC purification step was performed. HPLC purification
provided peptide solubilized in isopropanol/water. This vastly improved the purity
of the samples, as the unidentifiable peaks were no longer present in the 1D NMR
spectra. The additional purification step may have also improved the quality of
the TM V-VII peptide. The peptide could be incorporated into detergent micelles
by addition of detergent to the purified peptide in isopropanol/water, followed by
dilution with water and lyophilization of the sample. The samples were then redis-
solved in 95% H,0, 5% D,0, 0.25 mM DSS, and 1-10 mM imidazole for NMR.
2D HSQC spectra of ’N-labelled TM V-VII in solvent and detergents are shown
in Figure 10-3. Low concentration samples (< 0.5 mM) containing TM V-VII in
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Figure 10-3. 2D 'H-'">N HSQC spectra of TM V-VII in different membrane
mimetic conditions. (A) Spectrum of TM V-VII in chloroform/isopropanol/water
directly from the organic extraction step (see Methods). (B—E) Spectra of TM V-VII
in DPC (B,D) and SDS (C,E), without (B,C) and with (D,E) HPLC purification. The
spectra from peptide that did not undergo HPLC (A—C) were obtained on a 500 MHz
spectrometer, while spectra of HPLC-purified peptide (D-E) were obtained on a 600
MHz spectrometer. A spectrum of HPLC purified peptide in organic solvent was not
obtained due to artifacts arising from the intense isopropanol signal.
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Figure 10-4. 2D "H-'"N HSQC spectrum of TM V=VII in SDS micelles. The indole
HN of F199 and a fragment of TM VI has been assigned and is labelled.

DPC did not provide good HSQC spectra, however, surprisingly, samples in SDS
provided excellent spectra containing ~90% of the total number of expected peaks
(Figure 10-4). The narrow peaks and the use of a strong detergent such as SDS may
have suggested an unfolded peptide. However, CD spectroscopy suggested that the
peptide was predominantly helical (not shown), and therefore may still be folded
even in high SDS concentrations.

More concentrated samples (~0.5—-1 mM) of I5N-1abelled TM V-VII were
used to obtain 2D 'H-'N HSQC, 2D '"N-filtered 'H-'H NOESY and 3D NOESY-
HSQC spectra. The HSQC spectrum (Figure 10-4) contains approximately the
same number of peaks as the low concentration sample, however the peaks are
broader, with more variation in the heights/linewidths of the peaks, and some peak
positions have shifted. The differences could reflect peptide and/or detergent con-
centration-dependent differences in the sample. HN-HN peaks are clearly visible
in the 2D NOESY spectrum, suggesting that helical structure is present. The
lower concentration of peptide in the previous samples likely prevented the easy
identification of HN-HN contacts, which were near the noise level in those samples.
The NOESY-HSQC spectrum also appear to contain HN-Ha crosspeaks downfield
of the water signal. This may be the downfield shifted Asp Ha also observed in TM
VI (4) and TM VI-VII (Chapter 9).
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Figure 10-5. Strip plot for assignment of TM V-VII. The strips show regions from
the 1H-1H 2D planes of the 3D NOESY-HSQC (white strips) and 3D TOCSY-HSQC
(shaded strips). The residues are labelled on top and identifiable TOCSY peaks
are labelled on the TOCSY strips to the side of the peaks. Sequential HN-HN and
Hoa—HN connectivities used in assignment are shown as lines connecting the relevant

NOESY peaks in the strips.
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Figure 10-6. Predicted secondary structure of TM V-VII using Hoe chemical shifts.
TM V (residues 187-209), L255, and the N-terminus could not be assigned and
are not shown. The difference between observed Ho chemical shifts and random
coil chemical shifts (26) is related to secondary structure (27). Contiguous regions
< —0.1 ppm are indicative of helical conformation, while regions > 0.1 ppm are
indicative of extended conformation.

The excellent quality of the spectra of TM V-VII in SDS micelles should
allow us to assign a large portion the peptide. An example of the assignment process
using the 3D TOCSY and NOESY spectra is shown in Figure 10-5 for the extended
region of TM VI (residues 235-238). We were able to assign the majority of TM VI
and TM VII backbone resonances for the peptide except for L255. A prediction of the
secondary structure of the peptide using Ha chemical shifts is shown in Figure 10-6.
The trends in secondary chemical shift in TM VI (residues 227-249) are similar to
the individual peptide (Chapter 6) and the 2-TM peptide (Chapter 9), indicating the
secondary structure is also similar to the previously determined structures. TM VII
(residues 251-273) appears to be mostly helical except for a small region (260-264)
in the center of the helix. This corresponds to the kink seen in the isolated TM VII
peptide structure (2), although the kink is not seen in the 2-TM peptide (Chapter 9).
However, neither of the two previous peptides contain such a trend in chemical
shifts. Additional NOE distance restraints may help confirm or deny the presence of
a kink in this 3-TM peptide. TM V (residues 191-221) could not be assigned, as the
peaks appear to become broad and low in intensity over this region. Aggregation
or conformational heterogeneity of TM V is the likey cause. These missing peaks
may be observable with further optimization of the '’N-labelled samples or possibly
with alternative isotopic labelling schemes that include H- and/or 3C-labelling.

13C-labelling will also allow us to assign the side chain proton and carbon resonances
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Figure 10-7. Purification of NhaA. SDS-PAGE gels of NhaA overexpression in E.
coli after (A) purification on a nickel-affinity column and (B) after gel filtration. (C)
Elution profile from gel filtration. Molecular weight standards in the rightmost lanes,
and varying volumes of NhaA loaded in each lane.

such that we can search for interresdiue side chain contacts that would define the
tertiary structure of the TM V-VII peptide in SDS micelles.

NhaA

NhaA expression followed the protocol of Venturi et al. (20). The yields
of protein obtained were similar to the protocol, and appeared quite pure after gel
filtration (Figure 10-7). The protein also appeared to be reasonably stable at 4 °C
for a period of months. Some samples precipitated over time; it is possible that the
detergent concentration or protein purity of those samples were less than ideal. For
NMR spectroscopy, the protein was labelled with uniformly '>C-labelled glycerol.
We found that reducing the glycerol concentration from 0.5 to 0.25% for isotopic
labelling did not have a significant effect on the yield of protein, while reducing
costs. A longer incubation time of the protein with the nickel-affinity resin also
increased the yield of recovered protein. The elution profile of the protein during the
final purification step by size exclusion chromatography showed only a single peak,
suggesting the protein was relatively pure and homogeneous at this point.

The protein was reconstituted in liposomes for NMR studies following the
protocol in Venturi et al. (20). For NMR, 12.5 mg lipid and 3—4 mg NhaA were

solubilized in DDM and the detergent removed using Biobeads to form proteolipo-
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Figure 10-8. 1D '3C MAS NMR spectrum of NhaA in liposomes.

somes. E. coli lipids were used as per the protocol, for a native lipid environment.
Dimyrystolphosphatidylcholine (DMPC) is a commonly used synthetic lipid for
model membranes. In our hands, attempts to form DMPC liposomes using Biobeads
was not very successful. Reconstitution in DMPC resulted in large aggregates or
large multilamellar vesicles that could be pelleted at low centrifugation speeds. In
comparison, reconstituted liposomes using the E. coli lipid formed a milky solution
that was only pelleted at high speeds. Reconstituted proteoliposomes can be spun
down in an ultracentrifuge, resulting in a pellet with a gel like consistency. This
pellet can then be transferred to a MAS rotor for NMR spectroscopy. Centrifugation
of the sample into the rotor was the most efficient method, using a swinging-bucket
rotor to ensure level packing of the lipid in the rotor. A swinging bucket rotor
allowed for more level packing of lipid into the rotor.

NMR experiments were performed at 9 kHz spinning speeds. 1D spectra
showed reasonable signal strength at the aliphatic carbon region, including the pres-
ence of natural abundance lipid peaks (Figure 10-8). The intensity of the carbonyl
and aromatic peaks were low, possibly due to lower than expected concentrations of
protein or conformational exchange. A large number of scans were needed for each
1D spectrum, making it impractical to continue with further 2D experiments due to
the time that would be needed. The concentration of the protein was estimated to be
about 1/8 of the total possible yield using the Bio-Rad DC Protein Assay. Losses

during reconstitution, and particularly during the transfer and removal of the sample
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to and from the rotor, and protein aggregation or degradation over time could account

for some of the losses.

Discussion

Preliminary experiments on 3-TM segments of NHE1 suggest that they may
be suitable for solution state NMR experiments and structure determination. In
particular, TM V=VII gave promising spectra both in organic solvents and in SDS.
Initial attempts at spectral acquisition with TM X—XII were not successful. Despite
the reputation of SDS as a denaturant, SDS may still be suitable membrane mimetic
for membrane proteins (28) and has been used to study TM—TM interactions (29).
Renthal (30) suggests that SDS could bind to membrane proteins, possibly inserting
between the TM helices, without large changes in structure. SDS may then still allow
us to observe TM—TM interactions between the helices. While the NMR spectra in
organic solvent mixtures were also promising, the more homogeneous environment
offered by organic solvents may be a poorer mimic of the membrane compared to
SDS. Thus SDS or other detergents may allow for a more “native” representation
of the 3-TM segments in membranes compared to organic solvents. Further sample
optimization, including temperature, pH, or salt, and screening a wider variety of
detergents may find other suitable conditions for NMR other than SDS and organic
solvents. The excellent quality of the spectra of TM V-VII in SDS may allow us to
determine the structure of TM V-VII in SDS micelles, and may also suggest that
similar quality spectra might be obtained for TM X-XII.

We obtained preliminary solid-state NMR spectra on full-length NhaA. NhaA
has been successfully crystallized both as 3D crystals in detergents (/5) and 2D crys-
tals in membranes (/8). Therefore it would also likely be a good candidate for NMR
studies, which requires pure and conformationally homogeneous samples to obtain
good quality NMR spectra. We were able to see the aliphatic region of the spectrum,
however the aromatic and carbonyl signals were much weaker than expected. The
sample was prepared at pH 7-8. NhaA is active at this pH (/5). Performing the
experiment at a lower pH, where NhaA is inactive, and where it was successfully
crystallized (15, 19), could improve the quality of the NMR spectra. Lower tempera-
tures have also been shown to improve the spectral quality, by decreasing motion
and increasing cross polarization efficiency (37). Such modifications may allow us

to obtain higher quality spectra suitable for multidimensional solid-state NMR.
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Chapter 11

Conclusions

While the human Nat/H" exchanger NHE1 isoform was first isolated in
the late 1980’s, many of the studies of the protein initially focused on the function
and regulation of NHE1 (/, 2). The structure and mechanism of NHEI, however,
was not as well studied. Only the cysteine and histidine residues of NHE1 had been
thoroughly studied (3, 4). Some mutations, primarily located around the fourth
predicted TM segment, had been also discovered that were involved in inhibitor
binding (5, 6). A detailed investigation into the topology of NHE1 was performed
by Wakabayashi et al. (7), who suggested that NHE1 contained 12 TM helices on
the basis of cysteine scanning mutagenesis experiments. The topology model of
Wakabayashi et al. provided experimental evidence for the location of important
residues in the protein which were targeted in newer studies (8—10).

Collaboration between the Fliegel and Sykes labs provided the first detailed
structural information on NHE1. Cysteine-scanning mutagenesis of NHE1 TM IV
was combined with NMR structure determination of a TM IV peptide to give insight
into this important TM region (/7). The NMR structure provided structural infor-
mation which could be used for interpreting the functional results obtained through
mutagenesis. Similar studies on TM VII (/2) and TM XI (/3) followed. Around this
time, the crystal structure of Escherichia coli NhaA, a bacterial homologue to NHE1,
provided the first structure of a Na™/H' exchanger (/4), and which has since been
used to develop an understanding of the mechanism and regulation of NhaA and
Na®/H* exchange (15). A homology model by Landau et al. (16) of NHE1 based
on the structure of NhaA provided a modified topology which conflicted with some
of the results of Wakabayashi et al. (7).

To gain further insight into the structure and function of NHEI, we initially

investigated additional critical regions of the exchanger, using NMR spectroscopy
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to determine the structures of the regions in membrane mimetics, and concurrent
mutagenesis experiments to investigate the functions of these regions and lend
support to the NMR structures.

We started by examining the structure and function of a peptide representing
the second extracellular loop (EL 2) between TMs III and IV (Chapter 3). The NMR
spectra of EL 2 revealed multiple conformations due to cis—trans isomerization
about the two prolines. One of the species, the cis-Pro-trans-Pro isomer, appeared to
adopt a beta-turn. Another extracellular loop that we examined later, EL 4, between
TMs VII and VIII, was much longer in sequence and did not appear to have any
structure (Chapter 4). There was a strong correlation between the structure of EL
2 and the functional results. The two functionally important residues, P154 and
F155, could help maintain the structure of the peptide in solution. Mutations of
these residues may alter the structure of EL 2 and the organization of the TM helices,
thereby altering NHEI activity. The relationship between the structure and function
of EL 4, however, is not as clear. EL 4 neither formed structure natively in aqueous
solution nor adopted any structure in solvents such as TFE and DMSO. On the other
hand, the functional data suggests that it is unlikely to be a passive, flexible loop,
simply linking the two TM helices together. EL 4 is important, as nearly all of the
mutations that were made in EL 4 affected NHEI activity, and it must be partially
structured or buried, as suggested by the differential sensitivity of residues in EL 4
to extracellularly-applied MTSET.

Next, we examined the structure and function of transmembrane segment XI
(TM XI) (Chapter 5). This was an interesting TM segment as early hydropathy-based
predictions of NHEI topology did not identify this region as a TM segment (/7).
Experiments by Wakabayashi et al. (7, /8) confirmed that TM XI was transmembrane
in nature. The critical nature of the numerous glycine residues and a charged arginine
residue, some which had been studied earlier (/8), and the structural and functional
importance of TM 11 in NhaA (/4), suggested that a detailed structural and functional
characterization of this segment would be insightful. We indeed found that TM XI
of NHE1 resembles TM 11 of NhaA, containing a short extended region containing
glycine and arginine in the center of an otherwise alpha-helical TM segment. The
structure resembled the TM IV NMR structure (/7), and TM 4 and 11 of NhaA. This
structure could also explain the functional results. Mutation of the glycine residues
could affect the flexibility or TM packing interactions in the protein, while R458
may be important in balancing the electrostatic charges and helix dipoles within the
core of NHE1, similar to the function of the charged residues in NhaA (14, 19).

236



In comparison to TM XI, only one study examining the residues of TM VI
had been performed previously (8) that did not suggest that TM VI was particularly
important. However, modelling by Landau et al. (16) suggested that this segment
was equivalent to TM 4 of NhaA, which is central to the mechanism of the E. coli
exchanger (/4). Of the TM segments of NHE1 that had not yet been examined,
TM VI stood out as a poorly characterized, but potentially important and pore-
lining TM segment, therefore we set out to characterize the structure and function
of TM VI (Chapters 6 and 7). Cysteine-scanning and site-directed mutagenesis
studies showed that this region is important to the function of NHE1. TM VI
showed a helix-extended-helix structure, similar to TM XI. The structure of TM
VI is similar to NhaA TM 4, lending support to the model of Landau et al. and
the structural similarity between NHE1 and NhaA. D238 and P239, at one end of
the extended region, may be important in maintaining the structure and function of
TM V1. Disruptive mutations to cysteine could disrupt the structure of this region,
inhibiting NHE1 function, while the mutations by Murtazina et al. (8) of D238N
and P239A could maintain the structure and function of this region. In NhaA, D133
is suggested to be central to the ion binding and transport activity in the protein
which may suggest D238 in NHEI plays a similar role. Paramagnetic relaxation
experiments using NMR may suggest that the extended region of TM VI is not only
solvent-exposed, but that it may be binding the Mn>" ions used in the experiments.
This could suggest a micelle surface localization, but, more intriguingly, could also
suggest a pore-forming, trans-micelle topology, with Mn®* bound in the center.

Due to the similarity between the structures of NHE1 TM VI and TM XI to
NhaA TM 4 and TM 11, in Chapter 7 we also attempted to make a model of the
NMR structures of the two TMs of NHEI interacting in the same manner as in NhaA
and the model by Landau et al., who also propose a similarity between these pairs of
helices. Overall, the model is similar to NhaA and the Landau 3D model of NHEI,
with some differences that may be due to the 90° bend in the TM VI NMR structure.
The model lends support to the alignment of TM VI of NHE1 onto TM 4 of NhaA
and TM XI of NHE1 onto TM 11 of NhaA.

The structure of sod2 TM IV (Chapter 8) also contains a helix-extended-helix
structure and a highly conserved Asp residue at the start of the C-terminal helix,
much like NHE1 TM VI and NhaA TM 4. Combined with the results of Brett
et al. (20), which shows that the NHE family members have similar hydropathy
profiles, it seems increasingly likely that all of the Na®/H" exchangers have the

same membrane-domain fold containing two crossed, discontinuous helices that are
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central to the transport mechanism. A recent structure of an unrelated transporter,
ASBT (21), shows that this fold is not unique to Na™/H™" exchangers, but may be
used in other transporters as well.

Our results from the investigation of single TM helices may help us to
distinguish between the two topology models proposed by Wakabayashi et al. (7)
and Landau et al. (/16). The two topology models are described in Chapter 1 along
with a comparison of the previously studied TM IV, VII and IX helices to NhaA in
a one-to-one manner and to the assignments made by Landau et al. The properties
of TM VII seem most similar to TM 5 of NhaA rather than TM 7, but how the
other helices relate to NhaA was unclear. Our studies of TM VI and TM XI suggest
that they are equivalent to TM 4 and TM 11 of NhaA, with similar structures
and functions, and that TM IV may represent TM 2 rather than TM 4 of NhaA
as previously predicted (22), therefore suggesting that the topology proposed by
Landau et al. is more accurate.

TM 4 and TM 11 are part of the two three-TM bundles in NhaA forming
an inverted-repeat motif, and consist of TM 3-5 and 10-12 related by a two fold
symmetry. Therefore, TM V-VII and X—XII most likely form the equivalent bundles
in NHEI1. The inverted-repeats in NhaA can also include the two TMs preceding the
three-TM bundles, forming groups of 5 TMs, TM 1-5 and TM 8-12. The structures
of NhaP1 (23) and ASBT (217) also show the same inverted-repeat motif. Similarity
of NHE1 to NhaA would suggest that TM III-VII of NHEI1 form the first repeat
equivalent to TM 1-6 in NhaA, with TM IV equivalent to TM 2. The biochemical
data on TM IV and the modelling by Landau et al. (Chapter 1) also suggest this
similarity. The second repeat would contain TM X—XII plus the two previous helices,
and would correspond to TM 8—12 of NhaA. The sequence of these two helices
would depend on which topology model is correct: whether residues ~315-410
contain two TMs and an IM segment as in the Wakabayashi model, or four TMs as in
the Landau model. The current evidence for TM IX (Chapter 1) cannot distinguish
between the two possibilities, and additional studies would be needed to confirm the
topology of this region. The structure of NhaP1 and models of sod2 (Chapter 8) and
Nha2 (24) suggest the latter possibility, with two short TM helices corresponding
to TM 7-8 of NhaA, while the smaller ASBT structure (27), which lacks the short
helices, could suggest the former. The remaining helices, TM I-II, are likely not part
of the “core” fold and mechanism of NHEI as they are poorly conserved (16, 20),
but are clearly present as two additional TMs at the N-terminal end of the protein.

Overall, the model by Landau et al. likely is an accurate representation of
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NHEI1 TMs II-XII, corresponding to TM 1-12 of NhaA, with two additional TM
helices, TM I-II, at the N-terminus. The correct topology and number of TMs
around residues 315-410 is still unclear, resulting in a total of either 12 or 14 helices
for NHEI. Investigation of this disputed region with further NMR and biochemical
studies could allow us to distinguish between these possibilities.

Cysteine scanning mutagenesis combined with MTSES/MTSET accessibility
studies have allowed us to further define the pore of NHE1. MTSES/MTSET
accessibility alone would provide information on the extracellular, solvent-exposed
residues of NHEI1, without any knowledge of the importance of these residues to the
function of protein. The inhibition of activity upon MTSES/MTSET reaction shows
that the introduced cysteine residues are near the transport pathway in NHE1, where
the compounds can sterically or electrostatically inhibit ion transport.

In our studies, we have found that the extracellular halves of both TM VI
and TM XI contain residues that react with MTSET and inhibit the activity of the
protein. This suggests that TM VI and TM XI are both part of the extracellular ion
translocation pathway. EL 4 and TM IV also contain extracellularly accessible pore
lining residues. These regions together likely form the extracellular pore of NHE].
Studies have found that TM 2, 4, and 8 on NhaA are accessible to extracellularly
applied MTSET (25-27). This agrees with the results in NHE1 where the equivalent
TMs 1V, VI, and IX also react with MTSET.

Residues in the centres of the TM helices were also found to be accessible.
These residues are on the extended segments of TM VI and TM XI and would
support the roles of these regions in ion binding or conformational changes. This
would be consistent with the charged residues in the center of NhaA that are solvent
accessible (79, 28) and ion binding (29) and include the extended segments of TM 4
and 11 of that protein. Exposed backbone groups in the structurally similar ASBT
are involved in the binding of one of the two sodium ions in the protein (27). Thus is
seems likely that the extended segments of TM VI and XI along with their charged
residues, D238 and R458, are located at the center of the mechanism of NHE]1.

We also found residues on intracellular helix of TM VI that were reactive
with extracellularly applied MTSET. This result is also seen in TM VII (/2) and
two loops, IL 2 and IL 4 (7), which contained extracellularly accessible intracellular
residues. MTSET is positively charged and impermeable to the membrane, so the
reactivity of these regions would be due to the ability of MTSET to travel through the
pore of NHEI1. Therefore these regions are likely part of the intracellular half of the
pore of NHEI1. This would agree with the crystal structure of NhaA where TM 2, 4,
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5, and 9 form the cytoplasmic pore (/4). The other region that may be intracellularly
located, but extracellularly accessible, contains residues ~360-380 which form an
extracellular loop in the Wakabayashi model, but form the intracellular part of TM 9
of the Landau model. While the correct orientation of this region is still unclear, it is
interesting to note that these accessible residues are located near IL 2 and IL 4 in
the Landau 3D model, which could suggest this entire region is somehow accessible
from the extracellular side. Curiously, in contrast to this region in NHE1, Tzubery et
al. found that TM 9 of NhaA is inaccessible from the periplasmic side (30).

The remaining TM helix that has been studied, TM IX, was also found to
have pore-lining residues. However, the two different topologies for this TM result
in different interpretations of the positioning of these residues. The Wakabayashi
model results in an extracellular and membrane-central positioning of these residues,
while the Landau model would result in intra- and extracellular locations for the
same residues.

Our studies on single TM regions of NHE1 have provided novel insight into
the structures of those TM helices and their function. Single TMs, however, do
not tell us about how those TMs are arranged in the plane of the membrane. The
NMR structures also flexible around the kinks and extended regions in the NMR
structures, while they would not be so flexible when interacting with the other TM
helices in the full protein. To gain insight into the TM-TM interactions and the
3D TM organization of NHE1, we started producing and examining larger 2-3 TM
segments of NHE].

Some of these multi-TM segments were favourable for expression and NMR
spectroscopy while others were not. We first attempted to obtain spectra of a synthetic
peptide containing TM III-1V, to determine the structures of these two peptides and
the intervening loop (EL 2). However, we were not able to obtain NMR spectra that
were suitable for structure determination. While there is a very short loop connecting
the two TMs, it is possible that we were unable to obtain suitable spectra due to a
lack of interactions between the helices. In the Landau model, these two helices
correspond to TM 1-2 of NhaA which do not interact with each other. We next
attempted to express TM VI-VII using MBP fusions (Chapter 9). TM VI-VII could
be expressed and purified in the milligram amounts needed for NMR spectroscopy
while another related peptide, TM VI-VIII, could not be expressed in sufficient
amounts. The presence or absence of interactions between the TMs may have played
a role in whether the segments could be successfully expressed. TM VI-VII interact
in the NMR structure, and the equivalent TM 4-5 in NhaA also interact. TM VIII,
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however, corresponds to TM 6 of NhaA, which is connected to the previous TMs by
a long loop and does not interact with TM 4-5. The two three-TM regions that we
expressed, TM V-VII and X—XII (Chapter 10) correspond to TM 3-5 and 10-12
of NhaA, respectively. The peptides may interact and form stable bundles similar
to the structures in NhaA, allowing for their successful expression and purification.
We found that these regions both could be expressed in milligram amounts, and
we focused on TM V-VII for NMR analysis. The quality of the NMR spectra of
TM VI-VII and TM V-VII were comparable to the individual TM segments of TM
VI and TM VII, indicative of homogeneous and folded structures, which may also
suggest interactions between the TM helices. Our experience seems to suggest that
segments that contain TM-TM interactions perform better in protein expression and
NMR analysis. They could, perhaps, provide a stable, compact domain that is less
prone to degradation or aggregation, more amenable to purification, and provide
well resolved NMR spectra.

We found that the structure of TM VI-VII looks very similar to the structures
of the individual TM VI and TM VII in DPC micelles determined previously (/2,
31), although the structure of TM VI-VII is missing the kink seen in the single-
TM structure. The structure is also similar to the structure of TM 4-5 of NhaA
(Chapter 9). While there is an interaction between the two TMs in the NMR structure,
it only appears to occur near the connecting loop (IL 3). The helix termini that are
distal to the loop do not interact. It may be that the lack of interaction is important,
in allowing for the conformational changes required of the exchanger, or it could
be that TM V, which we predict to be part of one of the three TM bundles of NHE1
and which would interact with TM VI-VII, is required to fix the orientation of the
TM VI-VII termini. We were able to successfully express, obtain excellent 2D and
3D PN-filtered NMR spectra of TM V=VII in SDS micelles, and assign most of
the backbone, which may allow us to obtain the secondary structure and TM-TM
interactions of this peptide and confirm the three-TM bundle structure predicted
for this region (Chapter 10). Additional NMR experiments using '3C-labelling or
paramagnetic relaxation may be needed to help us to determine the 3D structure of
this segment. The combination of current and future single TM and loop structures,
along with TM interactions obtained from multiple TM segments such as TM VI-
VII and V-VII or biochemical cross-linking experiments could allow us to build a
three-dimensional model of NHEI.

The “divide and conquer” method for membrane proteins is based on simple

physical principles describing how peptides fold and interact with membranes and
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suggests that TM helices can fold and be studied on an individual level. Bordag
et al. (32) review the principles and the results of membrane protein structure and
TM interaction that have been investigated, and list a large number of papers in
which TM segments have been investigated using this method. We have found in
our studies of NHE]1 that various factors need to be considered in the experimental
design, the production of the peptides, sample preparation, and the interpretation of
the data.

The design of the sequence of the peptide used in the structural investigation
could affect its outcome. Many of the TM helices investigated in NHE1 were based
on the Wakabayashi model, and focused on the TM region only. Longer peptides,
containing residues from both the Wakabayashi and Landau models may allow us to
better compare the two models. TM IX (33), for example, could be extended more on
the N-terminus, to cover the N-terminal half of TM 7 in the Landau model. Terminal
residues should also be considered. The ends of the TM helices may be more clearly
defined if more of the loop residues, which could cap the TM helices, were included.
The terminal lysines, while they help with the solubility and purification of the
peptide, might affect its final structure. The TM VI NMR structure provides an
example of this, where residues 247-250 and the three C-terminal lysines adopted a
helical structure in the single-TM peptide, while the helix ended at residue 247 in
the TM VI-VII peptide, which contained only native loop residues.

Most of the single TM NHEI1 peptides were chemically synthesized, which
provided a reasonable amount of pure, if unlabelled peptide. Their small size
means that the NMR spectra are simple enough that these unlabelled peptides are
often sufficient for structure determination. Some NHE1 peptides were produced
in bacteria, however. TM IV was produced using GB1 (/7), while sod2 TM 4
and the multi-TM peptides were produced using MBP. We initially attempted
to produce TM XI using GB1, however the expression was poor. The size and
complexity of the multi-TM peptides meant that they required bacterial expression
for isotopic labelling. Not all of the multi-TM peptides could be expressed. However,
as described above, we found that interacting TM regions appeared to be easier to
express and study using NMR.

In general, we have had good success with using DPC as a membrane mimetic
for determining the structures of NHE1 segments. The DPC choline headgroup
makes it a good mimic of natural eukaryotic membranes, where phosphatidylcholine
is the major component. In some cases, suitable NMR spectra could not be obtained

in DPC, and other detergents or organic solvents were necessary. In sod2 TM 4
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and NHE1 TM 1V, organic solvent systems were used, while for TM V-VII, SDS
was used. While there may be some concern about the more disruptive nature of
these mimetics, SDS (34) and organic solvents (35—37) appear to be able to support
secondary structure formation in a similar manner to DPC.

Overall, in our studies with single TM helices, the structures agree with the
functional results, the available 3D models, and show some consistent structural
features in the case of TM VI, TM VII-VII and sod2 TM 4. This suggests that the
divide and conquer approach, when good quality peptides and NMR data can be
obtained, is excellent for single TMs. In most cases, the TM peptides of NHE1 were
able to adopt structures independently. TM IV appear to be an exception so far,
as it contained very little helical structure, despite being predicted by hydropathy,
Wakabayashi et al. (7), and Landau et al. (38) to be a TM helix.

The success of the divide and conquer approach is less clear for studies on
multiple TM helices. Only a weak interaction was observed in TM VI-VII, which
could suggest additional helices are necessary for the proper folding of this region
(possibly TM V=VII). The extended region of TM VI and exposed helix termini are
unlikely to insert spontaneously into the membrane, and might require the assistance
of other, more hydrophobic regions, to overcome the barrier to insertion of TM VI
(39). Alternatively, the detergent/solvent systems used may inhibit the formation
of tertiary structure. The mechanisms that stabilize the secondary structures could
serve to destabilize tertiary TM-TM interactions (35—-37, 40). Recent studies have
also shown that the interactions between TM helices during folding are complicated
and involve multiple interactions or rearrangements after insertion (47, 42). The
reconstitution of NhaA activity from its fragments (43) and the expression and
reconstitution of GPCR fragments (44, 45), nevertheless suggest that some fragments
can stably insert and interact with membranes or membrane mimetics and the
structures of these larger NHE1 fragments can still provide insight into the structure
of the protein.

The divide and conquer approach can provide detailed secondary structure
and interhelical structural information, however the results should be interpreted
with caution. We have used complementary biochemical studies to help support
our structures and assist in determining the structure-function relationship of the
single TM segments under study. Therefore, mutagenesis experiments based on
the multi-TM regions and their NMR structures would provide support that the
structures are relevant in the full protein.

We also obtained preliminary '3C spectra of full length E. coli NhaA using
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magic angle spinning solid-state NMR spectroscopy (Chapter 10). Solid-state NMR
can allow us to examine NhaA in lipid membranes, a more native environment
than detergent micelles. While the divide and conquer methodology allows us to
gain insight into individual or small numbers of TM helices in NHEI1, solid-state
NMR could allow us to study entire protein. Solid-state NMR has been developing
rapidly, allowing for the assignment of the spectra of large proteins, and the study of
their structures, dynamics, conformational changes, and drug binding (46). NhaA
provides an excellent model protein for initial NMR investigations as established
protocols for its expression, characterization, structural investigation already exist.
We were only able to get a moderate quality 1D '3C NMR spectrum of NhaA,
however further optimization could allow us to perform structural studies of NhaA.
Overexpression and single particle EM microscopy of NHE1 (47) suggested that
NHET might also be suitable for structural studies, and the techniques developed
here could allow us to examine the structure and function of the full length NHE1

protein.
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Appendix A

F NMR investigation of the binding of cal-
cium sensitizers to cardiac troponin C

BLL performed the expression, purification, and labelling of TnC with the assistance
of David Corson and Melissa Crane, and performed the NMR with the assistance of

Ian Robertson and Brian Sykes.

Introduction

Troponin is a heterotrimeric complex consisting of troponin C (TnC), tro-
ponin I (Tnl), and troponin T (TnC) responsible for the calcium-dependent regulation
of muscle contraction (3, 4). A crystal structure of the troponin complex is shown
in Figure A-1. TnT anchors the other two proteins to tropomyosin. The C-terminal
“inhibitory region” of Tnl interacts with actin, maintaining the troponin-tropomyosin
complex in a conformation that blocks myosin binding sites in actin, preventing
muscle contraction. Troponin C contains two structurally similar domains. The
C-terminal domain constitutively binds two Ca?* ions and residues 34—71 of Tnl,
and acts as an anchor for the protein. The N-terminal domain binds one Ca>* upon
the stimulated influx of Ca’* into the cell. This allows it to bind to the “switch” re-
gion of Tnl (residues 147-163), removing the Tnl inhibitory region interacting with
actin. This results in conformational changes in the troponin-tropmyosin complex,
exposing regions of the actin filament that allows for myosin binding and muscle
contraction.

Troponin C is a critical protein in the regulation of muscle contraction, and
presents a promising target for drugs seeking to regulate muscle contraction in dis-
eased hearts. We investigate the binding of three fluorine-containing compounds to
human cardiac TnC (TnC), whose structures are shown in Figure A-2. Trifluoper-

azine (TFP) acts as a Ca’T-sensitizer, increasing the affinity of TnC to calcium (3).
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(A) (B)

Tnl switch region

Tnl switch region
-

Figure A-1. Structures of cardiac TnC and the troponin complex. (A) Crystal
structure of human cardiac troponin complex (PDB: 1J1E) determined by Takeda
et al. (/). Troponin T (TnT), troponin I (Tnl), and the N- (NTnC) and C-terminal
(CTnC) are shown. Ca’" ions are shown as spheres. The “switch region” region
of Tnl, which binds to NTnC is also labelled. (B) NMR structure (PDB: 1MXL)
determined by Li et al. (2) of the cardiac N-terminal domain of TnC (NTnC) binding
to a peptide representing the switch region of Tnl (residues 147-163). The two
cysteines in the molecule, C35 and C85, are shown as sticks.

(A) (B)

Figure A-2. Structures of TnC-interacting compounds. (A) Trifluoperazine (TFP).
(B) Fluorinated derivative of levosimendan (OR1896-CF3). (C) 2/,4’-difluoro-(1,1'-
biphenyl)-4-yloxy acetic acid (DFBP-O).
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However, it also inhibits the binding of Tnl to TnC. The remaining two compounds
are analogs of the Ca?*-sensitizer levosimendan. One compound is a fluorinated
derivative of a metabolite of levosimendan, OR1896-CF; (5). The second compound,
DFBP-O, is structurally similar to levosimendan, and may act as a Ca?*-sensitizer,
while being more stable in solution (6).

Human cardiac TnC contains two cysteine residues on its N-terminal do-
main (NTnC). The two cysteines are shown in Figure A-1, B. C85 points into the
hydrophobic pocket of NTnC where Tnl binds in a Ca>*-sensitive manner. C35 is
located on the opposite side of the domain, exposed to solvent. The unique chemistry
of cysteine sulthydryl groups can be used to attach numerous functional groups
to the cysteine side chain. We attach two CF3-containing groups to the cysteines
in TnC to monitor on the conformational changes and and binding of fluorinated
compounds using '°F 1D NMR spectroscopy.

19F NMR spectroscopy offers advantages over NMR using other nuclei.
Along with 'H and 3'P, '°F is present in 100% natural abundance so it does not
require expensive isotopic enrichment. It is also absent from biological systems, so
there is no interfering background signal. It has high sensitivity (83% of 'H) and
a large chemical shift range, allowing for the detection and resolution of signals.
Many drugs also contain fluorine, making 'F NMR an ideal method for examining

drug-protein interactions.
Methods

Expression and purification of wild-type troponin C

Human, wild-type, full-length cardiac TnC was expressed and purified as
described previously (7). BL21(DE3)pLysS E. coli were transformed with a pET3a
plasmid containing TnC (7) via heat shock (ice, 30 min; 42 °C water bath, 90 s;
ice, 2 min) and grown overnight on agar plates (7.5 g agar/500 mL media) made
with 2 X TY media (5 g/L NaCl, 16 g/L tryptone, 10 g/L yeast extract, 50 ug/mL
ampicillin and 25 pg/mL chloramphenicol). Frozen bacterial stocks were made
by growing the transformed bacteria in 20 mL 2 X TY media for 4 hours at 37 °C.
10 mL glycerol was added and aliquots were frozen in liquid nitrogen and stored
at —80 °C for later use. Four flasks, each containing 250 mL media, were each
inoculated with 10 mL of an overnight starter culture, and incubated at 37 °C until
an ODgg of 0.5-1.0 was reached. 30 mg/250 mL IPTG was added to the culture to

251



induce expression and incubated for a further 3 h. Cells were pelleted at 5000 x g,
4 °C, 15 min and stored at —20 °C. Cells were lysed with three passages through
a French press after resuspension in 25 mL of 50 mM Tris-HCI, pH 8, 100 pL of
protease inhibitor cocktail, 5 uL./25 mL of 0.1 M PMSEF, 1 uyL/mL of 10 mg/mL
DNAse stock, and 0.25g/100mL MgSO;,. Cellular debris was pelleted at 35000 x g,
30 min, 4 °C. The supernatant was loaded onto a DEAE column and washed with 50
mM Tris, 0.1 M NaCl, 2 mM MgCl,, 0.01% NaN3, pH 8, and eluted with a 0.1-0.55
M NaCl gradient overnight. Fractions containing TnC were collected and loaded
overnight onto a phenylsepharose column with 50 mM tris, 50 mM NaCl, 5 mM
CaCl,, 1 mM MgCl,, 0.01% NaN3, 1 mM DTT, pH 7.5, then eluted using 50 mM
tris, | mM EDTA, 1 mM DTT, 0.01% NaNj3, pH 7.5. Purified protein was run on a
G25 sephadex column equilibrated with 10 mM NH4HCO3, lyophilized, and stored
at4 °C.

Fluorine labelling of troponin C

Lyophilized TnC was reduced and calcium removed by dissolving the protein
in 25 mM NH4HCO3, 5 mM DTT and 0.2 M EDTA pH 8.5, and passing it through a
G25 column equilibrated with 25 mM NH4HCO3. For labelling, the reduced protein
was dissolved in 0.1 M K3POy, 0.1 M KCI, 21 mM EGTA, pH 9 at a volume of 4
mL per 5 mg protein. 5 mM DTT and 20 uL BrCH,COCF3 was added per 5 mL
solution and incubated for 30 min at room temperature with gentle agitation. The
solution was concentrated with a 3K Macrosep spin column (VWR), then 0.2 M
EDTA and 25 mM NH4HCO3; were added and the solution was run again through a
G25 column, lyophilized, and stored at 4 °C.

NMR spectroscopy

NMR samples contained 0.5 mM fluorinated TnC, 8§ mM CaCl,, 0.1 mM
KCl, 10 mM imidazole, 0.25 mM DSS, 5% D»0O, 0.5 mM sodium trifluoroacetate
(TFA), pH 7. Samples totalling 200-250 uL. were transferred to a 3 mm NMR tube
for °F NMR on a 600 MHz spectrometer. Samples were titrated with DMSO-dg
stock solutions of TFP, OR1896-CF3, or DFBP-O. A sample containing equimolar
concentrations of fluorinated TnC, Tnl(128-163), and Tnl(34-71) was also titrated
with TFP. Tnl peptides were purchased from GI Biochem (Shanghai) Ltd. '°F NMR
spectra were acquired at 30 °C or 10 °C, with an acquisition time of 3 s, a relaxation

delay of 2 s, and 512 scans per spectrum. TFA was referenced to O ppm.
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Figure A-3. Titration of TFP into Ca’"-saturated TnC. A series of 1D 'F NMR
spectra are shown for the titration of a stock solution of TFP in DMSO-djg into a
sample of Ca®T-saturated TnC at pH 7. Peaks between —7 to —10 ppm come from
the fluorinated TnC. The peak at ~13 ppm shows the increasing concentration of
TFP. The initial spectrum is referenced to a TFA standard at O ppm. Numbers on the
left side show the ratio of the concentration of drug:protein obtained by integration
of the drug and protein peaks.

Results

SDS-PAGE gel electrophoresis and mass spectrometry verified the purity
of the TnC preparation and mass spectrometry verified the fluorination of the two
cysteines on TnC. 1D 'F NMR spectra of fluorinated TnC showed a strong peak
from the TFA internal standard and two peaks from the two CFz-labelled cysteines
in the protein. The two peaks showed different widths. The broader, upfield peak
at about 8.2 ppm is tentatively assigned to C85, which sits in the vicinity of the
hydrophobic pocket of the N-terminal, regulatory domain. The asymmetric shape
of the peak suggests both a broader and sharper component to the peak, possibly
representing an equilibrium between multiple conformations of the CF3-labelled
side chain. The sharper, downfield peak at about 9.2 ppm is thought to be the
surface-exposed C35 opposite the hydrophobic pocket.

Titration of fluorinated TnC with TFP is shown in Figure A-3. Binding of

TFP to TnC results in slow to intermediate chemical exchange for the two peaks.
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As the TFP concentration is increased, the two peaks undergo line broadening and
chemical shift changes, while a second set of peak increase in intensity. Reducing
the temperature to 10 °C slows down the rate of chemical exchange for both residues
(Figure A-4).

Figure A-5 shows that the TFA peak undergoes a slight downfield shift over
the course of the titration that is also observed in the other titrations described below.
A similar shift is also present for the TFP peak. Changes in the sample conditions,
either pH or DMSO concentration, are likely responsible for the shifts.

The titration of OR1896-CF3 into TnC did appear to affect the spectrum of
TnC (Figure A-6). Furthermore, the compound appeared to be forming precipitate
while the relative concentrations of OR1896-CF5 (with a fluorine chemical shift of
~0.1 ppm) and protein stopped increasing partway through the titration, indicating
that the compound was poorly soluble. DFBP-O behaved similarly to OR1896-CF3.
The chemical shifts of the two fluorines on DFBP-O occur at about —37 ppm and
—39 ppm in H,O (5), however the spectra were acquired with a spectral width of
—22 to 22 ppm, resulting in the aliasing of the peaks to the observed 7 ppm and
5 ppm positions, respectively. The titration of the DFBP-O into TnC resulted in a
broadening and shifting of the C85 peak (Figure A-7), however, like OR1896-CF3,
the concentration of the DFBP-O stops increasing, indicating it may also be poorly

soluble.
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The spectrum of TnC with the TnC-binding regions of Tnl shows a very
broad peak at C85, and a moderately sharp peak at C35 (Figure A-8). Titration of
TFP results in a narrowing of the C35 peak. C85 first becomes more broad, then
increases in intensity into least two broad peaks that begin to resolve into a single,
sharper peak.

In conclusion, we attempted to 19F NMR to monitor the binding of fluorine-
containing drugs to fluorine-labelled TnC. Of the three drugs that were investigated,
only TFP was sufficiently soluble for NMR studies. The spectra of fluorine labelled
TnC showed multiple conformations for the two labelled cysteines. Titration with
TFP resulted in spectra slow to intermediate exchange phenomena, indicating mod-
erately tight binding of TFP to TnC, however, due to the multiple conformations and
overlap of the peaks, it is difficult to quantify the results. The larger changes to C85
compared to C35 suggest that TFP binding affects the conformation of TnC in the
vicinity of the hydrophobic pocket of the regulatory domain.
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Appendix B

The carboxyl-terminal segment of apolipopro-
tein A-V undergoes a lipid-induced conforma-
tional change

A version of this chapter has been published as:

 Kasuen Mauldin,-? Brian L. Lee’ Marta Oleszczuk; Brian D. Sykes,3 and
Robert O. Ryan!? (2010) The carboxyl-terminal segment of apolipoprotein
A-V undergoes a lipid-induced conformational change. Biochemistry 49,
4821-4826.

KM performed protein expression and characterization. BLL and MO performed the
NMR experiments. BLL performed the NMR analysis. The manuscript was written
by KM and BLL and edited by ROR and BDS.

Abstract

Apolipoprotein (apo) A-V is a 343-residue, multidomain protein that plays
an important role in regulation of plasma triglyceride homeostasis. Primary sequence
analysis revealed a unique tetraproline sequence (P293-P296) near the carboxyl
terminus of the protein. A peptide corresponding to the 48-residue segment be-
yond the tetraproline motif was generated from a recombinant apoA-V precursor
wherein P295 was replaced by Met. Cyanogen bromide cleavage of the precursor

protein, followed by negative affinity chromatography, yielded a purified peptide.

ICenter for Prevention of Obesity, Cardiovascular Disease and Diabetes, Children’s Hospital Oakland
Research Institute, 5700 Martin Luther King Jr. Way, Oakland, California 94609
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3Department of Biochemistry, School of Molecular and Systems Medicine, 347 Medical Science
Building, University of Alberta, Edmonton, Alberta, Canada T6G 2H7
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Figure B-1. Helical wheel projection of residues G311-1328 of apoA-V.

Nondenaturing polyacrylamide gel electrophoresis verified that apoA-V(296-343)
solubilizes phospholipid vesicles, forming a relatively heterogeneous population
of reconstituted high-density lipoprotein with Stokes’ diameters > 17 nm. At the
same time, apoA-V(296-343) failed to bind a spherical lipoprotein substrate in
vitro. Far-UV circular dichroism spectroscopy revealed the peptide is unstructured
in buffer yet adopts significant o-helical secondary structure in the presence of the
lipid mimetic solvent trifluoroethanol (TFE; 50% v/v). Heteronuclear multidemen-
sional NMR spectroscopy experiments were conducted with uniformly '’N- and
ISN/13C-labelled peptide in 50% TFE. Peptide backbone assignment and secondary
structure prediction using TALOS+ reveal the peptide adopts ¢-helix secondary
structure from residues 309 to 334. In TFE, apoA-V(296-343) adopts an extended
amphipathic ¢-helix, consistent with a role in lipoprotein binding as a component of
full-length apoA-V.

Introduction

Apolipoprotein (apo) A-V was discovered in 2001 in a comparative genomics
study (/) and as an mRNA upregulated during rat liver regeneration (2). Subsequent
research has shown that apoA-V serves as a potent modulator of plasma triacylglyc-
erol (TG) homeostasis. Mature apoA-V is a nonglycosylated protein comprised
of 343 amino acids. An interesting feature of apoA-V is the presence of four con-
secutive Pro near the carboxyl (C) terminus (P293-P296). Indeed, this sequence
element in apoA-V is conserved across species including human, rat, mouse, olive
baboon, cow, wild boar, and dog but not frog or chicken. Whereas the 47-residue
segment C-terminal to the tetraproline sequence in human apoA-V was postulated to
comprise an independent structural domain, guanidine hydrochloride denaturation
studies showed this segment comprises part of a larger C-terminal domain (3). A

recombinant C-terminal truncated apoA-V, missing the region beyond residue 292,
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displayed defective lipid binding activity compared to full-length apoA-V. Further-
more, in the absence of a C-terminal domain, the N-terminal domain of apoA-V
(residues 1-146) loses its capacity to bind larger lipoprotein substrates, such as very
low density lipoprotein (4). When taken together with observations that naturally
occurring C-terminal truncated apoA-V mutants in humans are associated with se-
vere hypertriglyceridemia (HTG) (5, 6), it is conceivable that residues 296-343 of
apoA-V are required for proper functioning of this protein. In the present study, we
have designed a protocol for expression and purification of recombinant of apoA-
V(296-343). Structure-function analyses reveal unique lipid-binding properties of
this peptide while heteronuclear multidimensional NMR studies provide evidence
that, although apoA-V(296-343) is unstructured in buffer alone, it adopts a-helix

secondary structure in a lipid mimetic environment.

Experimental procedures

Preparation of apoA-V(296—-343)

Site-directed mutagenesis was performed with the QuikChange IT XL site-
directed mutagenesis kit (Strategene) on an N-terminal His tag-containing human
apoA-V construct encoding residues 148—343. Primers were designed to mutate the
sole naturally occurring Met at position 253 (numbering corresponds to sequence
position in mature, full-length apoA-V) to Ile and P295 to Met. Introduction of
the desired mutations was verified by DNA sequencing. The variant apoA-V(148—
343) was cloned into pET20b+ vector, and unlabelled, uniformly I5N-labelled, or
double PN/'3C-labelled variant apoA-V(148-343) were expressed in Escherichia
coli BL21 cells cultured in NCZYM (unlabelled protein) or M9 minimal media
(isotopically labelled protein) and purified as described previously for full-length
recombinant apoA-V (7). Purified variant apoA-V(148-343) was then solubilized in
80% formic acid at a concentration of 5 mg/mL. CNBr was added at a CNBr:Met
ratio > 100 and incubated under N, atmosphere for 24 h in the dark. The reaction
was quenched by addition of > 10-fold excess deionized water and the sample
lyophilized to remove residual CNBr. The freeze-dried product was resuspended and
subjected to affinity chromatography on a Hi-Trap Ni>* chelation column. Since
only the unreacted variant apoA-V(148-343) substrate and the N-terminal CNBr
cleavage product, apoA-V(148-295), possess a His tag, apoA-V(296-343) elutes in

the unbound fraction free of contamination.
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Analytical procedures

Protein concentration in samples was determined with the bicinchoninic acid
assay (Pierce) using bovine serum albumin as standard. SDS-PAGE was performed
on 4-12% acrylamide slab gels using the NuPAGE MES buffer system (Invitrogen)
at a constant 200 V for 35 min. Gels were stained with Gel Code Blue (Pierce).
Mass spectrometry was performed on an Applied Biosystems Voyager System 6322.
The matrix used was R-cyano-4-hydroxycinnamic acid, and the matrix and sample

were dissolved in 1:1 water:acetonitrile (0.1% TFA) and drop cast.

Preparation of apoA-V(296-343) reconstituted high-density lipoprotein (rHDL)

Bilayer vesicles of dimyristoylphosphatidylcholine (DMPC) were prepared
as described (7) and incubated in the presence of apoA-V(296-343) at a DMPC:pep-
tide weight ratio of 3:1. Following bath sonication at 24 °C, the complexes generated
were characterized by nondenaturing gradient polyacrylamide gel electrophoresis as
described by Nichols et al. (8).

Low-density lipoprotein (LDL) binding assay

Human LDL (Intracel) was incubated for 90 min at 37 °C in the presence or
absence of Bacillus cereus phospholipase C (PL-C) (0.6 unit/ 50 ug of LDL protein).
Where indicated, apoA-V(296-343) or recombinant human apoA-I (9) was included
in the reaction mixture (50 pug/50 pg of LDL protein). Incubations were conducted
in 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, and 2 mM CaCl, in a total sample
volume of 200 uL.. Sample turbidity was measured at 340 nm on a Spectramax 340

microtiter plate reader (Sunnyvale, CA) (10).

Far-UV circular dichroism (CD) spectroscopy

Far-UV CD spectroscopy measurements were performed on an AVIV410
spectrometer. Scans were obtained between 195 and 245 nm in 10 mM sodium

phosphate, pH 7.4, using a protein concentration of 0.5 mg/mL.

Nuclear magnetic resonance (NMR) spectroscopy

NMR experiments were performed on 1.5 mM samples of uniformly '>N- or
ISN/13C-labelled apoA-V(296-343) in 500 uL of NMR buffer (90% H,0/10% D,0
containing 90 mM KCI, 9 mM imidazole, and 0.5 mM 2,2-dimethyl-2-silapentane-

5-sulfonate (DSS-dg) as an internal chemical shift reference) without and with
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Figure B-2. Flow chart of the apoA-V(296-343) production method and SDS-PAGE
of peptide purity.

50% trifluoroethanol (TFE-d3). NMR experiments were carried out at 25 °C on
Varian INOVA 500, 600, and 800 MHz NMR spectrometers. Data were processed
using NMRPipe (/7) and analyzed with NMRView (/2). Sequential assignment of
the backbone atoms of apoA-V(296-343) was obtained using 2D 'H-""N-HSQC,
3D !’N-edited NOESY (75 ms mix), HNHA, HNCACB, and CBCA(CO)NNH
experiments. 2D 3C-HSQC, 3D H(CCO)NH, C(CO)NNH, and '3C-edited NOESY
(100 ms mix) experiments provided side-chain assignments. Secondary structure

predictions were obtained using the program TALOS—+ (/3).

Results

Isolation of purified apoA-V(296—-343) peptide

Due to the size of the peptide under investigation (48 amino acids) and a
desire to generate isotopically enriched apoA-V(296-343), a protocol was estab-
lished to generate recombinant peptide from a larger, apoA-V(148-343) precursor.
Site-directed mutagenesis was performed to replace the sole Met in this fragment
with Ile, while a second mutagenesis introduced Met in place of P295. As pre-
dicted, CNBr cleavage of the resulting variant apoA-V(148-343) yielded two major
fragments. Negative affinity chromatography was performed to isolate the peptide
from unreacted precursor protein and the apoA-V(148-295) CNBr reaction product
(Figure B-2). One litre of culture media yielded ~2 mg of high-purity peptide.
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Figure B-3. Native PAGE of apoA-V(296-343)-DMPC complexes. ApoA-V(296—
343)-DMPC complexes were prepared as described under Experimental Procedures
and applied to a 4-20% acrylamide gradient gel. Following electrophoresis the gel
was stained with Gel Code Blue. Lane 1, apoA-V(296-343)-DMPC complexes (5 ug
of protein); lane 2, full-length apoA-V-DMPC complexes (5 pg of protein); lane 3,
molecular size standards.

apoA-V(296-343) reconstituted high-density lipoproteins

Incubation of apoA-V(296-343) with bilayer vesicles of DMPC induced
rapid clearing of solution turbidity, indicative of rHDL formation. Native PAGE
analysis revealed a relatively heterogeneous population of particles with a Stokes’
diameter > 17 nm (Figure B-3). The rHDL generated in this reaction are larger in

size than discoidal particles formed with full-length apoA-V.

apoA-V(296-343) lipoprotein binding properties

When isolated human LDL is incubated with PL-C, conversion of phosphat-
idylcholine to diacylglycerol induces lipoprotein particle instability, aggregation,
and sample turbidity development (Figure B-4). In control incubations lacking
PL-C, no change in LDL sample turbidity was observed. When conducted in the
presence of apoA-1, LDL was protected from PL-C induced aggregation and turbidity
development as a result of apoA-I association with the modified particle surface (0).
By contrast, corresponding incubations with apoA-V(296-343) failed to protect
LDL from PL-C-induced sample turbidity development.
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Figure B-4. Effect of apoA-V(296-343) and apoA-I on PL-C-induced aggregation
of human LDL. Human LDL (50 pg of protein) was incubated at 37 °C in the absence
(curve a) or presence (curve b) of PL-C (0.6 unit). Other incubations contained LDL,
PL-C, and 50 pg of apoA-V(296-343) peptide (curve d) or 50 pg of apoA-I (curve
¢). Sample absorbance at 340 nm was measured as a function of time. The values
reported are the mean + standard deviation (n = 3).
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Figure B-5. Far-UV CD of 0.5 mg/mL apoA-V(296-343) in 10 mM sodium phos-
phate, pH 7.4 (solid line), and in 50% TFE (dashed line).

265



Far-UV CD spectroscopy
Far-UV CD spectroscopy analysis indicates apoA-V(296-343) is largely

unstructured in buffer (Figure B-5). In the presence of the lipid mimetic cosolvent,
TFE (50% v/v), however, major minima at 208 and 222 nm are present, indicative of
a-helix secondary structure. The far-UV CD spectrum of apoA-V(296-343)-DMPC
complexes is similar to that of apoA-V(296-343) in TFE (data not shown).

NMR of PN-labelled apoA-V(296—343)

When bacteria used to express the variant apoA-V(148-343) were cultured
in M9 minimal media containing >N as the sole nitrogen source, uniformly N-
labelled apoA-V(296-343) was generated. Mass spectrometry analysis of the sample
yielded a value of 5388 Da, in good agreement with the expected theoretical calcu-
lated mass for a fully '>N-enriched peptide (5387.7 Da). NMR spectra were collected
in buffer, the detergent dodecylphosphocholine (DPC), and the lipid mimetic co-
solvent TFE. Comparison revealed the spectra were best resolved in TFE. Thus,
assignment and structure calculation were performed under this condition. Two
dimensional '>N-'H correlation spectroscopy of '’N-labelled apoA-V(296-343) in
NMR buffer gave rise to a spectrum that showed poor resonance dispersion, consis-
tent with a general lack of secondary structure under these conditions (Figure B-6, a).
By contrast, spectra recorded in 50% NMR buffer/50% TFE displayed significantly
increased chemical shift dispersion, consistent with adoption of secondary structure
(Figure B-6, b). Given the prospect of assigning these resonances and ultimate
structure determination, a second apoA-V(296-343) peptide, enriched in both PN
and 13C, was generated. Using a panel of heteronuclear multidimensional NMR
experiments, the backbone and sidechain atoms of apoA-V were assigned. As seen in
Figure B-6, b, all resonances, except for G297, H298, S338, and H339, which were
not visible in the '>N-"H HSQC, have been assigned. The C’, Car, C3, He, HN, and
N backbone atom chemical shifts in proteins are sensitive to the secondary structure
confirmation in proteins (/4). The TALOS+ program (/3) was used to compare
the experimental chemical shifts to a database of protein structures and associated
chemical shifts to predict the secondary structure using a chemical shift index (CSI).
Positive CSI values show probable f3-sheet occurrence while negative values indicate
helical conformation. Prediction of the secondary structure using TALOS+ indi-
cated peptide residues 309-334 adopt o-helix under these experimental conditions
(Figure B-7).
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Figure B-6. (a) 2D 'H-"NHSQC of >N-labelled apoA-V(296-343) in NMR buffer
acquired at 500 MHz. (b) 2D 'H-’NHSQC of ’N-labelled apoA-V(296-343) in
50% NMR butfer/50% TFE acquired at 800 MHz. Peak assignments are indicated.
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Amino acid sequence

296 343
PGHSAFAPEFQQTDSGKYLSKLQARLDDLWEDITHSLHDQGHSHLGDP
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Figure B-7. Secondary structure prediction using the TALOS+ program. Residues
G297,H298, S338, and H339 could not be assigned and are not predicted.

Discussion

The mechanism whereby apoA-V influences plasma TG homeostasis has
been the subject of intensive investigation (/5, 16). Studies have revealed that this
protein associates with plasma lipoproteins and possesses the capacity to bind cell
surface molecules including heparan sulfate proteoglycans (HSPG), members of
the LDL receptor family, and glycosylphosphatidylinositol high-density lipoprotein
binding protein 1 (/6). Considering evidence from genetically engineered mouse
models and population studies investigating correlations between common single
nucleotide polymorphisms in APOAV and elevated plasma TG, better understanding
of apoA-V structure and function relations may lead to new strategies to treat HTG.
The fact that apoA-V concentration in plasma is extremely low (~100 ng/mL)
suggests it possesses potent biological activity (/7).

Limited proteolysis and denaturation studies reveal apoA-V is comprised
of two independently folded structural domains (/8). The N-terminal domain,
comprising residues 1-146, adopts a helix bundle molecular architecture in the
absence of lipid (/8). The C-terminal domain, comprising residues 147-343, is less
well understood but is known to contain a sequence element (residues 186—227) that
is rich in positively charged amino acids and lacks negatively charged residues. It has
been postulated that this region of the protein is responsible for apoA-V interactions
with cell surface proteins and HSPG (/9-21).

In lipid binding studies, while the peptide corresponding to apoA-V(296—
343) displays high phospholipid vesicle solubilization activity and undergoes a 16
nm blue shift in wavelength of maximum tryptophan fluorescence emission (arising

from the single Trp at sequence position 325) in the presence of phospholipid (3),
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it fails to associate with the surface of a spherical lipoprotein substrate. This result
illustrates important differences between lipoprotein binding and vesicle solubiliza-
tion activity. The ability of apolipoproteins to bind PL-C-treated LDL is dependent
on creation of binding sites, via PL-C-mediated conversion of phosphatidylcholine to
diacylglycerol, whereas interaction with phospholipid bilayer vesicles proceeds opti-
mally at the phospholipid gel to liquid-crystal phase transition temperature (22). It
appears that the lack of secondary structure in buffer precludes recognition/binding to
the surface of a lipoprotein yet its intrinsic capacity to associate with lipid is retained
in the phospholipid vesicle solubilization assay, perhaps owing to the induction of
secondary structure as part of the solubilization reaction.

A concept that has emerged from structural studies conducted to date is
that the C-terminal segment beyond the four consecutive Pro may be responsible
for initiation of apoA-V lipid binding activity. This interpretation is consistent
with the lipid binding properties of other apolipoproteins, such as apoE and apoA-
I (23), and is supported by data showing that removal of this C-terminal region
results in an impaired ability of apoA-V to bind lipid (3). It may be postulated that
initiation of lipid binding is mediated by hydrophobic interactions between nonpolar
residues in the C-terminal peptide and the hydrophobic lipid surface and/or ionic
interactions between charged residues and phospholipid headgroups. In both types of
interactions, the C-terminal peptide may be envisioned to mediate initial recognition
of the lipoprotein particle, followed by stable binding of the entire protein.

The experiments described in this study indicate that in order to initiate
lipid binding, apoA-V(296-343) may need to exist within the context of the intact
protein. Far-UV CD and NMR spectroscopy experiments show that apoA-V(296—
343) is unstructured in buffer alone. In the case of other apolipoproteins, adoption
of a more loosely folded structure correlates with enhanced lipid binding activity
(24). It is conceivable the C-terminal region of apoA-V initiates lipid binding and
that this process induces stable secondary structure formation in this segment of
the protein. In this case, it seems plausible that lipid binding elicits a subsequent
conformational change in the N-terminal helix bundle that results in opening of the
bundle and exposure of its hydrophobic interior to potential lipid interaction sites. A
consequence of this may also include exposure of the positively charged sequence
motif (residues 186-227) that underlies the biological effects of apoA-V.

In an effort to test hypotheses related to this model, we sought to characterize
the structural properties of the C-terminal peptide. In order to study the peptide
in isolation, methods were developed to produce recombinant peptide. Using this
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system, efficient stable isotope enrichment of the peptide was readily achieved.
A panel of heteronuclear multidimensional NMR experiments was employed to
assign the apoA-V(296-343) spectrum and define its structure in a lipid mimetic
environment. Results obtained suggest apoA-V(296-343) undergoes a lipid-induced
conformational change, transitioning from an unstructured or molten globule-like
state in the lipid-free environment to o-helix in a lipid mimetic environment. NMR
analysis reveals the region between residues 309-334 adopts a o-helix secondary
structure under these conditions. These data confirm the prediction from the Coils
program (25) that the region between Gly311 and Leu332 in apoA-V(296-343)
adopts a-helical secondary structure. Edmundson helical wheel projection (26) of
G311-1328 reveals this region forms an amphipathic a-helix with clearly demarcated
polar and nonpolar faces (Figure B-1). Primary sequence analysis reveals almost
all of the hydrophobic and charged residues within apoA-V(296-343) reside within
this a-helix segment. Thus, it may be considered that, in the presence of lipid, the
extreme carboxyl terminus of apoA-V adopts an amphipathic ¢-helix. This induction
of structure supports the concept that the C-terminal region of apoA-V may serve as
a lipid sensor that functions in initiation of full-length apoA-V lipid binding activity
and subsequent structure conformation changes in the entire protein, as seen with
apoE and apoA-I (23). The known ability of apoA-V to transfer between high-
density lipoprotein and very low density lipoprotein suggests the present findings
are physiologically relevant (4, 27).

Since our data show apoA-V C-terminal peptide can adopt structure, it must
be considered that, when present in the context of the intact protein, the C-terminal
region possesses a more defined structure. Indeed, an important question arising
from this study relates to whether the C-terminal peptide structure determined here
resembles that of the peptide when present in the context of the intact protein. To
determine this, expressed protein ligation represents a potential strategy to generate a
segmentally isotope-labelled full-length apoA-V wherein only residues 296-343 are
enriched with stable isotope (28). Such an approach would allow detailed analysis
of the solution properties and lipid binding induced conformational changes in this

region of the protein within the context of the intact apoA-V protein.
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Appendix C

NMR analysis of a myristoylated fragment of
the huntingtin protein

This formed part of a collaborative investigation with Dr. Luc Berthiaume and Dr.

Dale Martin from the Department of Cell Biology, University of Alberta.

Introduction

Huntington’s disease is a neurodegenerative disorder that causes impaired
motor function, cognitive decline, and psychiatric disorders (/). 5-10 people out
of 100,000 develop the disease, which eventually result in dementia and death.
The gene responsible for the disease encodes for the protein huntingtin (Htt) and
contains a CAG repeat sequence that encodes for a polyglutamine-repeat sequence
near the N-terminus of the protein. The disease affects individuals with mutant
forms of the protein containing 36 or more of these repeats. The mutant form
of the protein appears to be more prone to aggregation and forms intracellular
aggregates in neurons. The function of the Htt protein and the mechanism by which
the polygutamine-tract results in cellular dysfunction is not clear.

Ravikumar et al. (2) found that the intracellular aggregates may have a
protective effect in cells by the stimulation of autophagy for the removal of the
misfolded proteins. The Htt aggregates sequester and inhibit the activity of the
kinase mTOR. This allows for the activation of other proteins involved in the
formation of autophagosomes.

Htt has also been found to be cleaved by caspases (3). The polyglutamine-
containing fragment of Htt is implicated in its neurodegenerative effects. Htt is
cleaved C-terminal to residue 552 by caspases 2 and 3 and also at residue 586
by caspase 6. The newly made N-terminus released by cleavage at residue 552
contains a conserved motif G-X-X-X-(S/T/C) that allows for the addition of a
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myristoyl group to newly exposed N-terminal glycine (4, 5). Myristoylation can
regulate protein-membrane and protein-protein interactions (4). Specifically, the
myristoylated Htt fragment of residues 553—-586 appears to induce the formation of
autophagosome-like vesicles when expressed in HeLa cells (6). To investigate the
molecular details of the induction of vesicles by this myristoylated peptide, we used
NMR spectroscopy to examine the structure of the peptide in the membrane mimetic
dodecylphosphocholine (DPC).

Methods

Synthetic peptide representing a myristoylated fragment of the huntingtin
protein (sequence GTQASSPISDSSQTTTEGPDSAVTPSDSSEIVLD, N-terminal
myristoylate, C-terminal NH;) was purchased from Biomatik (ON, Canada).

Aqueous NMR samples contained 5% D,0, 0.25 mM DSS, 10 mM imida-
zole, and 100 mM KCI. Samples in perdeuterated DPC micelles were the same as
the aqueous samples, with the addition of a 1:75 molar ratio of peptide:detergent.
NMR spectra were acquired at a temperature of 10 °C, and a pH of 5.5. 1D '"H NMR
spectra and 2D H-TH DQF-COSY, TOCSY, and NOESY spectra were acquired on

a 600 MHz spectrometer for sequential assignment and secondary structure analysis.

Results

Investigation of the peptide at low concentration and at 30 °C revealed good
quality NMR spectra that were suitable for structure determination. Sample of the
peptide at 2 mM concentrations showed broad lines, suggesting that the peptide
undergoes aggregation at millimolar concentrations. Dilution of the peptide resulted
in sharper lines and less aggregation (Figure C-1). Millimolar concentrations of the
peptide in DPC detergent micelles remained sharp, however, and were suitable for
further studies using NMR spectroscopy. Slight broadening of the peptide peaks were
observed at lower DPC:peptide ratios, suggesting weak aggregation in DPC (not
shown). Some change in the amide peak dispersion upon DPC addition suggested
that the peptide interacted with the micelles and possibly adopt secondary structure
(Figure C-2).

The sample temperature was reduced to 10 °C to attempt to encourage
structure formation in the peptide, and the pH reduced from 6.5 to 5.5 to decrease the
water—backbone amide exchange rate and increase the intensity of the amide peaks.
2D COSY, TOCSY and NOESY spectra were acquired for sequential assignment and
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Figure C-1. Concentration-dependent aggregation of the HTT peptide in aqueous
solution. The amide region of the 1D 'H NMR spectra are shown for the peptide at
concentrations of (A) 2 mM, (B) 1 mM (diluted from sample (A)), and (C) 1 mM at
30 °C, pH 6.
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Figure C-2. Changes in the NMR spectrum of HTT upon DPC addition. The
amide/aromatic region of the NMR spectrum is shown. (A) 1 mM peptide in buffer,
10 °C, pH 5.3. (B) Addition of 75 mM DPC to the sample in (A).

— T
6.5 ppm
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Figure C-3. Secondary structure of the HTT peptide based on Ha chemical shifts.
The peptide Hoe chemical shifts were compared to random coil chemical shifts in
water (7). Contiguous regions with negative deviations below —0.1 ppm (dotted
line) suggest alpha-helical structure, while regions with positive deviations above
0.1 ppm suggest beta-sheet structure.

structural analysis using standard methods (8). Assignment of the peptide provided
Ha chemical shifts which can be used to determine the secondary structure of the
peptide (9). A comparison of the chemical shifts of the peptide in DPC with respect
to random coil chemical shifts in water (7) showed that the peptide was primarily
unstructured (Figure C-3).

Discussion

NMR analysis of the myristoylated cleavage product of Htt protein suggests
that it is largely unstructured in solution, and that it could interact with membranes, as
suggested by its interactions with DPC micelles. In solution, the peptide aggregated
at millimolar concentrations, possibly by forming micelle-like structures (/0). There
may be some evidence of weak aggregation in DPC micelles as there was some
slight broadening of the peptide peaks at lower DPC:peptide ratios. The peptide
also formed higher-order aggregates, perhaps trimers or tetramers, in SDS-PAGE
gels (Martin, D., personal communication), suggesting that this aggregation may
be important in the function of the peptide, however there is no clear evidence of
aggregation of the peptide in DPC micelles. The peptide, in localizing to membranes,

could also serve to recruit other proteins involved in vesicle formation and autophagy.
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Appendix D

NMR analysis of the PINK1 putative trans-
membrane domain

This chapter forms part of an investigation into a protein being studied by Dr. Joanne
Lemieux and Melissa Morrison in the Department of Biochemistry, University of
Alberta.

Introduction

PTEN-induced kinase 1 (PINK1) is a 581 amino acid protein implicated in an
autosomal recessive form of Parkinson’s disease (/-3). Mitochondrial dysfunction
has been implicated in Parkinson’s disease. PINK1 contains an N-terminal mito-
chondrial targeting sequence, a putative transmembrane domain, a serine/threonine
kinase domain, and a C-terminal regulatory domain. PINK1 normally targets to the
mitochondrial inner membrane via the TIM/TOM translocation complex, followed
by cleavage of the N-terminal and transmembrane domains by an intramembrane
protease PARL, releasing the kinase domain into the intramembrane space where
it is eventually degraded. Mitochondrial damage leading to a loss of polarization
of the inner membrane inhibits the normal trafficking of PINK1, which instead
accumulates on the outer membrane where it is then able to phosphorylate outer
membrane and cytosolic proteins. In particular, PINKI1 activity may recruit the
E3 ubiquitin ligase Parkin to the mitochondria, which targets the mitochondria for
autosomal degredation. Mutations in PINK1 could affect its processing or activity
and lead to the accumulation of defective mitochondria.

Presenilin-associated rhomboid-like protein (PARL), a mitochondrial mem-
brane protease, has been suggested to cleave PINK1 near the transmembrane domain
during normal processing of the protein (4). Rhomboid proteases are transmembrane
proteins containing six or seven transmembrane helices (5). They cleave within or
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near transmembrane helices using a serine protease-like mechanism. The active site
contains a catalytic serine and histidine dyad, in comparison to the catalytic triad
found in other serine proteases. The active site is found buried in the membrane
domain, such that the substrate must either enter via a “lateral gate” in the membrane,
or through the unfolding and solvent exposure of the cleavage site. To gain insight
into the structure of the putative transmembrane domain and its interactions with
PARL, we examined the secondary structure of the PINK1 TM domain using NMR

spectroscopy.

Methods

Synthetic peptide representing the PINK1 putative transmembrane region
(sequence AGPCGRAVFLAFGLGLGLIEE) was purchased from Biomatik (ON,
Canada). The purity and identity of the peptide was confirmed using HPLC, mass
spectrometry, and through sequential assignment of the peptide using NMR.

The peptide was dissolved in either DMSO-dg or 50% TFE-d3/50% H>O.
Dissolution of the peptide in TFE/H,O followed the procedures of Caroccia et al.
TFE was added to the peptide and sonicated in a water bath for 15 min. H,O con-
taining 0.1% TFA was slowly added to the peptide/TFE suspension with vortexing,
and the mixture sonicated for an additional 15 min. PINK1 samples in perdeuterated
DPC or SDS contained 0.5 mM PINK1, 38 mM detergent, 5% D,0, 0.25 mM DSS,
1 mM imidazole and 2 mM DTT, with the sample pH adjusted to 6. The samples of
PINK1 dissolved in DMSO or TFE contained 2 mM peptide. The total volume of
the samples were between 500-600 uL.

NMR spectra were acquired on a 600 MHz spectrometer at 30 °C. The lock
frequency was centred on the DMSO or TFE deuterium peak and NMR spectra
were referenced to the residual DMSO or TFE 'H signal at 2.50 ppm or 3.88 ppm,
respectively. Detergent-containing samples in aqueous solution were locked onto
the HDO signal and referenced to DSS. 1D '"H NMR spectra were used to judge
sample quality and 2D 'H-'"H DQF-COSY, TOCSY (60 s mixing time), and NOESY
(150-200 ms mixing times) spectra were acquired for the samples in DMSO and
TFE for spectral assignment and structural studies. The assignment of the NMR

spectra followed standard procedures (6).
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Figure D-1. 1D NMR spectra of PINK1 in membrane mimetics. The amide/aromatic
region of the corresponding 1D spectra are shown. 2 mM PINK1 in (A) DMSO and
(B) 50% TFE/50% H,0. 0.5 mM PINKI1 in 75 mM of (C) DPC and (D) SDS.

Results

Attempts to express and purify a peptide representing the PINK1 putative
transmembrane region using the MBP fusion protein system (7) were only partially
successful. Samples of the peptide may have been poorly soluble or contained
contaminants that resulted in poor 1D '"H NMR spectra. Chemically synthesized
peptide was purchased, and provided good spectra in DMSO and TFE/H,0. The
micellar detergents DPC and SDS were also tested. The peptide did not appear to
be soluble in DPC, while only moderate quality spectra were obtained for SDS-
solubilized PINK1. 1D 'H NMR spectra of PINK1 in DMSO, TFE, DPC and SDS
are shown in Figure D-1.

1D "H NMR spectra of DMSO-solubilized PINK1 peptide presented narrow
lines and moderate dispersion of peaks in the amide region (~7-9 ppm) of the
spectra. Broad peaks at 12—13 ppm could be observed, corresponding to the three
carboxyl groups (two Glu and the C-terminus) in the peptide. 2D NOESY NMR
spectra showed numerous dnn (4,74 1) contacts. Sequential assignment revealed that
two conformations of the peptide were present, a result of the cis—trans isomerization
of the peptide bond preceding the proline in the sequence. The trans-Pro conformer

peaks were strong in intensity and were easily assigned. Based on integration of
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Figure D-2. Sequential assignment of PINK1 peptide in DMSO. 2D 'H-'H TOCSY
(black) and NOESY (red) spectra are overlaid, and the HN-Ho “fingerprint” region
is shown. TOCSY crosspeaks are labelled with their corresponding residues. cis
indicates resonances from the cis-Pro conformer.
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Figure D-3. Secondary structure of PINK1 based on chemical shifts. The chemical
shifts of the PINK1 Ha protons are compared to random coil Hor chemical shifts in
water (black) (8) and in DMSO (grey) (9, 10). Differences in Ha chemical shifts
between PINK1 and random coil larger than —0.1 ppm are indicative of a helical
conformation.

the peaks in the 2D spectra, the cis-Pro conformer was estimated to consist of
approximately 25% of the population of the sample. The cis-Pro conformer could
not be fully assigned due to the low intensity of the peaks and overlap with the trans
conformer peaks for residues that were distant in sequence from the proline. The
fingerprint region of the TOCSY and NOESY 2D 'H-'H NMR spectra are shown in
Figure D-2 with the intraresidue crosspeaks labelled.

Comparison of the chemical shifts of the peptide versus random coil chemical
shifts in water (8), and DMSO (9, 10) were used to estimate the secondary structure
content of the peptide (Figure D-3). No contiguous regions exceeding —0.1 ppm
or +0.1 ppm were observed, suggesting that the peptide did not contain significant
alpha-helix or beta-sheet structure, and was primarily random coil. The relative
intensities of the NOE peaks were also indicative of a random coil structure. The

NOESY spectrum contains cross-peaks that correlate two 'H atoms in the peptide
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Figure D-4. Sequential assignment of PINK1 peptide in 50% TFE.

that are close in space. The intensity (/) of peaks in an NOESY spectrum are related
to the distance (r) between the two correlated protons such that 7 o< 1/ . Weak
dan(i,7) and strong dng(i,i+ 1) NOE peaks coupled with weak dnn (i, 7+ 1) peaks
indicated an extended or unstructured peptide.

To see if the peptide could adopt helical structure, we attempted to determine
the secondary structure of the peptide in a TFE/H,O mixture, which can stabilize
alpha-helical structure (/7). 1D '"H NMR spectra showed better dispersion in the
amide region (Figure D-1, B), however there appeared to be some broader peaks
underneath the amide peaks. It is unknown if these peaks represent the cis conformer
of the peptide or are some impurity in the sample.

2D NOESY spectra of the peptide in TFE/H,O showed better dispersion
of the dnn peaks, and better dispersion of the peaks in the HN-Ho “fingerprint”
region (Figure D-4). Chemical shift analysis using both DMSO and H,O chemical
shifts showed that the termini were likely to be in an extended conformation, as
suggested by the positive secondary chemical shifts, while G5-F11 showed a strong
negative deviation in chemical shifts, suggesting a short helical structure to this
region. The GL-repeat region between residues 13—18 may be weakly helical based
on the smaller chemical shift deviation of the Ho chemical shifts. The NOESY

285



spectra also suggest that the peptide is more structured in TFE/H,O. The dnn and
dng crosspeaks are slightly more intense than the dgN peaks between residues 7-18
which contain the short helical region and the GL repeats. The opposite is true for
the termini, which would suggest they are extended.

Based on the NMR results, the PINK1 transmembrane domain in DMSO
is unstructured, which may suggest that this region does not inherently form an
alpha-helical structure. In 50% TFE, the peptide appears to form a short helix at
the N-terminal half over residues 5—11. The C-terminal half of the peptide may
be weakly helical. This suggests that the peptide could potentially function as a
transmembrane helix, however it may require structure inducing solvents or, in cells,

a membrane environment to properly fold.

286



References

1.

10.

11.

Mills, R. D., Sim, C. H., Mok, S. S., Mulhern, T. D., Culvenor, J. G., and
Cheng, H.-C. (2008) Biochemical aspects of the neuroprotective mechanism
of PTEN-induced kinase-1 (PINK1). J. Neurochem. 105, 18-33.

McCoy, M. K., and Cookson, M. R. (2012) Mitochondrial quality control and
dynamics in Parkinson’s disease. Antioxid. Redox Signal. 16, 869—882.

Trempe, J.-F., and Fon, E. A. (2013) Structure and function of parkin, PINK1,
and DJ-1, the three musketeers of neuroprotection. Front. Neurodegener. 4,
38.

Jin, S. M., Lazarou, M., Wang, C., Kane, L. A., Narendra, D. P., and Youle,
R.J. (2010) Mitochondrial membrane potential regulates PINK1 import and
proteolytic destabilization by PARL. J. Cell Biol. 191, 933-942.

Ha, Y. (2009) Structure and mechanism of intramembrane protease. Semin.
Cell Dev. Biol. 20, 240-250.

Wiithrich, K. (1986) NMR of Proteins and Nucleic Acids, John Wiely & Sons,
New York, NY.

Douglas, J. L., Trieber, C. A., Afara, M., and Young, H. S. (2005) Rapid,
high-yield expression and purification of Ca?*-ATPase regulatory proteins
for high-resolution structural studies. Protein Expr. Purif. 40, 118-125.

Wishart, D. S., Bigam, C. G., Holm, A., Hodges, R. S., and Sykes, B. D.
(1995) 'H, 13C and N random coil NMR chemical shifts of the common
amino acids. 1. Investigations of nearest-neighbor effects. J. Biomol. NMR 5,
67-81.

Bundi, A., Grathwohl, C., Hochmann, J., Keller, R. M., Wagner, G., and
Wiithrich, K. (1975) Proton NMR of the protected tetrapeptides TFA-Gly-
Gly-L-X-L-Ala-OCHs, where X stands for one of the 20 common amino
acids. J. Magn. Reson. 18, 191-198.

Tremblay, M.-L., Banks, A. W., and Rainey, J. K. (2010) The predictive
accuracy of secondary chemical shifts is more affected by protein secondary
structure than solvent environment. J. Biomol. NMR 46, 257-270.

Buck, M. (1998) Trifluoroethanol and colleagues: cosolvents come of age.
Recent studies with peptides and proteins. Q. Rev. Biophys. 31, 297-355.

287



	Abstract
	Acknowledgements
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	1. Introduction
	Membrane proteins
	Membrane protein structure determination
	Na+/H+ exchangers
	NHE1
	NHE1 topology
	NhaA
	Homologous Na+/H+ exchangers
	NHA2
	NhaP1
	ASBT

	Structural studies of NHE1
	Electron microscopy
	Intrahelical loops
	C-terminus

	The ``divide and conquer'' approach
	Structural and functional studies of NHE1 transmembrane helices
	TM IV
	TM VII
	TM IX

	Objectives
	References

	2. Methods
	Introduction
	Functional methods
	Site-directed mutagenesis
	Cell culture and stable transfection
	SDS-PAGE and immunoblotting
	Cell surface expression
	Na+/H+ exchange activity

	Structural methods
	Peptide synthesis and purification
	NMR sample preparation and spectroscopy
	NMR structure calculations

	References

	3. Structural and functional analysis of extracellular loop 2 of the Na+/H+ exchanger
	Summary
	Introduction
	Methods
	Results
	Discussion
	Acknowledgements
	Supplementary Materials
	References

	4. Structural and functional analysis of extracellular loop 4 of the NHE1 isoform of the Na+/H+ exchanger
	Summary
	Introduction
	Methods
	Results
	Characterization of EL 4 mutants
	Characterization of EL 4 peptide 

	Discussion
	Functional investigation of EL 4
	Analysis of EL 4 structure and function 
	Conclusions

	Supplementary Materials
	References

	5. Structural and functional analysis of transmembrane region XI of the NHE1 isoform of the Na+/H+ exchanger
	Summary
	Introduction
	Experimental procedures
	Results
	Discussion
	Supplementary Materials
	References

	6. Structural and functional analysis of transmembrane segment VI of the NHE1 isoform of the Na+/H+ exchanger
	Summary
	Introduction
	Experimental procedures
	Paramagnetic relaxation experiments

	Results
	Discussion
	Supplementary Materials
	References

	7. Structural and functional analysis of critical amino acids in TM VI of the NHE1 isoform of the Na+/H+ exchanger
	Summary
	Introduction
	Methods
	Limited trypsin digestion
	Modelling of the predicted functional assembly of NHE1

	Results
	Analysis of amino acids of TM VI critical for NHE1 activity
	Molecular modeling of TM VI and TM XI

	Discussion
	TM VI in NHE1 function
	Functional analysis
	Structure and function of the critical fold of NHE1
	Conclusion

	Supplementary Materials
	References

	8. Structural and functional analysis of transmembrane segment IV of the salt tolerance protein sod2
	Summary
	Introduction
	Experimental procedures
	Materials
	Strains and media
	Site-directed mutagenesis
	Western blotting of sod2
	Trypsin treatment of microsomal membranes
	Microscopy and indirect immunofluorescence
	Atomic absorption spectrophotometry
	Sod2 TM IV peptide purification
	NMR spectroscopy
	Homology modelling

	Results
	Discussion
	Acknowledgements
	Supplementary Materials
	References

	9. NMR structural analysis of transmembrane pair VI and VII of the NHE1 isoform of the Na+/H+ exchanger
	Summary
	Introduction
	Materials and methods
	Materials
	Expression and purification of the NHE1 C-terminus
	MBP-TMVI-VII cleavage and peptide isolation
	NMR spectroscopy

	Results and discussion
	Supplementary Materials
	References

	10. Preliminary NMR studies of three-transmembrane fragments of NHE1 and full-length E. coli NhaA
	Summary
	Introduction
	Methods
	Results
	TM V–VII and TM X–XII
	NhaA

	Discussion
	References

	11. Conclusions
	References

	A. 19F NMR investigation of the binding of calcium sensitizers to cardiac troponin C
	Introduction
	Methods
	Expression and purification of wild-type troponin C
	Fluorine labelling of troponin C
	NMR spectroscopy

	Results
	References

	B. The carboxyl-terminal segment of apolipoprotein A-V undergoes a lipid-induced conformational change
	Abstract
	Introduction
	Experimental procedures
	Preparation of apoA-V(296–343)
	Analytical procedures
	Preparation of apoA-V(296–343) reconstituted high-density lipoprotein (rHDL)
	Low-density lipoprotein (LDL) binding assay
	Far-UV circular dichroism (CD) spectroscopy
	Nuclear magnetic resonance (NMR) spectroscopy

	Results
	Isolation of purified apoA-V(296–343) peptide
	apoA-V(296–343) reconstituted high-density lipoproteins
	apoA-V(296–343) lipoprotein binding properties
	Far-UV CD spectroscopy
	NMR of 15N-labelled apoA-V(296–343)

	Discussion
	Acknowledgments
	References

	C. NMR analysis of a myristoylated fragment of the huntingtin protein
	Introduction
	Methods
	Results
	Discussion
	References

	D. NMR analysis of the PINK1 putative transmembrane domain
	Introduction
	Methods
	Results
	References


