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Abstract

Rhomboid proteases are a remarkable class of intramembrane enzymes that
carry out cleavage of transmembrane substrates within or proximal to the
lipid bilayer. These proteases have been linked to several human diseases
such as cancer, diabetes and early-onset blindness. They are also involved in
diverse processes including quorum sensing and cell differentiation in
bacteria. To better understand the mechanisms underlying the proteolytic
action and function of these proteases, we have focussed on investigating its
regulation. In this thesis, the concept of oligomerization as a possible mode of
regulation is examined. To assess the oligomeric state of three prokaryotic
rhomboid proteases from Haemophilus influenza (hiGlpG), Escherichia coli
(ecGlpG) and Bacillus subtilis (YqgP), sedimentation equilibrium analysis was
carried out. The predominant species for the three rhomboid proteases was
observed to be dimeric. To examine the effect of the membrane domain alone
on dimerization, hiGlpG, the simplest form of rhomboid representing the core
of six transmembrane domains, was studied further. Gel filtration,
crosslinking and functional assay demonstrate that hiGlpG is dimeric and
functional in dodecylmaltoside detergent solution. More importantly, co-
immunoprecipitation studies establish that the dimer is present in the lipid
bilayer suggesting a physiological dimer. Overall these results indicate that

rhomboids form oligomers which are facilitated by the membrane domain.



This thesis also investigates the physiological role of ecGlpG rhomboid from
E. coli. The potential of E. coli TatA as a substrate for ecGlpG is examined
using an in vitro functional assay. Additionally, affinity pull-down and co-
immunoprecipitation techniques are performed to identify possible

substrates for this rhomboid.
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Chapter 1: Introduction



1.1 Intramembrane cleaving proteases

Proteases are proteolytic enzymes that catalyze the hydrolysis of
peptide bonds. They function as molecular knives cleaving long protein
sequences into smaller fragments, a process that is essential for regulating
the length, composition, and function of many proteins [9]. In this sense, they
introduce irreversible changes to the cellular protein pool and are tightly
regulated in their activity. Different proteases play pivotal roles in diverse
functions including cell cycle progression, morphogenesis, wound healing,
immunity and apoptosis [10]. A number of pathological conditions such as
cancer, neurodegenerative and cardiovascular diseases are associated with
abnormal protease functions [11-13]. Owing to the importance of regulatory
roles played by these proteases, they have been identified as potential drug
targets.

Previously, all proteases were thought to be water soluble enzymes
occurring in an aqueous environment. However, a new class of membrane
proteins have been discovered that function as proteases in the hydrophobic
environment within the lipid bilayer. In a process known as Regulated
Intramembrane Proteolysis (RIP), transmembrane substrates are cleaved by
intramembrane proteases to release a soluble domain that is liberated into
the cytosol. The released soluble domain acts as a signaling molecule at
locations either proximal or distant to the parent cell. This novel proteolysis

reaction is found to be crucial in many cellular processes [14-16] and



mutations of intramembrane proteases are shown to be involved in many

diseases [4, 17-19].

1.2 Classification and properties of intramembrane proteases

Intramembrane cleaving proteases are polytopic membrane proteins.
Based on the catalytic residues and mechanism of action, these proteases are
classified as aspartyl proteases, metalloproteases and serine proteases.
Aspartyl protease and metalloprotease activate water molecules to interact
with scissile carbonyl carbon of substrate, generating a tetrahedral oxyanion
intermediate. Protonation of the scissile amide rearranges the oxyanion
intermediate to form two separate protein fragments [20, 21]. On the other
hand, serine proteases possess a nucleophilic serine residue in their catalytic
site which directly interacts with the carbonyl group of the scissile peptide
bond [22]. Intramembrane proteases can also be classified based on their
cleavage mechanism for different substrate orientations. One class of
intramembrane proteases cleave type I membrane proteins (N terminus
facing periplasm, C terminus facing cytoplasm) while the other set of
proteases react with type II membrane proteins (C terminus facing

periplasm, N terminus facing cytoplasm) [23].

1.2.1 Intramembrane metalloproteases: The first intramembrane

metalloprotease was identified in the regulation of sterol and lipid



biosynthesis in mammals [24]. In response to low cholesterol, Sterol
Regulatory Element Binding Protein (SREBP) is transported from
endoplasmic reticulum (ER) to Golgi. SREBP is initially synthesized as a
precursor protein containing four domains, a transcription activating
domain, a regulatory domain and two transmembrane domains. When SREBP
reaches the Golgi, it is activated by two distinct cleavage events: Initial
cleavage by Site-1 Protease (S1P) separating the two membrane- bound
domains of SREBP and subsequent cleavage of its transmembrane segment
by intramembrane metalloprotease Site-2 Protease (S2P). Consequently, the
transcription activating domain of SREBP is released and translocated from
the Golgi to the nucleus where it triggers the transcription of genes
controlling cholesterol biosynthesis [25] (Figure 1.1 A). Complementation
cloning of factors revealed that S2P contains a conserved HEXXH motif, in
which the two histidines and glutamate residues coordinate with zinc for
activating the water molecule [24]. Furthermore, substrate SREBP contains
aspartate-proline (NP) residues located deep within its first transmembrane
segment. This NP sequence is exposed after the first cleavage event of SREBP,
allowing the helix to unwind and form an extended structure, thus making it

readily accessible for cleavage by S2P [26].

1.2.2 Intramembrane aspartyl protease: The second class are the aspartyl
intramembrane proteases which are frequently involved in treatment of

diseases as these enzymes are considered drug targets [27]. There are two



main classes of aspartyl intramembrane proteases: Presenilin and Signal
peptide peptidase. Both have nine transmembrane segments and contain the
catalytic aspartate residue in two conserved motifs, GxGD and YD that are
located in adjacent transmembrane segments [18, 28, 29]. A third sequence,
C- terminal PAL motif, is known to play a role in the formation of catalytic
pore [30, 31]. Though Presenilin and SPP have identical conserved motifs,
they differ in a few structural and functional aspects. While SPP functions
independently, Presenilin undergoes endoproteolysis and forms the active
subunit of a multiprotein y secretase complex [32, 33]. The preference for
substrate orientation is also distinctly different between these two proteases
[34, 35]. While Presenilin favours cleavage of Type I membrane proteins, SPP
preferentially cleaves Type Il membrane proteins. As a result, the catalytic
aspartates of Presenilin and SPP are in opposite orientation (Figure 1.2).

A classic example of aspartyl protease action is the proteolytic
processing of amyloid precursor protein (APP) by presenilin (Figure 1.1 C).
The substrate APP is first processed by -secretase and subsequently cleaved
by presenilin, the active subunit of y- secretase complex. The y- secretase
then liberates the amyloid 3 peptide and an APP cytoplasmic fragment, which
moves to the nucleus and regulates gene expression for the organization and
function of the hippocampal synapses [36, 37]. Presenilin has been linked to
Alzheimer’s disease as mutations in this protein causes increase in y-
secretase activity thereby resulting in the accumulation of amyloid - plaques

in the brain [38].



1.2.3 Intramembrane serine proteases: The third and most interesting
family of intramembrane proteases are the serine proteases comprising the
Rhomboid family. The active site is formed by a catalytic dyad of serine and
histidine residues located in two transmembrane domains [39, 40]. Unlike
soluble serine proteases which utilize a Ser/His/Asn catalytic triad,
rhomboids do not require asparagine for catalysis [41]. A striking difference
that distinguishes rhomboids from other intramembrane proteases is that
these enzymes can cleave intact membrane proteins without requiring any
pre-processing of substrates. In the recent years, remarkable discoveries
have shed light on the ways these proteases control and regulate many
biological processes. The remainder of this chapter will focus on rhomboid
protease family describing their structure, mechanism, function and

regulation.

1.3 Discovery of Rhomboid proteases

Rhomboids are a recently discovered family of intramembrane
proteases. The name ‘rhomboid’ originated from the studies of Drosophila
genome as the phenotype of rhomboid mutation revealed the appearance of a
rhombus-like head skeleton [42]. Genome sequences of different organisms
have revealed that rhomboid homologs are found in all kingdoms of life,
excluding viruses [43-46]. Rhomboid proteases are the only class of

intramembrane proteases that cleave the substrates located within or close



to the membrane bilayer resulting in the release of a N- terminal domain of
the substrate.

Rhomboids were first discovered by genetic experiments in
Drosophila melanogaster. Lack-of-function mutations of Rhomboid-1 and
Spitz (an epidermal growth factor signaling protein) resulted in similar
phenotypic changes in the larval cuticle of Drosophila, suggesting both genes
were integrated into epidermal growth factor receptor (EGFR) signaling
pathway [47] (Figure 1.1 B). Subsequent work provided clues of rhomboid
activity in regulation and proteolytic processing of Spitz [43, 48, 49].
Sequence analysis of Rhomboid-1 initially did not provide any information as
it did not resemble any known protein or indicate its function in EGFR
signaling pathway [50]. The first breakthrough came from Freeman group
which presented convincing information that Rhomboid-1 was indeed a
novel intramembrane serine protease that catalysed the cleavage of Spitz
[39](Figure 1.1B). Spitz proteolysis was assessed in a variety of cell lines and
it was found that Rhomboid-1 cleaved Spitz in all cell lines with equal
efficiency. In order to identify the residues important for catalysis,
mutagenesis assays were performed. Mutational analysis revealed that six
mutations reduced or abolished rhomboid activity, three of which were
predicted to form a putative catalytic triad (Ser/His/Asn), a characteristic
feature of serine proteases. The depth of cleavage site in the transmembrane
segment of Spitz also matched with the predicted depth of the active site of

rhomboid. Lastly, Spitz cleavage was blocked only by the addition of serine



protease inhibitors. These results implicated that Rhomboid-1, a serine
protease, was directly responsible for cleavage and activation of Spitz.
Further validation was provided by three groups which used purified
rhomboids in detergent solubilized state to report activity [41, 51, 52]. Taken
together, these results firmly established Rhomboid-1 as an intramembrane
serine protease.

Since the discovery of rhomboids, research has progressed
dramatically in the direction of understanding the mechanics of the
proteolytic reaction and the function of rhomboids in other homologs. Crystal
structures and biochemical approaches have provided a much clearer insight
into the mysterious functioning of rhomboid intramembrane proteases,

which are discussed in detail in the following sections.

1.4 Architecture of rhomboids

The sequence identity between rhomboid homologs was predicted to
be very low [45, 46] apart from core domain of six transmembrane segments
(TMs) with its consensus active site motif. The active site is formed by serine
protease motif composed of histidine followed by GxxxG and serine within a
GxSx in another TM, a characteristic of serine proteases. A highly conserved
tryptophan- arginine motif (WR) was also observed to be located in the first
extracellular loop [52]. These signature motifs were found to be conserved in

all members of the rhomboid family and were thought to be functionally



relevant [53]. However, rhomboids could not be classified based on this
aspect alone, as certain transmembrane proteins that were functionally
unrelated to rhomboids carried similar sequence motifs [54]. To solve this,
Lemberg et al. combined rhomboid topologies along with conserved motifs
to generate a new system of classification [46].

Rhomboids are organised into three groups: active rhomboid
protease; catalytically inert iRhoms carrying two features: a long N terminal
domain and a large loop between the first and second TM segments; and
other inactive rhomboid homologs that cannot be clearly assigned to either
of the two groups (Figure 1.3). The active proteases are further classified
based on their intracellular localization: secretase rhomboids, which are
involved in the secretory pathway (eg: Drosophila Rhomboid-1) and
mitochondrial rhomboids [eg: Presenilin-associated rhomboid-like (PARL)].
Secretase rhomboids are split into two classes; secretase A carrying 6+1 TM
fused to the C terminus and secretase B with the core 6TM topology. It is
important to note here that bacterial rhomboids are also grouped under the
secretase family as they contain the basic six TM architecture, with
Escherichia coli rhomboid and Haemophilus influenzae rhomboid having 6 TM
while Bacillus subtilis containing 6+1 TM topologies. In contrast to the
secretase family, mitochondrial rhomboids have 1+ 6TM topology with an
extra TM fused to the N terminus, along with a unique N -terminal

mitochondrion targeting motif [46, 55-58]. As a result, the active sites of



mitochondrial rhomboids are in opposite orientation when compared to the
secretase family of rhomboids.

In addition to these differences, two other variations induce
substantial diversity between different classes of rhomboid proteases. The
first feature is the absence of catalytic activity in iRhoms as these rhomboids
do not contain the essential catalytic residues. Instead they harbour a
conserved proline residue at GxSx serine motif which disrupts the active site
[45, 59, 60]. Second, the lengths of the cytosolic domains are highly variable
between different rhomboid homologs and fluctuate between lengthy to non-
existent N terminii. Though these domains are not proteolytic, they are
found to be involved in regulating the activity of rhomboids or anchoring it to

the membrane [61, 62].

1.5 Structural insights into rhomboid crystal structure

Insight into how rhomboids function in the lipid bilayer was provided
by crystallography. In a span of one year, several crystal structures of two
bacterial rhomboid homologs, E. coli and H. influenzae revealed complex and
unexpected architecture [6, 40, 63-66] (Figure 1.4A). Though these
rhomboids were purified in different detergent conditions, all exhibited
structural homogeneity.

Structures revealed the presence of six TM segments clustered

together to form a water-filled cavity at ~10 A below the periplasmic face.

10



The water-filled cavity provided a hydrophilic environment for the cleavage
of substrates within the protease. Catalytic serine and histidine were
correctly positioned on TM4 and TM6 to perform nucleophilic attack on the
substrate. Serine acts as the nucleophile while histidine serves as the
catalytic base. Tyrosine residue (Y205 from ecGIPG) from TM4 stacks under
the histidine base, providing support during the proteolytic reaction.

The role of asparagine was investigated for the presence of a catalytic
triad as various biochemical approaches provided contradictory information.
While asparagine was important for activity in Drosophila Rhomboid-1, it
was not essential for human rhomboid RHBDL2 [39]. Also, the importance of
asparagine varied between experiments performed in vivo and in vitro [41,
67, 68]. Contrary to other serine proteases, it has been found that asparagine
located on the TM2 could only help in the stabilization of oxyanion
intermediate but not assist in catalysis (Figure 1.4B). In vitro proteolysis
experiments also suggest that rhomboids do not require co-factors or ATP
molecules for proteolysis and that their activity can be regulated by different
lipids in the membrane [51, 52].

Two more features were identified in the rhomboid crystal structure.
The first feature is the orientation of the Loop 1 that connects TM1 and TM2.
Loop 1 formed a lateral protrusion with half of its surface inserted into the
membrane. A highly conserved WR motif was present near the bottom of
Loop L1, where the side chains of these residues point upwards into the loop

[6]. Mutational analyses revealed that substitutions of WR motif with alanine

11



residues either abolished or reduced the proteolytic activity of the enzyme
[6, 69] (Figure 1.5). This loop was initially thought to play a role in substrate
recruitment [40] but it is now thought that Loop 1, with its insertion into the
membrane, helps in maintaining precise orientation of the enzyme by
attaching to TM bundles of the protease during the substrate binding [63, 69,
70]. The second important feature is the Loop 5 (L5 cap) that was located
right above the catalytic dyad [40, 63] (Figure 1.5). A phenylalanine residue
(Phe245) in loop 5 bridges two TM segments, TM2 and TM5 blocking the
accessibility of substrate to the active site. It was shown later that under
different crystallization conditions, Loop 5 adopted different conformations,
demonstrating its flexibility [63, 71, 72]. The role of Loop 5 has been
recently addressed in the substrate gating mechanism, which is described in

detail in section 1.6. For reviews please refer [2, 73, 74].

1.6 Dynamics of rhomboid protease and substrate interaction

Understanding the dynamics of substrate interaction during
proteolysis remained a huge challenge because of the lack of crystallized
enzyme-substrate complex. However, recent structures of rhomboid-
inhibitor complexes, functional analyses and molecular dynamic simulations
have provided adequate knowledge in elucidating intramembrane

proteolysis. It is believed that an interplay of three complex mechanisms

12



leads to the cleavage of substrates. These mechanisms are explained in the

following sections.

1.6.1 Gating mechanism

One issue that has been debated over a few years is the entry of
substrate into the active site of rhomboid. Initial structures of rhomboid
protease revealed a V- shaped orientation between TM1 and TM3, which was
occupied by Loopl. Since the gap was large enough to accommodate a
peptide chain, it was thought that Loop1 acted as a substrate gate [6, 40, 65],
although subsequent investigations showed major conformational
differences in TM5 and L5 cap, rather than Loop 1 and therefore retracted
the idea [63, 64].

In addition to Loop1, two more access routes were proposed for the
substrate entry. The first hypothesis arose from the observation that Loop 5
was highly flexible in the crystal structure [63]. Wang et al. proposed that a
shift in the position of phenylalanine residue (Phe245) on L5 cap permitted
the substrate to access the active site. In an alternative model, Baker et al.
postulated that the displacement of TM5 from TM2 created an opening
through which substrates could enter [53, 69]. Evidence for this model came
from the tilted conformation occupied by TM5 in the crystal structure [64].
To support this idea, Urban et al. performed mutational experiments on TM5
and TM2 of E. coli rhomboid [53]. Amino acid substitutions of large aromatic

residues on TM2/TM5 displaced TM5 from TM2, allowing gating activity and
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increasing substrate cleavage. Conversely, disulphide bridges between TM5
and TM2 prevented entry and resulted in loss of substrate cleavage.

Brooks et al provided a slight variation of substrate docking in H.
influenzae rhomboid [72]. Similar mutagenesis studies were performed on
TM2 and TM5 suggesting that their interaction was crucial for substrate
access. However, the sites of interaction varied distinctly between the two
rhomboid forms. A kink in the middle of the TM5 helix of H. influenzae
rhomboid allowed the interactions to occur at the ends and not along the
length of the helix, rendering a more open and flexible conformation when
compared to E. coli rhomboid. Also, crystal structures revealed that Loop 5
was more disordered in H. influenzae rhomboid, supporting high mobility.
These data suggested the involvement of both Loop 5 and TM5 during
substrate gating. Support for this theory came from a co-crystal structure of
E. coli thomboid bound to isocoumarin inhibitor that showed a small
movement of TM5 along with a large displacement of L5 cap [75]. However,
the model was questionable since the inhibitor did not reach the gap
between TM5 and TM2. Therefore it was unclear if TM5 would also move to a
greater degree if a substrate was bound between the two helices.

To examine this further, Xue et al. performed co-crystallization studies
of E. coli rhomboid with a synthesized phosphonofluoridate inhibitor, CAPF
[76]. Crystal structure revealed that this inhibitor reached the TM2-TM5 gap
to access the active site. However, the conformational changes caused by

CAPF binding were similar to those observed in E. coli rhomboid-
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isocoumarin inhibitor complex. Both L5 cap and TM5 move to accommodate
the inhibitor, although L5 cap rotates and shifts its position to a large extent
to expose the catalytic dyad. In comparison, the observed tilt of TM5 from
TM2 is relatively small (~7.5 °), although providing sufficient gap for the
inhibitor to bind between them. This difference in conformation between L5
cap and TMS5 suggests that the access to the catalytic site is primarily
regulated by L5 cap movement and the TM5 displacement is essential to

accommodate the substrate in the substrate binding cleft (Figure 1.6).

1.6.2 Cleavage sites outside TM of the substrate

Originally it was believed that rhomboids could only cleave the
transmembrane domains of substrates; however evidences have suggested
that rhomboids can cleave substrates outside of their transmembrane
domains. Drosophila growth factor Gurken contains a stretch of hydrophobic
amino acids including a rhomboid cleavage site at the N terminus. Maegawa
et al. studied this amino terminal region of Gurken by substituting it with
cysteine mutations [71]. The cysteine derivatives were made to react with 4-
acetamido-4 ‘maleimidylstilbene-2,2 ‘disulfonic acid (AMS), a highly
charged thiol-alkylating agent that was membrane impermeable. Two
cysteine substitutions at positions 247 and 250, located between a scissile
bond, received E. coli rhomboid-dependent proteolysis suggesting that
cleavage recognition site resides outside the membrane. More reports

confirm this theory: proteolysis of Mgm1 outside the mitochondrial inner
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membrane [56], cleavage of an artificial fusion construct of E. coli LacY
protein that has a Ser-Asp scissile bond outside the transmembrane domain
[3, 71], and processing of chimeric human epidermal growth factor
containing an Ala-Gly scissile bond in the N- terminal region of the
transmembrane domain [77]. However, this mechanism is not yet properly
understood as very few crystal structures are present to elucidate this
activity. One postulated theory is that substrates, with a recognition motif
above the TM helix, are structurally flexible so that they can bend and access

the active site [3, 78-80].

1.6.3 Membrane thinning

Substrate entry is also assisted by membrane thinning around the
proteases. Early evidence of crystal structure of E. coli rhomboid showed that
the hydrophobic belt around rhomboid protease was narrower than the rest
of the hydrophobic region of the membrane bilayer [63]. A recent structure
of rhomboid in lipid environment confirms this theory that the lipid bilayer
adjusts its local thickness around the rhomboid molecule [75]. Molecular
dynamic simulations have revealed that L1 loop interacts with the membrane
and tilts the rhomboid molecule by ~12° [6, 70, 81]. Though the implication
of membrane compressions is unclear, it is believed that the tilt of rhomboid
molecule along with local membrane compression submerge the gate region
and maintain the position of the catalytic site beneath the membrane surface

[70]. An important point to be noted here is that the molecular simulation
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experiments were performed in the presence of rhomboid only without any
substrate molecule. It is possible that a substrate molecule could influence
lipids surrounding the rhomboid to a greater degree to facilitate the gating
transition.  This remains an important area that requires further

investigation.

1.7 Substrate specificity

A related issue is to determine how rhomboids identify their
substrates. Both prokaryotic and eukaryotic rhomboids have been shown to
cleave Spitz, despite their low sequence homology [67, 82]. Expression
studies have revealed that Providencia stuartii rhomboid AarA cleaves Spitz
and activates EGFR signalling in Drosophila while Drosophila Rhomboid-1
functionally complements AarA in Providencia stuartii [67, 83]. The same is
observed for mitochondrial rhomboids, where yeast mitochondrial rhomboid
Pcpl deficiency is restored by mammalian homolog, PARL [57]. These
studies suggest that there are specific shared structural features in the
substrates that enable rhomboids from different origins to recognise them
[51, 52].Substrate specificity, first studied using Drosophila Spitz, explained
the importance of helix destabilizing residues in the transmembrane region
of the substrate [82]. Using chimeric substrates, the recognition motif of Spitz
(ASIASGA) was mapped. In order to specifically identify the residues that

were responsible for recognition by Rhomboid-1, amino acids pairs of the
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motif were substituted into an uncleavable substrate. The insertion of “GA”
or “GG” into the N- terminal TM region of a non-substrate molecule resulted
in a cleaved product suggesting that Rhomboid-1 targeted these residues
within the transmembrane helix of the uncleavable chimera. These residues
(glycine and alanine) are known to be involved in destabilizing helices [51,
67]. The residues are thought to facilitate cleavage by unwinding the helix
and subjecting the peptide bonds to hydrolysis [15]. The location of these
residues in the transmembrane helix of the substrates is crucial as it
determines the accurate recognition by rhomboids. It is predicted that these
residues should occur in the initial region of the transmembrane helix which
helps to position the cleavage site at the top of the transmembrane helix in
the juxtamembrane region [82]. Substrates have been predicted and
determined using this requirement. Urban et al. identified two novel targets
in Toxoplasma gondii and Plasmodium falciparum using this model [82, 84,
85]. However, these helix-destabilizing residues are not required in all
substrates [67, 82, 86]. For substrates whose cleavage sites are located
outside the transmembrane domain, these helix-destabilizing residues are
not considered essential [3, 87].

To refine the features of substrate determination, Akiyama et al
performed random site-directed mutagenesis of cleavage site residues. An
artificial chimeric substrate was created with periplasmic [-lactamase
domain, the second transmembrane domain of [(-galactoside permease

(LacY) fused to maltose binding protein (MBP) at the C- terminus (N’-Bla-
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LacY-MBP-C"). This protein was not a physiological substrate for E. coli
rhomboid. Surprisingly however, this fusion protein was found to be cleaved
by the rhomboid both in vivo and in vitro [71, 86]. It was discovered that the
amino acid residues flanking the scissile bond at P1 and P1’ positions were
occupied by small and negatively charged residues; a finding that was not
observed in other experiments. More recently, a sequence recognition motif
has been identified as the primary substrate determinant [3]. A detailed
examination of TatA, a physiological substrate from Providencia stuartii,
revealed a primary sequence recognition motif, in which three residues at
positions P4, P1 and P2’ require large hydrophobic, small and hydrophobic
residues respectively and act as cleavage recognition determinants (Figure
1.7). This recognition motif was found to be more essential that the helix-
destabilizing residues and could point to the cleavage site, not only within
the transmembrane domain but also outside of it. The sequence recognition
motif was found to be conserved amongst many rhomboid substrates;
however it is not universal. There are rhomboids that recognize regions
other than the cleavage sites of substrates. For example, mitochondrial
rhomboid substrate, Ccp1 lacks P4-P1-P2’ motif that is mentioned above [3,
56, 88]. Similarly, Plasmodium falciparum substrate EBA-175 lacks a
requirement for large hydrophobic residue at P4 [89]. Additional substrate
recruitment mechanisms have also been identified. Thrombodulin, a
substrate for human rhomboid RHBDL2, is recognized by its cytoplasmic

domain [62] and HtrA2 requires an additional factor for its recruitment to
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the mitochondrial rhomboid, PARL [3, 90]. Nevertheless, the former results
validate the recognition motif as a general determinant for cleavage by
rhomboids. One of the objectives of my thesis is to evaluate the potential of
E. coli TatA as a substrate using this consensus recognition motif, which is

later discussed in Chapter 3. {For review, please see [74, 80, 91].

1.8 Functional insights into rhomboids

The rest of the chapter focusses on the known biological roles of
rhomboids. Rhomboids represent significant targets of study as they are
involved in a number of diseases. Given their ubiquitous nature, only a few
functions are known [5, 92-95]. Rhomboids have been recognized to regulate
a broad range of processes: initiating animal cell signaling, regulating
mitochondrial fission and fusion [56, 96], disassembling adhesive junctions
in eukaryotic parasites [80, 85, 97], regulating plastid translocon components
in plants [98, 99], and facilitating quorum sensing in bacterial Providencia
stuartii [83, 100]. Detailed investigations have identified at least one
function of rhomboids in a dozen organisms (Table 1) [1]. The following

sections will explain their functions in detail (Figure 1.8)

1.8.1 Role in signaling

Drosophila melanogaster Rhomboid-1 regulates the EGFR pathway by

cleaving its activating protein, Spitz [39]. Spitz is trapped in the endoplasmic

20



reticulum and is transported to the Golgi by a chaperone protein, Star. In the
Golgi bodies, Spitz is activated by Rhomboid-1 mediated cleavage. The
released ligand acts as signal-generating component and controls multiple
aspects of cell fate behaviour [101-103]. Rhomboid-1 also acts as a regulator
by cleaving Star to control the level of Spitz release into the neighbouring
cells [104]. A slightly modified role of rhomboids is observed in nematode,
Caenorhabditis elegans in which rhomboid cleaves an EGF signaling protein
only to amplify and propagate the ligand signal [105]. Even less understood
is the function of rhomboids in mammals. Recent investigations have
revealed that rhomboid expression increases in cancer cells and may have a
link in the growth factor signaling pathway [62, 77, 106]. The human
rhomboid RHBDL2 is found to cleave thrombodulin (a membrane receptor
for thrombin) and EGF receptors in an in vitro assay, however the in vivo
cleavage of these substrates still have to be assessed.

Another example of signaling is best studied with AarA rhomboid of
Providencia stuartii [100]. AarA was first identified in a screen of genes
involved in quorum sensing in Providencia stuartii [107]. Several years later,
studies revealed that AarA was a rhomboid protease and could replace the
role of Rhomboid-1 in Drosophila [83]. An indirect genetic screening study
was performed to identify genes that complemented aarA gene mutation in
P. stuartii [100]. It was found that tatA gene from Proteus mirabilis and E. coli
efficiently complemented the AarA phenotype; surprisingly tatA from P.

stuartii failed to do so, implying that AarA and TatA were functionally related.
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It is now known that TatA is activated by AarA- mediated cleavage of a small
amino terminal extension of the protein. The released TatA multimerizes to
form a large channel and is believed to be involved in the export of quorum
sensing factors [83, 100]. It is interesting to note that while the presence of
the amino terminal extension of TatA inhibits the formation of large
complexes in P. stuartii [108], other bacteria do not contain this extension
implying that the role of AarA in P. stuartii is unique [1, 109]. This is the only
known example of TatA activation and regulation. The role of AarA in
quorum sensing is indefinable as the identity of the quorum sensing molecule
is not known yet, although it is believed that either the signaling molecule or
some factor needed for the signal production is dependent on the

oligomerization of TatA [5].

1.8.2 Role in protozoan parasites

The potential of rhomboids in apicomplexan parasites is one of the
best elucidated functional studies of rhomboid protease. Toxoplasma gondii is
a protozoan parasite which causes toxoplasmosis. During cell invasion, the
parasite secretes microneme protein complexes (MICs) that act as cell
surface adhesins and engages the host receptors for its movement into the
host cell. After invasion, the MIC proteins are redistributed to the posterior
side of the parasite, so that they are kept away from the host cell immune
system. Once the parasite completely enters the host, the adhesins are

cleaved off and the invasion is completed. Earlier studies revealed that the
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microneme proteins were cleaved through an intramembrane proteolysis
mechanism [110]. In an experiment performed by Urban et al. [82], these
proteins were found to be processed by Drosophila Rhomboid- 1 and P.
stuartii rhomboid AarA, implicating the role of rhomboid in host cell
invasion. T. gondii is known to contain six rhomboid proteases, of which two
rhomboids, TgROM4 and TgROMS5 are known to process adhesins [111]. Lack
of TgROM4 and TgROMS5 result in the inability of the parasite to orient and
glide in the host cell suggesting that rhomboid participation is crucial to host
cell invasion [112]. TgROMS5 localizes to the posterior side of the parasitic
cell, while TgROM4 is evenly distributed across the cell surface [84, 111]. In
addition to the MIC proteins, TgROM4 is known to cleave AMA1 adhesin and
this triggers the intracellular replication of the parasite after invasion [74, 80,
97, 113]. A similar phenomenon is observed in malarial parasite Plasmodium
falciparum, in which PfROM4 catalyses the proteolysis of adhesins. Additional
roles of rhomboids have been identified in other parasites. For example, in
Entamoeba histolytica (a parasite causing amoebic dysentery), EhROM1 is
proposed to play a role in immune evasion along with parasitic invasion
[114]. Host cell immune system is evaded by receptor capping; virulent
surface proteins, called lectins are translocated to the posterior pole of the
parasite. EhROM1 is also found to redistribute and colocalize along with
lectins. These proteins are then enclosed into membrane vesicles and

released into the extracellular medium to prevent recognition from the host
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cell immune system [115, 116]. It is implied that EhROM1 has a role in

shedding of these vesicles [117], although its exact mechanism is unclear.

1.8.3 Role in mitochondria

A sub-class of rhomboids that differ from the secretase family are the
mitochondrial rhomboids. As mentioned in section 1.4, mitochondrial
rhomboids have an extra transmembrane helix fused to the N terminus (1+6
TM topology). As a result, their active sites are in the opposite orientation
when compared to other rhomboid classes and can cleave Type Il membrane
proteins.

Mitochondrial rhomboids are known to be involved in mitochondrial
quality control, membrane integrity and apoptosis [94]. The dynamic
morphology of mitochondria is maintained by a balance between membrane
fission and fusion. Many proteins are known to be involved in governing
mitochondrial membrane dynamics, of which Mgm1 GTPase facilitates
membrane fusion [118]. Lack-of-function mutation of Mgm1 results in
mitochondrial fragmentation, a phenotype observed to be very similar to the
mitochondrial rhomboid, Pcpl mutation. Both proteins reside in the inner
mitochondrial membrane where Pcpl cleaves a soluble GTPase domain of
Mgm1 that is released into the intracellular space. Pcp1 also cleaves another
protein, Cytochrome C peroxidase (Ccpl) that is involved in oxidative-stress

signaling [55]. The cleavage of Mgm1 and Ccpl by Pcpl occurs through an
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alternative topogenesis mechanism [96]. Both Mgm1 and Ccpl are single
pass transmembrane proteins. These proteins are cleaved in a second
hydrophobic site other than the primary TM domain. An ATP driven motor or
an ATPase pulls the protein out of the membrane, translocating the primary
TM domain into the matrix. This positions the second hydrophobic region
into the membrane, which is further cleaved by Pcp1l. Regulation is achieved
by the balancing the levels of cleaved and uncleaved isoforms of these
proteins, that aid in mitochondrial fusion [96]. Similarly, OPA-1, a homolog of
yeast Mgm1, is regulated by Drosophila Rhomboid-7 [119]. OPA-1 is involved
in cristae membrane remodelling and dysregulation of OPA1 is believed to be
involved in apoptosis. [120].

In mammals, mitochondrial rhomboid PARL is associated with cristae
modelling and apoptosis instead of mitochondrial fusion [120], malfunctions
of which have been linked to Parkinson’s disease [121]. PINK1, a serine-
threonine kinase, is found in mitochondria and cytosol. PINK1 is maintained
at low levels within the healthy mitochondria and is elevated when the
mitochondrial becomes dysfunctional. In healthy mitochondria, PARL
catalyzes the cleavage of PINK1 and releases its mature form into the cytosol,
where it is rapidly degraded in a proteasome-dependent manner [122]. Upon
mitochondrial stress, PINK1 catalysis by PARL is inhibited, leading to the
accumulation of PINK1 precursor on the cytosolic side. PINK1 then recruits
an E3 ubiquitin ligase protein, Parkin in the cytosolic face and together they

eliminate damaged organelle through mitophagy [123, 124]. Although more
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evidence is required to understand the interaction between PARL, PINK1 and
Parkin, evidences suggest a role of PARL in the maintenance of mitochondrial

integrity [125]. For review, please refer [1, 74, 94, 99]

1.8.4 Role of iRhoms

iRhoms are pseudoproteases that are catalytically inactive. Though
considered “dead enzymes”, iRhoms are now known to be involved in
regulating pathways that their active homologs take part in. The first
evidence of iRhom function came from the genetic analysis in D.
melanogaster [126]. Blockade of iRhom expression in the central nervous
system causes the flies to exist in a sleep-like state. This resembles the effect
of overexpression of Drosophila Rhomboid-1 and Star in EGFR pathway of the
central nervous system. Further links established that iRhom acts as a
suppressor for EGFR signaling pathway [127]. This is fascinating because
active rhomboids initiate the activation of EGFR pathway by processing Spitz
while iRhoms counteract their activity. Biochemical and genetic analysis
provide an explanation for this mechanism. In Drosophila, iRhom binds to
Spitz and Gurken ligands in the ER and direct these proteins to an ER-
associated degradation (ERAD) process, instead of allowing their transport to
Golgi bodies [128] (Figure 1.9). Mammalian homolog, iRhom?2 is also present
in ER, though its function is slightly different from its Drosophila counterpart.

Rather than blocking the signaling pathway by triggering ERAD of ligands,
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iRhom?2 promotes forward trafficking of proteins from the ER to Golgi. TACE
[tumor necrosis factor (TNF)-converting enzyme] is synthesized as an
inactive protein in the ER. Furin, a pro-protein convertase, activates TACE in
the Golgi by cleaving its inhibitory domain. The matured TACE then localizes
to the cell surface to process an inflammatory cytokine, TNF. In the absence
of iRhom2, TACE is not transported from ER to Golgi, does not undergo
Furin-mediated maturation and does not cleave TNF (Figure 1.9).
Physiological significance of iRhom2 has been studied in iRhom2 knockout
mice where certain inflammatory defects have been observed [129, 130].
Given the function of iRhom2, further investigation is required to understand
how iRhom2 transports TACE to the Golgi and how it interacts with the other
members of the membrane trafficking machinery. Detailed information is

provided in review [7].

1.9 Regulation of rhomboid activity

While a number of functions of rhomboids have been characterized,
surprisingly little information is available about the regulation of their
activity. Rhomboids differ from other intramembrane proteases in that they
do not require any pre-processing of substrates. Hence different strategies
must exist to govern rhomboid activity. The most common form of regulation
is the compartmentalization where trafficking of substrates from one

organelle to another is essential for contact with rhomboids. In Drosophila,
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Star transports Spitz from ER to Golgi, where Spitz is cleaved by Rhomboid-1
and is released as an active growth factor ligand. In the absence of Star, Spitz
is retained in the ER [49, 131]. Alternatively, Star can also be cleaved by
Rhomboid-1; a mechanism to efficiently down-regulate the import of Spitz
into Golgi [104]. This is the only case where a rhomboid is found to cleave
Type Il membrane protein, Star. Furthermore, additional rhomboids have
been found to exist in the ER that may possibly be involved in the cleavage
Star and Spitz when needed [132]. Similarly, in apicomplexan parasites, the
MICs along with rhomboids are redistributed and localized to the posterior
pole of the cell from where the adhesins are released and the parasitic cell is
freed. Evidence has shown that the cytoplasmic domain of rhomboids play a
role in reorientation of adhesins in T. gondii [133]. An interesting variation of
this mechanism is observed in mitochondria, where the ATP levels regulate
mitochondrial fusion [55]. Under low concentrations of ATP, Mgm1l is
anchored to the inner mitochondrial membrane by its primary
transmembrane domain and cannot be cleaved by mitochondrial rhomboid,
Pcp1l. This occurs in unhealthy mitochondria and inhibits its fusion to healthy
mitochondria. However at high ATP levels, an ATP motor pulls the
transmembrane domain of Mgm1 out of the membrane, helping to position
the second hydrophobic region in the inner mitochondrial membrane. Pcp1
cleaves the hydrophobic region and the released soluble domain of Mgm1

participates in mitochondrial fusion.
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It is now known that all rhomboids do not share the same mode of
regulation. While compartmentalization of rhomboid and its substrates
seems to be the most common form of regulation, activity can also be
modulated by proteolytic release of domains in rhomboid. The N- terminal
domain of PARL is cleaved by two proteolytic events: a- cleavage and (-
cleavage [134]. Once PARL has reached the inner mitochondrial membrane,
the mitochondrial targeting motif at the N- terminus is cleaved by an
unknown protease. This process is termed a- cleavage which generates a
mature form of PARL with catalytic activity. The second cleavage, called the 3
- cleavage cleaves the mature PARL into two fragments, a small N- terminal
fragment, P§3 and a bigger fragment called PARL C- terminal fragment (PACT),
with the latter retaining rhomboid protease activity. After the release, P
peptide reaches the nucleus and triggers mitochondrial biogenesis while
PACT blocks mitochondrial fusion [125]. The status of damaged
mitochondrion is maintained in two ways: the damaged mitochondrion
serves as a signal for the [B-cleavage of PARL. As a result, PACT stops
mitochondrial fusion and prevents the damaged organelle from fusing to
healthy mitochondria. The damaged mitochondrion is then isolated,
providing an opportunity for the cell to repair this “compromised organelle”.
In the case of extensive damage, the mitochondrion loses its electrochemical
potential. At this point, PARL is further cleaved and rendered catalytically
inactive. Consequently, proteolytic processing of PINK1 is inhibited, which

accumulates in the cytosol and triggers mitophagy by recruiting PARKIN
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[135]. Meanwhile, PB peptide localizes to the nucleus and activates
mitochondrial biogenesis. This intricate proteolysis event that controls
mitochondrial formation is an additional method of regulation of activity of

rhomboid proteases.

1.10 Thesis objectives

One possible mode of regulation of rhomboids could be through
oligomerization as many membrane proteins are known to regulate through
this mechanism. An example of this is the sodium proton antiporter, NhaA,
which dimerizes to maintain the transporter under stress conditions [136].
Our laboratory had previously found that H. influenzae rhomboid, hiGlpG
formed oligomers during crystallization studies. This led us to investigate
the oligomeric state of three bacterial rhomboids, ecGlpG (E. coli), hiGlpG and
YqgP (Bacillus subtilis). Chapter 2 of this thesis will focus on characterizing
the oligomeric state of the above-mentioned rhomboids using gel filtration,
crosslinking and pull-down assays.

Given the numerous crystal structures of ecGlpG and that little is
known about its physiological role, Chapter 3 will investigate the potential of
E. coli TatA as a substrate for ecGlpG using the consensus recognition motif
prediction reported by Strisvosky et al. [3]. Additionally, affinity pull-down
and co-immunoprecipitation techniques are examined in the identification of

potential substrates for this rhomboid.

30



MAP kinase ~
pathway EGF
receptor

Golgi

Extracellular

m|S2P
iS space

Rhombuoid
Cytosol

'\luv.luub
[
AP
Extracellular

space

Cytosol Spitz

NTF CTF

APP
Cytosol
Mcﬁl‘_»:l
Nucleus

Figure 1.1: Classification of intramembrane proteases [4]: A. Activity of
intramembrane metalloprotease S2P. In response to low cholesterol, Sterol
Regulatory Element Binding Protein (SREBP) is transported from ER to Golgi,
where it is primarily cleaved by S1P (red line) followed by S2P (black line). The
released transcription activating domain of SREBP reaches the nucleus where it
triggers the transcription of genes controlling cholesterol biosynthesis. B.
Activity of intramembrane serine protease, Drosophila Rhomboid 1. The
EGF factor Spitz is transported to the Golgi where it is activated by rhomboid-
mediated cleavage. The released luminal domain activates EGF receptors on
neighbouring cells. C. Activity of intramembrane aspartyl protease,
Presenilin. (3-secretase initially cleaves amyloid precursor protein (APP) (red
line) at an extracellular domain followed by the proteolytic processing of the
active subunit of y-secretase, Presenilin (black line) to release Af, which is
secreted from cells. The remaining peptide is further cleaved by y-secretase at
the ¢ site (second black zigzag line) to release APP intracellular domain which is
thought to play a role in transcription regulation Adapted from Erez E, F.D., Bibi
E., Nature, 2009. 459(7245): p. 371-378
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Figure 1.2: Difference in topological orientation between Presenilin
and signal peptide peptidase (SPP) [4]. Presenilin favours cleavage of
Type I membrane proteins, SPP preferentially cleaves Type Il membrane
proteins (substrates represented in yellow cylinders). As a result, the
catalytic aspartates (red stars) of Presenilin and SPP are in opposite
orientation. Adapted from Erez E, F.D,, Bibi E., Nature, 2009 459(7245): p.
371-378
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Figure 1.3: Classification of rhomboids [5]. Rhomboids are classified into
three groups: active rhomboid proteases, catalytically inert iRhoms and other
inactive rhomboid homologs that cannot be clearly assigned to either of the
two groups. The active rhomboids are further classified based on their
intracellular localization: secretase rhomboids and mitochondrial rhomboids.
Bacterial rhomboids are grouped under the secretase family as they contain
the basic six TM architecture. Adapted from Freeman, M., Annual Reviews in
Genetics, 2008.42: p. 191-210
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Figure 1.4: Structural features of rhomboid protease [2]: A. Nucleophilic
catalysis is carried out by a catalytic dyad comprised of serine on TM4 and
histidine on TM6. The hydrogen bonds between histidine and serine are
depicted in red dotted lines. B. Electrophilic catalysis between histidine and
asparagine from TM2 is shown on the right side. This is required to stabilize
the oxyanion intermediate. The hydrogen bonds between the phosphate
oxygen and side chains of asparagine and histidine are shown in red dotted
lines. Adapted from Urban, S., The Biochemical journal, 2010. 425(3): p.
501-512
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Figure 1.5: Structural features of Loop 1 and Loop 5 [6]: The highly
conserved WR motif present near the bottom of Loop L1 is shown above.
Also, Loop 5 (L5 cap) that is located right above the catalytic dyad is seen. The
phenylalanine residue on loop 5 bridges two TM segments, TM2 and TMS5,
blocking the accessibility of substrate to the active site. Adapted from Wang,
Y., etal,, The Journal of Molecular Biology, 2007. 374(4): p. 1104-1113
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Figure 1.6: Substrate entry is regulated by L5 cap [8]: A. Nomenclature
of cleavage positions of substrate and their corresponding positions in the
enzyme binding site. B. In the presence of substrate, L5 cap opens allowing
the substrate to reach the active site. Interaction with the catalytic serine
(S201) releases the C- terminal peptide fragment on the S1' side of the
substrate binding cleft. The enzyme changes conformation again to close
the opening so that the contact of the aqueous active site to the external
lipid bilayer is minimized. Adapted from Xue, Y. and Y. Ha. The Journal of
Biological Chemistry, 2012. 287(5): p. 3099-3107
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Regular expression describing the recognition motif:

[AWD][IMYFWLV][AWPD][AWF][AGCS][*P][FIMVACLTW]
P5 P4 P P2 P1 P1" P2

Figure 1.7: Consensus recognition motif observed in many rhomboid
substrates [3]: Three residues at positions P4, P1 and P2’ require large
hydrophobic, small and hydrophobic residues respectively and act as
cleavage recognition determinants for most rhomboid proteases. Adapted
from Strisovsky, K., H.J. Sharpe, and M. Freeman, Molecular Cell, 2009.
36(6): p.- 1048-1059
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Figure 1.8: Biological roles of rhomboid proteases [1]: A. Drosophila
Rhomboid-1 initiates EGF signaling by cleaving an EGF growth factor,
Spitz in the Golgi after it is chaperoned by Star from ER. B. P. stuartii
rhomboid AarA activates TatA by cleaving a small amino terminal
extension. TatA then oligomerizes to form a pore which transports fully
folded proteins across the membrane. C. Mitochondrial rhomboid PARL
cleaves PINK-1, inhibiting Parkin recruitment and downregulates
mitophagy. D. Malarial rhomboids dissemble the junction formed by host-
parasite interactions at the end of invasion by cleaving adhesins that are
located on the posterior side of the parasite. Adapted from Urban, S. and
S.W. Dickey, Genome biology, 2011. 12(10): p. 231
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Figure 1.9: Function of iRhoms [7]. A. Differences between active
rhomboids and catalytically inert iRhoms. Absence of a catalytic serine
and presence of proline residue disrupts the active site, rendering iRhoms
inactive. B. Active rhomboids and iRhoms counteract each other in EGFR
signaling in Drosophila. While Rhomboid- 1 cleaves Spitz in the Golgi and
activates EGF signaling pathway, iRhoms negatively regulate EGFR
signaling by binding to Spitz in the ER and targeting it to an ER-associated
degradation (ERAD). This controls the amount of Spitz available for
proteolytic processing by active rhomboids in the Golgi. C. iRhom 2
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promotes forward trafficking of proteins from the ER to Golgi in mammals.
TACE is synthesized as an inactive protein in the ER. Furin, a pro-protein
convertase, activates TACE in the Golgi by cleaving its inhibitory domain.
The matured TACE then localizes to the cell surface to process an
inflammatory cytokine, TNF. In the absence of iRhom2, TACE is not
transported from ER to Golgi, does not undergo Furin-mediated maturation
and does not cleave TNF. Adapted from Adrain, C. and M. Freeman. Nature
reviews, Molecular cell biology, 2012. 13(8): p. 489-498
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Chapter 2: Introduction

Rhomboid proteases have diverse substrate specificity; therefore
different control strategies must exist to regulate the activity of these
enzymes. Some common mechanisms by which rhomboids achieve
regulation (as described in section 1.9) are: compartmentalization, as
observed in Drosophila EGFR signaling where membrane trafficking is used
as a mechanism to regulate the contact between enzyme and substrate [1, 2]
and proteolytic activation of PARL in mammalian mitochondria [3]. In
addition, regulation can also be achieved through changes in the lipid
environment around the enzyme [4]. In a study performed by Urban and
Wolfe, bacterial rhomboids were assayed for activity by reconstituting them
in various lipid vesicles. Different membrane lipids caused different effects
on rhomboid activity. While the lipids from brain stimulated Drosophila
Rhomboid-4, the same lipid caused an inhibitory effect on ecGlpG. In another
example, P. stuartii rhomboid AarA was stimulated by cardiolipin, where all
the other rhomboids showed decrease in activity in the presence of this lipid.
This suggests that the composition of lipids in the membrane environment
around rhomboid protease influence the activity of the enzyme.

Another plausible mode of regulation can be achieved through
oligomerization. Many membrane proteins are known to exist in a dynamic
equilibrium between different oligomeric states to regulate their function [5,

6]. In this chapter, we access the oligomeric state of prokaryotic rhomboid

53



proteases from three different organisms, YqgP from Bacillus subtilis, ecGlpG
from E. coli and hiGlpG from Haemophilus influenzae. During initial attempts
of purification for crystallization studies of H. influenzae rhomboid, hiGlpG,
was solved, gel filtration analysis suggested rhomboids may form oligomers
[7]. In this current study, we assess the oligomeric state of the three
prokaryotic rhomboid proteases by various biochemical approaches. Initial
experiments using sedimentation equilibrium analysis revealed that the
predominant species for all the three rhomboid proteases was a dimer. In
order to determine if the membrane domain was responsible for the
dimerization, we carried out further experiments with hiGlpG; hiGlpG being
the simplest form of rhomboid representing the membrane domain alone
with six transmembrane segments. With gel filtration and crosslinking, we
confirmed that hiGlpG was dimeric and further examined its in vitro activity.
In addition, a co-immunoprecipitation assay suggested that the dimeric
hiGlpG is present within the lipid bilayer. In summary, this chapter provides
evidence for the first detailed characterization of oligomeric state of
rhomboid proteases. These findings may have implications in understanding

the regulation of rhomboid activity and its mechanism of action.
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2.1 Materials
Reagents:
Standard lab reagents were purchased from Sigma-Aldrich (ON, Canada),
Fisher Scientific (ON, Canada). Other reagents are listed below.
Kits:
e QuikChange Lightining Mutagenesis Kit (Stratagene)
e QIAprep Spin Miniprep Kit (Qiagen)
e Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Scientific Pierce)
Enzymes:
e Restriction enzymes with appropriate buffers were purchased from
Fermentas
e T4 DNA ligase was purchased from Invitrogen
Antibodies:
e His- Probe HRP (1:500 dilution) Santa Cruz Biotechnology, USA
e Mouse anti-flag antibody (1:10,000 dilution) Sigma-Aldrich, USA
e Secondary Rabbit anti-mouse antibody conjugated to Horseradish
peroxidase (1:40000 dilution) Sigma-Aldrich, USA
Primers:
Synthesized by Integraed DNA Technolgies, USA
Culture media:
e LB (Luria Bertani) liquid media from Fisher Scientific

e LB Agar: LB liquid with 1.5% Agar
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Solutions:

Phosphate buffer solution (PBS) pH
7.4

137mM NaCl,
buffer, 2.7mM KCI, pH 7.4

Tris buffered saline pH 7.5

50mM Tris, 150mM NacCl

TBST 50mM Tris, 150mM NaCl, 0.05%
Tween 20

SDS-PAGE gel-loading buffer 50mM Tris-Cl pH 6.8, 100mM
Dithiothreitol, 2% SDS, 0.1%

Bromophenol blue, 10% glycerol

Laemmli buffer

0.1% (w/v) SDS

Transfer buffer

Methanol, 0.1%SDS

Agarose gel-loading (6X)

0.02% Bromophenol Blue, 0.02%
Xylenecyanol, 30% Glycerol in H.0

Tris/Acetate/EDTA (TAE) pH 8

0.04M Tris-Acetate, 0.001M EDTA

Tris EDTA (TE) (10X) pH 8

EDTA

Bacterial strains:

Strains

Genotype

Top 10

F- mcrA A(mrr-hsdRMS-mcrBC)
®80lacZAM15 AlacX74 recAl
araD139 A(ara leu) 7697 galU galK
rpsL (StrR) endA1 nupG

BL21 (DE3)

F- ompT hsdSB(rB-, mB-) gal dcm
(DE3)

XL 10

TetrD(mcrA)183 D(mcrCB-hsdSMR-
mrr)173 endA1l supE44 thi-1 recAl
gyrA96 relA1l lac Hte [F" proAB
laclgZDM15 Tn10
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2.5mM Tris, 19.2mM Glycine, 20%
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2.2 Experimental Procedures

2.2.1 Preparation of plasmids

Rhomboid expression plasmids: ecGlpG was generated using PCR with an
Escherichia coli strain DH5a genomic DNA. YqgP and hiGlpG were generated
by PCR using genomic Bacillus subtilis and Haemophilus influenzae DNA,
respectively, purchased from ATCC, USA. Using restriction digestion, the
three PCR products were then ligated into pBAD.MycHisA vector (Invitrogen,
Canada) to generate three prokaryotic rhomboid expression plasmids,
pBAD.ecGlpG, pBAD.hiGlpG and pBAD.YqgP respectively (Figure. 2.2.1).
Further experiments in this section involving hiGlpG were carried out with

pBAD.hiGlpG as the template.

psTatA expression plasmid: psTatA was supplied as a gift from Dr. Matthew
Freeman, MRC, Cambridge) in a pET21a vector carrying His epitope (Figure
2.2.2). Oligonucleotide primers were designed to insert a FLAG tag at the N
terminus of psTatA using QuikChange Lightning Site Directed Mutagenesis
Kit (Agilent Technologies, Ontario, Canada). The PCR condition was followed
as per the protocol supplied by Agilent Technologies (Table 2.2.1). After the
PCR, the parental dsDNA was digested with Dpnl restriction enzyme. 2pl of
the digested product was then added to XL10 Gold Ultracompetent cells and
incubated in ice for 30 min. The cells were switched to 42°C for 30 sec for
heat-shock induced transformation and immediately transferred to ice for 2

min. NZY broth was added for cells to recover at 37°C for 1hr. The cells were
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then plated on 100pg/ml ampicillin, 40 pg/ml X-gal and 0.1mM IPTG

containing LB agar plates and allowed to grow overnight at 37°C.

Plasmid Isolation and DNA sequencing: Single colonies were picked from the
plates and grown in 5ml LB media supplemented with ampicillin at 37°C. The
plasmids were then isolated using Qiagen mini prep kit (Qiagen, Toronto,
Ontario). A mini-plasmid isolation protocol supplied with the kit was used for
the extraction of plasmids. The plasmids were eluted in a final volume 50pl of
ddHz20. Purity of the plasmids was checked on agarose gel and concentration
of DNA was determined by absorption readings (OD260). The plasmid
samples were sent for sequencing at The Applied Genomics Centre,

Department of Medicine, University of Alberta.

2.2.2 Rhomboid expression and purification

Membrane fraction isolation: E. coli (Top10) expressing ecGlpG, hiGlpG and
YqgP were grown in 5ml LB media supplemented with ampicillin (100pg/ml)
overnight at 37°C. Large scale cultures (1L) were inoculated with 20ml of
overnight cultures. The three cultures were grown to an ODgoo = 1.0, 0.4 and
1.0, respectively and induced with 0.002 % arabinose at 24°C for 5 h. Cells
were harvested at 7,000 rpm for 10 min using an Avanti J1.8000 rotor
(Beckman, USA). Cells were resuspended in 4 volumes TBS supplemented
with EDTA-free peptidase inhibitor cocktail (NEB, USA), 1 mM PMSF, 0.1

mg/ml DNase, and lysed using an EmulsiFlex-C3 (Avestin Inc, Ottawa,
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Canada). Unbroken cells were pelleted in a JA17 rotor (Beckman, USA) at
15000 rpm (10,000 g) for 20 min. Membrane fractions were collected by
ultracentrifugation in a L8-80 ultracentrifuge at 35,000 rpm (100,000g) in a

45Ti rotor (Beckman, USA) for 2 h.

Protein purification: Membrane fractions were homogenized in 50mM Tris,
300mM NaCl, 30mM Imidazole, 20 % glycerol, 1 % DDM pH 8.0. The solution
was stirred for 30 min followed by ultracentrifugation for 30 min at 45,000
rpm (110,000 g) in a Ti45 rotor (Beckman, USA). The supernatant was
incubated with Ni-NTA resin (Qiagen, Ontario, Canada) for 2 h. The resin was
then collected and washed with 20 column volumes (CV) of 50mM Tris, 300
mM NaCl, 30mM imidazole, 20 % glycerol, 0.1 % DDM pH 8.0 followed by 20
CV of the above stated buffer with 35mM imidazole. Protein fractions were
eluted in a step-wise manner with 3 times of 2 CV of the above described
buffer containing 250, 500 and 1000mM Imidazole. Bicinchoninic Acid (BCA)
kit (Pierce Biotechnology Inc., Thermo Scientific, I, USA) was used to

determine protein concentrations.

2.2.3 Expression and purification of Providencia stuartii TatA
(psTatA)

Flag-psTatA-His was purified as previously described for the C100-
TatA construct [4]. Briefly, the psTatA expression plasmid was transformed

into BL21(DE3) cells. Cells were grown in 5ml LB media supplemented with
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ampicillin overnight at 37°C. Large scale cultures (1L) were inoculated with
20ml of overnight cultures. The cultures were grown to an ODgg of 1.0 and
induced with 1mM IPTG for 3 hours. Cells were harvested at 7000 rpm for
10 min using an Avanti J1.8000 rotor (Beckman, USA) and resuspended in 1X
PBS (pH 7.4) plus 1% Triton X-100 buffer. The insoluble fraction was
removed by pelleting the cells in a JA17 rotor at 15000 rpm (10,000 g) for 20
min. The supernatant was incubated with 1ml of ANTI-FLAG M2 Affinity Gel
(Sigma-Aldrich, ON, Canada) with gentle agitation for 2 hours to facilitate
protein binding. The resin was loaded onto a column and the flow-through
was collected. The resin was subsequently washed with 10 CV of 1X PBS and
1% Triton X 100. Elutions of the protein were perfomed in step-wise manner
by adding 3x 2CV of 0.1M glycine (pH 2.7) along with 0.1% DDM. The
concentration of protein present in each eluted fraction was determined
using Bicinchoninic Acid (BCA) kit (Pierce Biotechnology Inc., Thermo

Scientific, 11, USA.

2.2.4 Analytical ultracentrifugation of ecGlpG, hiGlpG and
YqgP

Sedimentation equilibrium experiments of the three rhomboid
proteases were conducted at 20 °C in a Beckman XL-I analytical
ultracentrifuge using absorbance optics, as described by Laue and Stafford
[8]. Protein samples used for DDM runs were obtained after Ni-NTA. Prior to
runs, samples were dialyzed for at least 48 h in 20mM Tris, 20mM NaCl pH

8.0 and 0.05 % DDM. Aliquots (110 pL, 1mg/ml) of the sample solution were
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loaded into six sector CFE sample cells, allowing three concentrations to be
run simultaneously. Runs were performed at a minimum of three different
speeds and each speed was maintained until there was no significant
difference in r?/2 versus absorbance scans taken 2 h apart to ensure that
equilibrium had been achieved. Sedimentation equilibrium data were
evaluated using the NONLIN program, which employs a nonlinear least
squares curve-fitting algorithm described by Johnson et al. [9]. The program
allows analysis of both single and multiple data files and can be fit to models
containing up to four associating species, depending upon which parameters
are permitted to vary during the fitting routine. The protein’s partial specific
volume and the solvent density were estimated using the Sednterp program

[10]. DDM amounts were quantified using thin layer chromatography.

Thin layer chromatography detection of DDM: The hiGlpG sample was
obtained post-Ni-NTA purification. 20 pl aliquot containing 9.2 pg of protein,
along with DDM standards were spotted directly onto silica glass plates
(Whatman, USA). The mobile solvent phase consisted of
ethylacetate/methanol 4: 1 (v/v). The plate was sprayed with 2N H2SO4

solution and then charred at 90°C for DDM detection [11].
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2.2.5 Crosslinking assay with detergent solubilized hiGlpG
hiGlpG was expressed and purified using a similar approach described
in section 2.2.2. Crosslinking was carried out using two homobifunctional
crosslinking reagents, DSP and DTSSP (Pierce Protein Research Products,
Thermo Fisher Scientific, Rockford, USA) (Figure 2.2.3). Post purification,
hiGlpG was dialysed with PBS (pH 7.4) to remove Tris buffer. For each
crosslinker, three aliquots of 10pg (20ul) of dialysed hiGlpG were taken. One
aliquot was treated as control. The remaining two aliquots were treated with
1mM DSP or 1mM DTSSP respectively and incubated at room temperature
for 30 min with gentle mixing. The crosslinking reactions were quenched
using 1M Tris (pH 7.4) to a final concentration of 50mM. To one of the
crosslinked aliquots, 1M DTT was added to a final concentration of 50mM
and incubated at 37°C for 30 min. 10ul of each of the samples were then
loaded onto a 4%/ 12% SDS- PAGE gel under non- reducing conditions at
100V and then transferred to a Hybond- P PVDF membrane (GE Healthcare,

USA) and run at a constant voltage of 100V for 1 h at 4°C..

2.2.6 Gel filtration chromatography

Purified hiGlpG was digested with thrombin (9 units of thrombin/ mg
of hiGlpG) overnight at room temperature to remove the Myc.His epitope tag.
Gel filtration chromatography was carried out on a Hiload Superdex 200
10/300 analytical column (GE Healthcare, USA). Approximately 200ug of

sample was injected into the column and equilibrated with 50mM Tris,
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200mM NaCl, 5% glycerol (pH- 8.0) and 0.1% DDM. Samples were run at 0.3
ml/ min and the absorbance values of the fractions were determined at
280nm. To determine the elution volume of hiGlpG (Ve), different absorbance
values were plotted against volume of the fractions. A set of standard
proteins were also run on the column for calibration: thyroglobulin (MW
670k; Stokes radius 85 A), IgG (MW 158k; Stokes radius 55 10\), ovalbumin;
(MW 44k; Stokes radius 28 A), and myoglobin (MW 17k, Stokes radius 19 A)
(Bio-rad laboratories, USA). A standard curve was plotted using the
molecular weights of standard proteins versus their Ve /Vo values from which

the mass of the eluted hiGlpG was calculated. (Vo: column void volume).

2.2.7 Activity assay

hiGlpG was purified with 0.1% DDM and digested with 30U of
thrombin per mg of protein for 1h at room temperature and immediately
used for activity assay. Increased amount of thrombin was used in this
experiment as we found that the functional assay was more efficient with
freshly purified hiGlpG. Activity assays were performed with 15pug hiGlpG,
500ng of psTatA substrate, DDM to a final concentration of 0.1% and
cleavage buffer (50mM Tris, pH-7.5 and 150mM NacCl). The control contained
500ng substrate, DDM and cleavage buffer without rhomboid protease. The

reaction was carried out 37° C for 1h and then stopped by adding 7ul

of 4X SDS sample buffer. 20ul of the samples was resolved by 4%/16% SDS
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PAGE and transferred to a Hybond- P PVDF membrane (GE Healthcare, USA)

and analysed using Western blot.

2.2.8 Anti-Flag pull down assay

Plasmid constructs: His-tagged and Flag-tagged hiGlpG were constructed
individually by Quikchange mutagenesis (Stratagene, CA) by using
pBAD.hiGlpG.MycHisA as the template (Table 2.2.2). Mutations were verified
by DNA sequencing. The PCR products were cut by Ncol/HindIII to release
hiGlpG.His and hiGlpG.Flag respectively and cloned into Ncol/HindIIl
digested pACYCDuetl and pET28a (Novagen, USA) to generate pACYCDuet1-
hiGlpG-Hise and pET28a-hiGlpG-Flag respectively (Figure 2.2.4). E. coli
BL21/DE3 cells were transformed with individual clones of pACYCDuet1-
hiGlpG, pET28a-hiGlpG or both (co-transformation) using the standard

transformation protocol [12].

Protein expression and purification: Large scale cultures of BL21/DE3 cells
harbouring pACYCDuet1-hiGlpG-His, pET28a-hiGlpG-Flag or both were
grown at 37°C in LB medium supplemented with appropriate antibiotics
[ampicillin (100pg/ml) for pACYCDuetl- hiGlpG-His, kanamycin (30pg/ml)
for pET28a- hiGlpG -Flag or both (for co-transformed plasmids)]. Cells were
grown to an ODeoo of 0.8 and induced with 0.1mM IPTG for 6 hours.
Membrane fractions were collected by ultracentrifugation using the same

protocol described in section 2.2.2.
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Membrane pellets were then homogenized with 50mM Tris (pH 8.0),
300mM NacCl, 10mM imidazole, 20% glycerol and protease inhibitor tablets.
Membrane homogenates of hiGlpG-His, hiGlpG-Flag, and coexpressed
(hiGlpG-His and hiGlpG-Flag) were aliquoted (1ml) and solubilized with
1% DDM for 30 min at 4°C followed by ultracentrifugation at 40,000 rpm
(100,000 g) for 30 min at 4°C in a TLS 55 rotor (Beckman, USA). For the
mixed-membrane control, 0.5ml of hiGlpG-His membrane fraction was mixed
with 0.5 ml of hiGlpG-Flag membrane fraction after homogenization on ice
for 30 minutes and solubilized as above. Aliquots of supernatant of each of
above fractions (1ml) were incubated with 50ul of pre-equilibrated Flag
affinity resin (Anti-Flag M2 Affinity Gel; Sigma, USA) for 2 h at 4°C with
agitation for protein binding. Resins were washed with 20 CV of TBS
supplemented with 0.1% DDM. Immunocomplexes were finally dissolved in
4X SDS sample buffer and analyzed by Western blotting. To ensure equal
amounts of the protein was added to the resin, a SDS-PAGE (4%/12%) gel

was prepared simultaneously and stained with Coomassie Blue R250.

2.2.9 SDS- PAGE and Western Blotting

SDS-PAGE: All protein samples were resolved using polyacrylamide gels.
Different composition of the resolving gel and the stacking gel are listed in
Table 2.2.3. The resolving gel and stacking gel were prepared and allowed to
polymerize. The gels were run at a constant voltage of 100V at room

temperature in Laemmli buffer. Following SDS-PAGE electrophoresis, the gel
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was either stained with Coomassie Blue staining solution containing 50%
Methanol, 10% acetic acid and 0.05% (w/v) Coomassie Brilliant Blue R-250
or transferred to a Hybond- P PVDF membrane (GE Healthcare, USA) at

constant voltage of 80V.

Western Blotting: Following the transfer, the membranes were washed with
1X TBS and blocked with 3% skim milk in TBST for 1h. Primary probing was
done with either His- Probe HRP (1:500 dilution; Santa Cruz Biotechnology,
USA) or mouse anti-flag antibody (1:10,000 dilution; Sigma-Aldrich, USA) for
30 min. Following the incubation, the membranes were washed thrice in
TBST solution for 10 min. The membranes were then incubated with
secondary rabbit anti-mouse antibody conjugated to Horseradish peroxidase
(1: 40000 dilution) for 30 min. After incubation, the membranes were
washed four times in TBST for 10 min. The bands in the blot were detected
using ECL Plus western blot detection system (GE Healthcare, USA) and

visualized by ImageQuant LAS 4000 (GE Healthcare, USA).
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2.3 Results

2.3.1. Overexpression

Rhomboid proteases from three prokaryotic organisms hiGlpG from H.
influenzae, ecGlpG from E. coli, and YqgP from B. subtilis, were analyzed for
protein over-expression. Final cell culture parameters for all rhomboids
resulted in the use of 0.002 % arabinose with a 5 h induction time at 24°C.
The proteins were solubilized in dodecylamaltoside (DDM, Anatrace, USA)
using Ni-NTA column purification as previously described for hiGlpG [7] .
Expression yields post-purification using the His-tag affinity Ni-NTA resin
were as follows: 1.8 mg/L for hiGlpG, 2.0 mg/L ecGlpG, and 1.6 mg/L for
YqgP. All proteins were subjected to gel filtration chromatography for further
purification, resulting in a protein band on SDS-PAGE with 90-95%

homogeneity (Fig. 2.3.1).

2.3.2. Oligomeric state of three prokaryotic rhomboid
proteases

In order to assess the oligomeric state of the three rhomboid
peptidases, hiGlpG, ecGlpG and YqgP were purified in DDM and subjected to
sedimentation equilibrium analysis by analytical ultracentrifugation (Table
2.3.1 and Fig. 2.3.2). All speeds for each sample, hiGlpG, ecGlpG, and YqgP are
also shown (Fig. 2.3.7, 2.3.8, 2.3.9). A global mass of 135,079 Da, 141,476 Da
and 203,989 Da was obtained for hiGlpG, ecGlpG and YqgP respectively. Thin
layer chromatography was used to assess detergent amounts associated with
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a single molecule of hiGlpG using densitometric analysis and it was found to
be approximately 45K+5 kDa (Fig.2.3.6) [13]. This is in agreement with the
amount of radiolabelled DDM associated with a membrane protein LacS that
consists of 12 transmembrane segments, which was calculated to be 100K of
DDM per monomer [14]. When the global mass obtained from the
sedimentation equilibrium is divided by the mass of the rhomboid peptidases
plus the detergent bound, we get two rhomboid molecules per species for
hiGlpG, ecGlpG and YqgP (Table 2.3.1), indicating that these prokaryotic
rhomboids preferentially forms a dimer in detergent solution. The best-fit
analysis is in agreement with all proteins fitting to a monomer-dimer-
tetramer model with a dimer being the predominant species for hiGlpG and
ecGlpG. Best fit analysis with YqgP indicated that more tetramer was
observed compared to hiGlpG and ecGlpG.

To further analyse the oligomeric state of rhomboids and determine
whether the membrane domain is responsible for the dimerization, we
focused solely on the hiGlpG. Sequence analysis indicates that this is the
simplest form of the rhomboid family of proteins [15]. Its crystal structure
indeed confirms it having only 6 transmembrane segments with no large N-

or C-terminal domains [7].
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2.3.3 Crosslinking studies with detergent solubilized hiGlpG
indicate a dimeric species.

We analyzed the oligomeric state of DDM solubilized hiGlpG using the
homobifunctional crosslinking reagents, DTSSP and DSP. These are
membrane impermeant and membrane soluble reagents, both of which react
covalently with amino groups, and their internal disulfide bond can be
cleaved by reducing reagents such as DTT. These two crosslinkers were
initially chosen to distinguish between crosslinking with loop and
transmembrane segments. The molecular weight of the hiGlpG-MycHis is
25,061Da, however when resolved on SDS-PAGE, the protein runs at 23KDa
(Fig. 2.3.1). When crosslinked samples were resolved on SDS-PAGE and
blotted on a PVDF membrane for Western blot analysis, we observed that
both DSP and DTSSP efficiently cross-linked hiGlpG and the dimeric species
was running at 45KDa, which was the expected molecular weight for a dimer
(Fig. 2.3.3). Followed by the addition of DTT, a reducing agent that separates
the homobifunctional crosslinkers, the cross-linked products were cleaved
and found to be migrating at the same molecular weight as that of the
monomer. Slightly more crosslinking is observed with the membrane
permeant DSP compared to the impermeant DTSSP. Two of the three lysines
in hiGlpG are located at the base of transmembrane segments and DSP being
membrane permeant may be able to penetrate the detergent micelle more
readily that DTSSP. We do not observe 100% crosslinking which is typical for

membrane proteins. A weak dimer band is observed in the control lane
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without crosslinker suggesting a strong interaction between dimers that is
not fully separated by SDS. In addition we see a faint band in the crosslinking
samples at approximately 70K near the trimer range, however the absence of
a trimer in the gel filtration (see below) and analytical ultracentrifugation
experiments suggests this may be a minor contaminant crosslinking with

hiGlpG.

2.3.4. Gel filtration and activity assay indicates hiGlpG is
dimeric and functional

To determine if the dimer was indeed the predominant species for
hiGlpG, Ni-NTA purified sample was run on an analytical gel filtration (GF)
column (Fig. 2.3.4a). Examination of the profile for hiGlpG reveals retention
time of the eluted hiGlpG just below the 158kDa marker. Given
approximately 45K of detergent (approximately one micelle of DDM)
associated with one hiGlpG, the gel filtration data suggests we have a dimer
under these conditions. In addition, we also observe a shoulder peak at
approximately half of the height of the major peak eluting at 12ml retention
time. Using the standard curves, regression analysis calculation for the
molecular weight for this peak indicates a mass of approximately 265kDa
suggesting a tetrameric species is also present which is in agreement with

the analytical centrifugation results.

In order to assess if the dimer was active, Ni-NTA purified hiGlpG was

also subjected to a gel-based activity assay, typical for intramembrane
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proteases [4, 16](Fig. 2.3.4b). Providencia stuartii TatA (psTatA) with an N-
terminal Flag tag was used as the substrate. In the presence of hiGlpG, psTatA
was cleaved that was assessed by Western blotting using Anti-Flag antibody,

indicating that the dimeric hiGlpG is functional.

2.3.5. Co-purification of hiGlpG-His and hiGlpG-Flag shows
rhomboid form dimers in the membrane bilayer.

To test if hiGlpG formed dimers within the membrane, we designed a
co-expression study to allow the expression of two different hiGlpG: one with
a His tag and the other with a Flag tag. DDM- solubilized membranes were
isolated from cells co-expressing hiGlpG-His and hiGlpG-Flag. Also DDM-
solubilized membranes were isolated from cells expressing each individual
clones of hiGlpG-His and hiGlpG-Flag to serve as controls. As a control,
individual membranes of hiGlpG-His and hiGlpG-Flag were also mixed prior
to the addition of detergent to ensure that dimers did not form as a result of
the solubilisation step. Anti-Flag affinity gel was used to purify the proteins
and the presence of dimers in the immunoprecipitated fractions was
examined by Western blotting with either Anti-Flag antibody or His-Probe.
Fractions expressing Flag tagged proteins immunoprecipitated with Flag
affinity resin were detected by the Anti-Flag antibody (Fig. 2.3.5a). As
expected, hiGlpG-His was not detected by Anti-Flag antibody. The blot was
also subsequently probed with the His-Probe (Fig. 2.3.5b). In the co-

expressed fraction purified with Flag resin, hiGlpG-His was detected
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demonstrating that the two epitopes were found to coimmunoprecipitate.
This indicated that hiGlpG-Flag and hiGlpG-His associated within the
membrane. In order to rule out the possibility that the co-
immunoprecipitation was due to disruption of the dimers, a control was
included where the His- and Flag-tagged dimer were expressed and purified
independently. The separately purified proteins were then subjected to the
same detergent treatment for the co-expression study. A small but detectable
signal was noted in the mixed membrane fraction when the blot was probed
with the His-Probe antibody (Fig. 2.3.5b) suggesting only minor disruption of
the dimers by the addition of the detergent. It is clear from this result that

hiGlpG forms oligomers, most likely dimers, in the lipid bilayer.

2.4 Discussion

This chapter addressed the oligomeric state of different prokaryotic
rhomboid proteases. Analytical ultracentrifugation results indicate that
prokaryotic rhomboids hiGlpG, ecGlpG and YqgP form monomers, dimers and
tetramers with dimers being the predominant species. In order to determine
if the membrane domain alone was responsible for dimerization, we carried
out further experiments only with hiGlpG as it represents the basic 6 TM
rhomboid core. Confirming the analytical ultracentrifugation results, both
crosslinking and gel filtration experiments show that hiGlpG forms a dimeric
species. In addition, activity assay also reveals that the dimeric hiGlpG is

functional.
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An important question that needed to be addressed was whether the
dimer formed in the membrane bilayer or if it was an effect of detergent
solubilisation. In our pull-down assay, we coexpressed a His tagged hiGlpG
and a Flag tagged hiGlpG and both were found to coimmunoprecipitate
demonstrating that hiGlpG formed dimers in vivo. To test if the
homogenization step during purification did not alter the oligomers, we
conducted a control where membrane fractions harbouring only hiGlpG-His
or hiGlpG-Flag were mixed prior to co-immunoprecipitation. This control was
used to demonstrate that the detergent or the mechanical steps during
purification did not disrupt or affect the native dimers found in the
membrane. Only a faint signal was observed when Flag immunoprecipitates
were probed using a His-probe, suggesting a slight disruption of the Flag
homodimers to form Flag.hiGlpG and His.hiGlpG heterodimers.
Coimmunoprecipitation experiments also suggest that the dimers are not
easily separated. Unfortunately, we have not yet identified any conditions or
reagents that could disrupt the dimer, therefore it is currently not possible to

assess if the dimeric species is essential for function.

The objective of rhomboid dimerization may be because of two
reasons: dimerization may assist in function and/or in the stability of the
enzyme. Since rhomboids have a relaxed substrate specificity compared to
other serine peptidases [17], it is necessary that rhomboid activity is
regulated by other mechanisms. These experiments have shown that hiGlpG,
the simplest rhomboid, exists as a dimer. Like hiGlpG, ecGlpG also belongs to
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the secretase A family of rhomboids containing the six transmembrane core,
with ecGlpG carrying the N-terminal cytoplasmic domain. YqgP belongs to
secretase B family with seven transmembrane segments, where an extra
transmembrane segment is fused to the six transmembrane core at the C
terminal region [15]. Given the wide difference in topology, all these
rhomboids have in common the six transmembrane core that is most likely
the mechanism for dimerization. It is also tempting and not unjustified to
speculate that the other secretase members along with the eukaryotic
homologs form dimers.

In the crystal structure of H. influenza rhomboid, a physiological dimer
was not observed; however a crystallographic dimer with head-to-tail
packing was observed, where the two monomers have opposite topologies
[7]. This is similar to that seen in various E. coli rhomboid structures forming
three dimensional crystals [18-20]. Recently, a projection map from the two
dimensional crystal of ecGlpG was published [21]. It is evident from this
projection map that ecGlpG exists as a dimer in the asymmetric unit. Since
neither a three dimensional map was provided nor the crystal structure was
docked, it is difficult to predict the region of dimeric interface in the protein.
Since the dimer is functional, there exists the possibility that Loop1, which is
on the opposite side of the substrate entry pathway, may facilitate this
dimerization. New crystals from ecGlpG membrane domain show the
presence of a trimer, however this may be a crystallographic artifact, as both

TM5 and Loop 5 point towards the centre, preventing easy access to the
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active site [22, 23]. In the crosslinking assay, we do observe a faint band near
the predicted trimeric molecular weight of hiGlpG, however it is very faint.
Also, gel filtration and analytical ultracentrifugation experiments do not
suggest a physiological trimer in vitro, as only dimers and tetramers are
observed.

Evidence of monomer in the crystal structure along with dimer in the
membrane have been observed with the sodium proton antiporter, NhaA
[24]. While the three dimensional crystal depicts a monomer[25], two
dimensional crystals [5] along with electron microscopy map (EM), electron
spin resonance (ESR) measurements and crosslinking [26, 27]demonstrate
that the antiporter exists as a dimer in the membrane. It was later revealed
that dimerization was important to maintain the antiporter under conditions
of extreme stress, during cell growth such as alkaline pH, salt and high
temperatures [28]. The dimer interface was composed of two - hairpins of
the two monomers, forming an anti-parallel (3- sheet at the periplasmic side
of the membrane [27]. Examples exist of other membrane proteins that
oligomerize to regulate their function. Anion exchanger, AE1 exists in
equilibrium between both dimers and tetramers. While the monomers were
thought as the functional units, a paper suggests that dimers are the
functional units with each monomer regulating the other allosterically [6].

The fact that ecGlpG may homo-oligomerize was not studied in detail
with ecGlpG [29]. YqgP is also known to oligomerize as large aggregates,

however the study was carried out in the absence of detergent [30]. This
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chapter describes the first study of oligomerization in rhomboid proteases.
Interesting questions arise from these results. For example: does
dimerization affect the function of rhomboids and influence the rate of
substrate cleavage? Also, the lipids modelled as phosphatidic acid were found
in hiGlpG structure [7] as well as a ecGlpG crystals were grown in lipid
bicelles [21]. It would be interesting to observe if lipids play a role in
oligomerization and consequently influence the catalytic activity of rhomboid

proteases.

76



@ invitrogen
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Comments for pBAD/Myc-His A,
4094 nucleotides

araBAD promoter region: bases 4-276
Initiation ATG: bases 319-321

Multiple cloning site: bases 317-370
myc epitope: bases 377-406
Polyhistidine tag: bases 422-439

rrnB transcription termination region: bases 545-702

Ampicillin ORF: bases 981-1841
pBR322 origin: bases 1986-2659
AraC ORF: bases 4068-3190

pBAD/Myc-His
A,B.C

* Version A does not contain
SnaB | or Xba |.

Version B contains Xba | only.
Version C contains SnaB | only.

Figure 2.2.1: Circular vector map of pBAD.MycHisA:

Vector map of pBAD.MycHisA which was used to express pBAD.ecGlpG, pBAD.hiGlpG

and pBAD.YqgP.
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Figure 2.2.2. Circular map of pET21a:

Red arrow shows the insertion of Flag tag near the N- terminus of hiGlpG.His.
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Figure 2.2.3: DTSSP and DSP Crosslinkers:

Crosslinkers containing amine-reactive NHS-ester ends that react with
primary amines of the protein forming stable amide bonds.
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Red arrows indicate the insert sites of hiGlpG.His and hiGlpG.Flag

respectively.
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Primer Sequence:

Primer Name Primer Sequence

FLAG.hiGlpG.His- Forward
primer

5'-atgggtcgcggatccgattacaaggacgatgacgataagatggaatcaactattgca-3'

FLAG.hiGIlpG.His- Reverse
primer

5'-tgcaatagttgattccatcttatcgtcatcgtccttgtaatcggatccgegacceat-3'

PCR conditions for Site- directed Mutagenesis:

Reagent Volume (ul)
Plasmid template 1
(pPET21a.hiGlpG.His)
10X reaction buffer 5
Forward primer (stock 100ng/ pl) | 1.25
Reverse primer (stock 100ng/ pl) | 1.25
dNTP mix 1
Quik Solution reagent 1.5
ddH20 38
QuikChange Lightning Enzyme 1

Cycling Parameters for Site-directed Mutagenesis

Segments | Cycles | Temperature | Time
1 1 95°C 2 min
2 18 95°C 20 sec
60 °C 10 sec
68 °C 2 min 45 sec
3 1 68 °C 5 min

Table 2.2.1. Site-directed mutagenesis for pET21a.psTatA.His.

Mutagenesis PCR protocol and parameters for insertion of FLAG tag into
pET21a.psTatA.His.
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Primer Design:

Primer Name

Primer Sequence

Insertion of His tag- Forward
primer

5'-gcgcaaaaattcgctagagcatcatcaccatcaccactaa
ctggtaccatatgggaatt-3'

Insertion of His tag- Reverse
primer

5'-aattcccatatggtaccagttagtggtgatggtgatgatgctcta
gcgaatttttgcgce-3'

Insertion of Flag tag- Forward
primer

5'-gcgcaaaaattcgctagaggattataaagatgacgacgataagt
aactggtaccatatgggaatt-3'

Insertion of Flag tag- Reverse
primer

5'-aattcccatatggtaccagttacttatcgtcgtcatctttataatcct
ctagcgaatttttgcge-3'

PCR conditions for Site- directed Mutagenesis:

Reagent Volume (ul)

Plasmid template
(pPET21a.hiGlpG.His)

1

10X reaction buffer 5

Forward primer (stock 100ng/ ul) 1.25

Reverse primer (stock 100ng/ pl) 1.25

dNTP mix 1
Quik Solution reagent 1.5
ddH20 38

QuikChange Lightning Enzyme 1

Cycling Parameters for Site-directed Mutagenesis:

Segments | Cycles | Temperature | Time
1 1 95°C 2 min
2 18 95°C 20 sec
60 °C 10 sec
68 °C 2 min 15 sec
3 1 68 °C 5 min

Table 2.2.2. Site-directed mutagenesis PCR of pBAD.hiGlpG.MysHisA.

The table above lists the parameters and protocol for generating two different
tagged proteins, hiGlpG.His and hiGlpG.Flag.
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Resolving gel :12% and 16%

30% Acrylamide 2.4 ml for 12% gels; 3.2 ml for 16% gels
H.0O 3.4 ml for 12% gels; 2.6 ml for 16% gels
1.5M Tris (pH 8.8) 1.25 ml

10% SDS 50 pl

10% APS 25 ul

TEMED 5ul

Stacking gel: 4%

30% Acrylamide 0.5 mil
H,O 3.1mi
0.5M Tris (pH 6.8) 1.25 ml
10% SDS 50 pl
10% APS 25 ul
TEMED 10 pl

Table 2.2.3. SDS-PAGE gel composition.

Compositions of the resolving gel and the stacking gel used for 4%/12%
and 4%/16% gels.
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STD ecGIlpG hiGIpG YqgP

Fig. 2.3.1. Overexpression of prokaryotic rhomboid proteases.

SDS-PAGE of overexpressed prokaryotic rhomboid peptidases: ecGlpG from E.
coli, hiGlpG from H. influenzae, and YqgP from B. subtilis (with their epitope
tags removed). Molecular weights of marker (STD) (in kDa) are mentioned on
the left-hand side.
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Fig. 2.3.2: Sedimentation equilibrium analysis of hiGlpG, ecGlpG and YqgP in 0.1%
DDM. All three proteins were dissolved in 20mM Tris, 20mM NaCl pH 8.0 and 0.05%
DDM and were each centrifuged at three different rotor speeds at 202C. Only the data
collected at the lowest rotor speeds, which are 10,000, 9,000 and 8,000 rpm for hiGlpG,
ecGlpG and YqgP respectively, are shown. The protein concentrations used were 0.53
(circles), 0.35 (squares) and 0.26 mg/mL (triangles) for hiGlpG; 0.17 (circles), 0.11
(squares) and 0.08 mg/mL (triangles) for ecGlpG; and 0.18 (circles), 0.12 (squares) and
0.09 mg/mL (triangles) for YqgP. Lower graphs illustrate r2/2 versus absorbance plots;
symbols represent measured data points, and solid lines represent fit lines to a
monomer-dimer-tetramer model. Upper graphs illustrate the residuals from fitting the
measured data points to a three-species model. The random, nonsystematic
distribution of the residuals indicates a good fit of the data to the models.
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Fig. 2.3.3. Crosslinking of hiGlpG in detergent solution detected by
Western blot using His-Probe.

His-Probe detection of detergent solubilized hiGlpG 10pg (20ul) aliquots
incubated with 1mM DTSSP and DSP crosslinking agents, with or without
the reducing agent DTT. The arrows show the position of monomer and
dimer at approximately 23kDa and 45kDa respectively.
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Fig. 2.3.4. Gel filtration and functional assay of hiGIpG.

(A)  Gel Filtration of hiGlpG in 0.1% DDM. Approximately 200pg of Ni-NTA purified
hiGlpG in DDM was subjected to gel filtration onto a Hiload Superdex 200 10/300
column (GE Healthcare, USA) containing 50mM Tris, 200mM NaCl and 5% glycerol,
pH 8.0 supplemented with 0.1% DDM. Vo- void volume, Vt-total column volume
(24ml). Arrowheads represent the standard proteins from left to right: 1.
thyroglobulin (MW 670k; Stokes radius 85 A); 2. IgG (MW 158k; Stokes radius 55 A);
3. ovalbumin (MW 44k; Stokes radius 30.5 A); and 4. myoglobin (MW 17k, Stokes
radius 20.7 A)

(B) Rhomboid cleavage activity on psTatA. SDS-PAGE demonstrating P. stuartii
TatA (psTatA) substrate cleavage by hiGlpG in 0.1% DDM. Samples run include a
control on the left panel. Molecular mass markers are reported in kDa on the left-
hand side.
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Fig. 2.3.5. Pull down assay with co-expressed His and Flag-tagged hiGlpG
shows in vivo association.

Co-immunoprecipitation assay of hiGlpG molecules bearing two different
immunological epitopes are shown to validate the formation of hiGlpG
dimers within the membrane bilayer. hiGlpG-Flag and hiGlpG-His were
expressed either independently, or coexpressed. In addition for a control,
hiGlpG-Flag and hiGlpG-His membrane fractions were mixed prior to
immunoprecipitation. Upon Anti-Flag immunoprecipitation, each fraction
was separated on a 12% SDS-PAGE gel and analysed by immunoblotting with
either (A) Anti-FLAG or (B) His-Probe. (C) A Coomassie stained gel with the
four different membrane fractions is shown as a loading control to ensure
equal amounts of protein was added to the resin. Molecular mass markers
are reported in kDa on the left-hand side.
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Figure 2.3.6. Thin layer chromatography of DDM associated with
hiGlpG:

Aliquots of 10 pl of DDM standards of a given concentration were spotted

on a Silica TLC plate (Whatman, USA). The hiGlpG sample obtained post-Ni-
NTA purification was applied in a 20 pl aliquot containing 9.2 pg of protein.
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Figure 2.3.7. Sedimentation equilibrium analysis of hiGlpG:

Protein was dissolved in 20mM Tris, 20mM sodium chloride, 18% D20 and 0.05
% DDM, pH 8.0 and centrifuged at 10000 rpm (circles), 12000 (squares) and
14000 rpm (triangles) at 20°C. The protein concentrations used were 0.53,
0.35 and 0.26 mg/mL for sectors A, B and C, respectively. Lower panels: r2/2
versus absorbance plots. Symbols represent measured data points, and solid
lines represent the fit to a monomer-dimer-tetramer model. Upper panels:
Residuals obtained from fitting the measured data points to a two-species
model. The random, nonsystematic distribution of the residuals indicates a
good fit of the data to the models.
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Figure 2.3.8. Sedimentation equilibrium analysis of YqgP:

Protein was dissolved in 20mM Tris, 20mM sodium chloride, 18% D>0 and 0.05
% DDM, pH 8.0 and centrifuged at 8000 rpm (circles), 10000 (squares) and 12000
rpm (triangles) at 202C. The protein concentrations used were 0.18, 0.12 and 0.09
mg/mL for sectors A, B and C, respectively. Lower panels: r2/2 versus absorbance
plots. Symbols represent measured data points, and solid lines represent the fit to
a monomer-dimer-tetramer model. Upper panels: Residuals obtained from fitting
the measured data points to a two-species model. The random, nonsystematic
distribution of the residuals indicates a good fit of the data to the models.
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Figure 2.3.9. Sedimentation equilibrium analysis of ecGlpG:

Protein was dissolved in 20mM Tris, 20mM sodium chloride, 18% D0 and 0.05 %
DDM, pH 8.0 and centrifuged at 9000 rpm (circles), 11000 (squares) and 13000 rpm
(triangles) at 20°C. The protein concentrations used were 0.174, 0.115 and 0.087
mg/mL for sectors A, B and C, respectively. Lower panels: r2/2 versus absorbance
plots. Symbols represent measured data points, and solid lines represent the fit to a
monomer-dimer-tetramer model. Upper panels: Residuals obtained from fitting the
measured data points to a two-species model. The random, nonsystematic
distribution of the residuals indicates a good fit of the data to the models.
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Protein Protein Protein + Global Fit Best fit monomer/global
in DDM (Da) Det, MW M.W. best fit
hiGlpG | 22124 61,967 135,079 M-D-T 2.3
ecGlpG [ 31772 71,615 141,476 M-D-T 2.0

YqgP | 54700 94,543 203,989 M-T 2.2

Table 2.3.1. Summary of sedimentation equilibrium results showing are
the different calculated rhomboid protease mass post thrombin cleavage,
without detergent, calculated molecular weight (MW) obtained from
adding the protein mass with the calculated amount detergent of detergent
bound and the global fit MW. The ratio to calculate the quaternary state
was obtained by dividing the global fit MW by the protein plus detergent
molecular weight. Bold indicates predominant species found during the

analysis.

93




Chapter 2: References

1.

10.

11.

12.

13.

Guichard A, B.B,, Sturtevant MA, Wickline L, Chacko ], Howard K, Bier
E., rhomboid and Star interact synergistically to promote EGFR/MAPK
signaling. Development, 1999 126(12): p. 2663-2776.

Bang, A.G. and C. Kintner, Rhomboid and Star facilitate presentation
and processing of the Drosophila TGF-alpha homolog Spitz. Genes &
development, 2000. 14(2): p. 177-86.

Sik A, Passer BJ, Koonin EV, Pellegrini L., Self-regulated cleavage of the
mitochondrial intramembrane-cleaving protease PARL yields Pbeta, a
nuclear-targeted peptide. The Journal of biological chemistry, 2004.
279(15): p. 15323-9.

Urban, S. and M.S. Wolfe, Reconstitution of intramembrane proteolysis
in vitro reveals that pure rhomboid is sufficient for catalysis and
specificity. Proceedings of National Academy of Sciences, United States
of America, 2005.102(6): p. 1883-8.

Gerchman Y, Rimon A, Venturi M, Padan E., Oligomerization of NhaA,
the Na+/H+ antiporter of Escherichia coli in the membrane and its
functional and structural consequences. Biochemistry, 2001. 40(11): p.
3403-12.

Salhany JM., Stilbenedisulfonate binding kinetics to band 3 (AE 1).
Blood cells, molecules & diseases, 2001. 27(1): p. 127-134.

Lemieux M], Fischer SJ, Cherney MM, Bateman KS, James MN., The
crystal structure of the rhomboid peptidase from Haemophilus
influenzae provides insight into intramembrane proteolysis.
Proceedings of National Academy of Sciences United States of
America, 2007. 104(3): p. 750-4.

Laue, T.M. and W.F. Stafford, 3rd, Modern applications of analytical
ultracentrifugation. Annual Reviews in Biophysics and Biomolecular
Structure, 1999. 28: p. 75-100.

Johnson ML, Correia J], Yphantis DA, Halvorson HR., Analysis of data
from the analytical ultracentrifuge by nonlinear least-squares
techniques. Biophysical Journal, 1981. 36(3): p. 575-88.

Laue, T.M,, et al., Analytical Ultracentrifugation in Biochemistry and
Polymer Science, ed. A.J.R. S.E. Harding, ].C. Horton, eds1991,
Cambridge, UK: R. Soc. Chem. 90-125.

Reiss-Husson, F., Crystallization of membrane proteins. Crystallization
of nucleic acids and proteins, ed. A.D.a.R. Geige1991, Oxford: IRL
Press. pp. 175-193.

Avery, O.T., C.M. Macleod, and M. McCarty, Studies on the Chemical
Nature of the Substance Inducing Transformation of Pneumococcal
Types. The Journal of experimental medicine, 1944. 79(2): p. 137-58.
Lemieux M], Song J, Kim M], Huang Y, Villa A, Auer M, Li XD, Wang DN.,
Three-dimensional crystallization of the Escherichia coli glycerol-3-
phosphate transporter. Protein Science, 2003. 12(12): p. 2748-56.

94



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Friesen, R.H., ]. Knol, and B. Poolman., Quaternary structure of the
lactose transport protein in the detergent-solubilized and membrane-
reconstituted state. The Journal of biological chemistry, 2000.
275(51): p. 40658.

Lemberg, M.K. and M. Freeman, Functional and evolutionary
implications of enhanced genomic analysis of rhomboid intramembrane
proteases. Genome Research, 2007.17(11): p. 1634-46.

Brooks CL, Lazareno-Saez C, Lamoureux ]S, Mak MW, Lemieux M].,,
Insights into substrate gating in H. influenzae rhomboid.. Journal of
molecular biology, 2011. 407(5): p. 687-697.

Strisovsky, K. H.. Sharpe, and M. Freeman, Sequence-specific
intramembrane proteolysis: identification of a recognition motif in
rhomboid substrates. Molecular Cell, 2009. 36(6): p. 1048-59.

Wang, Y., Y. Zhang, and Y. Ha, Crystal structure of a rhomboid family
intramembrane protease. Nature, 2006. 444(7116): p. 179-80.

Wu Z, Yan N, Feng L, Oberstein A, Yan H, Baker RP, Gu L, Jeffrey PD,
Urban S, Shi Y., Structural analysis of a rhomboid family
intramembrane protease reveals a gating mechanism for substrate
entry. Nature Structure and Molecular Biology, 2006. 13(12): p. 1084-
91.

Ben-Shem, A., D. Fass, and E. Bibi, Structural basis for intramembrane
proteolysis by rhomboid serine proteases. Proceedings of National
Academy of Sciences United States of America, 2007. 104(2): p. 462-6.
Vinothkumar, K.R. Structure of rhomboid protease in a lipid
environment. Journal of Molecular Biology, 2011407(2): p. 232-47.
Vinothkumar KR, Strisovsky K, Andreeva A, Christova Y, Verhelst S,
Freeman M., The structural basis for catalysis and substrate specificity
of a rhomboid protease. The EMBO Journal, 2011. 29(22): p. 3797-8009.
Xue Y, Chowdhury S, Liu X, Akiyama Y, Ellman ], Ha Y., Conformational
Change in Rhomboid Protease GlpG Induced by Inhibitor Binding to Its
S’ Subsites. Biochemistry, 2012. 51(18): p. 3723-31.

Padan E, Kozachkov L, Herz K, Rimon A., NhaA crystal structure:
functional-structural insights. The Journal of experimental biology,
2009.212(Pt 11): p. 1593-603.

Hunte C, Screpanti E, Venturi M, Rimon A, Padan E, Michel H,
Structure of a Na+/H+ antiporter and insights into mechanism of action
and regulation by pH. Nature, 2005. 435(7046): p. 1197-202.

Hilger D, Jung H, Padan E, Wegener C, Vogel KP, Steinhoff H]J, Jeschke
G., Assessing oligomerization of membrane proteins by four-pulse DEER:
pH-dependent dimerization of NhaA Na+/H+ antiporter of E. coli.
Biophysical journal, 2005. 89(2): p. 1328-38.

Hilger D, Polyhach Y, Padan E, Jung H, Jeschke G., High-resolution
structure of a Na+/H+ antiporter dimer obtained by pulsed electron
paramagnetic resonance distance measurements. Biophysical Journal,
2007.93(10): p. 3675-83.

95



28.

29.

30.

Rimon, A., T. Tzubery, and E. Padan, Monomers of the NhaA Na+/H+
antiporter of Escherichia coli are fully functional yet dimers are
beneficial under extreme stress conditions at alkaline pH in the presence
of Na+ or Li+. The Journal of biological chemistry, 2007. 282(37): p.
26810-21.

Maegawa, S., K. Ito, and Y. Akiyama, Proteolytic action of GlpG, a
rhomboid protease in the Escherichia coli cytoplasmic membrane.
Biochemistry, 2005. 44(41): p. 13543-52.

Lei, X., et al., Soluble oligomers of the intramembrane serine protease
YqgP are catalytically active in the absence of detergents. Biochemistry,
2008.47(46): p. 11920-9.

96



Appendix: Supplementary Figures

==
— — 80kD
— == 60kD
Dimer — “ap - - g BOkD
Y
-_—— — 40kD
- — 30kD
Monomer —| (i~ w9
"e
_— — 20kD
prssp - + * - -
DSP - - - -+
DTT - - + - -+

Fig. 2.3.3. Crosslinking of hiGIpG in detergent solution detected by Western
blot using His-Probe.

His-Probe detection of detergent solubilized hiGIpG 10ug (20ul) aliquots
incubated with 1mM DTSSP and DSP crosslinking agents, with and without the
reducing agent DTT. The arrows show the position of monomer and dimer at

approximately 23kDa and 45kDa respectively.
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Fig. 2.3.4. Gel filtration and functional assay of hiGIpG.

A Gel Filtration of hiGIpG in 0.1% DDM. Approximately 200ug of Ni-NTA purified
hiGIpG in DDM was subjected to gel filtration onto a Hiload Superdex 200 10/300
column (GE Healthcare, USA) containing 50mM Tris, 200mM NaCl and 5% glycerol, pH
8.0 supplemented with 0.1% DDM. Vo- void volume, Vt-total column volume (24ml).
Arrowheads represent the standard proteins from left to right: 1. thyroglobulin (MW 670k;
Stokes radius 85 A); 2. IgG (MW 158k; Stokes radius 55 A); 3. ovalbumin; (MW 44k;
Stokes radius 30.5 A); and 4. myoglobin (MW 17Kk, Stokes radius 20.7 A)

B. Rhomboid cleavage activity on psTatA. SDS-PAGE demonstrating P. stuartii

TatA (psTatA) substrate cleavage by hiGlpG in 0.1% DDM. Samples run include a control
on the left panel. Molecular mass markers are reported in kDa on the left-hand side.
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Fig. 2.3.5. Pull down assay with co-expressed His and Flag-tagged hiGlpG
shows in vivo association.

Co-immunoprecipitation assay of hiGIpG molecules bearing two different
immunological epitopes are shown to validate the formation of hiGIpG dimers
within the membrane bilayer. hiGlpG-Flag and hiGIpG-His were expressed either
independently, or coexpressed. In addition for a control, hiGlpG-Flag and
hiGlpG-His membrane fractions were mixed prior to immunoprecipitation. Upon
Anti-Flag immunoprecipitation, each fraction was separated on a 12% SDS-
PAGE gel and analysed by immunoblotting with either (A) Anti-FLAG or (B)
His-Probe. (C) A Coomassie stained gel with the four different membrane
fractions is shown as a loading control to ensure equal amounts of protein was
added to the resin. Molecular mass markers are reported in kDa on the left-hand
side.

99



Chapter 3: Functional studies of E. coli
rhomboid protease ecGIlpG

100



Chapter 3: Functional studies of ecGlpG

Contributions:
Mass Spectrometry services by provided by Jack Moore, Institute for

Biomolecular Design, University of Alberta.
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Chapter 3: Introduction

As described in Chapter 1, rhomboid proteases are implicated in many
functions including growth factor signalling, parasitic invasion and the
activation of twin arginine translocase A (TatA) to release a quorum sensing
factor [3]. However, the function of E. coli rhomboid ecGlpG remains
unknown. It has been shown previously that ecGlpG could cleave the
heterologous Spitz and Gurken proteins [4]. ecGlpG is also known to cleave
LacY and MdfA proteins suggesting its role in degrading misfolded proteins
[2, 5, 6]. A recognition motif has been identified for all rhomboid protease
substrates, in which the residues flanking the scissile bond at positions P4, P1
and P2’ were found to be important for substrate binding and cleavage [1].
Literature also describes the preference of “a hydrophilic region
encompassing the cleavage site and helix-destabilizing residues in the
downstream hydrophobic region"” for ecGlpG substrates [8].

In this chapter, the potential of TatA in E. coli (ecTatA) as a substrate
for ecGlpG is evaluated. Combinations of residues that followed the
consensus sequence in TatA, described by Strisovsky et al. [1], were analyzed.
Using this recognition motif, a potential cleavage site consisting of seven
amino acids in ecTatA was introduced into pET21a-C100-Flag background
replacing the seven amino acids in its TMD and assessed for in vitro cleavage
by ecGlpG. Simultaneously, full length ecTatA was also assessed for cleavage.

In a separate set of experiments, a substrate trapping strategy using affinity
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pull-down was developed whereby solubilized membranes of E. coli were
applied to a Ni-NTA resin column bound with ecGlpG to capture substrates of
E .coli rhomboid. A modified approach to the affinity pull-down assay was
also developed by using Anti-c-Myc agarose gel (Sigma-Aldrich, USA) instead
of Ni-NTA resin in small scale volumes. Overall, this chapter describes the
cleavage assays performed with ecTatA and designing strategies to trap

substrates bound to ecGIpG.
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3.1 Materials and Methods

3.1.1 Materials

All materials used for these experiments are listed in Chapter 2.1

3.2 Experimental procedures

3.2.1 Preparation of plasmids

Plasmids: pET21a-C100-psTat-Flag designed in our lab [9] was used as a
template to generate pET21a-C100-ecTat-Flag using the QuikChange
Lightning mutagenesis kit (Stratagene, USA) to replace seven amino acids of
psTatA to ecTatA (Figure 3.2.1). These specific seven amino acids observed
the consensus sequence predicted by Strisovsky et al. [1] with the exception
of one amino acid at P4 position (Figure 3.1). Primers for mutation and
parameters for mutagenesis are listed in Table 3.2.1.

Full length ecTatA was kindly provided by Dr. Joel Weiner’s group
(University of Alberta) in a pMS119EH vector carrying a His epitope at the C
terminus. Primers were designed to replace the His epitope with a Flag tag
(Table 3.2.1). pBAD.ecGlpG was used as E. coli rhomboid expression plasmid

described in section 2.2.1.
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3.2.2 Protein Expression and purification

E. coli rhomboid ecGlpG was purified as described in section 2.2.2. In
addition, detergent solubilized membrane fractions from E. coli Top10 cells
(containing empty pBAD vector) were used for substrate trapping
experiments. These solubilized membrane fractions were collected after
ultracentrifugation step using the same protocol mentioned above.

For expression of TatA, vectors (pET21a-C100psTat-Flag, pET21a-
C100ecTat-Flag and pMS119EH-ecTatA-Flag) were transformed into
competent E.coli BL21(DE3) cells and grown overnight at 37°C in LB media
supplemented with ampicillin (100pg/ml). Large scale cultures were grown
with overnight cultures as inoculum. When the ODesoo reached 1.0, the
cultures were induced with 1M IPTG and grown for 3 h. Purification of the
proteins was performed as described in section 2.2.3. The eluted proteins
were checked on SDS-PAGE for molecular weight and the protein
concentrations were measured using Bicinchonic Acid (BCA) Protein Assay

kit.

3.2.3 In vitro cleavage assay

C100ecTat-Flag and full length ecTatA-Flag were assayed for
substrate cleavage using ecGlpG. This assay was carried based on the
protocols previously described by [9, 10]. Briefly, 500ng of C100.ecTatA. Flag
substrate was titrated with different concentrations of rhomboid (5pg, 10pg

and 15pg), while full-length ecTatA was used in increasing concentration
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(5ug, 10ug and 15pg) with the enzyme concentration maintained at 500ng.
DDM detergent was brought to a final concentration of 0.1% and cleavage
buffer (50 mM Tris, pH-7.5 and 150mM NaCl) was added in a total reaction
volume of 20ul. The control contained 500ng of psTatA substrate, 15ug of
rhomboid, DDM (final 0.1%) and cleavage buffer. The reaction was carried
out 37° C for 2h and then stopped by adding 7ul of 4X SDS sample buffer.
20pl of the samples was resolved by 4%/16% SDS PAGE and transferred to a
Hybond- P PVDF membrane (GE Healthcare, USA) for Western blot analysis.
Blots were probed with mouse anti-flag primary antibody (1:10,000 dilution;
Sigma-Aldrich, USA) for 30 min followed by secondary rabbit anti-mouse
antibody conjugated to horseradish peroxidase (1: 40000 dilution) for 30
min. The bands in the blot were detected using ECL Plus western blot
detection system (GE Healthcare, USA) and visualized by ImageQuant LAS

4000 (GE Healthcare, USA).

3.2.4 Substrate trapping using affinity pull-down

Two solubilized membrane fractions expressing ecGlpG were
incubated with 0.5 ml Ni-NTA resin (Qiagen, Ontario, Canada) each for 2 h at
4° C. After incubation, the resins were transferred into two columns and the
flowthrough from individual columns were collected. Detergent solubilized
membrane fraction from Top10 was added to one column and incubated for
15 minutes at 4°C while the other served as control. The columns were

washed with 20 column volumes (CV) of 50mM Tris, 300mM NaCl, 30mM
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imidazole, 20 % glycerol, 0.1 % DDM pH 8.0 followed by 20 CV of the above
stated buffer with 35 mM imidazole. Protein fractions were eluted in a step-
wise manner with 3 times of 2 CV of the above described buffer containing
250, 500 and 1000mM Imidazole. 10 ul of the eluted protein samples were
run on 4%/12% SDS-PAGE and protein bands in the test sample were
compared to the control sample. Distinctly different bands that were found in
the test sample but not in the control sample were cut and sent for Mass -

spectrophotometry identification.

3.2.5 Co-immunoprecipitation

An improved approach to the substrate trapping experiment was
developed to identify substrates for ecGlpG. As Ni-NTA resin allowed high
nonspecific binding of other proteins, the affinity pull-down assay was
modified with Anti-c-Myc agarose gel (Sigma-Aldrich, USA). Preliminary co-
immunoprecipitation studies were carried using the protocol supplied by
Sigma-Aldrich. Briefly, two solubilized membrane fractions expressing
ecGlpG were added to 25 pl resin each in a 1.5ml tube. The resins were
allowed to settle and then centrifuged at 9300 rpm (8,000 g) in a
microcentrifuge to discard the liquid. The resins were then washed four
times with 500 pl of 1X PBS plus 0.1% DDM. Further steps were performed
with tubes incubated at 4° C. 250 pl of homogenized membrane fractions
(from Top10 cells containing empty pBAD vector) were added to the tubes.

The samples were incubated on a shaker at 4° C for 1h, washed four times
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with 1X PBS with 0.1% DDM and centrifuged. The supernatants were
discarded. 12.5 pl of 4X SDS sample buffer was added to each tube and
vortexed. The tubes were then centrifuged and the supernatants were
aspirated carefully avoiding the agarose. The supernatants were further
divided into two tubes where one tube was incubated at 95° C for 15 minutes
to denature the soluble proteins and the other tube was incubated at room
temperature. 10 pl of the samples were loaded onto a 4%/12% SDS-PAGE

and analyzed.

3.2.6 SDS-PAGE and Western Blotting
SDS- PAGE and Western blotting were followed as described in

section 2.2.9.
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3.3 Results

3.3.1. In vitro cleavage assay suggests that ecTatA is nota
physiological substrate for ecGlpG

Many rhomboid proteases have been predicted to rely on conserved
recognition motifs within their substrates: they require small residues at P1
and large, hydrophobic residues at P4 and P2’ (Figure 3.2.1) [1]. This
experiment verified the ability of ecTatA to serve as a potential substrate for
ecGlpG using the predicted sequence motif. ecTatA contained 7 amino acids
“MGGISIW” at the N terminus of its transmembrane domain, that when
compared with the sequence specific recognition motif, differed only in the
P4 position (Figure 3.2.1). We cloned the seven amino acids of ecTatA into a
chimeric substrate, C100psTatAFlag that has been previously used for the
study of rhomboid cleavage in vitro [9, 10], in which the seven amino acids of
psTatA were replaced with “MGGISIW” sequence of ecTatA.

Two protein sequences of ecTatA were found in the protein database.
While the shorter sequence was about 89 amino acids (starting with
“MGGISIW”), the longer sequence had 103 amino acids, with a small N
terminal extension (Figure 3.3.1). Alternately, we also tested the complete
protein sequence of ecTatA that contained the N- terminal extension to test if
ecGlpG cleaved the extension or if there was a different recognition motif
preference for ecGlpG, other than the mentioned sequence motif.

In the cleavage assay, purified C100ecTatAFlag were titrated with

increasing concentrations of ecGlpG, as the C100 protein was found to
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aggregate. On the other hand, ecTatA was used in increasing concentrations
for the full-length ecTatA with ecGlpG maintained at a constant
concentration. Western blot with Anti-Flag antibody was used to detect the
cleavage products (Figure 3.3.2 and Figure 3.3.3). As a positive control,
C100psTatAFlag was used that has been previously shown to be cleaved by
ecGlpG [10]. Western blot analysis showed the presence of a cleaved product
in the positive control at around 15kDa. However, no cleavage was seen in
C100.ecTatA.Flag (Figure 3.3.2) and full length ecTatA.Flag (Figure 3.3.3)
(even when the blot was exposed to a longer time period). Taken together,
these observations suggest that E. coli TatA is not cleaved by ecGlpG and may

not be a physiological substrate for the rhomboid.

3.3.2 Substrate trapping using affinity pull-down

The substrate trapping method was tested as a preliminary strategy to
develop a method for identifying novel proteins that interacted with ecGIpG.
The in vitro pull down experiments were designed in such a way that ecGlpG
bound Ni-NTA resin served as the bait while the interacting proteins (prey)
were present in the solubilized membranes from Top10 (containing empty
vector). A control containing only the rhomboid-Ni-NTA resin was included.
Proteins were eluted and analysed on 12% gels. One distinct protein band
was observed in the co-elution of ecGlpG plus solubilized membranes that
were not seen in the control (Figure 3.3.4). Trypsin digestion of in-gel

proteins revealed the possibility of three different soluble proteins
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interacting with ecGlpG: 50S ribosomal protein L11 (16kDa), 50S ribosomal
protein L6 (19kDa) and universal stress protein UP12 (18kDa). While this
technique is not specific and may encourage non-interacting partners to bind
to the resin, it would also be interesting to investigate further if these

protein-pair interactions have a physiological significance.

3.3.3 Co-immunoprecipitaion using Anti-c-Myc agarose gel

An improved method of substrate trapping was developed using Anti-
c-Myc agarose gel, as the Ni-NTA resin allowed high nonspecific binding of
other proteins. The experiment was carried performed in small scale volume
and used only 25pul of the Myc resin. A similar procedure was performed
where the solubilized membranes expressing ecGlpG were bound to the Myc
resin and homogenized membrane fractions were added to the resin bound
ecGlpG. The samples were eluted and split into half. One aliquot was
subjected to boiling at 95°C for 5 minutes to assess if contaminating soluble
proteins were removed while the other aliquot was incubated at room
temperature. On the SDS-PAGE, ecGlpG was detected near 34kDa (Figure
3.3.5). In contrast to the Ni-NTA resin, fewer contaminants were observed on
the gel. However, ecGlpG appeared faint on the gel, suggesting that either the
resin or the solubilized membrane expressing ecGlpG were used in low
volumes for the assay. This was designed as a preliminary experiment to

standardize the volume of resin used. While further experiments have not
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been performed with this technique, this improvised technique can serve as a

useful method to study ecGlpG- substrate interactions.

3.4 Discussion

In this chapter, we describe the functional characterization of ecGlpG.
ecGlpG has been shown to cleave substrates from other organisms [10] and a
few chimeric substrates [8], but neither its physiological substrate nor its
biological function in E. coli have been defined. Work described in this
chapter attempted in identifying substrates through two scenarios: 1. In vitro
cleavage of TatA and 2. Designing strategies to identify the network of
rhomboid- substrate interactions.

Currently, the only identified prokaryotic rhomboid substrate is TatA
(Twin arginine translocase A) from P. stuartii. TatA contains an additional 7
amino acid extension at the N-terminus, which is cleaved by P. stuartii
rhomboid, AarA to render it functional [3]. Two sequences of E. coli TatA
were found in the protein database, one with a protein sequence of 89 amino
acids and another with a slightly longer sequence (Full length ecTatA -103
amino acids) (figure 3.3.1). The predication software for secondary
structures of the full length ecTatA revealed the presence of a similar N-
terminal extension as observed in P. stuartii TatA [7]. Led by this, we decided
to investigate the proteolytic processing of full length ecTatA by ecGlpG.

Also when we compared the sequence of ecTatA to the sequence

specific recognition motif predicted by Strisvosky et al., we identified only
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one combination of residues that closely resembled the recognition motif;
“MGGISIW” at the N terminus of its transmembrane domain of ecTatA that
when compared with the predicted recognition motif differed only in the P4
position. Increased concentrations of enzymes were used for the cleavage
assay with the chimeric substrate, as we found that this protein formed large
aggregates. On the contrary, different titrations of full length ecTatA were
performed maintaining the enzyme concentration constant. We did not
observe any cleaved product with either of the two substrates used, even
when the blot was over-exposed. Therefore, we conclude that TatA in E. coli
is not a physiological substrate for ecGlpG.

The E. coli rhomboid protease, glpG is encoded in Glycerol-3
phosphate regulon (glpEGR) which contains glpE coding for the thiosulfate
cyanide sulfurtransferase and glpR acting as a receptor under glycerol
deprivation conditions [11]. However the chromosomal context of glpG in
this regulon does not direct to a physiological function or indicate any
substrate in E. coli [12, 13]. As an initial attempt to identify rhomboid-
protein interactions, we performed affinity pull-down assays using purified
ecGlpG. Affinity pull-down assays have been performed for many membrane
proteins. A recent study reports the detection of y- secretase complex
components using affinity purification [14, 15]. Microsomal membranes
prepared from rat brain were incubated with a y-secretase inhibitor coupled
to biotin. By pulldown using streptavidin, the bound proteins were eluted

and detected using LC-MS/MS analysis. Two proteins associated to y-
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secretase in rat brain were identified, suggesting that this method can be
used for identification of protein-protein interactions.

Purified ecGlpG and added solubilized membranes onto the rhomboid
bound Ni-NTA resin. One distinct band observed on the SDS-PAGE was
detected by mass-spectrometry after affinity pull-down. Three proteins were
identified: 50S ribosomal protein L11 (16kDa), 50S ribosomal protein L6
(19kDa) and universal stress protein UP12 (18kDa). Ribosomal proteins L11
and L6 are soluble proteins that bind to 23 S ribosomal RNA governing
translational fidelity. UP12, universal stress protein 12 are expressed in
under heat shock and stress conditions [16]. While some of these
identifications may be contaminating proteins, as for example, the ribosomal
proteins L6 and L11 (as they are localized in the ribosomes), UP12 may be an
interesting candidate that may function in the regulation of ecGlpG during
stress response. UP12 is characterized as a dimer in which the C- terminus is
found to dimerize that contributes to structural stability [17]. Truncation of 6
amino acids in the C- terminus allows the access to an unknown protease
resulting in the further cleavage of 18 amino acid residues at the C- terminus
that prevents dimer formation. The dimeric species of UP12 has been proven
to be important for its activity in osmotic stress conditions. It may be
possible that the regulation of activity of this protein may be controlled by
the proteolytic action of ecGlpG by binding to the cytoplasmic domain of
ecGlpG and making it accessible to the active site. However, this requires

further investigation.

114



The Ni-NTA resin gave a high background of contaminating proteins
binding to the resin. This problem was reduced by using Anti-c-Myc agarose
gel. However, the bands on the SDS-PAGE appeared faint and were hard to
detect. One possible explanation is that low volumes of resin and solubilized
membranes were used for this assay. This was designed as a preliminary
experiment to standardize the volume of resin used. While further
experiments have not been performed with this technique, it would be
interesting to observe difference in substrate binding to ecGlpG, using the
catalytic mutant S201A of ecGlpG along with intact ecGlpG expressed in
ecGlpG knockout Top10 cells. This improvised technique can serve as a

useful method to study ecGlpG- substrate interactions.
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Regular expression describing the recognition motif:

[AWD][IMYFWLV][AWPD]AWF][AGCS]["P][FIMVACLTW]
P5 P4 P3 P2 P1 PI" P2

ecTatA M G G S r | W

[—] APP (100aa Cterm) APP (100aa Cterm)

Mutagenesis

}’1

psTatA
C100psTatA-FLAG

ecTatA  c1p0ecTatA-FLAG

Il Flag Flag

Figure 3.2.1: Design of pET21.C100ecTatA.FLAG: Combination of
amino acid residues in ecTatA that followed the recognition motif
described by Strisvosky et. al. [1, 2] were identified, with the exception of
one amino acid at position P4. Site-directed mutagenesis of
C100psTatA.FLAG to C100ecTatA.FLAG was done using the QuikChange
Lightining mutagenesis kit (Stratagene) to replace seven amino acids of
psTatA to ecTatA. Red arrow indicates the possible site of cleavage.
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Primer Design:

Primer Name

Primer Sequence

Insertion of 7aminoacids-
Forward primer

5'- caggatatgaagttcatcatcaaaaattggtgttctttgcagaagatgtgggttcaaa
Caaaatgggaggcattagtatcatagtgggcggtgttgtcatagcgacagtgatcgt 3

Insertion of 7aminoacids-
Reverse primer

5'-acgatcactgtcgctatgacaacaccgcccactatgatactaatgecteecatttt
gtttgaacccacatcttctgcaaagaacaccaatttttgatgatgaacttcatatcctg-3’

Insertion of Flag tag in full

5'-aaagagcaggtcgaggattataaagatgacgacgataagtgacaccacc

length ecTatA- Forward primer | accaccac-3'

Insertion of Flag tag in full

length ecTatA- Reverse primer

5'-gtggtggtggtggtgtcacttatcgtcgtcatctttataatcctcgacctgcetcttt-3'

PCR conditions for Site- directed Mutagenesis:

Reagent Volume (ul)
Plasmid template 1
10X reaction buffer 5

Forward primer (stock 100ng/ pl) | 1.25

Reverse primer (stock 100ng/ ul) | 1.25

dNTP mix 1
Quik Solution reagent 1.5
ddH20 38

QuikChange Lightning Enzyme | 1

Cycling Parameters for Site-directed Mutagenesis:

Segments | Cycles | Temperature | Time
1 1 95°C 2 min
2 18 95°C 20 sec
60 °C 10 sec
68 °C 2 min 15 sec
3 1 68 °C 5 min

Table 3.2.1: Site-directed mutagenesis PCR for C100ecTatA.FLAG and Full Length

ecTatA.FLAG:

The table above lists the parameters and protocol for generating two different tagged
proteins, C100ecTatA.FLAG and Full Length ecTatA.FLAG.
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I PRIMARY HELIX
N SECONDARY HELIX

Figure 3.3.1. Secondary structure prediction of full length ecTatA
using SOSUI [7]:

This protein sequence of ecTatA that contained the N- terminal extension
was tested for ecGlpG cleavage.
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Figure 3.3.2. In vitro cleavage assay of C100ecTatA.Flag by ecGlpG
detected by Western blot using Anti-Flag antibody:

Purified C100.ecTatAFlag was tested for ecGlpG cleavage under various
titration volumes of the enzyme. No cleaved product was observed for
ecTatA. On the other hand, positive control C100.psTatAFlag showed a
cleaved product at around 15kDa (red arrow). Note the appearance of
aggregated species, which is typical for the C100 protein. Molecular weights
of the marker are shown on the right hand side.

Lane 1: C100 psTatA

Lane 2: C100 psTatA + ecGlpG 1:30
Lane 3: C100 ecTatA

Lane 4: C100 ecTatA + ecGlpG 10:1
Lane 5: C100 ecTatA + ecGlpG 20:1
Lane 6: C100 ecTatA + ecGlpG 30:1
Lane 7: Marker
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26kDa
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10kDa

Figure 3.3.3. In vitro cleavage assay of Full length ecTatA.Flag by ecGlpG
detected by Western blot using Anti-Flag antibody:

Purified ecTatAFlag was tested for ecGlpG cleavage under various titration volumes
of the substrate. No cleaved product was observed for ecTatA. On the other hand,
positive control C100.psTatAFlag showed a cleaved product at around 15kDa (red
arrow).

Lane 1: Marker

Lane 2: Full ecTatA

Lane 3: Full ecTatA + ecGlpG 10:1
Lane 4: Full ecTatA + ecGlpG 20:1
Lane 5: Full ecTatA + ecGlpG 30:1
Lane 6: C100psTatA + ecGlpG 1:30
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Figure 3.3.4. Preliminary assessment of substrate trapping using
affinity pull-down:

15kDa —>

Solubilized membranes from Top10 cells (containing empty pBAD vector)
were added onto ecGlpG bound to Ni-NTA resin (Samples 4, 5, 6 and 7 are co-
elutions with increasing imidazole). Negative control contained only the
expressed ecGlpG bound to the N-NTA resin (samples 1, 2 and 3 are elutions
with increasing imidazole). ecGlpG is observed at around 31kDa. The
proteins band (marked in red box) is distinctly different and not observed in
the control lane. This band was cut from the gel and analysed using Mass-
spectrometry. Molecular weight markers (in kDa) are shown on the left hand
side. M- Marker
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Figure 3.3.5. A modified approach to affinity pull-down: Co-
immunoprecipitation using Anti-c-Myc agarose gel

Solubilized membranes from Top10 cells (containing empty pBAD vector) were
added onto 250 pl of ecGlpG bound to 25 pl of Anti-c Myc agarose gel resin
(samples 1 and 2). Negative control contained only the expressed ecGlpG bound
to the Ni-NTA resin (samples 3 and 4). Samples 2 and 4 are boiled at 95 °C for 5
minutes prior to loading on SDS-PAGE. This was done to denature soluble
proteins.

ecGlpG is observed at around 34kDa. The bands observed were very faint,

suggesting that either the resin or the solubilized membranes were added in low
volumes. Molecular weights of markers (in kDa) are indicated in the middle.
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Chapter 4: Conclusions and future
directions

125



4.1 Conclusions

The main objective of this thesis was to investigate the oligomeric
state of rhomboid proteases. Previous gel filtration studies revealed that
rhomboid proteases formed oligomers; however this was not extensively
studied. Chapter 2 describes the first detailed oligomeric state
characterization of three prokaryotic rhomboid proteases, hiGlpG, ecGlpG
and YqgP. Analytical ultracentrifugation results indicated that prokaryotic
rhomboids hiGlpG, ecGlpG and YqgP form monomers, dimers and tetramers
with dimers being the predominant species. The membrane domain was
investigated further to evaluate if it was responsible alone for dimerization.
Further experiments were carried out only with hiGlpG as it represents the
simplest rhomboid structure with the basic 6TM rhomboid core. Confirming
the analytical ultracentrifugation results, gel filtration profile of the eluted
hiGlpG revealed that the rhomboid protease was dimeric. Crosslinking
studies with homobifunctional crosslinking agents also suggested that
detergent solubilized hiGlpG existed as a dimeric species, apparent from the
protein bands seen near 45 kDa on the SDS-PAGE. Additionally, in vitro
functional assay with the chimeric substrate, C100TatAFlag demonstrated
that the dimeric species was active. In order to assess if the dimers formed
with in the membrane bilayer, a co-expression study of two different hiGlpG
bearing two distinct tags was designed. Coimmunoprecipitation experiments
indicated that the dimers were not easily separated and were formed in the

membrane bilayer. Unfortunately, the function of the dimer in vivo is less
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understood as we have not yet identified any conditions that could possibly
disrupt the dimer and assess if the dimeric species is essential for function.
Experiments looking at identifying the dimeric interface and disrupting this
interface to form monomers will complete the story, thereby providing
information on the physiological role of dimers of rhomboid proteases.

In Chapter 3, the mechanisms for identification of function of ecGlpG is
described. We investigated the potential of E. coli TatA as a substrate for
ecGlpG using the consensus recognition motif prediction reported by
Strisvosky et al. [1]. In vitro cleavage assays of ecTatA performed with ecGlpG
did not show any cleavage, however the positive control C100psTatAFlag
showed a cleaved product band at around 15kDa with ecGlpG, suggesting
that ecTatA may not be a physiological substrate for E. coli. We also designed
strategies for identifying potential substrate of ecGlpG using affinity pull-
down using Ni-NTA resin. We identified three proteins using mass
spectrometry: 50S ribosomal protein L11, 50S ribosomal protein L6 and
universal stress protein UP12. Though some of these interactions may be
non-specific, for example, the ribosomal proteins L6 and L11 (as they are
localized in the ribosomes), UP12 may be an interesting candidate that may
function in the regulation of ecGlpG during stress response. This, however,
requires further investigation. We also carried out affinity pull-down using
Anti-c-Myc agarose gel as the Ni-NTA resin gave a high background of
contaminating proteins. This was done as a preliminary assessment to

measure the volume of resin and solubilized membrane to be used for further
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experiments. Though further experiments have not been performed, this
improvised method can serve as a useful technique to study ecGlpG-

substrate interactions.

4.2 Future directions

Various biochemical approaches can be performed to shed more light
into the role of dimeric rhomboid proteases within the cell (described in I, II
and III). Also techniques are also described to improve characterizing the

function of ecGlpG (IV and V).

The existence of dimeric species of rhomboid proteases has been
established in vitro. However, it is yet unclear if the dimeric interface is
essential for function of stability. As mentioned above, we have not been
able to disrupt the dimer and examine if the functionality of the monomer.
Mutating the crucial residues at this interface will help disrupt the dimer
interface and the role of monomeric species can be assessed. Furthermore,
NMR spectroscopy can help unravel this problem. NMR spectroscopy can
be performed to experimentally identify the actual dimerization interface
between two hiGlpG molecules in solution.

We hypothesize that Loop 1 which is on the opposite face of the substrate
entry, may facilitate dimerization. Loop 1 comprises the conserved WR
motif which may serve as a “hot spot” for dimerization. Many membrane

proteins have been known to contain these residues at the dimeric
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interface [2]. A suggested model would be the Loops 1 from two adjacent
hiGlpG molecules align antiparallel to each other so that the tryptophan
residues form hydrogen bonds with the arginine residues in the adjacent
protein molecule. The importance of this motif in dimerization can be
assessed by mutating these residues to alanine and observing the
presence of dimeric species in gel filtration profile or crosslinking
experiments.

It is also of great interest to understand if the dimer affects the rate of
substrate cleavage. Currently, our lab is developing a Kkinetic assay to
address this question. Also, it would be of importance to know if the lipids
surrounding the rhomboid affect dimerization. Lipids modeled as
phosphatidic acid were found in the hiGlpG crystal structure [3] and a
recent structure presented the rhomboid protease in a bicelle
environment [4]. It is possible that lipids may influence oligomerization
and consequently affect the catalytic activity of rhomboid proteases.
Molecular dynamic simulation experiments can help achieve this by
presenting a picture of dynamics of conformational states of rhomboid
proteases in lipid environments performed at physiological temperatures.
Trapping of ecGlpG substrates using affinity pull-down by Anti-c Myc
agarose gel proved to be a better technique than using Ni-NTA resin.
However, further experiments have not been performed with this method.
It would be interesting to observe difference in substrate binding to

ecGlpG, using the catalytic mutant S201A of ecGlpG along with intact
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ecGlpG expressed in ecGlpG knockout ToplO cells. This improvised
technique can serve as a useful method to study ecGlpG- substrate
interactions.

An alternate approach to the above mentioned technique is to express
ecGlpG at natural levels so that the assembly of non-physiological
complexes is avoided [5]. Tandem affinity purification (TAP) affinity tag
allows the identification of physiological complexes in native
concentrations. Mass spectrometry can then be used to identify all the
possible interacting substrates. Our lab is currently investigating this by

collaborating with Dr. Emili’s lab at University of Toronto.
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