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ABSTRACT

Recent genetic analysis revealed a number of human mutations in cardiac
troponin C (cTnC), which were linked to cardiomyopathy, the most common genetic
disorder of the heart. This thesis explores structural and functional consequences of these
mutations obtained using solution NMR spectroscopy. The L.29Q and E59D/D75Y
mutations did not affect the Ca** affinity of the N-domain of ¢TnC (cNTnC). Instead the
affinity towards the switch region of cardiac troponin I (cTnl) was perturbed, especially
in the presence of the cTnl N-terminus, responsible for the transferring of PKA signaling.
PKA signal is transferred via modulating the affinity of cNTnC towards the switch region
of ¢Tnl, which was altered in the L.29Q and E59D/D75Y mutants possibly resulting in
the development of malfunctions. The other mutant studied, G159D, had a weaker
affinity towards the anchoring region of ¢Tnl, which likely results in a weaker anchoring
of the entire troponin complex to the thin filament, thus leading to the heart dysfunction.
Differences in chemical shifts and NOE connectivities support the notion of the weaker
binding for the anchoring region of cTnl, however, the structure and dynamics of the
G159D mutant remained unchanged. Since the N-terminus of c¢Tnl plays an important
role in the function of ¢cNTnC and its mutants, the attempt has been made to determine
individual pKa’s for side chain carboxyl groups possibly involved in the formation of the
complex using the modified pulse sequence HBHG(CBCG)CO. It was also determined in
this work that the formation of the cNTnCecTnl, ,, complex is electrostatically driven.
These results elaborate on the current model of Ca™ regulated cardiac contraction and
provide an insight on the nature of perturbed interactions in cardiomyopathy mutants of
¢I'nC, which can be beneficial for the development of therapeutic strategies in

cardiomyopathy.



A portion of this thesis (Appendices C and D) addresses structural and dynamic
aspects of SDF-1a (a chemokine involved in cancer metastasis and HIV propagation) and
the peptide agonists developed on the basis of SDF-1a. NMR solution structures of the
peptide agonists, RSVM and ASLW, and the dimerization of SDF-1a studied by NMR

relaxation methods are described.
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CHAPTERI
INTRODUCTION

Cardiac muscle contraction: overall picture

The contractile unit in striated muscle consists of thick and thin filaments sliding
along each other during contraction, as first proposed in 1954 (I, 2). The main proteins
involved in this process are actin and tropomyosin, composing the thin filament, and
myosin, composing the thick filament. The troponin complex was identified in 1963 as a
‘protein factor’ required to reproduce °‘the natural actomyosin’ from its parts (3).
According to the current knowledge, a dozen of other proteins, such as titin, desmin,
dystrophin, and nebulin are also important participants (4, 5). Muscle is organized as
repeating dark (A-band) and light (I-band) zones, with the Z-discs located in the middle
of the I-band (Fig. I-1). A sarcomere, the unit of contraction, has one dark A-band, the

half of the light I-band at each end, and is limited by Z-disks.

Figure I-1. Sarcomere appearance in electron microscope, where the A-, I-, and Z-zones

are indicated (taken from hitp://www.apsu.edu/thompsoni/Physiology/)). M s
mitochondria.

Thick filaments consist of myosin, which has a long rod-like domain connected
to the head. Myosin heads bind to actin of the thin filament and hydrolyze ATP to
promote the power stroke, leading to the pulling of actin ~10 nm toward the center of a
sarcomere. According to the current understanding (6), at the beginning of the cycle, the
myosin head is tightly bound to actin (Fig. I-2a), which dissociates from its actin site
after binding ATP (Fig. I-2b). Upon hydrolysis of ATP, myosin undergoes a large

conformational change, altering the angle between the myosin head and the thick
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filament (Fig. I-2c). This allows myosin to bind weakly to another actin binding site
(Fig. 1-2d), which strengthens after the release of inorganic phosphate (Fig. [-2e),
promoting the pulling of the thin filament (Fig. I-2f). Release of ADP results in a power
stroke, upon completion of which, the myosin head is tightly bound to actin as at the

beginning of the cycle (Fig. 1-2a).

Figure 1-2. Mechanism of force generation in muscle, with myosin heads interacting with
actin of the thin filament (adopted from (7)). Different stages are shown as explained in
the text.

Myosin heads bind actin and perform the work in the open state of the thin
filament. In the blocked state, myosin sites on actin are inhibited. The inhibition of actin

is relieved upon Ca®* stimulation, which is sensed by the cardiac troponin complex (cTn).
cTn consists of troponin T (cTnT) that anchors ¢Tn to the thin filament via tropomyosin;
troponin I (cTnl) that inhibits the interaction between myosin and actin; and troponin C

(cTnC) that binds Ca®* and triggers the switch from the relaxed to the active state (Fig. I-



3). ¢TnC is a dumbbell shaped molecule with the structural C-domain (cCTnC) linked to
the regulatory N-domain (cNTnC) through a stretch of 11 residues. The C-domain has a
higher affinity for Ca®* and stays saturated with Ca®* or Mg®* during the contracting-
relaxing cycle. It is thought to be bound at all times to the anchoring region of cTnl (~
residues 34-71), which tethers ¢TnC to the thin filament. The N-domain has a lower
affinity for Ca®* and its Ca®* binding site is occupied only when the concentration of Ca®*
is relatively high. This happens upon the release of Ca®* from the sarcoplasmic reticulum
after the stimulation. Upon Ca® binding, cNTnC binds to the switch region of c¢Tnl (~
residues 147-163), which pulls the inhibitory region of ¢Tnl (~ residues 128-147) away
from its binding site on actin resulting in the movement of tropomyosin and the exposure
of myoéin binding sites on actin (Fig. I-3).  This model of Ca** regulation was
formulated based on numerous biochemical, biophysical, and physiological studies (8-12)
including high resolution structures of cardiac (13) and skeletal troponin complexes (14).
New reports have emerged that tackle other questions clarifying the position of the
troponin complex on the actin fiber (15), the role of globular C-domain of ¢Tnl (/6), and
the mechanism of signal transduction from troponin to tropomyosin (/6), developing a

more complete picture of muscle contraction.

Figure 1-3. Model of Ca**-dependent regulation of cardiac muscle contraction. Figure
adapted from (/1, 13). ¢TnC is depicted in green, cTnT in white, cTnl in red, and actin
and tropomyosin are in grey.
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Ca’* cycling in cardiomyocytes

The stimulation initiating cardiac contraction starts with the action potential
generated by depolarizing of the sarcolemma by the voltage gated L-type Ca*" channel
(17-20). Ca™ entry is sensed by the sarcoplasmic Ca”™* receptor, called ryanodine receptor
(RyR). RyR mediates a process of Ca**-induced Ca’* release from the sarcoplasm. Upon
the release from the sarcoplasm, Ca®* binds to ¢TnC of the thin filament promoting the
contraction of muscle. Removal of Ca® from the cytosol is achieved by several
mechanisms. The first mechanism is the sarcoplasmic uptake by the Ca®* transporter
(SERCA), which is regulated by phospholamban (PLB). The second mechanism of Ca*
removal is the extrusion through the sarcolemmal Na*/Ca® ex-changer (NCX). During a
Ca® cycle, the intracellular concentration of Ca®" rises from 0.1 to > 1 uM, while the
local concentration of Ca** in the proximity to a cluster of RyR’s can reach > 100 uM
(20-22). Ca*" cycles are typically completed within ~ 400-600 ms (21, 23). Interestingly,
different kinds of myocytes have different Ca® cycling patterns. For example, in
ventrical myocytes local Ca** sparks give rise to a synchronized global Ca®* signal due to
the extensive network of T-tubules and sarcoplasmic invaginations delivering Ca®* to the
sarcomeres. In atrial myocytes, Ca>* concentration sharply declines with the distance

away from the sarcolemma due to the lack of inward spreading (/8).

Regulation of Ca’* regulated contraction by phosphorylation

In order to meet various needs of an organism, contractile machinery is fine
tuned by the phosphorylation of its composing parts. The stimulation of B-adrenergic
receptor by norepinephrine results in the generation of cAMP leading to the activation of
downstream protein kinase A (PKA). Activated PKA phosphorylates several proteins
central to the regulation of contractility. These proteins include the sarcolemmal Ca®*
channel, RyR, PLB, myosin binding protein C (MyBPC) and cTnl (24, 25). As a result
of phosphorylation, the current through the sarcolemmal Ca** channel, the rate of Ca*
reuptake by SERCA, and the rate of Ca** cycling are increased, attributed to the
phosphorylation of the Ca** cycling machinery. The relaxation rate of the muscle is
enhanced and the Ca® sensitivity of actomyosin ATPase is decreased, attributed to the
phosphorylation of cTnl (26). The return to the baseline contractility is associated with
the phosphorylation of PLB (27). The increase in cross-bridge cycling rate and the
change in stretch-activation was shown to result from the phosphorylation of MyBPC

(28). The overall consequence of B-adrenergic stimulation is the ~20% increase in power
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output, due to the speeding up of the steps in Ca** and cross-bridge cycling (29). In spite
of many efforts, the relative contribution of individual phosphorylated proteins to the
increase in power output remains a matter of controversy.

The other mechanism for regulation of cardiac contraction is through the action
of PKC, which phosphorylates cTnl and cTnT. At least 12 different PKC isoforms have
been identified (25). The resultant contractility depends on many factors and has a wide
range of effects on muscle function. Although the precise effects of PKC-dependent
phosphorylation remain to be fully understood, there is an agreement that PKC
phosphorylation of ¢Tnl results in the decrease of Ca*" activated tension and in sliding
velocity. Other kinases, such as recently found PKG and PKD (25, 30), and their action

on the sarcomeric proteins are beyond the scope of this introduction.

Phosphorylation of cTnl

PKA phosphorylates cTnl at residues Ser”> and Ser” located in the cardiac
specific N-terminus of cTnl (~ residues 1-29) adjacent to the anchoring region of cTnl
(Fig. 1-3). This results in the decrease of Ca®" sensitivity of ATPase (31-33) and the
increase of Ca’* off-rates for the Tn complex (34). The N-terminus of cTnl has been
cross-linked to ¢cNTnC (35); however, this interaction has not been visualized in the
crystal structures (/3) or in NMR studies (36-38), except for the computational models
(39, 40). Attempts have been made to obtain the binding constant using ITC (35) and
fluorescent titrations (37, 4/, 42); however, experiments were performed with long
constructs of c¢Tnl and therefore represent the complex function of several binding
events. Available experimental data provides little insight on the molecular details of
c¢NTnC binding to the N-terminus of c¢Tnl, but suggests that the interaction of cNTnC
with the N-terminus of c¢Tnl (~ residues 1-29) affects the function of ¢cNTnC and thus
confer the signaling by PKA. _

PKC phosphorylates cTnl at residues Ser®”, Ser*’, and Thr'*. First two residues
are located at the anchoring region of c¢Tnl (Fig. I-3), the affinity of which to cCTnC is
expected to be altered by the presence of phosphorylation, but the binding was shown td
be indistinguishable in NMR studies (43). The phosphorylation of Ser” and Ser** was
attributed to the decrease in maximal Ca®" activated tension (44). Thr'** is located at the
inhibitory region of cTnl, and its phosphorylation was shown to decrease the affinity of
c¢CTnC towards the cTnl,,g 47 (45), which is in agreement with the increased inhibition of

acto-myosin and the decrease in sliding velocity (44). PKC can also phosphorylate Ser”
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and Ser”, suggesting the interdependence between PKA- and PKC- mediated effects and

the complexity of the cTnl regulation by phosphorylation (25).

Mutations in sarcomeric proteins that cause cardiomyopathies: overview

| Since the contractile machinery is composed of an array of proteins, with each of
them playing a specific role, the number of vulnerable spots that can impair contractility
is also significant. One of the leading genetic disorders of the heart, cardiomyopathy, can
stem from mutations in proteins constructing the sarcomere, in proteins that align
filaments inside myocytes (cytoskeletal proteins), and in the Ca** cycling machinery (46-
49). Cardiomyopathies are divided into dilated cardiomyopathy, DCM, characterized by
the enlarged ventricular chamber, weakened heart wall, and impaired systolic function;
hypertrophic cardiomyopathy, FHC (an abbreviation for Familial Hypertrophic
Cardiomyopathy), characterized by the thickened ventricular muscle, reduced volume of
the ventricle, and impaired diastolic function (48, 50); and RCM, restricted
cardiomyopathy, the least common type, characterized by the restrictive diastolic
dysfunction. The prevalence of cardiomyopathy mutations in the general population is
high (~0.2% for FHC for young adults 18 to 30 years of age (57)). Both, FHC and DCM,
can result in sudden cardiac death especially in younger FHC patients (mean age, 45 + 20
years) (52). At present, the following sarcomeric genes have been linked to
cardiomyopathies: a-actin (53), a- and p-tropomyosin (54), troponin (55, 56), a- and p-
myosin heavy chain (57, 58), regulatory and essential myosin light chains (59), and
myosin binding protein C (60), with thé total number of mutations exceeding 450 (67).
Although unifying hypotheses are present, such as the inefficient utilization of ATP in
FHC (62) or the reduced force development in DCM (47, 63), the majority of data
suggests that cardiomyopathy is represented by a group of genetically distinct disorders

that should be approached individually.

Cardiomyopathy mutations in cTn

Cardiomyopathy mutations were found in all three subunits of ¢I'n (¢TnC, c¢Tnl,
and cTnT) (55, 56), with the majority of mutations found in ¢Tnl and ¢cTnT (Table I-1).
The structures and functions of ¢cTnC and cTnl have been studied the most thoroughly,
which allows for the assessment of a mutation in terms of specific molecular interactions,

possibly perturbed by the mutation (Table 1-1). In many cases, especially for ¢TnT, the
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functions are overlapping. For example, a long stretch of ¢TnT is thought to interact with
cT'nC, actin, cTnl, and tropomyosin (64-66). In cTnl and cTnC, mutations are found
throughout the sequence including all functional regions, and sometimes are in the
regions, functions of which are unknown, suggesting the deficiencies in the current model
of cardiac contraction. Physiological data, including motility assays, maximal force
generated, and the Ca®* sensitivity of force development and ATPase efficiency are
available for a number of mutations (for reviews (55, 56, 66, 67)); however, the structural
information pertaining to a particular perturbed interaction is scarce. Structural studies
are complicated due to the location of many mutations in intrinsically unstructured
regions; for example, the inhibitory region of c¢Tnl, and the N- and C-termini of cTnl.
Often the linkage analysis is needed to establish the connection of a mutation
with the development of the disease. For mutations in ¢TnC studied in this work, only
one mutation, G159D, was subjected to the analysis of inheritance (63). Two other
mutations, L29Q and E59D/D75Y, were found in single patients and suspected to cause

cardiomyopathy, however the possibility of polymorphism remains (68, 69).

Biophysical techniques available for studying cardiomyopathies

To elucidate the mechanisms by which the mutations in sarcomeric proteins
bring about the symptoms of cardiomyopathy, several biophysical techniques have
proved to be useful. The study of motility was one of the first methods used to address
this issue (59). In this type of assay, myosin is deposited onto a nitrocellulose platform
and the translocation rate of fluorescently labeled actin filaments is recorded. In another
method, the ATPase activity of myosin is measured in an assay performed on the mixture
of F-actin, tropomyosin, myosin, and troponin complex (70, 71). After incubation with
ATP the reaction is terminated and the released inorganic phosphate is measured. The
efficiency of ATP hydrolysis is a measure of the myosin ATPase activity. Force
development is another powerful technique available for probing the functional
consequences of mutations in sarcomeric proteins (72, 73). In this assay, strips of cardiac
muscle are mounted on a force transducer and immersed alternatively in relaxation (low
Ca®™) and contraction (high Ca*) solutions. The force generated during contraction is
then measured. The advantage of this method is that soluble muscle proteins such as
troponin can be stripped off the muscle and substituted by their recombinant analogues

containing mutations or other modifications.
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Table I-1. Cardiomyopathy mutations in human c¢TnT, cTnl, and cTnC, their location,
and physiological consequences (55, 56, 66, 67, 74).

Gene Mutation Location Binding partners of | Pheno-
the particular region type
cI'nT |A28V, S69F, F70L, P77L, 179N, ES83K,|T1 domain |Tropomyosin HCM
D86A, R92W, R92L, R92Q, R94C, RY4L,
K97N, A104V, F1101, F110L, F110V,
R130C
DEI160, E163K, E163R, S179F, DK210,|T2 domain {cTnl, tropomyosin,
E244D, K247E, N2711, K273E, R278C, ¢TnC, and actin
R278P, R286C, R286H
R141W T1 domain |Tropomyosin DCM
A172S T2 domain |cTnl, tropomyosin,
¢TnC, and actin
¢Tnl |R21C N-terminus [cNTnC HCM
P82S ,
QI130R, R141Q, R145G, R145Q inhibitory [cCTnC and actin
region
A157V,R162Q, R162P, R162W, S166F switch ¢NTnC
region
DK177, K183E, DKI183, R186Q, I1195M,|C-domain |Actin
D196N, S199N, G203R, G203S, R204C,
K206Q
A2V N-terminus |cNTnC DCM
L144Q, R145W inhibitory |cCTnC and actin RCM
region
Al171T switch cNTnC
region '
K178E, D190G, R192H C-domain |[Actin
cTnC A8V, 1.29Q, C84Y N-domain |the switch regionand [HCM
the N-terminus of ¢Tnl
E134D, D145E C-domain |the anchoring and
inhibitory regions of
¢Tnl, and ¢TnT
E59D/D75Y N-domain [the switch region and |DCM
the N-terminus of ¢Tnl
G159D C-domain  |the anchoring and

inhibitory regions of
c¢Tnl, and cTnT

Structural techniques such as X-ray crystallography and NMR spectroscopy,

when applicable, have proved to be very useful in tackling various aspects of protein

biochemistry; however, in the quest for understanding cardiomyopathies, structural

studies are lagging behind. In several reports, FHC and DCM mutations were mapped on

the available structures of myosin (75) and cTn (/1, 63). Studies of the mutations in

MyBPC using 1D NMR spectroscopy were also reported (76).

In our laboratory 2D

NMR spectroscopy was used to elucidate the effects of FHC mutations of cTnl (R144G,




S149P, R162W) on the binding affinity of cTnl towards cTnC (77). However, no high-
resolution structure of the sarcomeric protein with cardiomyopathy mutations is currently

available and no atomic details of perturbed protein-protein interactions are known.

Methodology employed in present work

We have attempted to investigate the effect of cardiomyopathy mutations on the
structure and function of ¢TnC using solution NMR spectroscopy. ¢TnC is a well
behaved protein in NMR studies and the structure of ¢TnC has been detailed during years
of research in Dr. Sykes’ laboratory. We did expect that the cTnC mutants are also folded
and well behaved proteins, so that their structures as well as other structural information
could be obtained using NMR. In contrast, many mutations were found in cTnl, yet cTnl
is a difficult target for traditional solution NMR due to its largely intrinsically disordered
structure.

NMR is an extremely versatile technique that can provide a wealth of
information about the system studied (78). Proteins (unlabeled or commonly labeled
‘with "*N and/or PC isotopes) are examined in solution at ~ mM concentrations, often
together with their binding partners. The first very important parameter obtained by NMR
is the chemical shift of individual nuclei (typically 'H, N, or *C), which is a parameter
related to the chemical structure of the molecule and its chemical environment. NMR
chemical shifts are measured relative to a reference compound and are field dependant.
Differences in chemical shifts between the wild type protein and the mutant or the protein
complex indicate the change in chemical environment and can be used to monitor
changes during the titrations. They can be also mapped on the 3D structures, showing the
surface affected by the mutation or complex formation. Another parameter is NOE
(nuclear Overhauser effect), which is a change in the intensity of NMR signal due to
through-space interactions between the nuclei. This parameter is used to obtain the
constraints for structure calculations from 2D/3D NOESY NMR spectra. In relaxation
experiments, NOE provides the information on flexibility of nuclei. Other parameters are
T, and T, relaxation rates, describing the rate of decay for the NMR signal observed
during pulsed NMR experiments. T, and T, depend on the tumbling rate of the molecule,
exchange processes, and dynamic behavior of the nuclei. The line width of the NMR
peak at the half height is related to T, (Av,,, =1/2aT,), so that the line broadening in
NMR experiment (sharpness of the peaks) often indicative of the formation of complexes

or chemical exchange processes (Fig. 1-4) as explained further. Other parameters
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obtained by NMR, such as dipolar couplings, spin-spin couplings, etc, are useful in many

experiments, however, were not employed in this work.

Figure I-4. Differences in line broadening for the sample containing the same amount of

protein, where the line is broadened due to the aggregation (a), and where the line is

narrow, in agreement with the protein molecular weight (b). Traces were taken from

{"*N, 'H} HSQC experiments, with the frequency in Hz on the x-axis and the intensity in
~arbitrary units on the y-axis.

@) | (b)

The dependence of T, on the molecular weight of a protein or its complex was
often used in this work to indicate the increase in the molecular weight of protein species
studied. When two predominant mechanisms for relaxation are dipole-dipole interaction
between '*N and 'H nuclei and the chemical anisotropy of the '’N nucleus, the relaxation
parameters T,, T,, and NOE are given as following:

L P10, ~0,)+ 30(wy) +6J(@,, + )]+ (),
1

2 2
TL=%—[4J(O)+J((»H—wN)+3J(wN)+6J(wH)+6J(wH+wN)]+—C6—[4J(O)+3J(a)N)],
2
d’ Yu
NOE =1+ —"E[6J(wy +wy) - J(wy —wy)].
4R vy

where d = (u hyyy 147 oy, ¢ = wNAa/w/g, u, is the permeability of free space, 7 is
Planck’s constant, y, and y,are magnetogyric ratios of the °N and 'H nuclei, ryyis the
"N - 'H bond length, Acis the chemical shift anisotropy of the '°N nucleus, and w,, is
the Larmor frequency of the '°N nucleus (79). The spectral density function is described

in Model Free approach as following:
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2( S*r 1-5?
J(w)=— "’ 2+( 2)5
S\1+w’t,” l1+o't
where S? is the generalized order parameter, and —1—=(L+L), with T, being the
T \7, T,

internal correlation time for molecular motions, and 7, is the overall correlation time of
a protein (80). The spectral density function for a typical protein depends on the
frequency as shown in Figure I-V, where J(0) (at zero) being an order of magnitude
larger than J(w,) (at the frequency of °N), and similarly larger than J(wy +®;), and
J(@w, —wy). This will allow for the simplification‘ of the equation fdr T,, but not for T,

and NOE.

1 d? c?
—=—[4J(O)]+—[4
e [47(0)]+ 6[ J(0)]

2
Assuming negligible internal motions the spectral density will be denoted as following:
2
Jw)=% '_S%
5(+w'T,,)
At frequency zero, spectral density function J(0) has a linear dependence on the overall
correlation time. Thus the relaxation rate T, can be approximated to have a linear

relationship with the overall correlation time as well, and consequently, with the

molecular weight of the species.

Figure I-V. Spectral density function for backbone amide "N spins in E.coli
ribonuclease. Figure is taken from (79), where the data shows the values of spectral
density at several frequencies, including those acquired at different magnetic fields.

o {1/ns)
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Objectives and organization of this thesis

The goal of this study was to address the structure and function of
cardiomyopathy mutations in ¢TnC using solution state NMR spectroscopy. Chapter 11
describes the structural and functional aspects of the two mutants found in the N-domain
of cTnC, L29Q and E59D/D75Y. We determined how these mutations affect the function
of ¢cNTnC and proposed the mechanism explaining the hypercontractility in L.29Q and
hypocontractility in ES9D/D75Y. Chapter 111 presents the structure and function of the
mutation found in the C-domain of ¢TnC, G159D. Based on the results obtained we have
developed the hypothesis of the mechanism of G159D and the development of disease.
Effects of the L29Q and E59D/D75Y mutations described in Chapter Il were observed in
the presence of the N-terminus of cTnl (~ residue 1-29), and the effect of the G159D
mutation described in Chapter III was suggested to be mediated through the N-terminus
of cTnl. The interaction between the N-terminus of ¢Tnl and cNTnC as a function of
ionic strength was explored in Chapter IV. Chapter V presents the pulse sequence,
HBHG(CBCG)CO, developed to determine the individual side chain ionization constants
for residues involved in the electrostatic interactions such as between cNTnC and the N-
terminus of cTnl. Chapter VI concludes this thesis with the future outlook for the field of
- cardiac muscle contraction. The following additional material is gathered in the
Appendices: the HBHG(CBCG)CO pulse sequence code (Appendix A); the method for
pH determination of the NMR samples using buffer components (Appendix B); the NMR
structures of peptide agonists developed on the base of SDF-1a (Appendix C); and the
dimerization of SDF-1a studied by the NMR relaxation methods (Appendix D). The
latter two projects were accomplished during the first three years of my PhD career in Dr.
Sykes’ laboratory and were a part of a collaborative PENCE project, discontinued due to
the demise of our key collaborator Dr. Ian Clark-Lewis (UBC). In order to communicate
a streamlined and focused discussion we decided to build our narrative around the

cardiomyopathy mutations in ¢TnC leaving the story of SDF-1a in Appendices.
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CHAPTER 11

The effect of 1.29Q and ES9D/D75Y cardiomyopathy mutations on the function of
eNTnC"

Outline

The cardiac specific N-terminus of ¢Tnl is known to modulate the activity of
troponin upon phosphorylation with PKA by decreasing its Ca’* affinity and increasing
the relaxation rate of the thin filament. The molecular details of this modulation have not
been elaborated to date. We have established that the N-terminus (cTnl, ,o/cTnl, ,,PP)
and the switch region of ¢Tnl (cTnl, 4. ,¢) bind to ¢cNTnC simultaneously, and that the
PKA signal is transferred via the cTnl N-terminus modulating the cNTnC affinity
towards c¢Tnl, 4,4 but not towards Ca®*. The K, of cNTnC for c¢Tnl, 4, ,; was found to be
600 uM in the presence of cTnl,,, and 370 uM in the presence of c¢Tnl, ,,PP, which can
explain the difference in muscle relaxation rates upon the phosphorylation with PKA in
experiments with cardiac fibers. In the light of newly found mutations in cNTnC,
associated with cardiomyopathies, the role of the cTnl N-terminus is emerging also to be
important in the development of heart disorders. The mutants studied, L29Q and
E59D/D75Y, demonstrated unchanged Ca*" affinity per se and in complex with the c¢Tnl
N-terminus (cTnl, 5 and cTnl; xPP). The affinity of L29Q and E59D/D75Y towards
cTnl 47165 Was significantly perturbed, both alone and in complex with ¢Tnl, 5, and ¢Tnl,.

PP, which is likely to be responsible for the development of malfunctions.

Introduction

Recent studies suggested the involvement of the N-terminal c¢Tnl region (Fig. 1-
3) in the development of cardiomyopathies, in which. the mutations in cTnC perturb
interactions with the N-terminus of ¢Tnl, giving rise to the malfunction of the heart (/, 2).
One of these cNTnC mutations, L29Q, has been found in a patient with hypertrophy of
the heart (3) suggesting it to be a cause for FHC. 1.29Q is located on silent Ca** binding
site I of ¢NTnC and is potentially capable of changing the Ca®* affinity by reviving

defunct site I. This hypothesis is especially attractive since the L29Q substitution was

* The version of this chapter has been published. Baryshnikova O.K., Li M.X., and Sykes
B.D. (2008) J Mol Biol 375, 735-751.
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found in cold water fish where it was proposed to increase the Ca’" sensitivity of the
cardiac muscle at low temperatures (4). It is also possible that L29Q affects the
interaction with the switch region of cTnl (~residues 147-163) or, as suggested in
literature, the interaction with the N-terminal region of cTnl (~residues 1-29) (Fig. 1-3)
(I). The latter will in turn affect the way cTnl, ,, modulates the Ca** affinity of cTn,
which might be responsible for the development of FHC.

The other cNTnC mutation mentioned in literature, E5S9D/D75Y, was connected
to a dilated cardiomyopathy, DCM (5, 6). For this mutant, the change in Ca*" affinity can
be expected since residue 75 is mapped on the loop corresponding to functional Ca*
binding site II. Residue 59 is located in close proximity to the bound c¢Tnl 4. peptide
(7), which if mutated might also affect the affinity towards the switch region of c¢Tnl
(~residues 147-163). In addition, the ES9D/D75Y mutation might affect the binding of
the cI'nl N-terminus (~residues 1-29) and perturb its modulation of cNTnC interactions
(Fig. I-3), leading to the development of DCM.

Since the molecular details of the effect of the cTnl N-terminus on the
interactions of cNTnC have not been fully elaborated to date (8), we have addressed these
questions. The affinities of cNTnC towards Ca** and cTnl,,; s were measured in the
presence of the phosphorylated and unphosphorylated cTnl peptides (cTnl, PP and
cTnl ,9), where the minimal length of the peptides required to confer the modulation by
PKA was determined previously (9). The nature of the binding site for cTnl,,, on
c¢NTnC, the simultaneous binding of the cTnl N-terminus and the switch region, and the
possible mechanisms by which the phosphorylation signal is transferred within cTn are
discussed. Second, we have examined how the presence of mutations in cNTnC, 1.29Q
and E59D/D75Y, affecfs the Ca® and cTnl.;; binding affinities per se and in the

presence of cTnl, ,, and cTnl, ,,PP.

Results
Titrations of L29Q and E5S9D/D75Y with Ca** using NMR spectroscopy

In a typical 2D {'H, "N} HSQC NMR spectrum, the observed cross-peaks
correlate the chemical shifts of backbone amide '°N to the chemical shifts of backbone
amide 'H. Backbone amide chemical shifts are exquisitely sensitive to the changes in
structure and dynamics of a protein. Therefore, a 2D NMR spectrum provides a high
resolution residue specific probe to follow changes in a protein; for example, upon

binding a ligand. This method has been called chemical shift mapping. The 2D {'H, '*N}
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HSQC NMR spectra of L29Q and E59D/D75Y were very similar to the spectrum of
cNTnC, implying that both mutant proteins have a similar structure to the native fold.
This is also supported by the "N backbone amide NMR relaxation measurements
discussed below.

As it can be seen from the overlay of 2D {'H, N} HSQC spectra obtained
during Ca®" titrations, Ca®* binding to 1.29Q (Fig. lI-1a) and E59D/D75Y (Fig. II-1b)
causes gradual chemical shift changes that were very similar to each other and to the
changes induced upon the Ca** binding to cNTnC (7), indicating binding to the same site
and in a similar fashion. Several cross-peaks in Figure II-1 are labeled based on the
assignments for cNTnC. In both cases, proportional movement of cross-peaks implies
that the Ca** binding kinetics is in fast exchange on the NMR time scale. Linear
movement of cross-peaks in titrations suggests that a single binding event is involved.
Multiple Ca®* binding sites would cause non-linear chemical shift changes. The
movements of cross-peaks in Figure II-1 are primarily linear. The possibility for the weak
second binding site, suggested for 1.29Q on the basis. of comparison with cold water fish
cTnC (4), will be considered further below. \

Binding curves for L29Q and for E59D/D75Y -are shown in Figures II-1a and II-
1b (insets) respectively. When the curves were fitted with the single binding site model,
the dissociation constants, K,’s, were found to be 1.5 uM for L29Q and 2 pM for
E5S9D/D75Y (Table II-1). The upper boundary errors for the fitted Ky’s were 2 uM,
whereas the lower boundary errors could not be established since Ky s tighter than 1 uM

cannot be discriminated within the current concentration conditions. When a second

binding site was taken into account in the case of 1.29Q, the quality of fit was not
noticeably improved as the chemical shifts almost completely stopped changing at the
Ca’ : protein ratio equal to 1. Within the limitations of this method, we assume that the
Kp’s determined (~2 uM for E59D/D75Y and ~1.5 uM for L.29Q) were essentially the
same as the Ky of 2.6 uM for ¢cNTnC (10), with no indication of a weak second Ca*
binding site in case of L29Q.

Ca’* affinity towards ¢cNTnC, L29Q, and E59D/D75Y determined using competition
assays with the chromophoric chelator, 5,5’-Br,-BAPTA

The NMR method for determining affinities is most accurate in 0.1-1.0 mM
range, where Ky’s and the concentrations of protein are of the same order of magnitude.

~To measure high affinity Ky’s more accurately, we used competition assays with the
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chromophoric chelator, 5,5’-Br,-BAPTA. In this type of assays, the concentrations of
proteins were ~20-30 uM. The chelator, 5,5’ -Br,-BAPTA, was chosen because its K, for

Ca™ is close to the expected Ky’s for the proteins of interest (I7). Titration data for
cNTnC, 1.29Q, and ES9D/D75Y obtained in competitive assays are presented in Figure
II-2. Using a single site binding model for curve fitting, determined K;,’s for cNTnC,
L29Q, and ES9D/D75Y were 5 £ 4 puM, 4 + 2.5 uM, and 6 = 3 pM respectively (Table 11-
1). The errors in fitted Ky,’s reflect mostly the error in the Ky, of Ca** binding to 5,5’-Br,-
BAPTA. Data obtained are in agreement with the results of NMR titrations, where the
L29Q and E59D/D75Y mutants showed essentially the same Ca* affinity as ¢cNTnC
within the limitation of the technique.

Since the 1.29Q substitution occurs naturally in trout cTnC, which possesses the
second weak Ca™ binding site I (/2), we attempted to fit the NMR data for Ca*" titration
of L29Q by a two site binding model, using K;,, for site II (determined in competitive
assays) as a fixed parameter. Three curves corresponding to Ky, of 5 mM, 0.5 mM, and
0.05 mM shown in Figure II-3 imply that K;,, = 5 mM. Thus, if 1.29Q makes defunct site
I slightly active, its affinity would be excéptionally low, on the order of 5 mM or higher.

It has been suggested that the Ca®* affinity of ¢Tn is dependent on the presence of
the cardiac specific N-terminus of cTnl in phosphorylated state (/3). Since the affinities
of ¢cNTnC towards Ca®* in the presence of cTnl,, and cTnl,,,PP have not been
determined previously, we have performed Ca*" titrations of ¢cNTnC in the complex with
c¢TInl, o and cTnl,,, PP using combetitive assays with 5,5°-Br,-BAPTA. Complexes
formed with cTnl, , and cTnl,,0PP had the ratio of protein : peptide equal to 1:3. Figure
II-4a demonstrates that the K,’s towards Ca** for cNTnC, cNTnCecTnl,,s, and
cNTnCecTnl, ,,PP were indistinguishable and equal to 5 = 3 uM (Table II-1).

Similar experiments were performed with the 1.29Q and E59D/D75Y mutants in
the presence of cTnl,, and cTnl,,,PP. Figures II-4b and Il-4¢ indicate that these
mutations do not affect the Ca™ affinity of 1.29Q and ES9D/D75Y in 1:3 complex with
cT'nl, 5 and cTnl, PP within the limitations of the method. Determined K;,’s for L29Q,
L29Q=*cTnl, 5, and L29QecTnl, ,,PP were 4 + 2 uM and Ky’s for E59D/D75Y,
ES9D/D75Y *cTnl, 5o, and ES9D/D75Y ocTnl, ,,PP were 6 + 3 uM (Table II-1).

cTnl 4.6 titrations of L29Q*Ca** and E59D/D75Y+Ca*"
The switch region of cTnl (~residues 147-163) is an important binding partner of

cNTnC, that binds in a Ca** dependent manner to cNTnC, relays the Ca®* signal, and
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relieves the inhibition of the actomyosin ATPase. To address the question whether the
cardiomyopathy mutations confer the changes in the c¢I'nl 4 ;4 binding, 1.29Q*Ca*" and
E59D/D75Y *Ca*" were titrated with the ¢Tnl,,,; s peptide using 2D {'H, "N} HSQC
NMR spectroscopy. The overlay of 2D {'H, "N} HSQC NMR spectra obtained during
titrations (Fig. 11-5) demonstrated that induced chemical shift changes were remarkably
similar to those observed for cNTnC*Ca’" (7) indicating that ¢Tnl, 4. ;¢ binds in a similar
fashion to the same binding site. The per residue chemical shift changes caused by the
cTnl,,.,¢; binding to 1.29QeCa* and ES9D/D75Y *Ca* were averaged for several of the
most perturbed residues and plotted against the peptide/protein ratio (Figs. II-5a and 1I-
5b). The value of K, obtained for L29QeCa™ was 200 = 20 uM, which is ~1.3-fold
weaker than the value of 154 uM determined for cNTnC*Ca®* earlier (7) (Table I-1). The
value of K, obtained for ES9D/D75Y*Ca** was 60 + 40 uM, which is ~2.6-fold tighter
than that of for cNTnC#Ca® (Table I-1). |

cTnl,; 4; titrations of cNTnCsCa?*, L29Q*Ca’*, and ES9D/D75Y+Ca’* in complex with
cTnl, 55 or cTnl, ;PP

The question whether the cardiac specific extension of cTnl in its phosphorylated
or unphosphorylated state affects the affinity of cNTnCeCa® towards cTnl,; ez Was
addressed using 2D {'H, "N} HSQC NMR spectroscopy. Residues that underwent
chemical shift changes during the binding of c¢Tnl,y; ¢, to cNTnCeCa® *cTnl, ,, and to
cNTnCeCa* *cTnl, ,,PP were essentially the same as that of for cNTnCeCa? (Fig. 11-6).
This suggests that c¢T'nl,,;. ¢ binds in the same manner to the same binding site on
cNTnCsCa** alone and in complex with cTnl, ,, or cTnl, ,PP. However, binding
affinities determined for ¢cNTnCeCa® in the presence of cTnl,, or c¢Tnl PP were
substantially different from the Ky, of 154 uM determined for cNTnCe*Ca** (7). The K,
obtained for the ¢Tnl,,.,¢; binding towards cNTnCeCa**ecTnl, ,, (Fig. II-7a and Table 11-
1) was equal to 600 = 100 uM (~4 fold increase compared to cNTnC*Ca® alone) and the
K, obtained for the ¢Tnl,4,. s binding towards cNTnCeCa* *cTnl, ,,PP was 370 + 30 uM
(~2.4 fold increase compared to cNTnCeCa’" alone).

It has been proposed that the L29Q mutation of troponin C perturbs the
interaction with c¢Tnl, ,, and cTnl, PP, and thus is responsible for the development of
FHC (7). We have measured whether the presence of cTnl, ,, and cTnl, ,,PP affects the
affinity towards cTnl,4, ;s in case of L29Q and E59D/D75Y. 2D {'H, "N} HSQC NMR
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spectroscopy was employed to monitor the changes in chemical shifts of L29Q¢Ca*" and
ES9D/D75Y*Ca*" in complex with unlabeled cTnl, 5 or ¢Tnl, ,,PP during titrations with
the cTnl 4. peptide. The overlay of 2D {'H, "N} HSQC NMR spectra shows the
similarity between cTnly;,,; binding sites in case of 1.29Q#Ca* *cTnl, ,o,
L29QeCa* *cTnl, PP, E59D/D75Y*Ca***cTnl 5, and ES9D/D75YeCa**cTnl, ,,PP
(Figs. 1I-6¢, 11-6d, 1I-6e, and I1-6f). In spite of these similarities, determined affinities
were noticeably different (Table 1I-1). The K, obtained for cTnl ;s towards
1.29QeCa* *cTnl, ,, was equal to 410 + 30 uM and the K, obtained for c¢Tnl,,;.,¢; towards
L.29QeCa* *cTnl, ,PP was 450 + 130 uM (Fig. 11I-7b). The K, obtained for cTnl, ;. ¢;
towards E59D/D75Y *Ca* *cTnl, ,, was equal to 290 + 100 uM and the K, obtained for
cTnlyy;.6; towards E59D/D75Y *Ca’**cTnl, ,oPP was 830 + 150 uM (Fig. 11-7¢).

Table II-1. Binding affinities towards Ca®* and c¢Tnl 4., for ¢NTnC, 1.29Q, and
E59D/D75Y determined by solution NMR and in competitive assays with the chelator
5,5’-Br,-BAPTA.

Ca®™ affinity Ca® affinity Ca™ affinity determined using
determined by | determined using competitive assays with the
solution NMR | competitive assays chelator, 5,5°-Br,-BAPTA

(M) - with the chelator, (uM) in a complex with
5,5’-Br,-BAPTA
(uM) cTnl, 5 cTnl, ,,PP
cNTnC 2.6 (10) 5+4 53 5+£3
1.29Q 1.5+2 4+25 4+£2 - 4x2
E59D/D75Y 2+2 6+3 6+3 6+3

cTnl 4 ¢ affinity determined using | c¢T'nl,,; ¢ affinity determined
solution NMR (uM) using solution NMR (uM) in a
complex with

cTnl, cTnl, ,,PP
cNTnCeCa™ 154 (7) 600 = 100 370 + 30
L29Q°Ca2+ 200 =20 410+ 30 450 = 130
ES9D/D75Y *Ca>* 60 40 290 + 100 830 + 150

N backbone relaxation data
The "N backbone NMR relaxation parameters T;, T,, and NOE depend on the

motions of a protein, including the tumbling of a protein as a whole and the motions of its
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independent parts. T,, T,, and NOE are the complex functions of protein motions;
however, the interpretation of T, is more straightforward since the major contribution to
T, is the tumbling of a protein as a whole, which makes T, directly proportional to the
overall correlation time, <, and therefore to the molecular weight of the species for a
wide variety of conditions (/4). The other significant contribution to T, arises from the
chemical exchange processes including self-association. T, can be used to indicate the
presence of chemical exchange or self-association if it is noticeably lower than the
theoretical T, values, calculated using Model Free approach (/5), where S’~0.85 (the
approximation valid for many proteins (/6)) and the contribution of internal motions are
considered negligible (t; < 100 us) (/7). T,, T,, and NOE were determined for apo
c¢NTnC, cNTnCeCa™, L29Q°Ca2+, and E59D/D75Y+Ca’ alone, and in the presence of
cTnli4.163, €Tnl, 4, and cTnl; PP (Table II-2, data for T, and NOE are not shown).
Experimental T, values are mostly in the same range as the theoretical T, values that are
directly proportional to the molecular weight of the species (Table 1I-2), which indicates
the absence of significant exchange processes or self-association. Care should be taken
for E59D/D75Y, where T, is ~20 ms lower in the case of the Ca® and cTnl ;s bound
forms. Line broadening observed during the c¢Tnl,,; ; titration of ES9D/D75Y ¢Ca*" (for
ex. residues 34, 73, 66, Fig. 1I-5a) argues that the change in the cTnl 4. s, binding
kinetics from fast to slow on NMR time scale is likely to be responsible for the decrease
in T,, which brings the contribution from the chemical exchange to the T, relaxation rate.
In case of the Ca®* bound form, the decrease in T, can also result from the changes in
Ca’ binding kinetics but more likely it stems from the slight dimerization, supported also
by the increase in the overall correlation time, t,,, as discussed below.

‘ The overall correlation time, T, obtained from relaxation parameters T,, T,, and
NOE (17, 18) often serves as a useful indicator of molecular weight of the species in
solution (/9). The increase in t,, as compared to the theoretical estimate, equal to
MW(kDa)/2, can sometimes result from the presence of mobile domains that slows down
the tumbling of a protein or from the dimerization (20), in which case the Model Free
analysis is not strictly suitable (21) unless modified for the presence of two species.
Based on T, data, the dimerization was absent for almost all species except for
E59D/D75Y*Ca®. Based on the similarity between {'H, '’N} HSQC spectra (Figs. 1I-1,
1I-5, and 11-6) for cNTnC, 1.29Q, and E59D/D75Y, we conclude that the proteins have a
similar fold to that of cNTnC, for which no mobile domains or significantly long tails

were found (7, 22). Thus, obtained t,’s (Table II-3, Fig. II-8) serve as a direct indicator
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of the increase in the molecular weight of species due to the formation of complexes with

the cTnl peptides.

Table II-2. >N backbone amide NMR relaxation parameter, T,, for cNTnC, L29Q, and
E59D/D75Y in various complexes obtained at 500 MHz. T,’s were averaged over all
residues and presented together with their standard deviations. The errors in T,’s
represent the quality of the fit. Theoretical T,’s values were calculated for a protein of the
same molecular weight using Model Free formalism, where S? is equal to 0.85 and
internal motions are considered negligible (15).

Average T, | T,error | Theoretical
(ms) (ms) T, (ms)
apo cNTnC 134 + 31 4 149
apo cNTnCecTnl, 5 113 =19 3 122
apo cNTnCecTnl, ,,PP 137 + 48 3 121
cNTnCeCa®™ | 142 = 52 5 149
L29QeCa™ 13915 4 149
ES9D/D75Y *Ca** 130 £ 46 4 149
cNTnCeCa®**cTnl, ;4 138 +27 8 132
L29QeCa***cTnl 4 163 123 £ 49 4 132
E59D/D75Y*Ca**ecTnl,,; 1 111 47 2 132
cNTnCeCa* *cTnl, 5 118 =39 5 122
1.29QeCa*"*cTnl, ,, 128 = 51 4 122
E59D/D75Y *Ca**scTnl, 114 =47 4 122
cNTnCeCa* ¢cTnl,_,,PP ' 139 + 57 5 121
1.29QeCa***cTnl, ,,PP 148 = 55 4 121
E59D/D75Y *Ca***cTnl,_,PP 120 £ 45 5 121
cNTnCeCa’**cTnl, ,p*cTnl 4 165 102 + 47 3 110
L29Q.Caz+‘CTn11_29.CTHI]47_163 111 £49 5 110
E59D/D75Y *Ca***cTnl, o*cTnl 4 163 101 =51 4 110
cNTnCeCa®*ecTnl, ,,PP*cTnl, - 115 + 51 4 109
L29Q.Caz+.CTnI1_29PP°CTI‘1114’7_163 121 = 56 ‘ 4 109
E59D/D75Y*Ca* *cTnl, ,,PPecTnl, 4 1 111 =47 4 109
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Table II-3. Theoretical versus experimental overall correlation time T, for cNTnC,
L29Q, and ES9D/D75Y in various complexes. Theoretical t,, values were calculated as
MW(kDa)/2, similarly to the described previously (/9).

Overall Theoretical overall
correlation correlation time,
] time, T, (ns) T, (ns)
apo cNTnC 4.99 5.08
apo cNTnCecTnl, 4 6.66 6.66
apo cNTnCecTnl, ,,PP 5.14 6.74
cNTnCeCa* 4.95 5.08
cNTnCeCa®**cTnl 4 13 5.79 5.98
cNTnCeCa’ *cTnl, 5 6.05 6.66
cNTnCeCa®**ocTnl, ,o*cTnl 47163 6.89 7.56
c¢NTnCe*Ca*"*cTnl, ,,PP 5.16 6.74
cNTnCeCa***cTnl, ,oPPecTnl, 7 1 6.09 7.64
L29Q<Ca* 5.07 5.09
1.29Q¢Ca*cTnl 17 163 5.87 5.99
1.29Qe*Ca* *cTnl, 4 5.81 6.67
L.29QeCa* *cTnl, yo*cTnl 4 163 6.44 7.57
1.29QeCa* *cTnl, ,PP 5.12 6.75
1.29QeCa***cTnl, ,oPPecTnl, 47 163 591 7.65
E59D/D75Y*Ca* 5.49 5.1
E59D/D75Y*Ca*ecTnl, .16 6.39 6.00
E59D/D75Y*Ca**¢cTnl, 4 6.33 6.68
E59D/D75Y*Ca**ecTnl, ,o*cTnl 7 14 6.84 7.58
E59D/D75Y*Ca**ecTnl, ,,PP 5.82 6.76
E59D/D75Y*Ca’*scTnl, ,oPP*cTnl, 7 4 6.37 7.67

Based on the T, data (Table II-3, Fig. I1-8a), cNTnC*Ca*" binds all three peptides
cTnl; 49, cTnl PP, and cTnl,4;.,¢; independently. Apo c¢cNTnC binds both cTnl, ,; and
cTnl, ,,PP as well, with similar avidity. The interaction of c.NTnC°Ca2+ with c¢Tnl, , is
more efficient than with ¢Tnl, PP since t,, for cNTnC*Ca®*scTnl, ,, is larger than <,, for
c¢NTnCeCa*"¢cTnl, ,x,PP and 7, for apo c¢NTnCecTnl,,, is larger than T, for apo
cNTnCecTnl, ,,PP (Table 1I-3, Fig. II-8a). Complexes with cTul, ,, and cTnl,,,PP are
formed with the stoicheometry less then 1:1 (t,,’s are smaller than the theoretical values
in Table II-3 and below the diagonal in Figure II-8a), which indicates incomplete
binding. ¢cNTnCe*Ca?" in complex with c¢Tnl,_,, or ¢Tnl, ,,PP binds ¢Tnl,4;. ¢ forming a
triple complex (t,’s for triple complexes are higher than t,’s for the corresponding

duplexes). The addition of cTnl,,; ¢ increases the weight of the cNTnCeCa*ecTnl, 5
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complex to a smaller degree than that of cNTnCe*Ca*"*cTnl,,,PP (Table 11-3) supporting
the titration data where cTnl, ;¢ binds tighter to cNTnCe*Ca***cTnl, ,PP.

Similar qualitative conclusions can be drawn for L29Q and E59D/D75Y (Table
II-3, Figs. 11-8b and II-8c). Both mutants bind three peptides, cTnl, o, cTnl, PP, and
cT'nl 4. 63, independently, and form triplexes with cTnl, 5 or cTnl, PP and cTnl 4. 6.
1.29Q*Ca> binds cTnl,,, and cTnl PP lesS efficiently than cNTnCeCa*. The
1.29Q¢Ca*" binding to ¢Tnl, PP is especially small (t,,’s for L.29QeCa* *cTnl, ,,PP and
L.29Qe*Ca?**cTnl, ,oPP*cTnl,,; s; are almost the same as the t,’s for L.29Q*Ca* and
L.29Qe*Ca***cTnl,4716;). The binding of ¢Tnl;4; 63 to L29Q*Ca* *cTnl,; PP is almost as
efficient as binding to L29QeCa’**cTnl, .

Since several t,,’s in Figure 1I-8c are above the theoretical values and possibly
slightly distorted due to the dimerization, conclusions about the E59D/D75Y behavior
should be drawn with care. It is likely that E59D/D75Y*Ca®" binds cTnl, ,, weaker than
cNTnC+Ca?* and binds cTnl, ,,PP stronger than cNTnC*Ca”. The binding of ¢Tnl 4.6
to ES9D/D75Y*Ca* ecTnl, ,, might be as efficient as the binding of cTnl . 5 to

c¢NTnCeCa* ¢cTnl,_,,PP not contradicting our titration data.

Discussion
Ca’* and cTnl 4 13 binding affinity for cNTnC in the presence of cTnl, ,, and cTnl, ,,PP
It has been established that the phosphorylation of ¢Tnl at position 22 and 23
results in the decreased Ca® sensitivity of actomyosin ATPase (23, 24) and increased
rates of muscle relaxation' and cross-bridge cycling (25, 26). Ca® off-rates in
phosphorylated Tn complex are increased as well (27), which might stem from the
alterations in either equilibria involved in Scheme 1. Within the errors of the method our
data demonstrates that the Ca®* binding affinity of cNTnC is not affected by the presence
of cTnl, 5, or cTnl, PP (Fig. 11-4, Table II-1), suggesting that the interaction with cTnl,.
29 or ¢Tnl PP does not interrupt Ca®* ligation and does not significantly affect the
structure and dynamics of cNTnC, which might also potentially perturb lthe Ca*" binding
energetics. The affinities towards cTnl,,; \¢; are instead decreased substantially: ~4 times
for cNTnCeCa®*ecTnl, ,, and ~2 times for ¢cNTnCeCa**cTnl, ,,PP. The cTnl,4 ¢
binding affinity towards cNTnC*Ca®" is decreasing in the following order: cNTnCeCa®*
> cNTnCeCa*¢cTnl, ,PP > cNTnCeCa®*ecTnl,,,, which corresponds to the cTnl
inhibition activity increasing in the similar order: c¢NTnCeCa* < cNTnCeCa* ¢cTnl,.

20PP < cNTnCeCa***cTnl, ,,. This is in excellent agreement with the physiological data
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on muscle myofibrillar relaxation (25), where relaxation rates followed the similar trend:
a muscle preparation from transgenic mice expressing ssTnl (where ssTnl is a slow
skeletal version of ¢Tnl lacking the first 32 residues) relaxed faster (~70 ms) than the
phosphorylated preparation from wt mice muscle (~90 ms), which in turn relaxed faster
than the unphosphorylated version (~150 ms). This serves as an evidence of the
importance of the ¢Tnl, 4 14 binding kinetics in determining the rate of muscle relaxation.
The more efficiently the switch region of cTnl (~residues 147-163) binds to cNTnCeCa™,
the more efficiently the inhibitory region of c¢Tnl (~residues 128-147) is sequestered
away from its binding site on actin, which is likely to accelerate the formation of cross-
bridges, their cycling rate, and the relaxation rate of muscle, thus transferring the signal
of phosphorylation by PKA.

The binding interactions between cNTnC*Ca®* and c¢Tnl, ,, or ¢Tnl, ,,PP are of
enormous interest, but notoriously difficult to detect. The quenching of fluorescent Tyr*’
and Tyr*® on cTnl and the changes in the CD spectra during titration with cNTnCeCa**
were negligible (data not shown). The signal in ITC titrations was remarkably small (28)
and the majority of binding studies presented in literature had to utilize a label, AEDANS
(8) or IAANS (29, 30), possibly affecting the charge distribution on the cNTnC surface
and the binding equilibrium. Chemical shifts changes in the NMR spectra of the N-
domain of cTnCe*Ca® bound to cTnl, g, were exceptionally small (37), so that a binding
curve plot was not possible to construct (our data not shown). In this work the following
insights about the c¢Tnl, ,, and cTnl, ,,PP binding to cNTnC*Ca®* have been obtained:
first, based on the T, values, both, cTnl, ,, and cTnl, ,,PP bind to cNTnC*Ca** and apo
cNTnC. In agreement with literature data, cTnl, ,, binds more efficiently than cTnl,_,,PP

(28, 30). Second, the cTnl, 5, (cTnl, ,,PP) binding to cNTnC*Ca®*(apo cNTnC) does not

induce significant conformational changes and most probably is driven by electrostatics
since the changes in cNTnC*Ca?* and apo cNTnC chemical shifts upon binding to ¢Tnl,
(cTnl,,PP) are very small, which is characteristic of a typical electrostatic interaction.
In comparison, the cTnl ;¢ binding to cNTnCeCa®* is accompanied by the large
chemical shift changes in NMR spectra, and induces the substantial conformation change
in ¢cNTnC from a closed to an opened conformation. Third, both complexes,

cNTnCeCa**ecTnl, ,, and cNTnC°Ca2"'cTnI,_29PP, bind ¢Tnlye into its original

binding site and forfn triplexes, which implies that ¢Tnl ;. and cTnl, 5 (cTnl ,,PP)

have independent binding sites and can bind simultaneously. Fourth, the presence of

¢Tnl, 5 (¢Tnl, ,,PP) affects the affinity of cNTnC*Ca** towards cTnl,,;. e, but not the
' 28



affinity of cNTnC towards Ca®. One of the hypotheses, explaining the change in the
cTnl, 4. 65 affinity, proposes that the cTnl, ,, and cTnl, ,oPP binding sites on cNTnC*Ca**
partially overlap with the binding site for ¢Tnl,, ;. This overlap is small since the
cTnl,47.6: peptide still binds fairly tightly and the cTnl, ,, binding alone does not induce
the open conformation of cNTnC*Ca®*. This hypothesis would be in agreement with the
cross-linking data, showing that cTnl residues 5 (or 8) and 154 are in close proximity
(32). Another hypothesis proposes that ¢Tnl, ,5 and c¢Tnl, ,,PP sites on cNTnC*Ca>* do
not overlap with the c¢Tnl,,,.,, binding site, however, c¢Tnl;,y and c¢Tnl, PP stabilize
c¢NTnC*Ca’ in a closed conformation, albeit with different strengths, thus requiring more
energy for ¢Tnl, 4, ¢ to bind to the cleft on cNTnCeCa**. The affinity of ¢Tnl,,; ¢ will be
" lessened the most when ¢Tnl,, is bound unphosphorylated, since more cTnl, ; is bound
to cNTnCeCa*™, locking cNTnC*Ca® in the closed conformation. This hypothesis is in
agreement with the reported NMR data showing the line broadening in areas of (-sheets
on ¢cNTnCeCa® bound to cTnl, g (31, 33). The area of B-sheets on cNTnCeCa® is
located on the opposite side from the cTnl, 4, ¢ binding site (7). We favor the model
where cTnl, 5, and cTnl PP bind on ctNTnCeCa*" without overlapping with c¢Tnl, 47635
however, the distance between both c¢Tnl regions when bound to cNTnC*Ca** should be
short enough to afford the cross-linking between them (32). More detailed information
on binding of ¢Tnl,,, (cTnl,,,PP) to cNTnC*Ca®, e.g. the nature of the forces driving
the formation of the cNTnCe*Ca* *cTnl, , complex will be discussed in Chapter V.

It is desirable to compare other binding data available with the Kj’s obtained in
this work. For instance, data on the binding of whole c¢Tnl to cTnC has been reported (8,
29), however, upon phosphorylation one segment of cTnl should bind weaker (~residues
1-29) and another segment 6f cTnl should bind stronger (~residues 147-163), thus
reported Kp’s represent a complex function of several independent events that are
difficult to dissect. This emphasizes the need for binding studies with independent
peptides, where individual Ky’s can be obtained and compared.  In addition, the
introduction of a charged label such as AEDANS, might perturb the charge distribution
on the cNTnC surface, which similarly to E59D/D75Y might reverse the effect of the
cTnl N-terminus (8), strengthening the binding towards ¢Tnl, 4,4 in the presence of Tnl,_
» and weakening in the presence of Tnl, ,,PP.

It is also highly attractive to explain the increase in Ca™ off rates and the
decrease in Ca®" sensitivity upon phosphorylation. The Ca® sensitivity of force
development decreases in the following order (Ca** required for 50% activation): ssTnl
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(0.74 uM) < cTnl (1.52 uM) < cTnl-PP (2.15 uM). The Ca** off rates increase in the
following order: cTnl (21 /s) < cTnl-PP (48 /s) (27). As it is known from literature, Ca*
sensitivity and Ca®* off-rates depends on the length of a sarcomere (34), on the presence
of ATP and Mg*" (35), and on the activation of cross-bridges (36, 37). Theoretical
considerations advocate that “neither activation of force nor that of ATPase is
proportional to Ca®* absorption to the activating sites”, which underlines the complexity
of Ca® regulation in muscle (38). At this point, we are unable to provide a mechanistic
explanation for the differences in Ca** off-rates and filament Ca® sensitivities in
phosphorylated, ixnphosphorylated states, and without the N-terminus of ¢Tnl due to the

complexity of the system.

Ca’* binding affinity for L29Q and E59D/D75Y

A consensus EF hand motif in Ca** binding proteins is composed of 12 residues,
6 of which are directly involved in the coordination of Ca®* (Table 11-4) (39). In cNTnC
silent Ca® binding site I, 4 residues remain available for the coordination of Ca®* out of 6
conserved residues, providing 5 out of 7 ligating atoms. Several consensus residues that
do not directly interact with Ca®* but provide the required rigidity and charge balance for
a Ca®* binding site are also substituted in ¢cNTnC site I, and one residue preceding
binding site I is inserted (Table 1I-4). The 1.29Q mutation in site I is potentially capable
of providing the side chain for Ca® coordination, however, the amide group of GIn* is a
less potent ligand than the carboxylic group of consensus Asp®’, and the chain length for
a ligand is slightly longer than that of Asp®. Site II remained intact and the affinity of site
II in L29Q should not be changed. The question of whether the 1.29Q substitution
increases the overall Ca®* affinity of ¢cNTnC was addressed using two independent
methods, NMR titrations and UV/VIS titrations with a chromophoric chelator, 5,5’-Br,-
BAPTA. Both methods yielded consistent results with the L29Q affinity towards Ca*
essentially the same as that of for cNTnC. In fish cTnC, the engineered Q29L mutation
was shown to decrease the originally high Ca*" sensitivity to the level comparable with
human c¢TnC, thus proving that the L.29Q substitution in fish is required for the higher
sensitivity towards Ca®, however, L29Q is not the only substitution necessary for a
higher Ca®" sensitivity (40). While the increase in Ca®* sensitivity in fish cTnC is the
most noticeable at cold temperatures, where it allows the fish to overcome the
desensitization of the heart, the increase in Ca** affinity for human L29Q at 30°C was not

significant enough to be recorded. Little evidence for a weak second Ca®* binding site for

30



1.29Q was observed and the estimated K, for this binding is ~5 mM or weaker, which
* limits its possible physiological consequences. »

In case of ES9D/D75Y, the Ca’* affinity also did not noticeably change, although
the slight decrease in Ca®* affinity of site Il might have been expected. The substitution
of conserved Asp” to Tyr” should not affect Ca®* coordination directly, however, it can
disrupt electrostatic balance and the packing within the Ca** binding loop (Table II-4). In
competition assays with a chelator, 5,5’-Br,-BAPTA, and in NMR titrations E59D/D75Y
showed no change in Ca®" affinity within the errors of the method. It is still possible that
the changes in affinities smaller than the resolution of the techniques used in this work

could be physiologically significant.

Table II-4. Residues involved in the coordination of Ca* in the EF hand motifs of
various TnC'’s.

Position X Y V4 -Y -X -Z
Consensus D Basic D/N G D/N G Any hydro- D/E/T/S Hydro- Acidic E
sequence : phobic phobic
Coordinating COO C=0 C=0 C= o0 COO
group side CoOr CoOr back- CONH,
chain side side bone OH

chain chain Water
CNTnC (Site I) FQ7 v28 L29 GSO A31 E32 D33 G34 S35 136 S37 T38 K39 E4()
L29Q F27 V28 Q29 G30 A31 E32 D33 G34 SSS 136 S37 T3X K39 E40
Trout cNTnC F27 I28 Q29 D30 A31 E32 D33 G34 S35 136 S37 T38 K39 E—I»()
sNTnC 28 D29 A30 D31 G32 D33 G34 D35 136 837 V38 K39 E—I-O
CNTnC (Site II) E()} V64 Df)S E66 D6'7 G(v% 569 G’K) T71 VT.Z D73 F'M D75 E’76
E59D/D75Y E® V#DS E$ DY G §® g TN AV D7 e Y’ [
TI‘OU[ CNTnC E(‘B V64 D65 E()() D67 G68 S()‘) G7() T7l V72 D73 F74 D75 E76
SNTnC E()S V64 D()S E()() D67 G()S S()’) G7O T7l I71 D73 F74 D75 E76

cTnl,y.16; binding affinity for L29Q*Ca** and E59D/D75Y+Ca**

The slight decrease in affinity for L29QeCa** towards ¢Tnl,4,.¢; Was anticipated
since the L.29Q mutation is likely to perturb the binding interface with the cTnl, 4.
peptide. On the structure reported by Li et al. (7), the 8-hydrogen of Leu® on ¢cNTnC is
positioned 6.3 A away from the 8-proton and 6.6 A away from the B-proton of Leu'*® on
cTnl 47165, and 7.1 A away from the 8-proton of Leu'® on c¢Tnl,,;,. Although these
residues do not directly interact with Leu” on cNTnC, the decrease in the affinity of
1.29Q*Ca*" towards cTnl,,, ;s can stem from the perturbed bonding interactions within

the hydrophobic core of the interface, for example, through Val* and 1le*.
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The increase in the affinity of ES9D/D75Y*Ca* towards cTnl 4. can be
explained by the strengthening of the interaction between Asp® on E59D/D75Y and
Arg"" of cTnl ., 1 due to the shortening of the side chain in the position of residue 59. In
the structure of cNTnC*Ca” in complex with cTnl ;.6 (7) the guanidine group of Arg'”
on ¢Tnl ;e is ~ 6 A away from the carboxylic oxygen and ~ 4 A away from‘ the y-
protons of Glu™ on ¢cNTnC. Thus, the shortening of the side chain of residue 59 is likely

to result in a stronger electrostatic contact between ES9D/D75Y *Ca* and cTnl, 4 .
g

Ca** and cTnl 4 1; binding aﬁnity for L29Q, and E59D/D75Y in the presence of cTnl, 5,
and cTnl, ,oPP

Similarly to ¢cNTnC, within the experimental error the affinities of L29Q and
E59D/D75Y towards Ca** were not affected by the presence of cTnl, ,, and cTnl, ,,PP.
The affinity towards c¢Tnl,,, e was distinct for every mutant and different from that of
cNTnCeCa*. L29QeCa*" affinity towards cTnl,,, ,c; was essentially the same in the
presence of ¢Tnl,_,, and ¢Tnl, ,,PP, which should confer the same ¢Tnl inhibition of actin
regardless of cTnl phosphorylation state. This is in accordance with the data showing
that the impact of phosphorylation in L29Q was abolished, and both, ATPase activity and
the sliding velocity of the thin filament, remained unaffected by cTnl phosphorylation
(1). Based on our 1, data, L29Q®Ca* binds both cTnl, ,, and cTnl, PP less efficiently
than cNTnCeCa®, which might explain the absence of bound species on the binding plate
in Schmidtmann et al. (/). A slight decrease in the Ca*" sensitivity of force development
(41) is in agreement with a decreased affinity towards cTnly4.6; (in the absence of
phosphorylation by PKA) that might increase the inhibition of actin and presumably
decelerate the rate of cross-bridge formation. When phosphorylated, the L29Q containing
fibers might demonstrate a decrease in inhibition of actin and increase in the rates of
cross-bridge formation and muscle relaxation, for which physiological data is not
available. The introduction of the L29Q mutation has brought the change in the ¢Tnl,,,.
163 binding affinity per se, and the change in the interactions of 1.29Qe¢Ca** with cTnl, ,,
and cT'nl, ,,PP, which affects their modulation of the ¢Tnl,,, ;s affinity with and without
PKA phosphorylation. The interplay between these events is likely to be respohsible for
the development of FHC.

The ES9D/D75Y mutation brings a drastic change in the cTnl 4. binding
equilibrium to ¢cNTnCe*Ca®* alone and in complex with cTnl,, and cTnl, ,xPP. The
strength of ¢Tnl,4,. ¢ binding becomes reversed: ES9D/D75Y *Ca**ecTnl, ,, binds cTnl 4.
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163 With higher affinity than ES9D/D75Y *Ca***cTnl, ,,PP. This data can be explained by
the charge perturbation on the ¢Tnl,,, and cTnl, ,,PP binding interface. In ES9D/D75Y,
the surface charge is changed to the less negative as compared to cNTnC, decreasing the
electrostatic repulsion of c¢Tnl,,,PP. This leads to a slightly tighter binding towards
cTnl, ,,PP as compared to cNTnC (qualitatively supported by the v, data) and a weaker
binding towards c¢Tnl,y;.,¢ (supported by our titration data). When phosphorylated, the
E59D/D75Y containing filaments are likely to exhibit the increased inhibition of actin,
which is in agreement with the reduced ability to activate myosin ATPase activity (42).
The surface charge perturbation of E59D/D75Y*Ca* should also lead to a weaker
binding of cTnl, ., and consequently a tighter binding of ¢Tnl ., ;s (supported by our
titration data), which in muscle relaxation experiments is likely to result in the decreased
muscle inhibition and accelerated relaxation rates. The combined effects of increased
affinity towards ¢Tnl,,; ;¢ for uncomplexed E39D/D75Y *Ca* and perturbed modulation
of the cTnl, 4. affinity by ¢Tnl, ,, and cTnl, ,,PP are likely to result in the development
of a heart disorder such as DCM.

Conclusions

The cTnl N-terminus is a crucial participant of the Ca* regulated cardiac muscle
contraction. It binds to cNTnC simultaneously with the switch region of ¢Tnl (~residues
147-163) and upon phosphorylation modulates the cNTnC affinity towards c¢Tnl, 4.3,
thus transferring the PKA phosphorylation signal further along the thin filament. In case
of the cNTnC mutants associated with cardiomyopathy, 1.29Q and E59D/D75Y, the
interactions with the N—telminﬁs and the switch region‘ of ¢Tnl are significantly
perturbed, which underlines the importance of these regions in the development of

malfunctions and advances our understanding of cardiac muscle regulation.
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Materials and Methods

Protein Expression and Purification

The DNA encoding ¢cNTnC (1-89) with the mutations C35S and C84S was
subcloned previously into pET-3a expression vector as described in Pearlstone et al. (43).
Using ¢cNTnC(C35S, C84S) as a template, the L29Q and ES9D/D75Y mutations were
engineered using a site-directed mutagenesis kit (QuikChange purchased from
Stratagene). E. coli strain BL21(DE3)pLysS was transformed with the expression vector
and incubated at 37°C to the ODg, of 0.6-0.9. Cell cultures were induced with IPTG and
harvested after incubation for 3 hours. Uniformly 15N—labe_led cNTnC, L29Q, and
E59D/D75Y were expressed in a minimal media enriched with (*NH,),SO, (44). Cell
pellet was lysed using French press and applied to a DEAE-sephadex (A25) column (50
mM Tris, 0.1 M NaCl, pH 8.0). Proteins were further purified using a Superdex-75 size
exclusion column (50 mM Tris, 0.15 M NaCl, pH 8.0), desalted using Sephadex G25
column (10 mM NHHCO;), decalcified as described previously (45), and lyophilized.
Molecular masses for unlabeled proteins, cNTnC, 1.29Q, and ES9D/D75Y, as determined
by MALDI mass spectrometry were equal to the expected values for cNTnC (10,030 = 1
Da), 1.29Q (10,045 = 1 Da), and E59D/D75Y (10,064 = 1 Da). Amino acid composition
was confirmed independently by amino acid analysis.

Peptides

Synthetic peptides, cTnlj4,6 (acetyl-RISADAMMOQALLGARAK-amide),
cTnl ;0 (acetyl-ADGSSDAAREPRPAPAPIRRRSSNYRAYA-amide), and cTnl, PP
(acetyl-ADGSSDAAREPRPAPAPIRRRS(P)S(P)NYRAY A-amide) were prepared using
standard methodology for a typical Tnl peptide (46). The sequences were confirmed by
amino acid analysis and the masses were verified by electrospray mass spectrometry.

Ca’" titrations of "N-L29Q and " N-E59D/D75Y monitored by 2D {'H, "N} HSQC NMR
spectroscopy

Decalcified '"N-L.29Q and '’N-E59D/D75Y, respectively, were dissolved in 500
ul of NMR buffer containing 100 mM KCl, 10 mM imidazole, 5 mM NaN;, and 0.2 mM
DSS in 90% H,0/10% D,0. The pH was adjusted to 6.8 for both samples. Solutions of
50 mM and 100 mM CaCl, in water used in titrations of both samples, were prepared
from 1.0 M CaCl, solution purchased from Sigma-Aldrich. The concentration of L29Q
(0.9 mM) and E59D/D75Y (1 mM) were determined by amino acid analysis. Changes in
protein concentration due to dilution were taken into account during data analysis. To
plot the binding curve, per residue chemical shift changes, A,,,,, were obtained using the
following equation: A, =1/(0.2A<315N)2+(A<SIH)2 , where A5y is the chemical shift
change in ppm in "°N dimension and A§,, is the chemical shift change in ppm in 'H
dimension. The coefficient of 0.2 accounts for the difference between sensitivities of '°N
and 'H nuclei. The per residue chemical shift changes for the most perturbed residues
(with large chemical shift changes, A, ) were averaged and analyzed using the program
xcrvfit (www.bionmr.ualberta.ca).

- Ca** titrations of cNTnC, L29Q, and E59D/D75Y monitored by UV/VIS spectroscopy
using competition assays with the chromophoric chelator, 5,5’-Br,- BAPTA

A buffer containing 150 mM KCl and 10 mM imidazole (pH 6.8) was decalcified
with Chelex-100 resin (BioRad). The affinity of a chelator towards Ca** was determined
by titrating of 40-50 uM of tetra potassium salt of 5,5’-Br,-BAPTA (CalBiochem) with
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CaCl,. 3 uL aliquots of 3 mM CaCl, were added at every titration point. The UV
absorbance was recorded at A=263 nm. The initial concentration of 5,5’-Br,-BAPTA
(Ca®™ free) was calculated using the extinction coefficient of 2-10* L-mol™-cm™ at A=263
nm (47). The K, for 5,5’-Br,-BAPTA under experimental conditions was determined to
be 0.5 + 0.3 uM from the average of five independent titrations, which is comparable to -
the literature data (//, 47).

In competition assays, the mixture of a chelator and a protein (or its complex
with c¢Tnl, ,, and cTnl, ,PP) in a total volume of 1 mL was titrated with Ca*. 3 uL
aliquots of 3 mM CaCl, were added at every titration point. In order to assure the equal
concentration of proteins during titrations alone and in complexes with ¢Tnl; ;5 and c¢T'nl;.
,oPP, protein stock solutions were divided in three portions, into which ¢Tnl,  or ¢Tnl,.
PP were subsequently added. The concentrations of protein stock solutions were
determined by amino acid analysis. The K, of a protein was deconvoluted from obtained
binding curves using Microsoft Excel and xcrvfit software using the K of the chelator
and the concentrations of individual components as known parameters during the fitting
0.

cTnl 4 14 titration of L29Q*Ca’* and E59D/D75Y+Ca’* monitored by 2D {'H, "N} HSQC
NMR spectroscopy

The synthetic peptide, cTnl,; s, was added in the form of powder during
titration of the solution of 0.9 mM 129QeCa®* and 0.6 mM ES59D/D75YeCa®
respectively. The buffer was the same as the buffer used for the NMR Ca? titrations.
CaCl, was added to a concentration of 35 uM. pH of solutions was adjusted to 6.75 = 0.1.
The concentration of proteins and peptides was determined by amino acid analysis at
every titration point.

cTnl 47 ;65 titration of cNTnCeCa®*, L29Q*Ca’* and E59D/D75Y+Ca’* in complex wzth
cTnl, yo0r cThl, ,,PP monitored by 2D { 'H, "N} HSQC NMR spectroscopy

The complexes of cNTnCeCa™, L29Q°Ca2+ and E59D/D75Y «Ca* with cTnl, 5
or cTnl, PP were prepared to the ratio 1 : 2.3. The concentration of proteins was equal
to 0.6 mM in the same NMR buffer described above, containing 35 uM of CaCl,. The
concentration of peptides was equal to 1.4 = 0.05 mM in all samples. The formation of
complexes was verified using the measurements of >N backbone amide NMR relaxation
rates. During titrations, cTnl 4, was added in the form of powder until the ratio of
cNTnCeCa®* (129QeCa* or ES9D/D75Y+Ca*") : ¢Tnl,,, ¢; Was equal to 1 : ~3.5. The pH
of solutions was kept at 6.75 + 0.1. The results of amino acid analysis for the mixture of
three components gave rise to a less accurate estimation of concentrations as compared to
the concentrations determined by weight. Thus, in these experiments, the weight of added
peptide powder was used to calculate the concentration of ¢Tnl, 4, ;.

N backbone amide NMR relaxation data .

Relaxation data were acquired from "N-T,, "°N-T,, and {'H-"N} NOE
experiments (Biopack, Varian Associates) for 500 pl. samples containing in all
experiments 0.6 mM of ¢cNTnC, 1.29Q, and E59D/D75Y. T, data were acquired using
relaxation delays of 10, 50, 100, 200, 300, and 400 ms, and T, data were acquired using
relaxation delays of 10, 30, 50, 70, 90, and 110 ms. The delays between transients in '*N-
T, and "*N-T, experiments were set to 3 s. {'H-'"N} NOE experiments were performed
using delays of 5 s for spectra recorded without proton saturation and delays of 2 s for
spectra recorded with proton saturation. The proton saturation was set to 3 s so that the
total time between transients was equal to 5 s. NMR experiments were conducted at 30
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°C on a Varian Inova 500 MHz spectrometer equipped with a z-axis pulsed field gradient
triple resonance probe. Acquired spectra were processed using NMRPipe (48) and
visualized using NMRView (49). Relaxation parameters, T,, T,, and NOE, were
extracted using the rate analysis module built in NMRView. The overall rotational
tumbling <t was averaged from the per residue fitting of the relaxation data to the Lipari-
Szabo Sz-rm-tf model (/5). In this method of T, calculation, the relaxation data for
residues with significant internal motions, as judged by NOE<0.65, and the data for
residues with possible slow motions, as judged by significantly decreased T,, were
excluded. Mathematica scripts used for the analysis of relaxation data were provided by
Dr. Leo Spyracopuolos (www.bionmr.ualberta.ca/~Ispy/) (50).
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Figure II-1. The overlay of 2D {'H, ’N} HSQC NMR spectra obtained during the Ca®*
titrations of L29Q (a) and E59D/D75Y (b). Residue assignments are shown for
resonances with significant chemical shift changes. Binding curves (insets) represent the
average of chemical shift changes for indicated residues versus the ratio of the total
calcium to protein concentrations. The results of fitting are shown for one binding site
model.
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Figure II-2. Normalized absorbance changes during Ca** titrations for cNTnC (a), L29Q

(b), and E59D/D75Y (c) obtained in competitive assays with the chromophoric chelator,
5.5’-Br,-BAPTA. Two independent binding experiments (triangles and squares) for each
protein are shown to demonstrate reproducibility of the method.
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Figure II-3. Ca® titration of 1.29Q determined by NMR and analyzed using the two
binding site model. Affinity for the first binding site (Kp, = 5 uM) was taken as a fixed
parameter during the fitting. Examples of the curves obtained with different Kp,’s are

shown for comparison.
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Figure I1-4. Normalized absorbance changes during Ca* titrations for cNTnC (triangles),
cNTnCecTnl, 5, (squares), and cNTnCecTnl, PP (circles) (a), L29Q (triangles),
L29QecTnl| 5 (squares), and 1.29QecTnl, ,,PP (circles) (b), and ES9D/D75Y (triangles),
E59D/D75Y cTnl, 59 (squares), and E59D/D75Y*cTnl, PP (circles) (c) obtained in
competitive assays with the chromophoric chelator, 5,5’-Br,-BAPTA.
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Figure II-5. The overlay of 2D {'H, "N} HSQC NMR spectra acquired during titration
of 1.29Qe¢Ca?* (a) and E59D/D75Y*Ca*" (b) with cTnl,;.. The contour level for
spectra was chosen to demonstrate the fact of line broadening in the middle of titration in
case of E59D/D75Y. Binding curves (insets) are averaged over the several residues with
substantial chemical shift changes, for which the residue assignments are indicated.
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Figure II-6. The overlay of 2D {'H, N} HSQC NMR spectra acquired during the
cTnl, e titration of cNTnCeCa®* in the presence of cTnl,,, (a) and cTnl, PP (b),
1.29Q+Ca* in the presence of cTnl, . (c) and c¢Tnl, ,,PP (d), and E59D/D75Y *Ca** in the
presence of ¢Tnl,, (e) and cTnl,_,,PP (f). Residue assignments are indicated for the same
resonances in each panel.
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Figure I1-7. Binding curves obtained during the c¢Tnl,. titrations of cNTnCe*Ca®* in
the complex with ¢Tnl, ,, (circles) and cTnl, ,,PP (squares) (a), L29Q*Ca* in complex
with ¢Tnl,  (circles) and cTnl, PP (squares) (b), and ES9D/D75Y*Ca’* in complex
with cTnl, 4 (circles) and c¢Tnl,_, PP (squares) (c).
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Figure II-8. Experimental NMR rotational correlation times plotted versus theoretical
estimates calculated based on the expected molecular weights for cNTnC (a), 1.29Q (b),
and E59D/D75Y (d) in various complexes. Complexes below diagonal line are formed
with the stoicheometry less then 1:1. Complexes above diagonal line most likely undergo
dimerization. In the case of E59D/D75Y, the suspected dimerization is mild.
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CHAPTER 111

Consequences of the DCM mutation G159D on the structure and dynamics of

cardiac troponin C and its interaction with troponin I

QOutline

NMR spectroscopy has been employed to elucidate the molecular consequences
of the DCM mutation G159D on structure and dynamics of troponin C, and its interaction
with troponin 1. Since the effects of this human mutation are expected to be subtle, all
NMR experiments were run as direct side-by-side comparisons of the wild type and
G159D mutant proteins. The affinity of G159D towards the anchoring region of cTnl
(cTnl;44,) was reduced (Kp = 6 + 3 uM) as compared to that for cCTnC (Kp< 1 uM). The
overall structure and dynamics of the G159DecTnl;, ;, complex were very similar to those
of ¢cCTnCecTnls, ;. There were, however, significant changes in the 'H, ”C, and "N
NMR chemical shifts of troponin C in the complex, especially for the residues involved
in the direct contact with cTnl;,5,, and changes in the NOE connectivity patterns between
G159D and cTnl,,,. Thus, one possibility is that the development of disease results from
the poor anchoring of the c¢Tnl to cCTnC, with the resulting increase in acto-myosin
inhibition in agreement with physiological data. Another possibility is that long range
electrostatic interactions affect the binding of the switch region of cTnl (cTnl 4. i¢)
and/or the cardiac specific N-terminus of ¢Tnl (cTnl, ) to the N-domain of ¢TnC. These
important interactions are all spatially close in the X-ray structure of the core of cardiac

TnC (7).

Introduction

Ca’™ regulation of contraction in cardiac muscle is a fine tuned process that
depends on the reliable function of its protein parts. The development of cardiac
malfunctions can be caused by the presence of mutations in contractile proteins. Indeed,
as revealed by genetic analysis, a large number of mutations in -myosin, a-tropomyosin,
cardiac troponin I (cTnl), and cardiac troponin T (¢TnT) causes various forms of
cardiomyopathy (2, 3). Cardiac troponin C (cTnC), the protein directly responsible for
Ca*" sensitivity of the thin filament, is highly conserved among mammals and thought to

have fewer mutations until recently (4-7).
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¢TnC consists of two domains: the structural domain, cCTnC, and the regulatory
domain, cNTnC. At all times, cCTnC, stays saturated with Ca’* and bound to the
anchoring region of c¢Tnl (~ residues 34-71), which tethers cTn to the thin filament. The
regulatory domain, cNTnC, binds Ca** only at high Ca®** concentration upon muscle
stimulation. In Ca* form, cNTnC binds to the switch region of c¢Tnl (~ residues 147-
163), which pulls the inhibitory region of cTnl (~ residues 128-147) away from its
binding site on actin, triggering contraction (for reviews see (8, 9)).

Two mutations found in cNTnC, L29Q and E59D/D75Y, were linked to
hypertrophic cardiomyopathy (FHC) and dilated cardiomyopathy (DCM), respectively (4,
5). In Chapter 11, the physiological consequences of the L29Q and ES9D/D75Y mutations
vs;ere linked to the impaired thermodynamics of the cNTnC interactions with its binding
partners, cTnl, 5, and ¢Tnl, ;6. Another mutation, G159D, associated with DCM, was
found in cCTnC (7). In reconstituted rat (/0) and rabbit (/1) cardiac trabeculae, the
presence of G159D did not significantly alter myofilament Ca** sensitivity. However, the
presence of G159D in guinea pig trabeculae resulted in the reduced Ca® sensitivity (/2).
Available physiological data on G159D reported the reduced activity of ATPase (/2);
however, the Ca® sensitivity of ATPase was not affected (/0). It might be difficult to
interpret physiological results on the molecular level, especially since Ca** sensitivity is a
complex function of many consequent events, such as the binding of Ca**, binding of
cTnl, 4.6 and attachment of cross-bridges, and since the reproducibility of results was
mentioned tb be dependent on the muscle fiber type (/7). We have attempted to address
this question using the G159D mutant of cCTnC and the cTnl peptide (cTnls,), so that
the interactions between troponin parts can be unambiguously traced. The knowledge of
these interactions can be afterwards compiled into the overall picture assisting the
interpretation of the physiological data.

There are several functions attributed to cCTnC, which could be affected by the
presence of G159D: first, in its Ca® bound form, cCTnC binds to the anchoring region of
cTnl (~ residues 34-71) and tethers the entire troponin complex to the thin filament;
second, cCTnC binds the inhibitory region of cTnl (~ residues 128-147), the location of
which has not been visualized in available crystal structures (/) and is suspected to be
driven by electrostatics (/3, /4). The binding of ¢Tnl,s 4 occurs without replacement of
¢Tnl;,5, and is hypothesized to be localized next to the highly charged E-D linker
connecting the two domains of ¢TnC. Third, cCTnC was also shown to interact with

cTnT (15). Fourth, G159D might affect the interaction with the cardiac specific N-
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terminus of c¢Tnl (~ residues 1-29), as was suspected in experiments with skinned rat
trabeculae (/0) and with reconstituted troponin complex (/6). In the crystal structure,
Gly' is located at the very end of the H-helix, 5 A away from Leu*” of the anchoring
region of cTnl (~residues 34-71) (/). This suggests that the presence of mutation might
first of all affect the interaction with ¢Tnl,,4,, which has not been addressed previously.
Using NMR spectroscopy, we have determined the affinity of G159D towards ¢Tnl;,,
and examined the consequences of this mutation on structure and dynamics of the
G159DecTnl;,» complex. Based on NOE connectivity patterns, NMR chemical shifts
changes, dynamics, and determined 3D structures, we conclude that, compared to cCTnC,
G 159D binds to ¢Tnls, 4, in a similar fashion, albeit with a lower affinity. This interaction
is a key function of cCTnC, and when impaired, can perturb the function of the entire Tn
complex and lead to severe physiological consequences, such as the development of

cardiomyopathy.

Results
cTnls, ,, titrations of cCTnC and G159D

In a 2D {'H, "N} HSQC NMR spectrum, cross peaks correlate the °N and 'H
chemical shifts of backbone amide NH. Chemical shifts are exceptionally sensitive to
changes in the structure and dynamics of a protein. 2D {'H, >N} HSQC spectra obtained
for G159D (Fig. [lI-1a) and cCTnC (Fig. I1I-1b), with and without their binding partner,
cTnl,,, demonstrate the difference in the positions of several {'H, "N} HSQC cross
peaks, corresponding to the residues adjacent to the site of mutation. The rest of the
amide chemical shifts, and the changes they undergo during the titration with cTnls,;.
are similar, suggesting resemblance in the overall structural folds for G159D and ¢cCTnC,
in agreement with the structures determined herein (see below). The kinetics of the
binding of c¢Tnl;, -, to G159D (Fig. Ill-1a) and ¢cCTnC (Fig. I1I-1b) is on the NMR slow
exchange time scale, in which the intensities of cross-peaks for complexed -and
uncomplexed species vary depending on the degree of binding. Binding curves were
obtained by measuring the intensity decrease for several representative cross-peaks
corresponding to the unliganded protein, which were averaged and fit to a single binding
site model (Fig. I1I-1, insets). K;,’s were found to be 6 + 3 pM in the case of G159D and
< 1 uM in the case of cCTnC. The later is in agreement with literature data (/7). Ky’s
tighter than 1 uM éannot be determined precisely within the concentration limits of

NMR.
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BN backbone relaxation data

>N backbone NMR relaxation parameters, T;, T,, and NOE, are the functions of
the protein motions, including the tumbling of a protein as a whole, the motions of its
independent parts, and the chemical exchange processes. Per residue T,, T,, and NOE
were determined for G159D and ¢CTnC alone, and in complex with ¢Tnl,4, (Fig. [11-2).
T,, T,, and NOE for cCTnCecTnl;, -, and G159De*cTnl;, -, were virtually identical within
the errors of the experiments (Fig. I1I-2), implying that the presence of the mutation did
not affect the dynamic properties, as well as the conformational flexibility, of the
complex. Importantly, >N backbone T,, T,, and NOE for ¢CTnCecTnl,,, and
G159DecTnl;, ,, were also similar in the area adjacent to the mutation site. Relaxation
data for cCTnC was‘ in agreement with qualitative data presented earlier (/8, 79).

T,, T,, and NOE are per residue parameters, whereas the overall correlation time,
Ty, calculated from T,, T,, and NOE (Table [l1-1), is the function of the hydrated radius

of the entire protein, r,, and consequently its molecular weight. According to the Stokes-

Einstein-Debye theory (20),
T, =%m;rh3 1kgT, -

where 7 is the solvent viscosity, kzis the Boltzmann constant, and T is temperature. As a
rule of thumb, T, (ns) is approximated to the half of the molecular weight of a protein
(kDa), provided that the protein tumbling is mostly isotropic. This can serve as a good
estimate of the molecular weight of a protein or its complexes (/3). An increase in T, as
compared to the calculated molecular weight can result from issues such as dimerization
(21), which is the case for skeletal protein, sCTnC (22). We have determined <,’s for
G159D and cCTnC alone, and in complex with c¢Tnls,~, (Table III-1). For ¢cCTnC and
G159D, t,,’s are comparable to each other and smaller than the rule of thumb estimate,
which could be explained by a lesser degree of bound water, for example (23, 24). The
values of t,’s determinéd for G159DecTnl;, and ¢cCTnCecTnl;, ,, were comparable to
each other and to the theoretical estimate, which suggests the formation of 1:1 complexes

in both cases, and the absence of dimerization and significant conformational exchange.
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Table III-1. NMR relaxation parameters T,, T,, and t, determined for G159D and
c¢CTnC alone and in complexes with ¢Tnl,,,,. Theoretical estimate for correlation time <,
is equal to the half of the molecular weight in kDa.

Average of | Average of Overall correlation | Theoretical estimate
per residue per residue time, T, (ns) for correlation time,
T, (ms) T, (ms) T, (NS)
G159D 356 +47 193 = 31 3.3 4.2
G159D+*cTnl,, ;, 436 = 46 1129 6.6 6.4
c¢CTnC 348 £ 42 185 + 25 3.4 v 4.2
c¢CTnCecTnl;, ;, 438 £ 53 109 = 13 6.5 6.4

Differences in the chemical shifts of cCTnC and G159D in the complexes with ¢Tnl;, 5,
Chemical shifts changes are uniquely indicative of changes in chemical
environment of nuclei and hence, in protein structure and dynamics. We have calculated
the chemical shift changes of °N, "*C, and 'H for G159D and cCTnC in complexes with
cTnly, ., (Figs. 11I-3 and I11-4). Backbone amide '°N chemical shifts underwent the most
significant perturbations at the end of the H-helix near to the mutation site (Figs. 1lI-3a
and 111-4a). '°N chemical shifts in the region where the H-helix is contacting the E-helix
(residues 93-97) are also affected by the presence of mutation but to a much lesser
degree. As demonstrated by >N chemical shifts changes, the overall fold of G159D and
¢CTnC remains similar with the only significant perturbation being near to the mutation
site. Changes in 'H and "C chemical shifts, especially those for the side chains, are
sensitive not only to the changes in overall fold but also to the changes in the
configurational patterns, e.g. the number, energetics, and the geometry of connections
that stabilize protein core or protein complex. As demonstrated by "*C chemical shifts
changes (Figs. III-3b and III-4b), the major perturbations occurred at the several

hydrophobic residues (for example Leu'®, Met'®, Leu'?!, and Ile'®®

) known to be
responsible for the interaction with ¢Tnly,,, (I). 'H, atoms directly responsible for the
majority of van der Waals and hydrophobic contacts in proteins, are the most sensitive
indicators of changes in protein core and binding interfaces. As demonstrated by 'H
chemical shifts differences (Figs. I1I-3c and IlI-4¢), significant changes occurred with the
residues forming the interface between ¢cCTnC and cTnly,, (for example Leu'®, Met'®,
Met'”, Leu'”', Ile'®, Leu"), implying that the binding of cTnls,, to cCTnC is perturbed
in the presence of the mutation (/). Interestingly, the chemical shifts of two interior

residues, Ile'*® and Ile''?, which form the hydrophobic core of cCTnC, have also been

affected.
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Differences in the NOE connectivities of cCTnC and G159D in the complex with cTnl;,.;,
NOE connectivites obtained from 3D '*C NOESY HSQC and N NOESY HSQC
NMR spectra are typically used as distance restraints during structure calculations. It is
often informative therefore to make pair-wise comparisons of NOE patterns. NOE,
however, is a less sensitive parameter to long range perturbations as compared to a

chemical shift since the intensity of NOE decreases rapidly with the distance between
two nuclei: NOE « Lﬁ (25). We have compared strips from 3D *C NOESY HSQC and
r

>N NOESY HSQC NMR spectra for G159D and cCTnC for residues with the significant
chemical shift changes. Spectra were acquired using identical parameters, such as mixing
time, which is crucial for such a comparison. The vast majority of contacts in the cCTnC
spectra were accurately reproduced in the G159D spectra; however, there were some
differences (Fig. 11I-5). For example, in the "C NOESY HSQC spectrum, the y-proton of
Met'® has more contacts in ¢cCTnC compared to G159D, with some of these contacts
being tentatively assigned to the peptide resonances (Fig. 11I-5a). The y-proton of Ile''?
contacted the a-proton of Asp' in G159D, and the a-proton of Asp'® and the 8-proton
of Tyr' in ¢cCTnC (Fig. 1lI-5b). The a-proton of Gly'* contacted the y-proton of Glu'*
in ¢CTnC but not in G159D (Fig. I11-5¢). The y-proton of Val'® contacted the e-proton
of Phe'™ in G159D but not in ¢cCTnC (Fig. 11I-5d). In the "N NOESY HSQC NMR
spectrum, the differences in NOE patterns were less significant, with the noticeable

1% which had contacts with the B-protons of

change observed in the amide proton of Ala
Lys'® and Asn'” in G159D but not in cCTnC. These results demonstrate that the residues
with the large chemical shift differences (Fig. III-5) had also distinct NOE connectivities

in >C NOESY HSQC and '*N NOESY HSQC spectra.

Structures of cCTnC and G159D in the complexes with cTnls, ;,

The ensemble containing 20 best NMR structures out of 50 calculated was
analyzed for G159D and cCTnC. All structures had a good geometry éfter water
refinement with > 92 % in most favorable and > 7 % in additional allowed regions of the
Ramachandran plot for G159D and c¢CTnC (Table III-2). Structures of both proteins
converged with rmsd < 1.4 A for all atoms for residues 95-155, including loops. The
overall topology and the secondary structure for G159D and cCTnC were similar to the
c¢CTnC structure obtained by X-ray crystallography, PDB code 1J1D (/) and previously
by NMR, PDB code 1FI5 (/9). Rmsd’s for backbone atoms between ¢CTnC and 1J1D
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was 1.2 A for all residues, and between ¢cCTnC and 1FI5 1.4 A (Fig. IlI-6a). Similar
rmsd of 1.7 A was between reported 1FI5 and 1J1D. The G159D structure, although
similar overall, overlapped with 1J1D with rmsd of 1.7 A for backbone atoms for all
residues (Fig. 111-6b). G159D overlapped with cCTnC with rmsd of 1.4 A and with 1FI5
with 1.3 A (Fig. 111-6b). The resolution of X-ray diffraction data for 1J1D was 2.6 A,
within which, structures determined in this work and reported previously have similar

folds.

Table III-2, Statistics for 20 NMR structures of G159D and ¢CTnC in complex with
c¢Tnlz, 7. Structures were calculated using CYANA (26), refined using XPLOR-NIH (27,
28), and analyzed using PROCHECK (29) and WHATCHECK (30).

G159D - ¢CTnC
NOE restraints 1075 957
Short range (/i-jl=1) 624 561
Medium range (1</i-j/<5) 231 215
Long range (/i-j/=5) 220 181
Ca’* binding restraints 16 16
Dihedral restraints (¢/ap)* 84 86
NOE violations
>05A 0.15+0.37 0.0 £0.0
>0.3 A 0.25 +0.55 1.8+ 1.20
>0.1A 6.3+1.95 10.45 +2.28
Dihedral Violations (°) 0.0x0.0 0.0+ 0.0
Ramachadran plot statistics”
¢/ in most favorable regions (%) 93 +4 92+4
¢/y in additionally allowed regions (%) 7+3 T+3
¢/1p in generously allowed regions (%) 0x1 +1
¢/ in disallowed regions (%) 0x1 +
Pairwise RMSD (A
Before water refinement 0.71 £0.13 0.59+0.12
After water refinement 1.29 + 0.28 1.31 £0.24
WHAT CHECK structure Z-scores after water refinement
Second-generation packing quality -0.9+04 -0.9+0.3
Ramachandran plot appearance 09+0.7 1.8+038

*Predicted from chemical shifts using TALOS
®PROCHECK was used over all the residues (90-161)

“Main chain nuclei over the residues 95-155

The packing of the cCTnC core occurs between the hydrophobic residues of a.-
helical regions (Leu”, Phe'”, Leu'"”, Met'?, Leu'?, Ile'®, Leu'*, Phe'”, and Met'"’) and
the two residues of the B-sheet region (lle''? and Ile'*®). Orientation of these key residues

did not change in the cCTnC and G159D structures calculated in this work as compared
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to 1J1D and 1FIS. Several residues such as Phe'® and Phe'*® in ¢cCTnC and G159D are
lacking the restraints with the peptide and thus their positions are more flexible, but are in
the good agreement with the NMR structure, 1FI5. The packing interactions between
helices and the protein cores of cCTnC have not been affected by the presence of G159D

as demonstrated by the resultant structures. In spite of some differences in NOE contacts

12 148

for Ile''* and Ile'*, the calculated structures were similar within the limits of the method.
This demonstrates that among the restraints used (Table III-2), many were identical,

which determined the similarity between the structures.

Differences in the NOE connectivities between cCTnC (and G159D) and cTnls, 5, in *C-
edited, filtered NOESY spectra

The NOE connectivities between >N, “C-labeled cCTnC and the unlabeled
peptide cTnls, ,, were obtained using the '*C-edited, filtered NOESY pulse sequence (3/)
optimized in our laboratory for this particular complex (32). In this experiment, each
cross peak corresponds to a 'H protein resonance on the vertical axis and to a 'H peptide
resonance on the horizontal axis. “C resonance in the third dimension connects to the
corresponding 'H resonances on the protein, which allows for the assignment. Peptide 'H
assignments can be typically obtained with the 2D "N, "*C-edited TOCSY and 2D "N,
BC-edited NOESY (33-35); however, in our case, few resonances can be unambiguously
assigned due to the poor dispersion of peptide chemical shifts, which precluded the
structure calculation for the entire complex. Similarly to previous NMR studies (79, 22,
36), structure determination of the entire complex was difficult to achieve without the
additiénal restraints between a protein and a peptide, which might be found in crystal
structures but are not always desirable to use due to possible introduction of artifacts.
The peptide in complex is predominantly o-helical, which is supported by the values of
peptide chemical shifts in 2D "N, “C-edited TOCSY and 2D *N, *C-edited NOESY and
their poor dispersion. The superposition of “C-edited, filtered NOESY spectra for
GI59D and c¢CTnC in complexes with cTnl,,; shows a similarity between contacts

formed (Fig. I11I-7). Some contacts are virtually identical, for example, the contacts
between Ala” of cTnly,,; and Leu'® and Met'*® of ¢cCTnC and G159D (Fig. [1I-7a) or the

contact between Leu® of cTnl,,, and Met'® of cCTnC and G159D (Fig. 1I-7¢). Some
contacts were slightly changed, for example, the contacts between Ile*® of c¢Tnl,,,, and
Thr'?* of ¢CTnC and G159D (Fig. 11I-7c). One contact, between Leu® of cTnl,,, and
Val'® of cCTnC, was clearly missing in G159D (Fig. ITI-7b). No contacts were observed
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in the spectrum of G159D that were missing in case of cCTnC. Also, the intensities of
existing connectivities were not stronger in the case of G159D. This demonstrates that
G159D interacts with c¢Tnls,-, similarly to ¢cCTnC, without making new connections
- between the protein and the peptide and with the existing connections being qualitatively

not stronger.

Discussion

The task of defining the effect of mutations on protein behavior represents a
substantial challenge, especially for human mutations where the effect on the protein has
to be mild to allow an individual to function even in disease. Structural approaches,
including the determination of structure using NMR or crystallography might not bring
conclusive answers when the differences in structures of mutant and wild type proteins
are not significant enough to be resolved within the resolution of >the chosen technique.
Often the affinities of mutated and wild type proteins for their targets and/or ligands are
unchanged. It remains unknown, therefore, whether the mutant phenotype has been
brought about by the changes undetectable within the limits of methods. However, the
necessity to study individual human mutations is evident by the growing interest in
genetically tailored nutrition and medicine, and overall will be beneficial to our
understanding of current biochemical models, in our example, cardiac muscle
contraction. "

We have attempted to dissect the effect of the G159D mutation on the structure,
dynamics, and interactions of troponin C using solution state NMR. This technique
allows not only for the structure determination but also provides a wealth of information
pertaining to the chemical environment and dynamics of individual residues. Since the
effects are expected to be subtle, all NMR experiments were run as direct side-by-side
comparisons of the wild type and G159D mutant proteins. We have found that the
secondary structure, tertiéry structure, and the packing of the protein core did not
changed for G159DecTnl;,; in comparison to cCTnCecTnl;,,,. Dynamic behavior for
G159D was also unaffected, even in the vicinity of the mutation. However, the affinity of
G159D towards cTnls, 5 was reduced, and the NMR chemical shifts of protein residues
were perturbed. The differences in NMR chemical shifts were well beyond the resolution
in 'H dimension (0.03 ppm), ®C dimension (0.3 ppm), and "N dimension (0.2 ppm) in
our experiments, with the most significant changes observed for residues directly

involved in binding to cTnls,4. The K, of G159D towards cTnl,, -, has been increased >
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6 fold. We have also observed the changes in NOE connectivities between the protein
and the peptide, with some connectivities changed or missing. All of the above evidence
indicates the weakened binding and perturbed interaction between G159D and cTnls, .
The structure and dynamics of the protein core remain the same, however, in agreement
with the G159D mutation locating at the very end of the H-helix, away from the protein
core.

The binding of cCTnC to cTnls,, is a key function of the C-domain of ¢TnC. In
skeletal TnC, the binding of the inhibitory region of sTnl is dependent upon the presence
of the anchoring region of sTnl, with the anchoring region modulating the binding of the
inhibitory region (37-39) which directly influences contractility. In insect flight muscle,
the regulation of contraction is achieved entirely through the C-domain of TnC without
the involvement of the N-domain and its binding to the region analogous to the switch
region of cTnl (40). Our data supports the possibility that G159D might lead to the
impaired contractility and the disease through the impaired anchoring of ¢TnC and
enhanced inhibition of acto-myosin. When this interaction is impaired in G159D, the
weaker binding to c¢Tnl,,,, might lead to a weaker anchoring of troponin C to the thin
filament, lower k,, for the switch region of c¢Tnl (~residues 147-163) due to the decrease
in proximity effect, and a more pronounced inhibition of contraction. This is in
agreement with a slower activation kinetics in rabbit psoas fibers (/7), which might be a
more important parameter than the steady state force development (41, 42). Our
conclusions are also in agreement with the decrease in actin-tropomyosin activated
ATPase rate and the decrease in sliding velocity (/2).

The second possibility is that the presence of G159D impaired the function of

c¢NTnC via the perturbations in the long-range electrostatic interactions. Electrostatic

. . 1 . . .
potential drops off as a function of —, where r is the distance from the charge, so that it
r .

can be active 10-20 A away from the site of mutation. In crystal structure (/), the N-
domain of cTnC is folded over the C-domain of cTnC (Fig. 111-8), so that Gly"” is in
proximity to the binding site for the switch region of ¢Tnl (~residues 147-163) (43), to
the possible binding site for the cardiac specific N-terminus of ¢Tnl (~ residues 1-29)
(44, 45), and to the binding site of the inhiBitory region of cTnl (~residues 128-147).
The binding of the cardiac specific N-terminus and the inhibitory regions of Tnl are
suspected to be electrostatically driven (14,18), as well as influenced by phosphorylation

(46), and the change in electrostatic potential of cCTnC might affect these interactions. A
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perturbed interaction of G159D with the N-terminus of cTnl has been reported (0, 16),
which resulted in blunting the effect of PKA phosphorylation. Interestingly, the 1.29Q
mutation has also blunted the effect of PKA phosphorylation (16, 47, 48) but lead to
hypertrophy instead (4). The physical parameter crucial for the development of hyper- vs
hypocontractility may be the resultant affinity towards the switch region of c¢Tnl
(~residues 147-163) (47) and the kinetics of this binding interaction (/6).

In this work, we have det'ermined that G159D binds to ¢Tnl,,,, with weaker
affinity, supported by structural data, such as changes in chemical shifts and NOE
connectivities. This weakened interaction may impair the anchoring of troponin C, with
the resulting increase of acto-myosin inhibition. The G159D mutation may also perturb
the binding of the adjacent N-terminus of c¢Tnl (~ residues 1-29) to cNTnC through the

long range electrostatic interactions, which will affect the cNTnC binding of the switch

region of cTnl (~ residues 147-163) and overall contractility.

Materials and methods
Protein Expression and Purification

The DNA encoding ¢cCTnC (91-161) was subcloned previously into pET-3a
expression vector similarly to Pearlstone et al. (49). Using cCTnC as a template, the
G159D mutation was engineered using a site-directed mutagenesis kit (QuikChange
purchased from Stratagene). E. coli strain BL21(DE3)pLysS was transformed with the
expression vector and incubated at 37°C to the ODgy, of 0.6-0.9. Cell cultures were
induced with IPTG and harvested after incubation for 3 hours. Uniformly '*N-labeled
cCTnC and G159D were expressed in a minimal media enriched with (‘*NH,),SO, (50).
Cell pellet was lysed using French press and applied to a DEAE column (50 mM Tris, 0.1
M NaCl, pH 8.0). Proteins were further purified using a Superdex-75 size exclusion
column (50 mM Tris, 0.15 M NaCl, pH 8.0), desalted using Sephadex G25 column (10
mM NH,HCO), and lyophilized. Molecular masses for unlabeled proteins, cCTnC and
G159D, as determined by MALDI mass spectrometry were equal to the expected values.
Amino acid composition was confirmed independently by amino acid analysis.

cTnlsy,, titration of ¢cCTnC and GI159D monitored by 2D {'H, "N} HSQC NMR
spectroscopy

The peptide, cTnls, -, (acetyl- AKKKSKISASRKLQLKTLLLQIAKQELEREA-
EERRGEK-amide) was synthesized using standard methodology for a typical Tnl peptide
(51). The sequence was confirmed by amino acid analysis and the mass was verified by
electrospray mass spectrometry. During titration, the peptide was added in the form of
powder to the 500 pL solution of 0.57 mM c¢CTnC and 0.56 mM G159D. The buffer
consisted of 100 mM KCl, 10 mM imidazole, 2 mM CaCl,, 5 mM NaN;, and 0.2 mM
DSS in 90% H,0/10% D,0O. The pH was adjusted to 6.7 = 0.05 at every titration point.
Concentrations of proteins and peptides were determined by weight and confirmed by
amino-acid analysis. Since the reaction proceeds within the slow exchange limits for both
c¢CTnC and G159D, the chemical shifts for two species (¢cCTnC or G159D alone and in
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complex with c¢Tnly, ) were observed during titrations. The decreasing intensities of
uncomplexed cCTnC or G159D were used to calculate Ko,

N backbone amide NMR relaxation data

Relaxation data were acquired at 30 °C on a Varian Inova 500 MHz spectrometer
from '’N-T,, °N-T,, and {'H-"’N} NOE experiments (Biopack, Varian Associates) for
500 pL samples containing 0.57 mM of ¢cCTnC or 0.56 mM G159D and 1.2 mM of
cTnly,-. T, data were acquired using relaxation delays of 10, 50, 100, 200, 300, and 400
ms, and T, data were acquired using relaxation delays of 10, 30, 50, 70, 90, and 110 ms.
Delays between transients in °N-T, and '°N-T, experiments were set to 3 s. {'H-"N}
NOE experiments were performed using delays of 5 s for spectra recorded without proton
saturation and delays of 2 s for spectra recorded with proton saturation. Proton saturation
was set to 3 s so that the total time between transients was equal to 5 s. Relaxation
parameters, T,, T,, and NOE, were extracted using the rate analysis module built in
NMRView (52) and analyzed using Mathematica scripts provided by Dr. Leo
Spyracopuolos (www.bionmr.uaiberta.ca/~Ispy/) (53). Overall rotational tumbling time,
T, Was averaged from the per residue fitting of relaxation data to the Lipari-Szabo $°-<,,-
T, model (54). Relaxation data for residues with significant internal motions, as judged by
NOE<0.65, and data for residues with possible slow motions, as judged by significantly
decreased T,, were excluded in this method of <, calculation.

Assignment and structure calculation for cCTnC ecTnls, ;; and G159D*cTnl;, ;,

Samples used for NMR data acquisition contained ~0.5 mM of G159D or
cCTnC, ~1.2 mM of cTnl;,, in the buffer consisted of 100 mM KCl, 10 mM imidazole,
2 mM CaCl,, 5 mM NaN;, and 0.2 mM DSS in 90% H,0/10% D,0O. Buffer used for data
acquisition in D,O contained 100 mM KCIl, 0.5 mM imidazole, 9.5 mM deuterated
imidazole, 2 mM CaCl,, 5 mM NaNj;, and 0.2 mM DSS. NMR spectra were acquired at
30°C on Varian INOVA 500, Unity 600, or INOVA 800 spectrometers equipped with 5
mm triple resonance probes and z axis pulsed field gradients (Table III-3). NMR data was
processed using NMRPipe (55) and analyzed with NMRView (52). The backbone
resonances for ¢cCTnC and G159D in the [°C,N] ¢CTnCecTnly,, and [“C,°N]
G159DecTnl,,, complexes were assigned using SmartNotebook v5.1.3 (56). Side chain
assignment was carried out using HCCH-TOCSY, HCCONH, CCONH, HNHA, HNHB,
and "N TOCSY HSQC. The majority of side chain resonances were unambiguously
assigned. Resonances for aromatic residues were assigned using 2D homonuclear DQF-
COSY and NOESY experiments in D,O. Resonances for the cTnl;,, peptide were not
dispersed well enough in 2D *C/"N-filtered TOCSY and NOESY experiments to allow
for the assignment of many residues except for amide protons, HN, for residues 41-64,
Ha for residues 41-59, Hp for residues 41-43, 50, 53, 56, and Hd/y for residues 46-53,
55, and 58-60.

Structure calculations were performed with CYANA (26) using the ‘noeassign’
automatic assignment procedure (57) and distance restraints from *C NOESY HSQC and
5N NOESY HSQC experiments. Unambiguous restraints were assigned manually and
were forced to keep their assignments during the first four runs of CYANA calculations,
after which they were open for automatic assignment by CYANA. Distance restraints
were calibrated with CYANA standard procedure using upper limits of 6 A. TALOS
dihedral restraints for helical regions for G159D and ¢cCTnC (58), and Ca** restraints for
Ca” binding loops were obtained from X-ray crystallographic data and added into the
calculation (Table I11-3). TALOS restraints did not affect the overall fold of the structures
(data not shown), however, in case of G159D, in final structure calculations the restraints
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were truncated up to residue 151, to avoid artifactual secondary structure. CYANA was
used to calculate 50 structures, and the 20 conformers with the lowest target function
were refined in explicit solvent by XPLOR-NIH (27, 28) with a water box of 18.856 A.
The final ensembles were averaged and refined using the same water refinement protocol
as done previously, and are the structures discussed herein and deposited (PDBs).
Structures were validated using PROCHECK (29) and WHATCHECK (30).

Table III-3. NMR experiments acquired for structure calculations and chemical shift

assignments.
Experiment Nuclei® | '"H | x-pts” | y-pts | z-pts | x-sw y-sw | z-sw | Mix
_ (ms)
BN-HSQC H, “N 500 1074 192 8384.9 2026.3 —
HCCH-TOCSY 'H, *C,'H | 500 1024 128 104 8384.9 5998.5 | 10057.8 -
CBCA(CO)NNH 'H, C, *N| 500 1024 118 64 8384.9 10057.2 | 2026.3 -
HNCACB 'H, PC, N[ 500 1024 118 64 8384.9 10057.2 | 2026.3 -
HCCONH 'H, BC, "N| 600 1024 160 64 8398.1 5998.5 2431.6 -
CCONH 'H, ®C, “N| 600 1024 184 64 8398.1 12067.2 | 2431.6

PCNOESY HSQC _ [™H,'H, ”C| 600 | 1024 | 160 80 | 8398.1 | 59987 | 6033.7 | 100

'“N NOESY HSQC ‘H, 'H, "N | 600 1024 160 80 8398.1 5998.7 | 2431.6 150

"N TOCSY HSQC  |'H,'H, "N| 600 | 1024 160 64 8398.1 59987 | 24316 | 50

HNHA 'H, 'H, "N | 600 1024 160 64 8398.1 5998.7 | 2431.6 -
HNHB 'H, 'H, "N | 500 1024 160 64 8384.9 4998.8 | 2026.3 -
DQF-COSY (D,0) 'H, 'H 800

NOESY (D,0) H,'H 800

BCAN-filt. TOCSY 'H, 'H 600 4096 512 - 8384.9 8385.7 - 0.06
C/N-filt. NOESY 'H,'H 600 4096 512 — 8384.9 8385.7 0.25

BCilt., ed. NOESY | 'H, 'H, *C| 600 1024 240 64 3595.9 35959 | 30140 | 0.15

“ The nucleus acquired in each dimension (e.g., 'H, '°N indicates proton x, nitrogen y). *
X-, ¥-, and z-pts and -sw are the number of complex points and the sweep width in each
respective dimension (x is the directly detected dimension).

63




Figure II-1. Titration of G159D (a) and cCTnC (b) with ¢Tnl,, 4, using 2D {'H, '°N}
HSQC NMR spectroscopy. Closed cross-peaks correspond to uncomplexed ¢cCTnC or
G159D and open cross-peaks correspond to the complex of ¢cCTnC or G159D with
c¢Tnlyy7. Corresponding binding curves are shown in the insets. Annotated residues
have the largest "°N backbone chemical shift differences and are adjacent to the mutation
site.
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Figure ITI-2. Per residue NMR relaxation parameters T, (a), T, (b), NOE (c) for G159D
(closed circles) and cCTnC (open circles) in complexes with cTnly, 5.
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Figure III-3. Chemical shifts differences between G159D and cCTnC in complexes with
cTnl,,;,for backbone amide "*N (a), side chain C (b), and side chain 'H (c). Side chain
chemical shift changes for '*C and 'H are added together for every residue, with Cat and
Ha in black, CB and Hp in white, Cd and H9 in red, Ce and He in dark blue, and Cd and
Hd in green. Horizontal lines correspond to the average value plus one standard

deviation.
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Figure III-4. Residues with chemical shift changes visualized on the structure of ¢cCTnC
determined by X-ray crystallography (1J1D). Residues with the significant *N chemical
shift changes are shown in black (a). Residues with the significant side chain Bc

chemical shift changes are shown in green (b). Residues with the significant side chain 'H
159

chemical shift changes are shown in red (c). Gly"” is shown in yellow in all three panels.
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Figure II1-5. NOE strips for G159D (left) and cCTnC (right) in complexes with cTnls,;,
obtained in 3D “C NOESY HSQC NMR experiments (a-d) and in "N NOESY HSQC
NMR experiments (e), where stars represent the resonances tentatively assigned to the
peptide, and double stars represent resonances tentatively assigned to the protein.
Assignments are indicated below each pair of plots.
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Figure III-6. Secondary structures of cCTnC (a) and G159D (b) in complexes with the
anchoring region of cTnl (or cTnly,) in comparison with the previously determined
structures 1J1D (grey) and 1FI5 (green). The structure of cCTnC determined in this work
is shown on both panels in red and the structure of G159D is in yellow.

(a)

(b)
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Figure ITI-7. Overlay of the regions of C-filtered, edited NOESY spectra showing the
direct contacts between G159D (black contours) and ¢cCTnC (red contours) with cTnlz, ;.
The resonances of proteins are shown with the horizontal solid arrows, the resonances for
the peptide are shown with the vertical dashed arrows. The contact for G159D in the
panel B is missing.
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Figure IT1-8. The X-ray structure of the core of cardiac troponin complex (1JID) overlaid
with the G159D structure to demonstrate the proximity of Asp'”® to ¢cNTnC. Ribbon
diagram is shown for ¢TnC (green), cTnl (red), ¢TnT (grey), and G159D (yellow). The
c¢NTnC binding site for cTnl},;.s; and the possible cNTnC binding site for cTnl, ,, are
indicated. Electrostatic residues of cNTnC in close proximity to Asp'* are shown in
sticks (Asp®” and Asp?).
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possible
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CHAPTER IV

Exploring the interaction between ¢cNTnC and the N-terminus of ¢T'nl

Outline

In Chapter II we have investigated the interaction between cTnl, , and cNTnC
and demonstrated that it is important in modulation of ¢cTnC function. This modulation is
perturbed in the presence of cardiomyopathy mutations studied, and therefore suggests
that it may be involved in the development of cardiomyopathies. Various lines of
evidence suggest that electrostatic interactions play a major role in the binding of cTnl, 5
to cNTnC. Using NMR relaxation data as a function of ionic strength, we have obtained
experimental evidence supporting the hypothesized electrostatic nature of the interaction

between cNTnCeCa?* and cTnl, .

Introduction

There is an increasing amount of evidence for interaction between the N-
terminus of ¢Tnl (~residues 1-29) and cNTnC (with and without Ca®") (/-5), which was
not visualized in crystal structures (6) nor in NMR studies (/, 7). This may be due to the
fairly weak binding and/or flexibility of this region of c¢Tnl. Estimation of binding
affinity for cTnli,y has proven to be difficult. This interaction, however, plays a
paramount role in the modulation of the cTnC function in response to B-adrenergic
stimulation (8-70), and in disease, for example in the presence of FHC and DCM
mutations (/7-13). Visualization of this interaction, as well as others that occur with
intrinsically disordered and/or charged protein fragments, remains both technically
challenging and of the outmost biological interest (/4, 15).

As mentioned in Chapter II, a major contribution to the interaction between
c¢NTnC and the N-terminus of cTnl (cTnl, o) is thought to come from electrostatics based
on following facts: first, the backbone chemical shift changes induced by the binding of
¢Tnl, ,¢/ cTnl, PP to cNTnC are very small upon the formation of complex (/), similar
to the interaction of the inhibitory region of ¢Tnl (~residues 128-147) with cCTnCeCa*
(16). The lack of the large backbone chemical shift changes is indicative of electrostatic
interactions between sidechains, in which the core of the protein is not significantly
affected and the backbone chemical shifts remain unchanged. Second, line broadening in

the NMR study of backbone dynamics for the cTnCecTnl, ¢, complex indicated that the
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possible site of binding was located in the region of P-sheets, opposite to the hydrophobic
cleft, which is the binding site for the switch region of cTnl (~residues 147-163) (/7).
Formation of the triple complex was confirmed by the increase in the overall correlation
time, supporting the notion of the independent binding site for cTnl, 5, different from the
binding site for cTnl, ;¢ (5). Third, the N-terminus of ¢Tnl is positively charged, with
the first 29 residues being ADGSSDAAREPRPAPAPIRRRSSNYRAYA, where the
three consequent arginines (underlined) are suspected to interact with the negatively
charged residues on ¢cNTnC (3, 7). Upon phosphorylation, as shown by the NMR studies
of phosphorylated peptides, the conformation of the cTnl N-terminus changes so that two
phosphogroups screen the charges on the arginines, possibly precluding strong
electrostatic contacts to be formed and promoting the dissociation of the ¢Tnl N-terminus
from cNTnC (18).

In Debye-Huckel formalism, the presence of electrolyte has a screening effect on
the electric field of individual ions, which varies with the square root of the ionic strength
(19). Coulomb potential has the following form:

Z 1

._.9
4me r

<Pc(”) =

where the elementary charge is equal to 1, Z is a charge of the ion, € is the medium
permittivity, and r is the distance from the center of ion. The effect of charge shielding

of the central ion is denoted as following:

r

ze ™n 1

r)y=
Pe(r) 4e

where 1), is the Debye radius with the following dependence on ionic strength:

.o £,8,kT
Y
where ¢, is the permittivity of free space, &, is the dielectric constant, & is Boltzmann’s

constant, 7 is the absolute temperature, N is Avogadro’s number, and I is the ionic

strength. Ionic strength is expressed as a function of concentration of all ions in solution:
1 2
= 5;0/‘ ZA

where c,is the concentration of ion A and z,is the charge of ion A in solution. Thus,

the higher the concentration of salt and ionic strength are, the greater the shielding, and

the weaker electrostatic potential.

77



One of the methods to probe electrostatic interactions is to vary the ionic strength
of the solution. While this method gives straightforward results for some systems (20,
21), electrostatic interactions in proteins can contribute not only to the formation of
interfaces but in some cases to the stabilization of a protein core complicating_ the
interpretation of results (22, 23). We have determined the dependence of the "N NMR
relaxation parameter T, as a function of ionic strength for different '°N labeled cNTnC
complexes, apo cNTnC, cNTnCeCa?*, cNTnCecTnl, ,,, and c¢NTnCeCa**ecTnl, ,, in order
to probe electrostatic interactions between cTnl,,, and ¢cNTnC. Average T, values
(obtained by averaging the per residue T,’s) as a function of ionic strength provided
evidence for the decrease in binding of ¢Tnl, 5 to apo cNTnC and ¢cNTnCsCa® in high
salt, supporting the hypothesis of electrostatic interaction. Per residue T, trends, together
with chemical shift changes, demonstrate that increased flexibility and possibly K*
binding to Ca* binding site of apo cNTnC take place at low salt. In case of cNTnCeCa*,
per residue T, trends and chemical shift changes show that cNTnCeCa®** remains
essentially unchanged (up to ionic strength of ~400 mM) and therefore serve as a fairly
good control in our experiments. Decrease in T, upon the addition of ¢Tnl,_,, in low salt
substantiated the hypothesis of electrostatic interactions between cTnl 120 and

cNTnCeCa.

Results and Discussion
Dependence of per residue and average T, on ionic strength for apo cNTnC,
c¢NTnCeCa**, cNTnCecTnl, 5o, and cNTnCoCa** ocTnl, 5

Relaxation parameter T, is a complex function of protein motions (24, 25), but
can be used to correlate with the increase in molecular weight of the protein (/6, 26).
Average T, data is presented in Figure IV-1 as a function of ionic strength. For
cNTnCeCa®™ the dependence on ionic strength was minimal (open red squares) as
compared to cNTnCeCa?*scTnl, ,, (closed red squares), which underwent a decrease in T,
values in lower salt. At high salt, the average T, for cNTnCeCa**ecTnl, ,, was almost

equal to the average T, for cNTnCeCa®*, which implies that complex formation is very

weak at high salt and therefore provides direct evidence for electrostatic interactions

playing the major role in stabilizing the complex between cNTnCeCa** and cTnl, .
Similar results were observed for apo ¢cNTnC, with average T, values remained

approximately independent of salt concentration (open black circles), whereas for

c¢NTnCecTnl, ,y (closed black circles), the dependence on ionic strength is clearly
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noticeable. This data similarly supports the notion of electrostatic interactions playing
the major role in the complex between cTnl, 5, and cNTnC, since contacts are stronger in
lower salt and therefore, the complex is heavier as demonstrated by lower values for T,.
The average T, data for cNTnCeCa**ecTnl, 5, and cNTnCecTnl, 5, are in agreement at
ionic strength >100 mM, supporting the notion of formation similar complexes.

Per residue T, trends followed similar dependences to the average T,’s for
cNTnCeCa*", cNTnCeCa**scTnl, 5, and cNTnCecTnl, ,, (Figs. IV-2a, IV-2b, and 1V-2d).
The control, cNTnCeCa®*, could be considered roughly unperturbed by ionic strength
based on per residue and average T, data. Per residue T, trends for apo cNTnC followed
patterns different from the average T, (Fig. IV-2c), demonstrating that the addition of
KCI affected the conformational flexibility of cNTnC. Some residues of apo ¢cNTnC in
low salt became more ﬂekible (higher T, values) and some residues were likely to be
involved in conformational exchange (lower T, values). The possibility 6f aggregation
for apo cNTnC can be ruled out since the average T, values remain high. It is possible
that electrostatic repulsion within the protein has been increased leading to the
conformational flexibility. It is also possible that at high concentration of KCI, K* might
occupy the Ca® binding site on cNTnC. This complicates the interpretation of data
pertaining to the apo cNTnC complex with cTnl,,,. At low salt, the T, values for
cNTnCecTnl, ,, are very low suggestiﬂg aggregation, possibly triggered by the increased

flexibility of apo cNTnC.

2D {'H, "N} HSQC NMR spectroscopy of apo cNTnC, cNTnC*Ca**, cNTnCecTnl, 5y, and
cNTnCeCa’*ecTnl, ,, in varying ionic strength

Chemical shift changes are sensitive parameters that can be also used to monitor
protein changes upon changing the ionic strength of solution. 2D {'H, "N} HSQC NMR
spectra for apo ¢cNTnC, cNTnCeCa*, cNTnCecTnl, ,, and cNTnCeCa®*ecTnl, ,, were
acquired in varying ionic strength and are shown in Figures IV-3 and IV-4. The spectrum
of ¢cNTnCeCa** underwent no or very slight perturbation as a function of ionic strength
(Fig. IV-3b), with only a few charged residues moving slightly, as it is shown with
arrows. Overall chemical shift changes were small, barely above the resolution in the
{'H, "N} HSQC spectrum, which was ~0.02 ppm (Fig. IV-4). Small changes in
chemical shifts accompanied also the addition of salt to apo cNTnC, cNTnCecTnl, o, and
cNTnCeCa®*ecTnl, , (Figs. IV-3a, IV-3c, and 1V-3d). For cNTnCscTnl, 5, the changes in

chemical shift were the largest (Fig. IV-4). Interestingly, in case of apo ¢cNTnC, some
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chemical shift changes followed curved trajectory, supporting the existence of several
processes. Based on chemical shift changes, the structure of cNTnCeCa® was essentially
unaffected by the increase in ionic strength, and thus, cNTnCeCa®" can serve as a good
control in our experiments. Changes observed for ¢NTnCecTnl,,, and
cNTnCeCa’*ecTnl, ,, were similar, demonstrating the similarity between formed
complexes, however, since the behavior of apo ¢cNTnC as a function of ionic strength is

more complex, the data related to cNTnCecTnl, 5, should be treated with caution.

Conclusions

Varying ionic strength is a common method to probe electrostatic interactions
within the complexes. However, protein folding may also be dependent to a some degree
on particular ionic conditions. Based on our data, the structure of cNTnCeCa** was
largely unaffected by the differences in ionic strength (up to ~400 mM), and thus, the
changes observed with cNTnCeCa?*"ecTnl,,, can be directly attributed to the changes in
interactions between cNTnCeCa® and cTnl,,. For cNTnCeCa’ecTnl,,, we have
observed a decrease in T, values at low salt, and an increase in T, at high salt. At high
ionic strength T, for the complex is almost equal to T, for cNTnCeCa®, suggesting that
the complex is not formed under these conditions and providing the evidence for the
hypothesis that electrostatic interactions play a major role in the interaction between
c¢NTnCeCa* and c¢Tnl, ,.

In case of apo ¢cNTnC, the dependence of average T, and chemical shifts on ionic
strength for cNTnCecTnl, ,, shows generally similar trends to cNTnCeCa**ecTnl, y;
however, these results should be treated with care since the per residue T, for apo cNTnC
demonstrated a dependence on ionic strength in the absence of cTnl| 4.

The binding of cTnl, ,, to cNTnC is of substantial interest due to its involvement
in the regulation of cardiac contraction and the development of cairdiac malfunctions. The
data presented here provides experimental support for the electrostatic nature of the

interaction between cTnl, , and cNTnCeCa®,

Materials and Methods

Protein Expression and Purification

The DNA encoding cNTnC (1-89) with the mutations C35S and C84S was used
in pET-3a expression vector. E. coli strain BL21(DE3)pLysS was transformed and
incubated at 37°C to the ODgy of 0.6-0.9. Cell cultures were induced with IPTG and
harvested after incubation for 3 hours. Uniformly '*N-labeled cNTnC was expressed in a

80



minimal media enriched with (’NH,),SO, (27). Cell pellet was lysed using French press
and applied to a DEAE-sephadex (A25) column (50 mM Tris, 0.1 M NaCl, pH 8.0).
Protein wa further purified using a Superdex-75 size exclusion column (50 mM Tris, 0.15
M NaCl, pH 8.0), decalcified, and desalted using Sephadex G25 column (10 mM
NH,HCO,), decalcified as described previously (28), and lyophilized. Molecular mass
for the unlabeled protein was confirmed with mass spectrometry. '

Peptides

Synthetic peptide, cTnl 5, (acetyl-ADGSSDAAREPRPAPAPIRRRSSNYRAYA
-amide), was synthesized using standard methodology (29). The sequence was confirmed
by amino acid analysis and the masses were verified by electrospray mass spectrometry.

NMR spectroscopy

NMR samples were prepared in 500 ul of NMR buffer containing 10 mM
imidazole, 5 mM NaN;, and 0.2 mM DSS in 90% H,0/10% D,O. In case of cNTnCeCa™,
1 ml of 1M CaCl, was added. Concentration of cNTnC in all experiments was ~0.6 mM
and the concentration of cTnl,,; was ~1.8 mM. The increase in ionic strength was
achieved by adding solid KCI. Whenever needed, pH was adjusted to 6.75. At every salt
concentration the following experiments were acquired: 'H 1D, 2D {'H, "N} HSQC, and
the T, series using relaxation delays of 10, 30, 50, 70, 90, and 110 ms. NMR experiments
were conducted at 30 °C on a Varian Inova 500 MHz spectrometer equipped with a z-axis
pulsed field gradient triple resonance probe. Acquired spectra were processed using
NMRPipe (30) and visualized using NMRView (31). Per residue relaxation parameters,
T,, were extracted using the rate analysis module built in NMRView and presented along
with the T, averaged over a dataset. Per residue chemical shift changes, Ad, were

obtained using the following equation: Ad= \/(O.2Ac315}\,)2 +(A8;;)*, where Adjsy is the
chemical shift change in ppm in N dimension and Ad,,, is the chemical shift change in
ppm in 'H dimension. The coefficient of 0.2 accounts for the difference between

sensitivities of "°N and 'H nuclei. Easily traceable changes in chemical shifts for several
residues were analyzed and presented as an averaged value.
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Figure IV-1. Average T, values for apo cNTnC (open black circles), cNTnCeCa’* (open
red squares), cNTnCecTnl,  (closed black circles), and cNTnCeCa®*ecTnl, ., (closed red
squares).
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Figure I1V-2. Dependence of per residue T,’s on ionic strength. Data is shown for several
residues to demonstrate the range of T, values for cNTnCeCa® (a), cNTnCeCa**scTnl, 50
(b), apo cNTnC (c), and cNTnCecTnl, 5, (d). Notice the spread in individual T,’s for apo
cNTnC in low salt (c).
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Figure 1V-3. Overlays of 2D {'H, "N} HSQC NMR spectra obtained for apo ¢cNTnC
(a), cNTnCeCa*'(b), cNTnCecTnl, ,, (c), and cNTnCeCa**ecTnl, ,, (d) as a function of

ionic strength. Assignments are taken from (32).
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Figure IV-4. Chemical shift difference as a function of ionic strength for several easily
traceable residues for apo cNTnC (open circles), c¢cNTnCeCa** (open squares),
c¢NTnCecTnl, ,, (closed circles), and cNTnCeCa’*ecTnl, ,, (closed squares).
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CHAPTER V

Towards the determination of the pKa’s of side chain carboxyl groups involved in
electrostatic interactions on the interface between ¢cNTnC and the N-terminus of

cTnl

Qutline

Side chain pKa’s for residues forming an interface with a ligand are often shifted
from their typical values in solution. This information can be used to delineate residues
participating in the interface, and to understand the interactions that stabilize the protein
complex. We attempted to determine the pKa’s of side chain carboxyl groups of cNTnC
using a 2D HBHG(CBCG)CO NMR pulse sequence, which we developed on the basis of
3D C’—~("C)~'H HSQC/HSQC (I). Although the pulse sequence was successful, the pH
titrations of cNTnC had to be discontinued due to the precipitation of cNTnC below pH

~5. The approach should be useful, however, for other studies.

Introduction

One approach to probe electrostatic interactions in a complex involves the
determination of side chain pKa'’s for residues suspected to participate in the formation of
the interface. It is known that catalytically important residues (2-7), as well as residues
that determine protein folding (8-10), often have side chain pKa’s different from those of
the individual amino acids in solution. Residues forming interfaces were shown to have
different pKa’s in the absence and presence of a binding partner (/7). The electrostatic
nature of the interaction between the N-terminus of cTnl (¢Tnl, ) and cNTnC was
investigated in Chapter IV. Possible contacts between cTnl; ,, and ¢cNTnC can exist
between Arg', Arg®, and Arg? of cTnl,,, and Glu’?, Glu®, Glu®, Glu®, Glu®*, Asp®,
Asp®, and Asp” of ¢cNTnC. Determination of pKa’s of side chain carboxyl groups in
¢NTnC should provide direct evidence for their involvement in the formation of the
interface with cTnl, .  Similarly, the identification of ionization constants for
guanidinium groups in arginines of cTnl,,, might provide the evidence for their
participation in the formation of the interface with cNTnC.

A common and str?i ghtforward method for the determination of side chain pKa’s
involves the pH titration of a protein monitored by the solution state NMR spectroscopy.

In one of the earliest applications of biomacromolecular NMR spectroscopy, 1D '"H NMR
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experiments were employed to study the pKa’s of histidines of ribonuclease (2). With the
development of multidimensional multinuclear NMR methods and protein isotope
labeling techniques, other experiments became available for determining the pKa of side
chains carboxyl groups; for example, 2D {C, 'H} H(C)CO TOCSY (I1I), 2D
homonuclear TOCSY (4, 9), 1D *C (/2-14), and ®C"—(*C)-'H HSQC/HSQC (J, 3, 5).
New experiments are emerging for detecting arginine side chain resonances, such as the
Arg-H(N*CHH®, Arg-H{(N*C5H", and Arg-H"(N"C)H® pulse sequences (15, 16). Lysine
side chains have been recently studied using an HISQC pulse sequence (/7).

We attempted to determine the pKa’s of side chain carboxyl groups for
c¢NTnCeCa*" using the HBHG(CBCG)CO pulse sequence, developed on the basis of 3D
BC(C)-"H HSQC/HSQC (/). The modified and tested pulse sequence worked well.
However, the lower limit of pH where cNTnCeCa** remain a folded protein with the
known structure was ~5, below which cNTnCeCa®* precipitated. Thus, the NMR method
for identification of pKa’s of side chain carboxyl groups was not suitable for studying
c¢NTnCeCa**. However, the HBHG(CBCG)CO pulse sequence, might find applications
in further studies in Dr. Sykes’ laboratory. o

Results and Discussion
HBHG(CBCG)CO pulse sequence

To follow the side chain carboxyl groups of cNTnC, we have modified the 3D
pulse sequence PC’—(*C)-"H HSQC/HSQC from Yamazaki et al. (/) to create a 2D pulse
sequence, referred herein as HBHG(CBCG)CO, in which H¥/CP (or H'/C") and carboxyl
resonances (C") are correlated. *C —("*C)-"H HSQC/HSQC was developed similarly to
the HCACO pulse sequence, in which H*, C*, and C” are correlated (/8). At time point a
(Fig. V-1), the single quantum coherence CByHBZ (or C',H")) is generated as a result of
INEPT. During evolution for a total time period of 1/2Jcgc, the C* (C') coherences
evolve with the C’C” (C'C") J-couplings active and the carbon chemical shifts inverted
and refocused by the composite Shaka pulse (/9, 20). The magnetization is thus
transferred on the carboxyl carbon C” (point b). C” coherences are labeled with the
chemical shift during evolution time t;, while the chemical shifts for H and C* are
refocused (point c). After this,.magnetization from C~ is transferred to C? (C") during the
evolution under the active C*-C” (C'-C") J-couplings, with chemical shifts inverted and
refocused by the composite Shaka pulse (point d). Reversed INEPT is used to transfer the

magnetization from C? (C) to the observable magnetization on H® (H®), point e, followed
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by the acquisition of FID. Pulse sequence was coded and complied for VnmrJ, with its
code presented in Appendix A. HBHG(CBCG)CO was tested on the previously assigned
complex of ¢cCTnC with EMD57033 (21). The carboxyl >C NMR chemical shifts were in

agreement with those previously assigned (data not shown).

pH titration of cNTnCeCa®* monitored by HBHG(CBCG)CO spectroscopy

The lower pH limit for these experiments was determined by the precipitation of
cNTnCeCa*, which became pronounced at pH ~5. Ionization constants for glutamates
and aspartates are typically found in the range of pKa = 2-5. The majority of cross peaks
correlating the H” (HY) resonance on the x-axis and the carboxyl °C resonance on the y-
axis did not shift significantly within the pH range used (Fig. V-2). Interestingly, a few
cross peaks changed their chemical shifts starting from pH ~7-8. These residues are
glutamates (left panel) and aspartates (right panel) with pKa’s higher than typical, which
might suggest their biological significance. However, protein precipitation precluded

further pH titrations, and pKa’s were not determined.

pH titration of cNTnC»Ca’* monitored by {'H, "N} NMR spectroscopy

2D {'H, I_SN} HSQC NMR spectroscopy provides a useful insight on protein
integrity due to the unique sensitivity of backbone amide chemical shifts. In acidic and
basic conditions the exchange of labile amide protons is often facilitated, which renders
the observation of labile protons difficult (22). The general trend of pH dependences (Fig.
V-3) supported the previous assignment and correlates with the known secondary
structure of the protein (23). Residues involved in hydrogen bonding interactions, such as
elements of a-helices, are protected against '"H exchange the most; for example, Leu'?,
lle*, Met” Glu®*, and Phe”’ (Figs. V-3a and V-3b), whose intensities have not
significantly decreased up to pH ~9. Residues belonging to the loops, for example, Glu™,
GIn®, and Gly®, disappeared from the 2D {'H, *N} HSQC spectra earlier in titrations
(Fig. V-3c). At high pH, the chemical shifts for remaining observable amides remained
the same (data not shown), which indicates that the overall structﬁre of cNTnCeCa®
remained unchanged up to ~ pH 9.5. In spite of the fact that many amides were not
observable (50% cross-peaks were missing at pH 9.8), °C and 'H NMR of side chain
atoms can be still used to explore the behavior of cNTnCeCa®" at these pH conditions. At

pH ~5 and lower, cNTnC*Ca®* underwent conformational changes, as demonstrated by
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the shifting of some cross-peaks and appearance of new cross-peaks in 2D {'H, '*N}

HSQC spectra (data not shown).

Conclusions

Typically, studies of troponin C has been carried out within the physiological
range of pH from ~6.7 to ~7 (23-26). In experiments aiming to determine the pKa of side
.chain carboxyl groups and their role in electrostatic interactions, the limits of pH in
which ¢cNTnCeCa®™ is studied have to be expanded. As it was determined here, the range
of pH within which cNTnCeCa* exists as a folded protein with the known structure was
limited by pH ~5, thus making the chosen method for determination of pKa’s unsuitable.
The modified and tested pulse sequence HBHG(CBCG)CO might find its application in

the studies of different protein complexes.

Materials and Methods

Titrations were performed on the sample containing 0.6 mM of '°N labeled
cNTnC, in a buffer consisted of 100 mM KClI, 5% of D,0, and 0.2 mM DSS and 2 mM
of each, formate, imidazole, tris, and piperazine, that were used as internal pH indicators.
The protein, cNTnCeCa™, was expressed and purified as it is described earlier (27).
Aliquots of 1N NaOH or HCl were added in order to adjust the pH of a sample. 1D 'H,
2D {'H, "N} HSQC NMR and 2D HBHG(CBCG)CO spectra were acquired at 30 °C on
a Varian Unity 600 MHz spectrometer. 'H chemical shifts in 1D '"H NMR spectra
corresponding to pH indicators (formate, tris, imidazole and piperazine (Appendix B))
were used to determine pH.
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Figure V-1. Pulse scheme for the experiment employed to correlate the C*/H? (or CY/HY)
and carboxyl carbon coherences (C”). Narrow and wide pulses correspond to 00° and 180°
flip angles. Phases are as indicated. The carrier is set to 35 ppm for the C* (or C) pulses
and to 180 ppm for the carboxyl pulses. Phase cycling is the following: ®,=(x, -x),
D=(2x, 2(-X)), D3=Py=( 4X, 4(-x)), ¥, =(x,y), ¥, =(X,-y).

O T —<

2



Figure V-2. Expanded regions of the 2D HBHG(CBCG)CO NMR spectra of
cNTnCeCa®* obtained at different pH values. Cross peaks that demonstrate little or no
movement are shown inside the boxes, cross peaks that undergo some movement are
shown inside the ovals. First signs of possible precipitation were observed at pH of 5.68.
The assignment of some side chain carboxyl groups is indicated.
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Figure V-3. The pH dependence of backbone amide cross peak intensities for residues
Leu'? (open square), I1e*® (closed circle), and Met*’ (open circle) located on the helices N,
A, and B respectively (a); for residues Glu™ (open triangle) and Phe”” (closed diamond)
located on the helices C and D respectively (b), and for residues Glu*? (closed circle),
GIn® (open triangle), and Gly® (open circle) located on the loops, including the Ca*
binding loop for residue Gly® (c). Solid and dashed lines represent the fits of the data
using equations from (28). Resonances were assigned previously (23).
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CHAPTER VI

Conclusions

The aim of this thesis was to provide an insight on the mechanism by which
cardiomyopathy mutations in troponin C disrupt its normal function and may lead to the
development of the disease. We have established, first, that the 129Q and ES9D/D75Y
mutants have unperturbed affinity to Ca*". Instead their affinity towards the switch region
of cTnl (cTnl 4. ;6) has been significantly changed especially in the presence of the N-
terminus of c¢Tnl (cTnl ). This points to the complex nature of the interactions on the
biochemical scale where Ca™ binding leads to the conformational changes in ¢TnC,

which modulates and being modulated by the interactions with cTnl. Second, we have

determined that the G159D mutation results in the weakened interaction with the
anchoring region of cTnl (cTnls,,), which might lead to a weaker anchoring of c¢Tn to

the thin filament. Third, we have established the important role played by the N-terminus

of c¢Tnl (cTnl,,/cTnl; ,,PP) in modulating the binding of the switch region of cTnl

(cTnl, 4 ¢3). Fourth, we have determined that the interaction between the N-terminus of

cTnl and the N-domain of ¢TnC is Ca® independent and electrostatically driven.

Results pertaining to the modulation of the cNTnC binding to the switch region
of cTnl can be summarized as the following (Fig. VI-1): the N-terminus of cTnl in
unphosphorylated form is bound to cNTnC (Fig. VI-1a) which lessens the cNTnC affinity
towards the switch region of cTnl. In original model, this interaction was not present.
Upon PKA phosphorylation, the N-terminus of cTnl partially or completely dissociates
from cNTnC, resulting in the increased affinity of cNTnC towards the switch region of
c¢Tnl (Fig. VI-1b). This would likely result in the increased muscle contractility induced
by PKA phosphorylation as a response to B-adrenergic stimulation. Thus, as a result of
PKA phosphorylation, the cNTnC affinity towards the switch region of cTnl is
modulated, whereas the affinity towards Ca®* remains unperturbed. These findings
compliment the existing model proposed to explain the mechanism of PKA signaling in
cTn (1, 2).

Within the ¢Tn complex, some of the interactions between ¢cTnC and cTnl
remain to be visualized at the molecular level. For example, the binding of ¢TnC to the
N-terminus or the inhibitory region of c¢Tnl, which occur within the poorly structured
regions of cTnl, are not easily amenable to traditional structural techniques. A major

advance in technology might be needed in order to visualize the complete interactions
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between the contractile proteins in the Tn complex. Without understanding of the
molecular details of these interactions, the picture of cardiac contractility, as well as the
effect of mutations, will remain incomplete.

As it is becoming more evident, the dynamics and conformational flexibility of
proteins or their domains play a major role in the functioning of biological molecules. In
order for cNTnC to reach the N-terminus of ¢Tnl, the N-domain of ¢TnC must be folded
onto the C-domain of cTnC as was observed in the crystal structure of the cTn core (3).
This 3D quaternary arrangement was not emphasized previously, and our data (Chapters
II'and IV) provide evidence for such an arrangement. However, in order to interact with
~ other regions of cTnl, the central linker of ¢cTnC might need to be strai.ghter similar to
sTnC (4). This suggests the possibility of the large conformational change for ¢TnC
duﬁng the relaxation-contraction cycle (Fig. VI-2) and the need for the additional states
in the overall model of Ca® regulated cardiac contraction. The attempt to visualize
individual conformations along the relaxation-contraction cycle might increase the level
of complexity of the Ca®* regulated cardiac contraction mechanism, but might help
explain special features of cardiac muscle such as the effect of mechanical activation (5).

The organization of contractile proteins within the sarcomere, although studied in
much detail, is not yet completely understood. For example, the interaction of cTnT with
tropomyosin is not well studied (6). The mechanism of stretch activation is just beginning
to be understood (5, 7). The effects of PKA, PKC, PKG, and PKD phosphorylation on the
molecular interactions within the contractile machinery remain in rudimentary stage (§).
The understanding of the interplay between the expression patterns of particular cTnl and
c¢TnT isoforms during the development (and in diseaée) and the molecular details of
cardiac muscle contraction during the development will require much future effort (9). In
addition, cardiomyocytes vary in appearance and function depending on their location in
the heart (/0), the molecular details of which the current model of cardiac contraction
does not explain. In spite of tremendous amount of research in this field and many
keystone discoveries, we still have a partially illuminated picture, with many pieces of
the puzzle missing and poorly connected. ’

The mathematical reconstruction of the individual events of the relaxation-
contraction cycle, from Ca’ release by the sarcolemmal Ca™ channel to the binding of
cross-bridges, with the understanding of thermodynamics and kinetics of every individual
steps, would allow us to answer many questions regarding the perturbed contractility in a

quantitative manner. There is a large body of thermodynamic and kinetic data presented
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in literature, which is often obtained with different techniques providing partially or
completely incompatible results. Due to the differences in solution compositions, pH,
ionic strength, viscosity, etc, thermodynamic and kinetic data obtained in vitro might be
very different from the in vivo values. Such a mathematical model will also require the
consideration of non-equilibrium conditions and appears to be a major endeavor, not
easily feasible. Recent computational efforts used global parameters such as the Ca*
sensitivity of the myofilament in order to simulate the effect of FHC mutations on the
development of force (/1), without considering the fine tuned machinery of the Ca™
regulation.

Studies of individual cardiomyopathy mutations greatly promote the expansion
of our knowledge pertaining to the Ca** regulated contraction. As it was demonstrated in
Chapter II, the effects of 1.29Q and E59D/D75Y mutations needed to be considered in the
context of the N-terminus of cTnl. However, there are following challenges in dissecting
the effects of mutations on contractility. First, traditional methods have their limitations
and associated errors, within which physiologically important differences might remain
undetected. It is noteworthy, that human mutations with severe effects would be lethal,

and only mild mutations or polymorphisms are expected. Second, the model of Ca**

contraction is incomplete, and therefore the differences found in protein functions might
not be important in the overall picture of contraction or compensated by other
mechanisms. Third, the number of human mutations is increasingly large and is expected
to increase even more, which indicates the need for technological advances, where these
mutations can be studied in throughput manner, side-by-side, and with careful controls.
Understanding of human mutations is an exciting quest, which may help us to
unravel the basis of individual differences in human pathology and physiology. With the
knowledge of mutation effects and their interplay with the environment, we might
approach in every individual case the understanding of the role of nature vs nurture. In
future, it might be possible to predict and treat health issues, control dieting and
exercising, deal with psychological problems, etc, in a genetically tailored manner. As a
field of science, biochemistry might eventually exhaust the range of problems
traditionally addressed by biochemists, but the biochemical approach should spread into
other fields of science: medicine, nutrition, psychology, etc. Using biochemistry as a
platform in other fields of sciences, human curiosity will find even more unanswered
questions. This thesis is a part of the ongoing process undertaken by humankind aimed

towards the understanding of ourselves and the world around us.
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Figure VI-1. The model of Ca™* regulated cardiac muscle contraction with the results of
our work added. Two states of contractility are considered, with the first state in the
absence of PKA phosphorylation (a), and the second in the presence of PKA
phosphorylation (b). Phosphorylation is denoted as a yellow dot. Notice that in both
states, the switch region of c¢Tnl binds to cNTnC, however, with different affinities.
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Figure VI-2. Possible conformational change of ¢cTnC during the contraction-relaxing
cycle. Crystallographic structures of sTn and cTn (3, 4) are aligned over their cTnl
subunits (grey). The C-domain of skeletal TnC (green) and cardiac TnC (red) are well
overlapped, however the N-domains are oriented differently. The conformational change
needed to bring cNTnC to overlap with sSNTnC is shown with the arrow. In cardiac
structure, the N-terminus of cTnl is positioned next to ¢cNTnC, making possible the
interaction with cNTnC (shown as a dashed line). If cNTnC moved similarly to sNTnC,
such an interaction would be impossible.

N-terminus\
of ¢cTnl

101



References

)
)
3
“4)
&)

(6)
(7
(8

©)

(10)

(1)

Howarth, J. W., Meller, J., Solaro, R. J., Trewhella, J., and Rosevear, P. R.
(2007) Phosphorylation-dependent conformational transition of the cardiac
specific N-extension of troponin I in cardiac troponin. J Mo! Biol 373,706-22.
Solaro, R. I., Rosevear, P., and Kobayashi, T. (2008) The unique functions of
cardiac troponin I in the control of cardiac muscle contraction and relaxation.
Biochem Biophys Res Commun 369, 82-7.

Takeda, S., Yamashita, A., Maeda, K., and Maeda, Y. (2003) Structure of the
core domain of human cardiac troponin in the Ca(2+)-saturated form. Nature
424,35-41.

Vinogradova, M. V., Stone, D. B., Malanina, G. G., Karatzaferi, C., Cooke, R.,
Mendelson, R. A., and Fletterick, R. J. (2005) Ca(2+)-regulated structural
changes in troponin. Proc Natl Acad Sci U S A 102,5038-43.

De Nicola, G., Burkart, C., Qiu, F., Agianian, B., Labeit, S., Martin, S., Bullard,
B., and Pastore, A. (2007) The structure of Lethocerus troponin C: insights into
the mechanism of stretch activation in muscles. Structure 15, 813-24.

Perry, S. V. (1998) Troponin T: genetics, properties and function. J Muscle Res
Cell Motil 19, 575-602.

Fukuda, N., and Granzier, H. L. (2005) Titin/connectin-based modulation of the
Frank-Starling mechanism of the heart. J Muscle Res Cell Motil 26, 319-23.
Metzger, J. M., and Westfall, M. V. (2004) Covalent and noncovalent
modification of thin filament action: the essential role of troponin in cardiac
muscle regulation. Circ Res 94, 146-58.

Gomes, A. V., Venkatraman, G., Davis, J. P., Tikunova, S. B., Engel, P., Solaro,
R. J., and Potter, J. D. (2004) Cardiac troponin T isoforms affect the Ca(2+)
sensitivity of force development in the presence of slow skeletal troponin I
insights into the role of troponin T isoforms in the fetal heart. J Biol Chem 279,
49579-87. ’

Bootman, M. D., Higazi, D. R., Coombes, S., and Roderick, H. L. (2006)
Calcium signalling during excitation-contraction coupling in mammalian atrial
myocytes. J Cell Sci 119, 3915-25.

Kataoka, A., Hemmer, C., and Chase, P. B. (2007) Computational simulation of
hypertrophic cardiomyopathy mutations in troponin I: influence of increased
myofilament calcium sensitivity on isometric force, ATPase and [Ca2+]i. J
Biomech 40, 2044-52.

102



APPENIDIX A

The code for the HBHG(CBCG)CO pulse sequence

/* gChsqc_Chsqc.c

Sequence for CB/CG CO HB/HG experiment for Asp and Glu
F2 Fl1 F3 (Presently F1F3 2D experiment)

Modified from Yamazaki et al. Biochem 32 5656 (1994)

Original pulse sequence is called 3D Y-X-1H HSQC/HSQC

set dof for F2 to 35.0 ppm (centered on CB/CG)
Fl is set to 175.0 ppm (centered on CO)

Set:  tauHC = 1/(4JHC)
tauCC = 1/(4JCC)
pwC90 for selective CB/CG or CO pulse depending upon dof
pwC180 for selective SLP CB/CG 180 null at CO, decpwr same as pwC90 pulse
above

satmode = 'ynn' for presat
satdly = length of presaturation period
satpwr = power level for presat “*/

#include <standard.h>
#include "Pbox_bio.h" /* Pbox Bio Pack Pulse Shaping Utilities */

shaka6(pw(C90)
double pw(C90;

{
/* Shaka composite (10.9333*pw(C90) */

decrgpulse(pw(C90*158.0/90.0, zero, 0.0, 0.0);
decrgpulse(pwC90%171.2/90.0, two, 0.0, 0.0);
decrgpulse(pwC90%342.8/90.0, zero, 0.0, 0.0);
decrgpulse(pw(C90%145.5/90.0, two, 0.0, 0.0);
decrgpulse(pwC90*81.2/90.0, zero, 0.0, 0.0);
decrgpulse(pwC90*85.3/90.0, two, 0.0, 0.0);

¥

static double d2_init=0.0;

static int

phil[2] = {0,2}, /* phi 123&5 as per Yamazaki */
phi2|4} = {0,0,2,2},

phi3[8] = {0,0,0,0,2,2,2,2},

phi5[16}= {0,0,0,0,0,0,0,0,2,2,2222.2.2},

phill[1]= {0}, /* psi 1 as per Yamazaki */
recl4] ={0,2,2,0};

pulsesequence()

{
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/* Declare variables */
char
satmode| MAXSTRY];

getstr("satmode" satmode);

int
t1_counter =0,
phase = getval("phase");

double

dO = getval("d0O"),

satdly = getval("satdly"),

satpwr = getval("satpwr"),

satfrq = getval("satfrq"),

tauHC = getval("tauHC"),

tauCC = getval("tauCC"),

pwC = getval("pwC"),

pwClvl = getval("pwClvl"),

compC = getval("compC"),

pwC90 = getval("pwC90"), /* 90 deg CB/CG or CO pulse at dpwrf rf2*/ pwC180,

pwN = getval("pwN"),

pwNIlvl = getval("pwNIvl"),

gt0 = getval("gt0"),

gtl = getval("gtl"),

gt3 = getval("gt3"),

gtS = getval("gt5"),

gzlvl0 = getval("gzlvl0"),

gzlvll = getval("gzlvll"),

gzlvl3 = getval("gzlvI3"),

gzlvl5 = getval("gzlvl5"),

0,

f2; /* fine dec power for CB/CG region selective pulse*/
/* also used for fine dec power for CO 90 deg pulse at CB/CG */

pwC180=2*pwC90;

/* Parameter checks */

if (pw>20e-6).
{
printf( "your pw seems too long !!! *);
printf( " pw must be <= 20 usec \n");
psg_abort(1);
}
if ( pwC >30e-6)
{
printf( "your pwC seems too long !!! ");
printf( * pwC must be <= 30 usec \n");
psg_abort(1);
}

if (pwN > 50e-6)
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{
printf( "your pwN seems too long !!! ");
printf( " pwN must be <= 50 usec \n");
psg_abort(1);
}
if (dm|C]=="y")
{
if (at>0.11)
{
printf( " acquisition time is too long for decoupling !!\n");
psg_abort(1);
}
if (dpwr>46 )
{
printf( "incorrect power for dpwr !!! ");
printf( " must limit dpwr <= 46 \n"),
psg_abort(1);
}
}
if ((dm]A]=="y) Il (dm|[B]=="y"))
{
printf( "no decoupling should be done during status periods A or B !!\n");
psg_abort(1);
¥
if (gtl > 1.5e-3 ) { printf( "gtl is too long !!!\n");
psg_abort(1);
}

/* Set variables */
settable(tl, 2, phil);
settable(t2, 4, phi2);
settable(t3, 8, phi3);
settable(t5, 16, phi5);
settable(tl1, 1, phill);
settable(t60, 4, rec);

/* Phase incrementation for hypercomplex data */
if ( phase ==2)
{
tsadd(ti1,1.4);
}

if( ix == 1) d2_init = d2;

tl_counter = (int) ( (d2-d2_init)*swl + 0.5 );
if(t1_counter % 2)

{ tsadd(t11,2,4); tsadd(t60,2,4); }

/* 90 degree pulse at CO (175ppm) null at CB/CG (35ppm) */

/* 90 degree regional selective pulse at CB/CG (35ppm) */

f0 = 4095.0;

2 = (compC*4095.0*pwC)/pwC90; /* power level for CB/CG pulses */
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rf2 = (int) (rf2 + 0.5);

/* Begin the actual pulse sequence */
status(A);

delay(d0);

txphase(zero);

obspower(tpwr);

decphase(zero);

decpower(pwClvl);
dec2phase(zero);
dec2power(pwNIvl);

if ( satmode[A] =="y')
{
obspower(satpwr);
obsoffset(satfrq);
rgpulse(satdly,zero,rof 1 ,rof2);
obspower(tpwr);
obsoffset(tof);
delay(1.0e-3);
}

else
{
delay(d1);
}
rcvroff();
status(B);

if(gt1>0.2¢-6)
{
delay(10.0e-6);
decrgpulse(pwC,zero,0.0,0.0);
delay(0.2e-6);
zgradpulse(gzlvll,gtl);

}
delay(1.0e-3);

rgpulse(pw,zero0,0.0,0.0); /* INEPT section HA->CA, HB->CB, HG->CG */
delay(2.0e-6);
zgradpulse(gzlv10,gt0);
delay(tauHC-gt0-2.0e-6);
simpulse(2.0*pw,2*pwC,zero,zero,0.0,0.0);
delay(tauHC-gt0-500.0e-6);
zgradpulse(gzlvl0,gt0);
txphase(one);
delay(500.0e-6);
rgpulse(pw,one,0.0,0.0);
delay(2.0e-6);
zgradpulse(gzlvi3,gt3);
delay(200.0e-6);
decrgpulse(pwC,zero0,0.0,0.0);
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delay(tauCC-0.5%10.9333*pwC);

shaka6(pwC); /* Shaka composite 180 refocusing and inversion pulse */
decpwrf(rf2);

delay(tauCC-0.5%10.9333*pwC);

decrgpulse(pw(C90,0ne,0.0,0.0);

delay(2.0e-6);

decoffset(dof+(180-35)*dfrq);

delay(10.0e-6);

decrgpulse(pw(C90, t11, 0.0,0.0); /* CO SQC */

if (d2 > pwC180)

{

delay(d2/2),

simshaped_pulse("","cocb180",2*pw, pwC180, t3,t3,0.0,0.0);
delay(d2/2);

¥

else

delay(d2);

decrgpulse(pwC90, t1, 0.0, 0.0);

delay(2.0e-6);

decoffset(dof);

delay(10.0e-6);

decrgpulse(pw(C90,0ne,0.0,0.0);

decpwrf(1f0);

decphase(zero);

delay(tauCC-0.5*%10.9333*pwC);

shaka6(pwC); /* Shaka composite 180 refocusing and inversion pulse */
delay(tauCC-0.5%10.9333*pwC);

simpulse(pw,pwC,one,t2,0.0,0.0);
delay(2.0e-6);

txphase(zero);

decphase(zero);

zgradpulse(gzlvl5,gt5);
delay(tauHC-pwC -gt5 - 2.0e-6);
simpulse(2*pw.2*pwC,zero,zero,0.0,0.0);
delay(tauHC-pwC-gt5-500.0e-6-2.0*POWER_DELAY);
zgradpulse(gzlvl5,gt5);

decpower(dpwr);

decZpower(dpwr2);

delay(500.0e-6);

status(C); /* Aquire the fid in 3 */
rcvron();

delay(rof2);

setreceiver(t60);

by
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APPENIDIX B

Buffer components as internal pH indicators for biomolecular NMR*

Outline

During NMR experiments, pH of the sample can be determined using a non-
invasive convenient technique where the components of the buffer serve as internal pH
indicators. Formate, tris, piperazine, and imidazole, whose 'H NMR chemical shifts are
sensitive to pH in a range from 2.5 to 9.8, were used to report pH of the sample in this
work. This method is suitable for a wide range of applications where samples are handled
intensively during NMR titrations or in high throughput analysis in structural genomics

or metabolomics.

Introduction

The vast majority of biological processes occur under a stringent control of pH,
which should be reproduced during in vitro experiments. The most common method to
report pH in vitro employs a pH sensitive glass electrode. This method, although well
established and widely used, has significant disadvantages in solution state biological
NMR experiments. First,” positively charged proteins and peptides are frequently
nonspecifically absorbed by a negatively charged glass surface of an electrode, which
leads to the loss of a protein, contamination of the glass surface, and as a result to the
distortion of pH calibration. Second, due té the moistening of the electrode surface, a
fraction of protein solution is retained on the walls of an electrode, leading to an error in
the determination of sample volume, which is especially significant when amplified

during repeated pH measurements. Third, the measurement of pH with an electrode is an

invasive technique, during which the impurities affecting equilibria and promoting
sample degradation might be introduced. This is especially important for rare samples or

for the samples particularly sensitive to denaturants and degradation. Fourth, in the case

of high throughput analysis, pH measurements with an electrode amount to a substantial

time cost.

* The version of this appendix was published. Baryshnikova O.K., Williams T.C., and
Sykes B.D. (2008) J Biomol NMR. 41(1): 5-7.
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The idea of monitoring pH using NMR chemical shifts of '°F, °C, and *'P has
found numerous biological (/-4) and chemical applications (5). Several compounds were
proposed as pH indicators with their '"H NMR chemical shifts sensitive to pH:
hydroxylammonium chloride (6), which is a reducing agent that might react with protein
solution; phosphoric acid (7), which has limited solubility in the presence of biologically
relevant metals, precipitating as a salt; mixture of methylated imidazoles (8), that covers
mostly basic pH range; guanidinium chloride (6), which might promote highly
undesirable protein unfolding; cacodylate (9), which is an arsenic compound and
potentially toxic. While many compounds can be employed, common buffers are the
most convenient to use as pH indicators. Tris, formate, piperazine, and imidazole were
employed as internal reporters of pH, since they demonstrate a dependence of 'H NMR
chemical shifts on pH and their 1D '"H NMR spectra are relatively simple, showing one or
two peaks, so that the resonances of a protein or a peptide of question would be
minimally obstructed. These compounds are also biologically inert including the lack of
interactions with metal ions such as Ca® and Mg?, which is important in case of Ca**
binding proteins for example troponin C. In Dr. Sykes’ laboratory, an imidazole based
buffer sensitive to pH in a region of 5.6-8.6 with a pKa of imidazole equal to 7.11 (100
mM KCI, 10 mM imidazole, 30°C) has been previously developed (T.C. Williams,
unpublished data). This buffer has proved to be useful in a large number of NMR studies
of troponin C performed in Dr. Sykes’ laboratory over a period of more than a decade
(10-12). In order to control pH over a wider range, a combination of four pH reporters

(tris, formate, piperazine, and imidazole) has been developed.

Results and Discussion

The buffer containing 100 mM KCl, 2 mM tris, 2 mM formate, 2 mM piperazine,
2 mM imidazole, 0.2 mM DSS, and 5% D,0 was calibrated using a standard pH-sensitive
glass electrode (purchased from Radiometer America Inc.) in a 30°C thermostat.
Solutions of 1 M HCI or NaOH were added to adjust the pH of a buffer. 1D 'H NMR
spectra were recorded on a Varian Inova 500 MHz spectrometer at 30 °C using a standard
1D pulse sequence provided by BioPack. Calibrations were repeated three times with an
example calibration shown in Figure B-1. 'H chemical shifts for formate were found to
range from 8.236 to 8.442 for protonated and deprotonated forms correspondingly (Fig.
B-1a, Table B-1), and the value of pKa was found to be 3.56 = 0.05, as determined using

xcrvfit program (http://www.bionmr.ualberta.ca/bds/software/index.html). 'H chemical
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shift for the H2 proton of imidazole ranged from 8.672 to 7.765 for protonated and
deprotonated forms (Fig. B-1a, Table B-1) with the pKa of 7.08 = 0.08. "H chemical
shifts for tris ranged from 3.732 to 3.509 for protonated and deprotonated forms (Fig. B-
1b, Table B-1) with the pKa value of 8.23 = 0.08. 'H chemical shifts for piperazine

ranged from 3.585 to 3.113 for protonated and deprotonated forms (Fig. B-1b, Table B-1)
with the pKa, value of 5.61 + 0.07.

The values of pKa’s and 'H chemical shifts for protonated and deprotonated
forms determined during calibration were used in a macro written for Vnmr] and

available on-line (http://www.bionmr.ualberta.ca/mc/). The macro utilizes the following
relationship: pH = pKa—lg(iSﬁ’i’—_—éﬂ), where &, and 6,, are the chemical shifts for
A~ Yobs

protonated and deprotonated forms correspondingly, and §,,, is the 'H chemical shift

observed for the solution with unknown pH. The most precise determination of pH is
achieved when §,, lies within the linéar portion of chemical shift dependence on pH
(Fig. B-1). The limits within which pH indicators provide the most reliable information
were truncated for formate to pH of 2.5 (6 of 8.246) and 4.7 (8 of 8.427), for piperazine
to pH 4.4 (8 of 3.542) and 6.4 (6 of 3.175), for imidazole to pH 5.8 (6 of 8.635) and 8.6
(6 of 7.803), and for tris to pH 6.7 (8 of 3.725) and 9.8 (6 of 3.516) (Table B-1). Thus,
the overall pH range covered by these four compounds spans from 2.5 to 9.8, which can
be easily extended if needed by adding another buffer component with an appropriate
pKa value. Within these limits, the pH of solution can be determined with the error of =+
0.05 provided that the spectrum was correctly referenced to DSS and the error of a

standard glass electrode used during calibration was of the same order or less.

Table B-1. pKa values, 'H chemical shifts for protonated and deprotonated forms of
internal pH reporters and the limits of their applicability.

pKa Oun Oa applicability regions
formate 356+0.05 | 8236 | 8442 | 2.5(00f 8.246) | 4.7 (6 of 8.427)
piperazine 5.61 £0.07 3.585 3.113 | 4.4 (0 of 3.542) 6.4 (6 of 3.175)
imidazole 7.08+0.08 | 8.672 | 7.765 | 5.8 (5 of 8.635) 8.6 (8 of 7.803)
tris 823008 | 3732 | 3509 | 6.7(50f3.725) | 9.8 (6 of 3.516)
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This method requires a calibration that needs to be performed only once for a
particular set of conditions, such as temperature, salt concentration, etc. Parameters pKa,
0,4, and 9§, for the buffers chosen do not change greatly over the typical range of
conditions for biological NMR samples. For example, over the temperature of 25 to 40
°C, the pKa of piperazine changes by 0.3, the pKa of tris changes by 0.2, the pKa of
formate changes by 0.2, and the pKa of imidazole, the most stable among studied
compounds, changes by 0.1. The changes in pKa’s with ionic strength ranging from ~ 20
mM to 100 mM were negligible within the errors of experiment; however, it is desirable
to calibrate against a glass eléctrode for a particular set of conditions to achieve the best
detection accuracy. Once the calibration has been performed, pH can be determined from
the 'H chemical shifts of buffer compounds.

It might seem that the measuring of pH using NMR chemical shifts vs glass
electrode is a more time consuming during the initial preparation of the sample due to the
necessity for shimming and re-equilibrating each time after adjusting pH. However, the
use of a glass electrode also requires that the sample and buffer are equilibrated at all
temperatures, and that pH meter calibration curves are done at all temperatures, which is
a tedious procedure and often not done properly. Once the sample is prepared, the NMR
method is far easier to quickly measure pH within the sample due to any changes that

might occur with time, reaction, or degradation, for example.

Conclusions

The method described here utilized the pH dependence of 'H chemical shifts of
buffer components such as formate, tris, imidazole, and piperazine to determine pH of the
NMR sample. This method is devoid of many disadvantages of a glass electrode. It
affords a better reproducibility of results, consistency among users, and availability for
after the fact validation. It can be conveniently used for measuring pH in kinetic
ekperiments or when monitoring long-term stability of a sample. It is indispensable when
proteins are in shigemi style tubes or when pH is measured against temperature. Most
importantly this method is highly beneficial during NMR titrations when samples are
intensively handled or during high throughput analysis in proteomics, metabolomics, and

structural genomics.
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Figure B-1. 1D 500 MHz 'H NMR spectra of the buffer containing four internal pH
indicators (formate (a), imidazole (a), tris (b), and piperazine (b)) as a function of pH.
Protons that give rise to peaks in 'H 1D NMR spectra are shown in boxes and connected
to the corresponding resonances with arrows. The triplet on panel b corresponds to a CH,
resonance arising from DSS that served as a reference compound.
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APPENIDIX C

Structures of peptide agonists derived on the basis of SDF-1a reveal a common

motif possibly implicated in the binding to the CXCR4 ireceptor'

Outline

CXCR4 is an important pharmacological target due to its involvement in HIV-1
pathogenesis and cancer metastasis. Two recently discovered allosteric agonists (17-
mers) that bind and activate CXCR4, the ASLW and RSVM peptides, were analyzed
using solution NMR spectroscopy. Both peptides assumed an extended backbone
conformation with several well defined local motifs in the regions from residues 5 to 8
and 9 to 12. Similar examples in literature suggest the relevance of nascent structures in
peptides to their biologically relevant conformations. The local structure in the region 9
to 12 was adopted by the entire ensemble of the ASLLW peptide structures and by the
subset of conformations for the RSVM peptide. The same turn was found in full Iength
SDF-1a and in the small family of the SDF-1o. N-terminal 17-mer. The significance of

found local structures and implications for further drug design are discussed.

Introduction

Chemokine receptors belong to a family of G-protein coupled receptors (GPCRs)
that are especially attractive as therapeutic targets (/-5). The chemokine receptor
CXCR4, through interactions with the stromal derived factor, SDF-la, mediates
trafficking of lymphocytes, memory immune responses (6, 7), vascular and germ cell
development (8, 9), haematopoieses and lymphopoiesis (/0), and neuronal patterning
(11). CXCR4 has a crucial role in metastasis of various cancers (2, 12-/7) and in HIV-1
pathogenesis (/8), which provides a strong impetus for studying this system on a
molecular level. ,

A number of approaches have been used to address the structural determinants of

interactions between GPCRs and their ligands (/9). Membrane bound proteins, such as
GPCRs, represent a substantial challenge for traditional structural approaches using NMR
and X-ray techniques. One approach employs structural studies of isolated biologically

active peptides in order to infer information about the interactions with their cognate

* The version of this chapter was published. Baryshnikova O.K., Rainey J.K., and Sykes
B.D. (2005) J Pep Res 66 (S1), 12-21.
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receptors and possible binding modes (/9). In the majority of cases, isolated peptides are
considered to | be disordered in solution. However, within apparently unstructured
conformations it is often possible, especially at lower temperatures, to find regions with
local structures that have been demonstrated to be biologically relevant (20, 21). With
the decrease of temperature, according to Gibb’s equation for free energy, the favorable
intramolecular enthalpic contacts that determine the conformation of a peptide will play
an increasingly more important role since the entropic component is lowered. In the
bound form, the conformation of a peptide is also determined to a considerable degree by
enthalpic contacts, including intermolecular contacts. Thus, the conformations obtained
for both conditions should demonstrate some similarity (2/). We applied this
methodology to study at lower temperature the conformations of unbound peptides,
which might provide information regarding possible binding modes and a valuable
starting point for rational drug design especially for a system with very low structural
information available.

A number of compounds have been shown to bind CXCR4 and inhibit the
binding of its natural ligand SDF-la. Some compounds act as agonists of CXCR4
activity and activate the signalling cascade upon binding to the receptor (22, 23), while
others act as antagonists and bind to CXCR4 without triggering the downstream
biological response (23). The best known inhibitor, the bicyclam AMD3100, is
remarkably specific as a CXCR4 inhibitor, and the potential for its use in clinical
applications including AIDS, cancer, rheumatoid arthritis, and stem cell transplantation is
very promising (24). In spite of the success of AMD3100, due to its inhibition of
CXCR4, concerns have often arisen about possible detrimental effects, such as defects in
bone-marrow myelopoiesis, haematopoeiesis, and cardiogenesis (24). It is often
desirable that an inhibitor could not only bind to a receptor but also induce its biological
activity so that the detrimental effects of receptor silencing were minimal during the
inhibition. Two peptides were recently reported that act in this manner (22). These
peptides, designated as RSVM and ASLW, are 17-mers derived from the SDF-1a N-
terminus and differ only in the four N-terminal residues. It was shown that the RSVM
and ASLW peptides bind to CXCR4 and trigger the signalling of a receptor. Noteworthy,
they bind to CXCR4 via a different binding site from that of AMD3100 and SDF-1a. thus
demonstrating allosterism (22).

We used solution NMR spectroscopy to study the conformations of the ASLW
and RSVM peptides at 5°C. The studied peptides adopted several local structures or
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motifs that were compared with each other and with motifs described in literature. In the
region from residues 5 to 8 the structures of the ASLW and RSVM peptides adopted
local structures, which were unique and not comparable to other described motifs or each
other. In the region from 9 to 12, the ASLW peptide formed a local structure that was
also present in full length SDF-1a, and in a subset of the RSVM and the SDF-1a N-
terminal 17-mer structures. The structures of two allosteric peptides, their relevance to

bound conformations and implications for future drug design are discussed further.

Results
Structural characterization of the ASLW and RSVM peptides: chemical shifts, J-coupling
constants, and NOE connectivities

The sequential assignment of proton resonances for two allosteric peptides
agonists was accomplished using standard methods described by Wiithrich (25). NH and
Ha chemical shifts obtained for both peptides were shown to be similar to each other and
to the chemical shifts for the SDF-1a N-terminal 17-mer (26) (Table C-1).

The signs and values of NMR chemical shift deviations (CSD) from random coil
chemical shifts are often characteristic of the secondary structure adopted by a
polypeptide (27). CSD values for Ho. and NH NMR chemical shifts are mostly negative
in helices and positive in p-sheets. The alternating signs and small values of CSD for the
ASLW and RSVM peptides and the SDF-1a 17-mer (Table C-2) indicate that under
experimental conditions all three peptides do not adopt either extensive helical nor p-
strand conformations on average.

J-coupling constants are correlated with torsion angles ¢ and therefore provide
the information on secondary structure of polypeptides. For the studied peptides, J-
coupling measurements from 1D spectra ranged from 5.6 to 8.6 Hz, which suggests that
torsion angles can adopt a variety of values. This renders J-coupling constants less useful
for structure calculations.

NOE patterns are also useful indicators of the elements of secondary structure
adopted by polypeptides. For example the presence of f3-turns is often accompanied by
connectivities between dyy(2,3), du(3.4), den(2.3), don(3.4) and d(2,4), where the
numbers refer to the position of a residue in the turn. The summary of NOE
connectivities for the ASLW peptide (Fig. C-1a) suggests the possible formation of a
local turn-like structure in the region from Tyr’ to Phe”. The d\(i,i+2) connectivity

between Ser” and Trp* may also suggest a f-turn in the region from Ala' to Trp*. The
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RSVM peptide is less structured with one medium range connectivity between Ser® and

Arg® (Fig. C-1b). Missing d(i,i+1) connectivities (Figs. C-1a.and C-1b) next to Pro' in

the RSVM peptide and Ser® in the ASLW peptide, were not included due to ambiguity in

their assignments. In general, both peptides adopt flexible conformations with possible

local structures as indicated by NOE pattern.

Table C-1. NMR chemical shifts for the ASLW and RSVM peptides and the NH and Ha
chemical shifts for the SDF-1a 17-mer.
and RSVM peptides in this study and at 8°C for the SDF-1a N terminal 17-mer as
described earlier (26).

NMR data was obtained at 5°C for the ASLW

. . . . Chemical shifts for protdn Primary
NH chemical shifts Ha chemical shifts nuclei other than NH and Ha scq;:rnce
SDF-lo,
ASLW | RSVM | SDF-la | ASLW | RSVM | SDF-la 17-mer
peptide | peptide 17-mer peptide | peptide 17-mer ASLW peptide RSVM peptide
410 | 4.08 4.35 HB 1.94, Lys'
1.93
8.79 8.95 4.43 4.57 4.53 yCH, 1.65, Pro®
1.65
8.58 8.55 8.52 4.26 4.13 4.07 5CH, 3.22, val®
3.22
8.19 8.58 8.51 4.63 4.48 4.46 eNH;" 7.28 Ser’®
7.96 8.47 8.56 4.26 4.38 4.37 Hp 3.72, Hf 3.85, Leu®
3.64 3.85
8.08 8.33 8.31 4.28 4.37 4.39 HB 1.55, HB 2.07 Ser®
1.51
8.08 8.29 8.17 4.49 4.52 4.51 yCH, 1.45 YCH, 0.95, Tyr’
0.95
8.08 8.16 8.11 423 4.25 4.24 3CH, 0.87, Argx
: 0.82 -
8.37 8.45 8.41 4.61 4.64 4.63 HPB 3.29,3.19 HB 2.07, Cys9
1.97 .
441 442 4.40 2H 7.20 gCH, 2.57, Pro'®
2.51
8.48 8.52 8.48 4.38 4.40 4.39 4H 7.60 Cys'!
8.50 | 8.53 8.48 425 | 4.24 4.24 5H7.13 Arg"
8.23 8.27 8.23 4.55 4.56 455 6H 7.23 Phe'
8.22 8.24 8.20 4.53 4.53 4.53 7H 7.48 Phe!*
8.30 8.31 8.28 421 4.21 421 indole NH Ghu"
10.22
842 | 843 | 839 | 433 | 433 | 433 | HB153,150 HpB 1.63, Ser'®
. 1.63
8.71 8.72 8.68 4.69 4.69 4,70 yCH, 1.41 Hp 1.49 His"”

Phe", and Phe' similarly to the structural studies reported previously (28).

One might expect the formation of a hydrophobic core around residues Tyr’,

The

experiment spectral resolution was sufficient to resolve frequencies for the majority of
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aromatic residues for both peptides. Surprisingly, the ring protons for both peptides

failed to give rise to medium range inter-residue NOEs (data not shown). Trp* in the
ASLW peptide also demonstrated no contacts to the aromatic residues Tyr’, Phe", and

Phe'* through either its backbone atoms or ring protons.

Table C-2. NH and Ho NMR chemical shifts deviations. CSD values were calculated as
Oobs-Ore, Where NH o, obtained for 25°C (29) were corrected using NH temperature
gradient of -7.6 ppb/°C reported for random coil (30) and o, is the observed chemical
shift. Ha o, were assumed to stay unaltered for temperatures of interest (29). CSD for
the SDF-1a 17-mer were taken from previous work (26).

Ha CSD NH CSD
ASLW RSVM SDF-1a. 17-mer | ASLW RSVM SDF-1c. 17-mer
peptide peptide peptide peptide
-0.21 -0.26 -0.24
-0.04 0.10° 0.12 0.32 0.48
-0.08 0.01 -0.05 0.27 0.37 0.19
-0.03 0.00 0.00 -0.22 0.15 0.1
-0.08 0.03 0.03 -0.35 0.16 0.19
-0.19 -0.10 -0.08 -0.38 -0.13 -0.11
-0.06 -0.02 -0.04 -0.19 0.01 -0.27
-0.11 -0.09 -0.10 -0.30 -0.22 -0.29
0.06 0.09 - -0.18 -0.10 -0,02 0.08
-0.01 0.00 -0.05
-0.17 -0.15 -0.16 0.01 0.05 0.13
-0.09 -0.10 -0.11 0.12 0.15 0.09
-0.07 -0.06 -0.07 -0.22 -0.18 -0.20
-0.09 -0.09 -0.09 -0.23 -0.21 -0.23
-0.14 -0.14 -0.14 -0.27 -0.26 -0.19
-0.14 -0.14 -0.13 -0.04 -0.03 -0.03
-0.03 -0.04 0.13 0.14 0.28

Due to the presence of cis- and trans- isomerism of X-Pro'® peptide bond, the
resonances in the proton NMR spectra for peptides containing Pro is often doubled, so
that minor and major conformations can be identified. In case of the ASLW and RSVM
peptides, the doubling of resonances was negligible, which together with the
characteristic NOEs from p-hydrogens of Cys’ to 8-hydrogens of Pro'® present for both

peptides indicates that these were the trans isomers of Cys’-Pro'® peptide bond.

Structure Calculation and Clustering Analysis
Two regions on the ASLW peptide, residues 5 to 8 and residues 9 to 12, can be

superimposed over their backbone atoms with the rmsd less then 0.7 A for an entire
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ensemble (Table C-3 and Figs. C-2a and C-2b). Regions other than 5-8 and 9-12 gave
poor superposition statistics, with rmsd values of no less then 1.2 A. The observed local
structures were in agreement with NOE connectivity data except for the region around
Ser’ where, even in the presence of connectivity (Fig. C-2a), local structure was not
observed. The RSVM peptide had only one pronounced local feature for an entire
ensemble, which is a turn in the region 5-8 with the superposition of 0.64 A (Table C-3
and Figs. C-2c and C-2d). For both peptides, the regions with low rmsd were further
analyzed with NMRCLUST (3/) to extract individual subsets of conformations with even
lower rmsd values (Table C-3).

Table C-3. The results of cluster analysis for the ensembles of structures of the ASLW
and RSVM peptides, the SDF-1a 17-mer, and full length SDF-1a.. The data for major
families (more than 10% of an entire ensemble) is shown.

rmsd for Cluster 1 Cluster 2 Cluster 3
backbone
:;2::15?; rmsd for Relative rmsd for Relative rmsd for Relative
> | backbone |population of | backbone |population of| backbone |population of
atoms, Ala cluster, % | atoms, A |a cluster, % | atoms, A | acluster, %
ASLW 0.71£0.24 | 0.51+0.15 43 0.51+0.13 25 - -
peptide 5-8
region
ASLW 0.67+0.21 | 0.21+0.07 25 0.29+40.12 25 0.24+0.09 18
peptide 9-12
region Motif I
RSVM 0.64+0.31 | 0.41+0.14 68 0.99+0.24 23 - —
peptide 5-8
region
RSVM 1.17+£0.52 | 0.70+£0.22 33 0.55+0.18 30 0.74+0.20 20
peptide 9-12
region
SDF-1a.17- | 0.56+0.27 | 0.22+0.09 34 0.12+0.09 28 0.1320.04 15
mer 5-8 region
Motif 1
SDF-1o. 17- | 1.22+0.40 { 0.5310.16 28 0.59+0.23 28 0.5120.18 26
mer 9-12
region
full length 1.11£0.30 | 1.00+0.22 63 1.06+0.16 12 - -
SDF-1a 5-8
region
full length 0.29+0.08 — - - - - -
SDF-1aa 9-12
region

Clustering analysis for the SDF-1a N-terminal 17-mer was repeated and the
results were essentially the same as reported earlier (26). The ensemble of SDF-1a 17-
mer structures at 8°C adopted a local turn in a region 5-8 with rmsd equal to 0.56 A for an

ensemble, which can be clustered into the families with rmsd values smaller than 0.22 A.
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The local structure for Cluster 1 shown to be shared with several other CXCR4 ligands
such as the ITAC 1-8 peptide aﬁd the vMipll 1-10 peptide (27) is referred here as Motif I.
The region 9-12 of the SDF-1a 17-mer was weakly convergent for an entire family;
however clustering analysis revealed individual subsets of structures with rmsd lower
than 0.59 A (Table C-3).

The ensemble of full length SDF-1o. structures determined at 30°C (32) was
subjected to similar analysis. The region 9-12 was very well defined with the rmsd of
0.27 A for an ensemble of 30 structures. The region 5-8 was convergent with the rmsd of
1.03 A for an ensemble and individual clusters obtained with NMRCLUST showed
rmsd’s no less then 1.00 A (Table C-3).

Comparison of motifs

The local structures found for the two allosteric peptides were compared to each
other and to the corresponding regions of SDF-1a and the SDF-1a 17-mer (Tables C-4
and C-5, Figs. C-3a and C-3b). The conformation in the region of residues 5-8 was
distinct for every peptide under investigation. The RSVM peptide formed a unique
structure, which is quite different from the ASLW peptide and the SDF-1a 17-mer. The
same is true about the ASLW peptide, which is well converged in the region of interest,
but unique in its conformation (Fig. C-3a). Motif I found for the SDF-1a N-terminal 17-
mer (27) as it is shown in Figure C-3a is not comparable to the cc;nformations of
allosteric peptides.

The local structures in the region 9-12 for the ASLW peptide and full length
SDF-1a were identical and will be referred here as Motif 11 (Fig. C-3b). In full length
SDF-1a this region is constrained not only by nonbonding interactions with the core of
the protein but also by two disulphide bonds at Cys*-Cys** and Cys''-Cys™. Interestingly,
the ASLW peptide adopts the same local structure without long range constraints. The
conformations for 20% of the RSVM peptide structures (Table C-5, Cluster 3) and 28%
of the SDF-1a. 17-mer (Table C-5, Cluster 2) were comparable to Motif 1I in this region
(Fig. C-3b), although the rmsd for these superpositions were higher (0.9 — 1.14 A).

Discussion

The structural information regarding CXCR4 inhibitors is of certain value for the

development of novel agents capable of blocking and modulating CXCR4 activity. In

spite of the great importance of CXCR4 as a pharmacological target, the number of
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available agents remains limited. We obtained the NMR structures of two potent
allosteric agonists, the ASLW and RSVM peptides, that might be considered for further
biochemical characterization and subsequent clinical applications or might serve as a
useful platform for designing new inhibitors on their base. The studied peptides adopted
an extended conformation suggested by the values of J-couplings,v low numbers of
medium and long range NOEs, and chemical shifts deviations. However, it was shown
théoretically and experimentally that the conformational space sampled by a peptide is
significantly restricted (33). It is thought that a polypeptide is never a éompletely random
coil but instead exists as an ensemble of preferential conformations (33, 34). Indeed, the
analysis of obtained structures for the ASLW and RSVM peptides revealed the presence
of local structuring in several areas of a backbone. In the region of residues 5-8, well-
defined local structures were present for each peptide under investigation. Also, in the
region of residues 9-12, the ASLW peptide adopted a well-defined motif, which was also
present in a subset of structures for the RSVM peptide. The same local structure was
found in the region of residues 9-12 for full length SDF-1a and for a subset of structures
of the N-terminal SDF-1a 17-mer. v

It was proposed that the local structures found for peptides in solution might
indicate the similar structural features present in its bound conformation (2/). The
thermodynamical rational behind this assumption is based on the consideration of the
enthalpy and entropy interplay during a binding event. The entropic cost to fold a
polypeptide is thought to be paid by enthalpic contributions generated upon binding (35).
Thus, ligands, which are folded prior to binding, or possess a correct nascent structure,
should have an advantage in terms of their binding energy. However, the exact
contributions of free energy are not known and numerous examples in literature were
reviewed where solution conformations are similaf to their bound states (36) and where
conformations are globally different (37). The insights from protein folding studies
stresses the importance of the correct minimal structure in the denatured state that
propagates the correct folding (38-40) and in our own experience local motifs in the Hox
peptide, in solution, were demonstrated to be analogous to the bound conformations (20).
If the structures of the RSVM and ASLW peptides in solution are indeed related to the -
conformations in their bound states one might propose that the dissimilarity in local
structures in the regions of residues 5-8 indicates the dissimilarity in their binding modes.
The formétion of the same structure in the region 9-12 for allosteric peptides and natural

ligands (Motif II) argues for at least partial overlapping of the binding interfaces.
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In the context of the full length SDF-1a structure, Motif 11 formed between two

cysteine bonds is concave, which renders the side chains of the residues composing the
motif (Cys®, Pro'®, Cys'') unavailable for binding (Fig. C-4). It is also known that those
residues are rarely involved in the formation of protein - protein interfaces (47).
However, arginine side chains often form electrostatic interactions on interfaces and the
formation of a rigid motif similar to Motif II can position the side chains of Arg® and
Arg'?, flanking the region 9-12, more rigidly by constraining the backbone between them.
A number of compounds have been shown to bind CXCR4 through electrostatic
interactions. AMD3100, a well known inhibitor, binds to CXCR4 through the interaction
of positively charged cyclam rings with carboxylic moieties on Asp'”', Asp??, and Glu®®
(42, 43). ALX40-4C is another highly charged and efficient inhibitor of CXCR4 that
consists of nine arginine residues (44). Since arginine residues have a propensity to
appear frequently on protein - protein interfaces (4/) and since electrostatic interactions
play a significant role in binding of CXCR4 inhibitors we believe that Motif IT might
serve to position the two arginine side chains in close proximity to each other against
their electrostatic repulsion and to orient them favorably for the consequent binding to

CXCR4 (Fig. C-4). The fact that the RSVM peptide is eight times less potent than the
ASLW peptide as an inhibitor of CXCR4 (22) might be also relevant to the formation of
Motif Il prior to binding since the initial structuring of the RSVM peptide is less

pronounced.

Materials and Methods
Peptide Synthesis and NMR Sample Preparation

The peptides H-ASLWLSYRCPCRFFESH-NH, and H-RSVMLSYRCPCRFFE-
SH-NH, were synthesized by stepwise solid phase peptide synthesis using t-
butoxycarbonyl protection chemistry. NMR samples contained ~3 mM of a peptide, 20
mM CD;COONa, 15 mM deuterated DTT, 1 mM NaN;, 1 mM DSS in 500 ul of 90%
H,0/10% D,0. The pH was adjusted to 5.0+0.05.

NMR Spectroscopy

'H 1D and TOCSY 2D NMR spectra for both peptides were acquired at Varian
Unity 600 spectrometer. 2D NOESY NMR spectra were acquired at 5°C with the mixing
time 500 ms at Varian Unity 600 spectrometer for the RSVM peptide and at Varian Inova
800 spectrometer for the ASLW peptide. NOESY spectra were used for integration of
NOE cross peaks, which were consequently converted into the distance restraints using
Bin module in NMRVIEW (45). NOE connectivities were grouped as weak, medium, -
and strong corresponding to upper distance restraints of 5.0, 3.4, and 2.8 A respectively.
In total, to calculate structures we used 79 inter-residue and 59 intra-residue
connectivities for the ASLW peptide and 37 inter-residue and 63 intra-residue
connectivities for the RSVM peptide.
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- Structure Calculations and Clustering Analysis .

In case of partially unfolded proteins, the procedure commonly used for
calculating structures of folded proteins is not applicable since long distance NOE
restraints observed in different conformations cannot be satisfied simultaneously in one
structure (38, 46). This generally results in a high total energy of structures and
significant number of NOE violations. There are also examples in literature when the
structures of smaller unfolded proteins or peptides were successfully calculated using
standard NOE based approach where the entire set of NOE restraints is used to generate
the family of conformers (21, 26, 28, 47, 48). In our case, the structures obtained using
standard simulated annealing protocol implemented in CNS version 1.1 (49)
demonstrated neither dihedral violations more than 5° nor NOE violations higher than 0.2
A and the energies for the calculated structures did not exceed 35 kcal/mol and 15
kcal/mol for the ASLW and RSVM peptides respectively. The calculations were
performed in torsion angle space using square well potential and the force constant for
the NOE term equal to 1.0. The scaling factors for high temperature annealing stage
(T=50000K) were 150 for NOE energy term and 100 for dihedral energy term. The
scaling factors for the slow-cool annealing stage (T=50000K) were 150 for NOE energy
term and 200 for dihedral energy term. For the final minimization stage, the scaling
factor for NOE energy term was 75 and for dihedral energy term the scale factor was 400.
PROCHECK (50) test showed 0.4% ad 4.3% of residues in disallowed regions for the
ASLW and RSVM peptides correspondingly.

For further analysis, the 40 structures with the lowest energies were chosen out of
80 calculated structures. In order to locate regions that adopt similar conformations the
families of 40 structures were superimposed in regions of 3-6 residues in length scanning
the entire peptide and examined. Clustering was performed using NMRCLUST (31)
software. Both superposition and clustering included backbone atoms for specific
regions.
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Table C-4. The convergence of individual clusters between each other in the region of
residues from 5 to 8. Representative structures for individual clusters of peptides were
obtained with NMRCLUST program and superimposed with their backbone atoms in the
region of interest. The relative population of a cluster is indicated as a percent of the total
number of structures in ensemble.

RSVM

peptide-

Cluster 1
67.5%

RSVM
peptide
Cluster 2
22.5%

ASLW
peptide
Cluster 1
42.5%

ASLW
peptide
Cluster 2
25%

SDF-117-
mer
Cluster 1
34.0%
Motif I

SDF-117-
mer
Cluster 2
27.7%

SDF-1
17-mer
Cluster 3
14.9%

RSVM
peptide
Cluster 1
67.5%

RSVM
peptide
Cluster 2
22.5%

1.12 A

ASLW

peptide
Cluster 1

42.5%

1.89 A

1.63 A

ASLW
Cluster 2
25%

1.73 A

1.35 A

1.18 A

SDF-1 17-
mer Cluster 1
Motif I
34.0%

1.19A

1.37A

1.51A

1.73 A

SDF-1 17-
mer Cluster 2
27.7%

1.58 A

1.32A

1.60 A

1354

1.05A

SDF-1 17-
mer Cluster 3
14.9%

1.46 A

1.71 A

1.33A

1.79 A

0.69 A

1.47 A
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Table C-5. Convergence of individual clusters between each other in the region of
residues from 9 to 12. Representative structures for every individual cluster of peptides
were obtained with NMRCLUST. Rmsd values were calculated for backbone atoms of
representative structures superimposed in the region of interest. The relative population
of a cluster is indicated as a percentage of the total number of structures. The values in
bold were considered as good or moderately good convergence.

RSVM | RSVM | RSVM | ASLW | ASLW | ASLW SDF-1a | SDF-1a | SDF-1a
peptide | peptide | peptide | peptide | peptide | peptide | 17-mer | 17-mer | 17-mer
Cluster 1|Cluster 2|Cluster 3|Cluster 1| Cluster 2 | Cluster 3 | Cluster 1 | Cluster 2 | Cluster 3
32.5% | 30.0% | 20.0% | 25% 25% 17.5% 27.7% 277% | 25.5%
Motif I1| Motif 11
RSVM - — - - - — - - —
peptide
Cluster 1,
32.5%
RSVM 136 A - - - - - - - -
peptide
Cluster 2,
30.0%
RSVM 212A1219A | - - - - — - -
peptide
Cluster 3,
20.0%
ASLW 153A1200A 142K - - - - - -
peptide
Cluster 1
25% Motif
11
ASLW 1.66 A 1.89A [1.12A |0.52A - - - - -
peptide
Cluster 2
25% Motif
11
ASLW 185A[1.98A[145A]096A ] 1.09A - - - -
peptide
Cluster 3,
17.5%
SDF-1a17- [ 1.39A [137A [191A [1.05A | 1.36 A | 1.39A - - -
mer Cluster
1, 27.7%
SDF-1a17-| 1.43 A 206 A [1.36 A [ 1.18 A | 1.14A [ 1.35A | 147A - -
mer Cluster :
2 27.7% '
SDF-1a 17-1 120 A[1.06 A[207A [189A | 1.89A | 205A | 143A | 1.69A -
mer Cluster
3,25.5%
SDF-lafull| .80 A [2.06A [0.90A [0.78A [ 049A | 1.14A | 148A | 1.04A | 193A
length
ensemble
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Figure C-1. Summary of sequential and medium range NOE connectivities identified for
the ASLW (a) and RSVM peptides (b). The width of the line indicates the relative
magnitude for NOEs observed in NOESY experiment with 500 ms mixing time.
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Figure C-2. The ensemble of the ASLW peptide structures backbone aligned in a region
5-8 (a) and 9-12 (b) and the ensemble of the RSVM peptide structures backbone aligned
in a region 5-8 (c¢) and 9-12 (d). The ensemble of structures (in grey) is truncated from 4
to 9 residue (a and ¢) and from 8 to 13 residue (b and d) with the exception for one
representative structure (in black) that is shown in its full length with side chain heavy
atoms. Rmsd for the ensembles aligned with its backbone atoms in selected regions was
0.7120.24 A (a), 0.67+0.21 A (b), 0.63+0.31 A (¢), and 1.17+£0.52 A (d).

R P16
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Figure C-3. The superposition of the ASLW and RSVM peptides with the SDF-1a 17-
mer in the region 5-8 (a) and with the full length SDF-1a in the region 9-12 (b). (a), The
structures shown are Cluster 1 for the SDF-10 17-mer (Motif I) and the most convergent
families of the ASLW peptide (Cluster 1) and the RSVM peptide (Cluster 1). (b), The
entire ensemble of full length SDF-1a structures is shown together with the most
convergent families of the ASLW peptide (Cluster 1 and 2) and the RSVM peptide
(Cluster 3). Backbone atoms for residues 4-9 (a) and 8-14 (b) are shown in black for
SDF-1a. 17-mer (a) or SDF-1a (b), in red for the RSVM peptide, and in blue for the
ASLW peptide.
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Figure C-4. Motif II in the context of SDF-la structure. Motif II, formed by the
backbone atoms of residues from 9 to 12 is shown in red. Pro' side chain in the middle
of Motif II is also shown in red in sticks representation. Residues Cys’, Cys'!, Cys*, and
Cys™ that form disulphide bonds constraining Motif II are shown in yellow. Side chain
arginines, Arg® and Arg'?, are shown in stick representation and colored according to
their atoms.
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APPENDIX D

Dimerization of SDF-1a studied by NMR relaxation methods®

Outline

The structures of SDF-1a determined by NMR spectroscopy have been shown to
be monomeric while X-ray structures are dimeric. Biochemical data and in vivo studies
suggest that dimerization is likely to be impdrtant for the function of chemokines. We
determined the dynamics of SDF-1a using the backbone "N NMR relaxation methods.
Data were obtained at several concentrations of SDF-1a and used to determine Kq4 of ~5
mM for a monomer-dimer equilibrium. K4 obtained was used to extrapolate relaxation
data to monomeric SDF-1a. Experimental and extrapolated data were analyzed using
Model Free approach. Effects of protein dimerization on relaxation parameters are
~ discussed. Our results help rationalize the apparent discrepancies between solution NMR
structures obtained- under different conditions, clearly indicating the importance of the

knowledge of oligomerization degree in the calculation of solution structures.

Introduction

SDF-1a is a member of the chemokine family, which is responsible for the
trafficking of lymphocytes and numerous reactions in the immune system (/, 2). SDF-1a
is particularly interesting due to its involvement in HIV pathogenesis (3) and in a variety
of cancers (4-8). It is generally expected that the inhibition of the interaction of SDF-1a
with its receptor CXCR4 will be an important therapeutic breakthrough that will reduce
the propagation rate of a variety of cancers and HIV-1 (9). SDF-la exerts its biological
function through interaction with the G-protein coupled receptor, CXCR4, in two steps.
The first step includes the recrnitment of a chemokine from solution and the second step
involves the insertion of the SDF-1a N-terminus into the seven-helix bundle of the
receptor and the initiation of a signaling cascade (/0). |

The interaction of a chemokine with its receptor can be modulated in several
ways. One of them is through thé interaction of a chemokine with the components of
extracellular matrix such as glycosaminoglycans.. These have a noticeable affinity for

chemokines and help to bring the chemokines from bulk solution and concentrate them in

" The version of this chapter was published. Baryshnikova O.K., and Sykes B.D. (2006)
Prot Sci 15, 2568-2578.
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the proximity to membrane surface (/7). Another possible way to mpdulate chemokine
signaling is through multivalency, which is a well-known strategy employed by nature
(12). Multivalency leads to the increase in the local concentration of a ligand on a
surface and hence increases the observed affinity for its receptor. Several chemokines are
known to exist as oligomers in concentrated solutions (/3). If chemokines are also
oligomeric in vivo at physiological concentrations, this might enhance the efficiency of
recruitment and bring an additional level of regulation of signaling. Some ir vive studies
suggested that dimerization is not required for the activation of a receptor (for example,
IL-8) (I4). Other studies demonstrated that at least in certain cases the ability of
chemokines to dimerize influences the magnitude of signaling efficiency (for example,
CCL2, CCLA and CCL5) (15).

The oligomerization behavior of SDF-1a in vitro in terms of monomer-dimer
equilibrium is controversial. The first NMR structure reported by Crump and coworkers
characterized SDF-la as a monomer under experimental conditions based on the
following observations: no NOE contacts corresponding to a'dimer interface were found;
no slowly exchanging protons at the dimer interface were observed; and the molecular
weights obtained with sedimentation equilibrium centrifugation were consistent with that
expected for the monomeric species (/0). In the two reported crystal structures SDF-1c
was dimeric, with the dimer interface similar to the interface formed by IL-8 (/6, 17).
The original NMR structure of SDF-1a determined by Crump and coworkers (/0) was
slightly different from the structures of determined by crystallography, especially in the
position of the C-helix. The most recent NMR structure of SDF-1a (/8) determined
under different experimental conditions was instead very similar to the individual
subunits of SDF-1a in the crystal structure. The dimerization of SDF-1a can account for
differences between these structures.

Monomer-dimer equilibrium for SDF-1a has been characterized by several
biophysical methods, including solution state NMR, with K, values in the range of ~150
uM to ~3 mM (19, 20). In the study by Veldkamp et al., special emphasis was drawn to
the role of experimental conditions, e.g. pH and buffer content, on the monomer-dimer
equilibrium (20). Given that oligomerization of chemokines may be crucial for
enhancement of signaling by increasing the affinity of the chemokine-receptor
interaction, a thorough investigation of the nature of SDF-la oligomerization is

important.
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Results
N-T), T>, and NOE data

Backbone amide '°N relaxation parameters were obtained using 2D {'H, N
correlation NMR spectroscopy with a typical spectrum of 1.5 mM SDF-la shown in
Figure D-1. Backbone "’N and 'H chemical shifts for SDF-1o. were assigned using 3D
NOESY-HSQC and 3D TOCSY-HSQC spectra (21), and were in good agreement with
'H chemical shifts obtained previously using homonuclear 2D NMR spectroscopy (/0).
'H chemical shifts were found to be dependent on protein concentration. Relaxation
properties were determined for 56 of the 67 backbone amide 'H-">N pairs. Residues that
could not be analyzed include: Lys!, due to exchange with solvent; Phe" and Cys*,
whose chemical shifts overlap; Pro’, Pro'®, Pro>? and Pro”® lacking backbone amide
protons; Leu’®, due to line broadening; and GIn®’, whose chemical shifts were not
assigned. In several cases, Tyr“, Leu®, Phe", and Val* were excluded due to peak
overlap. In most diluted samples, resonances for Phe' and Cys* could be discriminated
and were therefore included in the analysis.

“N-T, T,, and NOE data for a sample of 1.5 mM recombinant "°N labeled SDF-
la were obtained at 500 and 600 MHz, and 30 °C (Table D-1, Fig. D-2). The average
NOE*/NOE*® ratio was 1.04 = 0.20 (Fig. D-2d). T;°® and T, followed similar peri
residue patterns with average T,%%T1,°% = 1.29 + 0.07 (Fig. D-2e). T,°% and T,*” also
showed similar per residue patterns with average T,"°*/T,°® = 0.87 = 0.06 (Fig. D-2f).

The N- and C-terminal regions (residues 3-8 and 62-67) of SDF-1a were more
flexible than the protein core (Fig. D-2). This was in agreement with the unstructured N-
terminus in NMR structure and the lack of electron density in X-ray structures (/0, 17).
Residues 23-27 and 30-31 had NOE’s and T,’s lower than the average and may be more
flexible than the protein core. However, the per residue profile for T,/T, ratios (Fig. D-
2g) shows an increase in this region, suggesting the presence of chemical exchange.
Regions of residue 36-42, 49-51, and 65-67 had also high T,/T,’s and low T,’s indicative

of chemical exchange.

Concentration dependence of °N-T; values

Theoretical values for monomeric SDF-1a are T,°=176 ms and T,**=181 ms
(S* =0.85 (22), and 7, = 3.9 ns) (23) (in-house script written by Stéphane Gagné). These
values are significantly larger than experimental T,°* of 109 ms and T,%° of 130 ms. For
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dimeric SDF-1a, theoretical values were T, "'=102 ms and T,°%°=107 ms. Thus in fast
exchange limit, SDF-1a in solution is likely to be partially dimeric, which resulted in a
decrease of experimental T»’s. To explore this further, we measured T,”* for a range of
concentrations (2.6, 1.5, 0.9, 0.5, and 0.3 mM). The data shows a clear dependence of
T’ on concentration, with the lowest T,°% value observed for the most concentrated
sample (Fig. D-3). This dependence is also highlighted in the plot of average R,""
(1/T,°%) for the core residues of SDF-1a as a function of concentration (Fig. D-4). Core

‘residues included 15, 16, 18-22, 33, 35, 39, 41-43, 46, 50, 52, and 54-60.

Table D-1. NMR relaxation measurements obtained for 1.5 mM SDF-1a.

Frequency T, T, T, T, NOE NOE
(MHz) |(all residues) |(all residues) | (protein core)*| (protein | (all residues) (protein
core) core)

500 446+ 71° | 130+91% | 432+417 [ 107=22" | 0.50+024 | 0.68+0.05
600 576 £97° | 109+£56° | 550505 | 9022 | 057024 | 0.74x0.04

? The excluded residues were the following: 3-14, 17, 23-25, 27, 29, 31, 38, 45, 48, 66-67 for the
data set acquired at 500 MHz and 3-9, 12, 18, 29-31, 35-36, 64-67 for the data set acquired at 600-
MHz. Residues were excluded if NOE>*<0.60 and NOE®®<0.65. ® An average error of fitting
was 15 ms. © An average error of fitting was of 32 ms. ¢ An average error fitting was of 3 ms. °
An average error of fitting was 6 ms. © An average error of fitting was 12 ms. ® An average error
of fitting was 25 ms. " An average error of fitting was 2 ms. ' An average error of fitting was 4
ms.

Observed transverse relaxation rate R,°™ can be written in terms of dimerization
as following:
bs d
R203=me£n+2de2 (])5
where R,™ and R, are related to pure monomer and dimer, respectively, and the fractions
of monomers and dimers are:

[mon] |dim]

S = and  f; =7 ).
Ptotul Ptotal
Total concentration of the protein is:
P, =lmon]+2|dim] 3).
Substitution of eq.2 and eq.3 into eq.1 yields:
RO - [mon] R +2 [dim] R @).
total fotal
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Concentrations of monomers and dimers can be derived by solving eq. 3 and the equation

for Kg:

[mon]=i(—1<d +/K K, +8P,) ),

. i
[dlm] = g(Kd +4Pt()zal - VKd Kd + 8Ptotal) (6)

Substitution of eq.6 and eq.7 into eq.4 and simplification yields

o (Ko (R = R+ RSP,y + Ky (RY = ROK, +8Pu)
2 .
4F,

total

Experimental R, data were fit to eq.7 (www.pence.ca/~software) yielding the following

best fit parameters: Kq =9 mM, R,™ =7 s and R,? = 18 s (Fig. D-4). The quality of the

fit at lower concentrations was significantly better. We also evaluated Ky using other

methods as described below to obtain a more reliable value.

Dimerization constant calculated using 1D '"H NMR spectroscopy
Chemical shifts are sensitive to changes in molecular structure and local
environment. Chemical shifts obtained from 1D 'H spectra offer advantages of being
very accurate, since the resolution in 1D "H experiment at 500 MHz is normally below 1
Hz. However, due to peak overlap, only a few resonances can be easily traced. Changes
. in chemical shifts as a function of SDF-1a concentration for clearly distinguishable peaks
(indole NH of Trp”, 2,6H and 3,5H of Tyr’, and 2,6H of Phe" and Phe'*) were fit to eq.8
derived similarly to eq.7:

{mon] {dim]

G=Umfm +20dfd =Om +2ad (8),

total total

where o, and o, are chemical shifts for monomer and dimer. The average Ky was 5 = 1

mM (Table D-2, Fig D-5a)

Dimerization constant calculated using 2D {'H, "N} HSQC NMR spectroscopy

Chemical shift changes as a function of SDF-la concentration were also
followed with 2D {'H, N} HSQC NMR spectra. The resolution for the 'H dimension in
these spectra was ~20 Hz, which is significantly less than in 1D 'H spectra. However,
chemical shifts for a larger number of peaks could be traced. Data was fit to eq.8 (Table
D-2, Fig. D-5b) with the average K, of 7 + 4 mM.
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Table D-2. The values of dissociation constant as determined by chemical shift changes
in 1D and 2D HSQC spectroscopy for indicated residues.

Residue K4 values as estimated Residue K4 values as estimated by
by chemical shifts chemical shifts changes in
changes in 1D spectra 2D HSQC spectra
2,6 H Tyr’ 47£39 Ala” 109 +3.7
3,5 H Tyr’ 47%39 val® 9.8+12.8
2,6 Phe” 7358 1le” 3.1 £3.6
2,6 Phe 47+39 val” 9.7 +7.4
indole H of Trp57 52 =x3.1 Leu® 2.1 =23
Cys™® 13.4 +8.5
Ile’" 3.0 1.2
Asp™ 6.1 =5.1
Leu> 5576
Trp”’ 6.0 £1.7
Glu® 6.1 6.9
average 5 =4 average 7 =5

Extrapolation of per residue T and T, values to infinite dilution

Per residue T,° and T,*® at infinite dilution were obtained using eq.7 and K, of
5 mM. Datasets used for extrapolation included T,”® data for 2.6, 1.5, 0.9, 0.5, and 0.3
mM SDF-la, and T, data for 2.6, 1.5, 0.9 and 0.3 mM SDF-1c. The average for
extrapolated data for protein core was: T,>® = 158 + 24 ms (Fig. D-6a) and T,*® = 364 =
40 ms (Fig. D-6b), which is close within determined errors to.the theoretical values for
monomeric SDF-1a, which are 388 ms for T,°* and 181 ms for T,”®. Extrapolated T,

and T, followed the same per residue trend as the experimentally obtained T,** and T,*®

(Fig. D-2).

Model free analysis of backbone dynamics
Backbone amide ‘5N—T1, T,, and NOE datasets acquired at 500 and 600 MHz for
1.5 mM and 0.3 mM SDF-1a were examined by model free analysis. This approach

affords the interpretation of relaxation data in terms of the overall correlation time,
generalized order parameters, and local motions (23, 24). The overall tumbling of SDF-
la. was assumed to be isotropic, given that rotational diffusion anisotropy was found to
be negligible in previous backbone °N relaxation studies of monomeric chemokines (25,
26) and the dimeric chemokine, I1-8 (27). .Overall correlation times determined using T,

T,, and NOE data (28) were the following: t,,°® = 6.79 ns and t,,° = 7.24 ns for 1.5 mM
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SDF-1a, and t,>® = 5.04 ns -and 1, = 7.17 ns for 0.3 mM SDF-1a. These values
appeared to be overestimated in comparison to the expected values for monomeric SDF-
la (7.8 kDa), even for the most diluted sample where the fraction of dimer is ~5%. This
observation is consistent with previous studies, where even the slight
0

dimerization/aggregation can influence the interpretation of relaxation data (29). <,

was also determined using extrapolated T, and T,™, and NOE>* data for 1.5 mM SDF-

9 obtained in this

low (used due to unchanged NOE™® spectra and minimal error). T,
manner was 4.42 ns.

Generalized order parameters (S?), chemical exchange terms (R.), and
correlation times (v, and t,) are obtained from five different dynamic models in Lipari-
Zhabo formalism (23, 30). Average S* was equal to 0.77 = 0.04 (500 MHz) and 0.81 =
0.05 (600 MHz) for 1.5 mM SDF-1a; 0.79 = 0.09 (500 MHz) and'0.86 £ 0.07 (600 MHz)
for 0.3 mM SDF-1a; and 0.77 = 0.09 for the extrapolated dataset (Fig. D-7). S* for the
core residues were 0.81 + 0.03 (500 MHz) and 0.87 + 0.03 (600 MHz) for 1.5 mM SDF-
1a; 0.87 = 0.07 (500 MHz) and 0.91 + 0.06 (600 MHz) for 0.3 mM SDF-1a; and 0.83 =
0.07 for the extrapolated dataset. Residues in the unstructured regions, the N- and C-
termini and loops, displayed smaller values of S indicating larger amplitudes of
motions. Experimental error in relaxation measurements increased with SDF-1a dilution
as a result of decreasing signal to noise ratio. Average S* was slightly smaller for the
extrapolated dataset, but similar to average experimental S* for 1.5 and 0.3 mM SDF-la
(Fig. D-7).

Values for R, typically indicate the presence of chemical exchange. The trend
for R, shows the highest values for regions of residues 23-31, 36-40, 50-51, and at the C-
terminus (Fig. D-8). Residues with the largest R,, are directly involved in the formation
of dimer interface (16, 17). R, terms decreased upon dilution from ~20 s for 1.5 mM
SDF-1a to ~10 s™ for 0.3 mM SDF-1a. R, terms were also present in extrapolated case
for residues 17, 20 (the N-terminus), 24, 27, 28, 30 (the first B strand), 36, 38, 40 (the
second P strand), 50-51 (the third B strand) and 64 (the C-terminal helix). If the rate of
interconversion of exchanging species is fast relative to the chemical shift difference, the

value of R,*/R.>* should be equal to 6007/500°, or 1.44. Residues with R.,*/R,>*
values within the range 1.44 = 0.28 (20% of error) included 23, 25, 27, 28, 50, and 65 for
1.5 mM SDF-1q, and 25, 27, 28, 29, 38, 41, and 65 for 0.3 mM SDF-1a.
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Discussion
SDF-1 a exists in monomer-dimer equilibrium

Experimental relaxation data demonstrates the existence of monomer-dimer
equilibrium for SDF-1a. Proton chemical shifts observed in both 1D and 2D NMR
experiments, and per residue transverse relaxation rates, R,, demonstrated a dependence
on the concentration of SDF-1a. Determined K, of 5 = 1 mM indicates a weaker self-
association than previously reported (/9), and agrees with the K, dependence on buffer
composition (20). In our study, the buffer was of low ionic strength, containing only 20
mM acetate and negligibly small amounts of azide and chloride. This buffer was
optimized previously to minimize dimerization (70).  High ionic strength buffers are
expected to neutralize the positively charged residues on the first B-sheet of SDF-1a
(Lys*, His®, Lys”), reducing the repulsion between monomers, and favoring dimer
formation (20). In our experiments, the percentage of dimer was 27.4% in the most
concentrated sample (2.6 mM SDF-1a), 19.2% and 5.2% in the sample containing 1.5
mM and 0.3 mM SDF-1aq, respectively.

Model free analysis

Protein dimerization often complicates the interpretation of relaxation
measurements (3/, 32), causing significant overestimations of the generalized order
parameter and internal motions, as shown by simulations (29). The model free analysis,
appropriate for the interpretation of relaxation data of purely monomeric or dimeric
species, is not strictly suitable if both species are present in substantial quantities. There
are a number of approaches that account for monomer-dimer equilibrium in model free
analysis (33-36). One of them presents relaxation data only qualitatively (36). Another
requires approximations such as equivalent local motions for both dimeric and
monomeric species (33). We have extrapolated relaxation parameters to infinite dilution
to obtain T, and T, for monomeric species, similarly to the approach of Pfuhl and
coworkers, who extrapolated their data to infinite dilution where only a pure dimer
existed (34). Model free analysis was performed on datasets obtained for two different
concentrations of SDF-1a and on a dataset extrapolated to infinite dilution. The value of
the overall correlation time for SDF-1a decreased with the decreasing fraction of dimer,
as previously observed (33, 34, 37). The value of 4.42 ns for 7,°* obtained using
extrapolated dataset was reasonable for a 7.8 kDa protein containing flexible termini.

This is consistent with hydrodynamic calculations performed on the dynamin pleckstrin
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homology (PH) domain, where the presence of flexible tail slightly decreased the rate of
overall rotational tumbling (33).

Generalized order parameters obtained for 1.5 and 0.3 mM SDF-1a, and for the
extrapolated dataset showed similar trends with the N-terminus (residues 1-9) and the C-
terminus (residues 63-67) being flexible. S*> can be substantially overestimated for
proteins that self-associate (29). However, the results presented in our work were similar
to the results of previous experiments (34) and showed that the increases in S* in the
presence of dimerization was not drastic. ‘

Interestingly, residues 8-12 have been suggested to interact with the cognate
SDF-1a receptor (/6, 38). The N-terminus of SDF-l1a (residues 1-17) adopts an
extended conformation with two cysteines, Cys® and Cys'', constraining the region 8-12
by the two disulphide bonds Cys’-Cys* and Cys''-Cys®. S* values of 0.91 = 0.09 and
0.87 + 0.1 for Cys'' and Arg' indicate that the flexibility of this region is restricted on the
ps timescale. For comparison, the average S* value for Arg® was found to be 0.43 = 0.05.
Restriction of flexibility within this region may contribute favorably to the energy of the
interaction with a receptor.

The number of residues requiring R, terms to properly account for relaxation
data and the magnitude of R, terms showed a clear dependence on protein concentration
similarly to reported data (34). This dependence was not linear, as expected from
theoretical (39) and experimental (40) studies. Given that relaxation data for residues 25,
26, and 29 were missing due to the line broadening or due to the poor quality of
extrapolations, it is possible that the entire first B-strand is involved in the conformational
exchange. The second set of residues with R, terms was mapped to the second p-strand,
the third B-strand, and the C-terminus. Residues belonging to the first f-strand and the
C-helix directly participate in the formation of dimer interface. Residues with R, terms
in the second and third B-strands interact directly with the residues comprising interface.

In the absence of monomer-dimer exchange, e.g. in the purely monomeric case,
some residues still required R,, terms in the model free analysis. These are generally the
same residues involved in dimerization (Fig. D-9), and must reflect conformational

flexibility within the monomer. The mechanism consistent with this data is:

M & M*
M* + M* & D
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where M represents a conformation of the monomer less prone to dimerization, M* a
conformation more prone to dimerization, and D is the dimer. Such a mechanism would
help explain the apparent discrepancies in the solution structures of SDF-1a determined
by NMR. The NMR structure determined by Gozansky et al. (/8) is similar to dimeric
structures determined using X-ray crystallography (16, 17), and would represent the
species M*; whereas the Crump et al. structure (/0) would represent the species M. The
phosphate buffer used by Gozansky et al. is expected to favor dimerization as compared

to the acetate buffer used by Crump et al. (20).

Comparison with other chemokines and implications for receptor interaction

Chemokines were found to undergo dimerization using two major subclasses of
binding modes. The first group dimerizes in a fashion similar to IL-8, utilizing residues
on the first B-strand to establish the dimer interface, and the second group dimerizes
similar to vMIP-1, utilizing residues from N-terminal loops (4/). It would be interesting
to compare the parameters obtained from relaxation measurements, especially R, terms,
with respect to the different dimerization modes utilized by chemokines. In case of IL-8,
which exists predominantly in dimeric form, the existence of monomer-dimer
equilibrium resulted in line broadening in the regions of residues that make intersubunit
contacts, even if the concentration of a monomer was negligible (27). In the case of
eotaxin, eotaxin-2, and eotaxin-3 ’(25, 42, 43), the information about dimer interface is
lacking and therefore, R, terms cannot be ascribed to self-association. In case of
fractalkine, residues involved in crystal packing and those with R., terms are partially
overlapped (26). These studies suggest a correlation between oligomerization behavior
of proteins and the requirement for R,, terms to account for the relaxation data. The
detailed studies of relaxation and its concentration dependence for larger protein groups
might be interesting.

The biological relevance of chemokine oligomerization may differ among the
various members of the chemokine family that includes more than 60 members with a
broad range of oligomerization behavior. The dependence of SDF-1a dimerization on
pH and buffer composition was studied recently (20). SDF-1a, with a physiological
concentration of 25-50 ng/ml (44) and a dimerization constant from ~150 M in PBS
buffer (/9) to ~5 mM in acetate buffer (in our work), is unlikely to dimerize under
physiological conditions. However, high ionic strength and interactions between SDF-1a

and glycosaminoglycans at the cell surface can increase the fraction of dimeric SDF-1a.
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Therefore it is reasonable to expect that SDF-1a in vivo can function both as a monomer
and as a dimer under certain conditions. The intrinsic ability of SDF-1a to dimerize, and
the interplay with the cell surface environment may play role in modulating the

interaction of SDF-1a with its cognate receptor.

Materials and Methods

Protein expression and purification

The DNA encoding human SDF-la (residue 1-67) was purchased from
InvivoGen and subcloned into the pET-3a expression vector from Novagen. E. coli strain
BL21(DE3)plL.ysS was transformed with the expression vector and incubated at 37 °C to
an ODyg, of 0.6-0.8. Cell cultures were induced with IPTG and harvested after 3 hours.
Uniformly "“N-labelled SDF-1o. was expressed similarly in a media enriched with *N
ammonium sulfate (45). Cell pellet was lysed using French press, centrifuged (10000
rpm, 10 min), homogenized, and solubilized in 8M urea buffer (50 mM Tris, pH 8.0).
Homogenate was centrifuged again to remove cell walls and membrane debris (18000
rpm, 1 hour), and applied to a cation exchange CM-Sepharose column (50 mM Tris, pH
8.0). Protein was refolded by overnight dialysis against 10 mM NH,HCO, and the first -
methionine residue was cleaved with CNBr as described earlier (46). The protein was
purified on a size exclusion column (Superdex 75), dialyzed against 10 mM NH,HCO;,
and lyophilized. The molecular weight determined by MALDI mass-spectroscopy was
equal to the expected (7831 = 1 for reduced species). The amino acid composition was
confirmed by the amino acid analysis. Biological activity of recombinant SDF-1a was
tested in the chemotaxis assay using mice spleenocytes Recombinant SDF-la
demonstrated chemotactic response similar to the commercially available control SDF-
la. sample (data not shown).

Sample preparation

NMR samples were prepared in 500 ul of buffer containing 20 mM CD;COONa,
1 mM NaN;, and 1 mM DSS in 90% H,0/10% D,0. The pH was adjusted to 4.9. The
two most concentrated samples were prepared by dissolving the lyophilized powder of
recombinant SDF-1a. The rest of the samples were serially diluted from the sample
containing 1.5 mM of SDF-1a, where the concentration was verified by amino acid
analysis. The concentrations of recombinant SDF-1a analyzed in this work were equal to
26,1.5,09,05,0.3,and 0.1 mM.

NMR spectroscopy (data acquisition and processing)

All NMR data were acquired at 30 °C on a Varian Inova 500 MHz spectrometer
and a Varian Unity 600 MHz spectrometer equipped with z-axis pulsed field gradient
triple resonance probes. In order to assign the backbone and side chain 'H and "N
chemical shifts, 3D NOESY-HSQC, 3D TOCSY-HSQC, and 2D {'H.”"N} HSQC were
acquired at 500 MHz for 1.5 mM SDF-1a. Relaxation data were obtained from "*N-T|,
®N-T,, and '"H-'°’N NOE experiments conducted at 500 and 600 MHz for samples -
~ containing 2.6, 1.5, 0.8, 0.5, and 0.3 mM SDF-1a. At 500 and 600 MHz, T, data were
acquired using relaxation delays of 10, 50, 100, 200, 300, and 400 ms, and T, data were
acquired using relaxation delays equal to 10, 30, 50, 70, 90, and 110 ms. The delays
between transients in T, and T, experiments were set to 3.5 s for 600 MHz and 2.5 s and
3.5 sin T, and T, experiments respectively for 500 MHz. A sufficiently long delay
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between transients was necessary to prevent sample from heating as previously shown
(47). {'H,"’N} NOE experiments were conducted using delays of 5 s for spectra recorded
without proton saturation at both fields and delays of 2 s for spectra recorded with proton
saturation. The proton saturation time was equal to 3 s and the total time between
acquisitions was equal to 5 s. In addition, to follow the chemical shift changes as a
function of SDF-1a. concentration, 1D 'H spectra and 2D {'H,"’N} HSQC spectra were
acquired for every sample. Processing of NMR data was accomplished with NMRPipe
software. Relaxation parameters T, and T, were obtained using NMRview and were in
agreement with T, and T, values calculated using Mathematica scripts provided by Leo
Spyracopoulos.
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Figure D-1. 2D {'H, ’N} HSQC correlation spectrum of 1.5 mM SDF-la. Assigned
residues are indicated on the spectrum with labels. Arginine and glutamaine side chains
amide protons as well as the indole NH of Trp’’ are indicated with an asterisk. The
resonance marked with a double asterisk was not assigned.
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Figure D-2. Relaxation data obtained at two magnetic fields for 1.5 mM SDF-la. (a)
T, (O) and T,*™ (@), (b) T,°™ (O) and T,>"(®), (c) NOE*™ (O) and NOE** (@), (d)
NOE*/NOE’® ratio, (¢) T,*/T,*® ratio, (f) T,2%T,°® ratio, and (g) T,°*/T,°% ratio
(>) and T;°°/T,>® ratio (®). Elements of secondary structure were determined from the
coordinates of the crystal structure (/7).
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Figure D-3. '’N-T,°” relaxation data for SDF-lo. samples containing different
concentrations. "N-T,*® relaxation data is shown for 2.6 mM (@), 0.9 mM (O), and 0.3
mM (A) SDF-1a. Only three T,’” datasets from a total of five are shown for clarity.
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Figure D-4. '""N-R,’” relaxation data obtained for residues in the structured core of
SDF-1a. R, values were averaged and plotted as a function of the concentration of SDF-
la. The best fit to eq.7 yielded Kg =9 + 24 mM, Ry"= 7 + 1 s and Ry*=18 = 155",
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Figure D-5. Chemical shift changes obtained using 1D 'H (a) and 2D {'H, '*N} HSQC
NMR spectroscopy (b) plotted as a function of SDF-1a concentration for 3,5H of Tyr’
(®) and 2,6H of Phe'* () (a) and for Val* (M) and Trp*’ (®) (b).

. (a) _ od (D)
. e ©
Cg 0.35 .« 219 e
'U o3 5 'U 0.14 . .
15 - @ o0.12
N o.25 L s N 0.1 v
ot p i '?6 ok .
g 02 0 éoes pa
0.15 o a 0.06
o s Q
& 01 46 “0.04 L
0.05 4% ; 0.02
0 ﬁ . : : : , 0 A .
0 05 1 15 2 25 ¢ o5 1 15 2 25
concentration [mM] concentration [mM]

147




Figure D-6. Relaxation parameters, T,*" (a), T,>® (b), and T;>"/T,*” (c), extrapolated to
infinite dilution. Elements of secondary structure were determined from the coordinates
of the crystal structure (7).
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Figure D-7. Generalized order parameters, S°, for samples containing different
concentrations of SDF-la, and relaxation data extrapolated to infinite dilution.
Generalized order parameters for 1.5 mM SDF-1a at 500 (®) and 600 (O) MHz (a).
Generalized order parameters for 0.3 mM SDF-1a at 500 (@) and 600 (O) MHz (b).

Generalized order parameters obtained using T,°% and T,°% values extrapolated to
infinite dilution (¢).
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Figure D-8. R., parameters obtained for samples containing different concentrations of
SDF-1a. and for the case where relaxation parameters extrapolated to infinite dilution.
Rex parameters for 1.5 mM SDF-1a at 500 (®) and 600 (O) MHz (a). R parameters for
" 0.3 mM SDF-1a at 500 (@) and 600 (O) MHz (b). R., parameters obtained using T;*”
and T,°” values extrapolated to infinite dilution (c).
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Figure D-9. Mapping of the residues requiring R, terms on the structure of SDF-1a
dimer. The structure of dimeric SDF-1a is taken from Ohnishi er al. (16), (PDB code
1QG7). The two monomers are shown in grey and blue, with the residues suspected to
undergo chemical exchange indicated with labels on the blue monomer. Regions colored
in red are directly involved in the formation of dimer. Regions colored in pink may be
indirectly affected by the formation of dimer. Residues in black are missing from the
model free analysis due to line broadening or inadequate quality of the extrapolations.
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