Copyright
by
Aaron John Brown

2017



The Dissertation Committee for Aaron John Brown Certifies that this is the

approved version of the following dissertation:

Chemokine CXCL7 Monomer, Homodimer, and Heterodimer:
Structural Insights, CXCR2 Receptor Function, and

Glycosaminoglycan Interactions

Committee:

Krishna Rajarathnam, PhD, Supervisor

James Lee, PhD, Chair

Junji lwahara, PhD

Roberto Garofalo, MD

Margaret Cheung, PhD

Dean, Graduate School



Chemokine CXCL7 Monomer, Homodimer, and Heterodimer:
Structural Insights, CXCR2 Receptor Function, and

Glycosaminoglycan Interactions

by

Aaron John Brown, B.S.

Dissertation
Presented to the Faculty of the Graduate School of
The University of Texas Medical Branch
in Partial Fulfillment
of the Requirements

for the Degree of

Doctor of Philosophy

The University of Texas Medical Branch
March, 2017



Dedication

With love and gratitude to my parents, Carl and Laura Brown



Acknowledgements

I would like to start by thanking my mentor, Dr. Krishna Rajarathnam, for taking
me in and for all the support he has given me. By his example, I have learned the kind of
hard work it takes to succeed in science and have witnessed and learned from his passion
and love for what he does. He has been an amazing mentor and I am incredibly grateful
for the time I have gotten to spend learning from him. I would also like to thank my
fellow lab members Prem, Mohan, and Kirti. They have been an invaluable resource and
companions to me from the beginning. Thank you for welcoming me in and putting up
with my constant questions. I could not have gotten to this point without you.

I would also like to thank the members of my dissertation committee: Dr. James
Lee, Dr. Junji Iwahara, Dr. Roberto Garofalo, and Dr. Margaret Cheung. Thank you for
your time, support, and feedback throughout my time in Galveston. And a special thanks
to Dr. Lee and Dr. Iwahara who always opened their doors to me when I had a question
and never turned me away.

I would also like to give a very special thanks to the love of my life, Kathy
Wilson. You have been a wonderful support and so patient throughout the long years
here. Living apart this whole time has not been easy, but you have constantly pushed me
to do what needed to be done, and yet still made sure that I found time to enjoy life.
These passed years would not have been the same without you.

I would also like to thank the wonderful people I met here in Galveston for their

support and friendship. Thanks to Justin and Timi for welcoming me into their lives and



for all the fun we shared together. Dan, I’'m so glad I got to know you. Lunch wouldn’t be
the same without you. Thanks to Tyler and Ashley, who have been wonderful friends and
have made Galveston feel more like home. And of course my buddy Juan, you have been
a great friend and, as you say, ‘partner in crime’ throughout my time here. I’'m so glad we
had the chance to be roommates.

Also, I would like to give a special thanks to Cory, David, Jared, and Micah. Just
knowing you guys are there to always support me has been a huge blessing. Thank you.

I would like to extend a very special thanks to my family. I could not have done
this without you. Thank you mom and dad for your unwavering support and love and
thanks to Jeremy and Dani for just making life better, you guys are the reason I am who I
am today and I am so grateful to have you in my life. Love you guys.

Finally, I’d like to thank God, through whom all things are possible and in whom

I find constant love and support.



Chemokine CXCL7 Monomer, Homodimer, and Heterodimer:
Structural Insights, CXCR2 Receptor Function, and

Glycosaminoglycan Interactions

Publication No.

Aaron J. Brown, PhD

The University of Texas Medical Branch, 2017

Supervisor: Krishna Rajarathnam

Platelet-derived chemokine CXCL7 (NAP-2) plays a critical role in mediating the
crosstalk between platelets and neutrophils for initiating repair during vascular injury.
CXCLY7 function is coupled to CXCR2 receptor activation and interactions with sulfated
glycosaminoglycans (GAG) that regulate receptor activity. CXCL7 exists as monomers
and dimers and there is also evidence that it could form heterodimers. Currently, nothing
is known regarding the structural features of the monomer, dimer, and heterodimer, and
the molecular basis by which these various forms mediate receptor and GAG interactions.
We have addressed this missing knowledge as a part of this doctoral thesis. Structural
characterization of each of the different CXCL7 forms was challenging because multiple
species (say monomer and dimer) always coexist, and structural studies demand that only
a single species is present for unambiguous characterization. Using a combination of
solution conditions and concentrations, NMR spectroscopy, modeling, protein
engineering, and cellular assays, the structural features of the monomer, homodimer, and

heterodimer, their receptor activity, and GAG interactions have been successfully

Vi



characterized. Our findings indicated that the receptor activity and binding interactions
were similar for all the variants, with the CXCR2 N-domain binding a hydrophobic
groove along the CXCL7 N-loop. However, the GAG binding properties of the monomer,
homodimer, and heterodimer vary, and most interestingly, dimer is favored in the GAG
bound form. This was an unexpected finding as the dimer is the minor species in solution.
Further, several of the residues involved in GAG binding are also involved in receptor
interactions, indicating that the GAG-bound monomer, homodimer, and heterodimer
cannot activate the receptor. We conclude that both homodimers and heterodimers play
an important role in mediating CXCL7 function via their interactions with GAG and
propose that the GAG-bound dimers regulate the steepness and duration of concentration
gradients, which in turn regulates the levels of free monomer available for CXCR2
activation and neutrophil recruitment. Further, this work provides proof-of-concept that
the disulfide trapping strategy can serve as a valuable tool for characterizing the
structural and functional features of a chemokine heterodimer for a variety of chemokine

pairs.
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Chapter 1

Introduction

An essential component of many biological processes is the directed trafficking of
various cell types to the target tissue. This phenomenon is controlled by several families
of signaling proteins that include growth factors, cytokines, and chemokines. Of these
signaling proteins, the chemoattractant cytokines, or chemokines, play a fundamental role
in host immunity either by active recruitment of leukocytes to an area of infection or
injury or during regular immune surveillance'”. The general mechanism of trafficking
involves release of chemokines, which diffuse through the surrounding tissue to the site
of the target cell, often in the blood. Chemokines function by activating seven
transmembrane G-protein couple receptors (GPCRs), which initiate signaling through G-
protein and P-arrestin mediated pathways. These signals ultimately result in cellular
motility leading to the directed movement of cells down the established chemokine
gradient. Chemokines also bind to extracellular glycosaminoglycans (GAGs) that play a
role in regulating the recruitment process.

Chemokines are relatively small proteins of approximately 70 to 90 amino acids
in length and have a molecular weight of ~ 8 to 10 kDa. In addition to leukocyte
recruitment, chemokines have been shown to play a role in proliferation, extracellular
matrix remodeling, development, tissue repair, and angiogenesis”'>. Humans express
around 50 chemokines, which are classified based on the position of the first two
conserved cysteines near the N-terminus as CXC, CC, CX;3C, and XC. The chemokine
system exhibits incredible complexity, which in turn provides exquisite sensitivity and
control. This is achieved, in part, through a complex network of receptor-chemokine

interactions. Many chemokines bind multiple receptors, while others are specific to just
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Figure 1.1: Chemokine-Receptor Interaction Network. A table of the known
interactions of chemokines with their cognate receptors. Green circles

represent an agonist, while red ‘x’ represents an antagonist. Table is adapted
from Stone MJ, et al., Int J Mol Sci, 2017.



one. Likewise, many receptors bind multiple chemokine ligands while others are very

1314 "Fyrther, these chemokine networks are regulated by both

selective (Figure 1.1)
chemokine dimerization and GAG interactions that play a fundamental role in the
spatial/temporal regulation of chemokine signaling. Because these multiple interactions
contribute to tight regulation, dysfunction at any point along these signaling pathways
will lead to collateral tissue damage and disease'>'”. In fact, chemokines have been
implicated in a variety of inflammatory and autoimmune diseases such as rheumatoid
arthritis, atherosclerosis, asthma, transplant rejection, and multiple sclerosis, as well as in
diseases such as HIV, bacterial pneumonia, meningitis, and cancer'®?’. For this reason,
understanding the molecular mechanisms that regulate chemokine dimerization,

chemokine-receptor and chemokine-GAG interactions at each step of recruitment is

essential for developing improved therapeutics for a variety of disease states.

STRUCTURE AND CHARACTERISTICS OF CHEMOKINES

One of the remarkable features of chemokines is that despite a diverse range of
target receptors and functions, all chemokines have a high degree of structural homology
at the monomer level. The first chemokine structure was solved in 1990 for CXCLS8 (also
known as interleukin-8, IL-8) using NMR spectroscopy”*. Since then, many different
structures have been solved and all share a common ‘“chemokine” tertiary fold. This fold
is characterized by an unstructured N-terminus, followed by an N-loop, which together
are responsible for binding the recept0r29’30. This is followed by a 3¢ helix that leads into
three anti-parallel pB-strands forming a pB-sheet and a C-terminal a-helix that runs across
the B-sheet (Figure 1.2)*'*%. This common fold also includes several conserved features,
which are crucial for function. N-terminal conserved cysteines form disulfides: the first
cysteine with the third cysteine on the 30s loop and the second cysteine with the fourth
cysteine on the third B-strand. Removal of these disulfides results in significant structural

changes and loss of function®?*. For example, reduction of the first disulfide in CCL18
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(MIP-4) results in reduced recruitment of T-cells®. Another study showed the disulfides
for CXCL8 impart structural stability that is critical for both protein fold and function™.
Chemokines that differ from this canonical pair of disulfides include the XC chemokines,
which have only one disulfide and a group of CC-type chemokines, such as CCL15
(HCC-2) and CCL23 (MPIE-1) that have an additional disulfide’>’. There is also a
group of CX chemokines from zebrafish that, like the XC chemokines, have only one
canonical disulfide, yet form a total of three disulfides*’.

Another conserved structural feature is the hydrophobic core, which is required
for proper chemokine folding. Mutations of residues in this core result in misfolding and
loss of function. There are also conserved residues, such as proline, which are also
important for protein folding*'. These conserved features serve as a scaffold that present
specific residues to the corresponding receptor and provide an explanation for how
structural homology could result in such varied signaling pathways and binding

1
partners ’,



30s-loop

'N-terminus

Figure 1.2: Structure of a Chemokine Monomer. Ribbon diagram of a typical
chemokine monomer structure. The important structural elements are
labeled for reference. Structure is chain A of the MGSA dimer (PDB ID:
1MGS)

CHEMOKINE OLIGOMERIZATION

Another pivotal chemokine feature is that some chemokines exist not only as
monomers, dimers, but also as tetramers, oligomers, and higher order polymers. The first
chemokine structure, for CXCL8, was dimeric under both NMR and X-ray
conditions™***_ Several other structures followed and were either tetrameric or dimeric.
For example, the first CC-type chemokine structure was solved for CCL4 (MIP-1p) using
NMR spectroscopy and was also dimeric**. In the structures that followed, the
dimerization potential for many chemokines varied, indicating a diverse range of
oligomerization properties. For instance, many of the early CC-type chemokine
structures, such as that of CCL5 (RANTES), were solved at very low pH due to
aggregation effects. Low pH, in turn, had a large effect on the monomer-dimer

equilibrium, favoring the monomer over dimer*™™*’. Other chemokines such as CCL1 (I-
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309), CCL15, and CCL23 do not form dimers in solution even at higher pH and high mM
concentrations used in NMR studies™>***.

Another interesting difference between chemokine oligomers was observed when
comparing CC and CXC type dimers. CC dimers form an elongated structure with a new,
mini B-strand along the N-terminus, anti-parallel to the corresponding monomer’s N-
terminus, forming a mini B-sheet (Figure 1.3A). CXC dimers form a globular structure
through interactions along the first B-strand, forming an extended, six stranded B-sheet
stabilized by the C-terminal helix extending over the second monomer (Figure 1.3B). The
CXC type dimer interface interactions largely consist of hydrophobic packing between
the first P-strand and o-helix to the corresponding monomer’s [-sheet. These
hydrophobic residues are more common in CXC-type chemokines than in CC
chemokines™’. Another important interaction that stabilizes the CXC-type dimer is the
network of six H-bonds between the B;-strands of each monomer. Further, some of the
CXC dimers are also stabilized by electrostatic interactions between residues on the a-
helix and the corresponding (-sheet or across the first two B-strands. These electrostatic
interactions vary to a greater extent between different chemokines compared to packing
interactions.

Structures for many chemokines fall within one of these two types of dimer
structures. These include CXCL1°"?, CXCL2>*, CXCL5>’, CXCL7°*’, CXCL12%,
CCL2™%, cCcL4*, cCL5™, CCL11", and CCL26"', where the CXC chemokines form
CXC dimers and CC chemokines form CC dimers. Of course, there are exceptions to this
rule. Some CC chemokines form CXC-type dimers®*®, while some CXC chemokines
form CC-type dimers®. Chemokines that form globular tetramers exhibit both CXC and
CC dimer interfaces’”*". Further, lymphotactin, the only member of the XC family,
shows both a typical chemokine fold and a completely different fold as a function of pH

and solution conditions™.



On top of this complex system of different dimerization interfaces is the fact that
many chemokines form tetramers and some can form higher order oligomers and
polymers. CXCL4 and CXCL7, for instance, are examples of tetramers®®®®. They both
form a globular tetramer as a dimer of CXC dimers (Figure 1.3C). Chemokines such as
CCL3, CCL4, and CCL5 form high order polymers®”®7°. These polymers consist of
elongated tetramer units that form a linear, extended chain like structure (Fig 1.3D).
These interactions are also mediated by a combination of hydrophobic and electrostatic
interactions, as seen for dimers.

Observance of dimeric/oligomeric structures originally led to the belief that the
dimer was the active form in vivo and that receptor binding was at least in part along the

. - 29,44
dimer interface’”

. However, development of obligate monomers, as well as studies at
low concentrations, showed this was not the case and that monomer was active in vivo’"
7 In addition, studies of the monomer-dimer equilibrium revealed monomer is likely
present at physiological concentrations and is the high affinity ligand for the receptor’.
However, more recent evidence for the importance of dimerization has swung the
pendulum back towards an interest in understanding the role of dimers in regulating

chemokine function’®’®,

Furthermore, the varied oligomerization properties of
chemokines, which remarkably arise from a group of proteins that have the same tertiary

fold, point to the inherent structural plasticity of the dimer interface.



Figure 1.3: Structures of chemokine dimers and tetramers. (A) Structure of a CC-
type dimer from CCL5 (PDB ID: 2L9H). (B) Structure of a CXC-type dimer
from CXCL8 (PDB ID: 11L8). (C) Elongated tetramer as a dimer of CC-
dimers from CCL5 (PDB ID: 2L9H). Long polymers may form through the
same interaction surface. (D) Globular tetramer as a dimer of CXC-dimers
from CXCL7 (PDB ID: 1NAP). For each structure, each monomer subunit
is represented by a different color.

RoLE oF GAG BINDING

One of the key aspects linking chemokine dimerization to function is their
interactions with glycosaminoglycans (GAG). GAGs are highly sulfated polysaccharides
that are commonly attached to membrane proteins and are called proteoglycans79. They
are found on many different cell surfaces, in intracellular granules of certain cell types, in

the basement membranes of various tissues, as well as in the extracellular matrix™ " .



GAGs also bind to a variety of proteins involved in cell growth and development, cell
attachment, migration, viral invasion, organogenesis, angiogenesis, cancer, blood

8291 The most common GAGs in

coagulation, inflammation, and responses to injury
relation to chemokine biology are heparan sulfate (HS) and chondroitin sulfate
(CS).However, studying HS or CS in vitro is extremely challenging due to the inherent
heterogeneity of GAG polysaccharides. Unlike proteins or DNA, synthesis of GAGs is
not template driven, and therefore, in vitro production of uniformly sulfated GAGs is
extremely challenging. For this reason, heparin is commonly used for in vitro studies as
it is more or less uniformly sulfated and is commercially available at a variety of lengths.
HS and heparin are also composed of the same disaccharide units, with differences
mainly in their sulfation patterns, providing a rationale for using heparin as a mimic for
highly sulfated regions of the HS (Figure 1.4).

All GAGs are composed of repeating units of an uronic acid and an amino sugar.
In the case of HS, the basic structural unit is a f1-4 linked D-glucuronic acid and an al1-4
linked N-acetyl-D-glucosamine®. The basic unit of CS is composed of a p1-4 linked D-
glucuronic acid and a P1-3 linked N-acetyl-D-galactosamine’>. These GAGs have
varying degrees of sulfation and are often found with regions of high sulfation followed
by regions of little or no sulfation. In the case of HS, sulfate groups are located at the C2
position of the glucuronic acid and at either the C6 or C3 position of the glucosamine
(Figure 1.4). The structural implications of these sulfation patterns are of increasing
interest. For instance, structures of largely unsulfated HS at various lengths were
determined using a multidisciplinary approach and were found to have increased
flexibility when compared to the heparin structure®. These varied structures, chain
lengths, and sulfation patterns may well be responsible for the differential regulation of
recruitment in various tissues. For instance, our lab has shown recruitment in the lung
differs from the peritoneum in a mouse model and is also dependent on the monomer-

dimer equilibrium’*”*. Another example is CXCL7, which recruits neutrophils to the
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thrombus. CXCL7 is released in relatively high concentrations from activated platelets,
and the established gradient promotes leukocyte polarization and motility®*. The role of
GAG 1n this recruitment differs from recruitment across the endothelium, and further
highlights the contextual importance of GAG-binding. Therefore, knowledge of the
molecular mechanisms that mediate GAG interactions is essential to understand the link
between GAG binding, chemokine dimerization/oligomerization, and gradient formation

for a host of biological systems.

Heparin/Heparan Sulfate

080y 080y 050y

0 0 0 0 1} / . 0
o cog, 0 ) 0 cog, 0/ ) o cog, 0 \/\
HO HO— \ HO HO \ HO. HO- OH
080y 080y

NHSO; NHSO; 050y NHSO;

Figure 1.4: Chemical structure of GAG. The chemical structure for heparin is shown.
The potential sulfation sites are highlighted in red, blue, and purple.
Heparan sulfate has the same composition as heparin, except for differences
in epimerization of the carboxylate group (green) and sulfation patterns.

CHEMOKINE HETERODIMERS

As addressed above, chemokine oligomerization and GAG interactions play an
important role in regulating chemokine function. However, recent evidence indicates an
additional interaction may add a further layer to the complexity: formation of chemokine
heterodimers. Considering the high structural homology between chemokines, that many
chemokines form similar types of dimers, and that many chemokines are co-expressed in
vivo, it follows that chemokines are capable of forming heterodimers. However, very

little is known regarding heterodimer formation i.e., which chemokines form
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heterodimers, how heterodimer formation relates to homodimer, and how heterodimer
regulates chemokine function in vivo?

Several studies to date have provided evidence for chemokine ‘synergy,” wherein
the presence of multiple chemokines results in enhance or altered activity”'°'. Synergy
is thought to play a role at the onset of inflammation, or when multiple chemokines are
present at high concentrations. However, heterodimer formation is not the only possible
explanation for chemokine synergy. Altered receptor signaling and competitive GAG
interactions, in addition to heterodimer formation, have all been proposed to play a role in
the synergistic effect'®*'?®. Nevertheless, several studies have provided evidence that
chemokines do form heterodimers. For example, heterodimer formation was shown for
CXCL4 and CXCL8 using NMR'®, for several CC-type chemokines using mass
spectrometry'”’, for a number of CC and CXC chemokines using molecular dynamics'®,
and for platelet-derived chemokines using mass spectrometry'””. Further, the functional
potential of chemokine heterodimers was demonstrated for CXCL4 and CCLS using a
peptide inhibitor to disrupt heterodimer formation, resulting in reduced plaque formation
in an atherosclerosis mouse model''’. These studies provide strong evidence for the
importance of chemokine heterodimers, but fail to provide the structural features and
molecular mechanisms that dictate heterodimer formation. Further, these studies don’t
provide insights into how heterodimers interact with their cognate receptors or GAGs.
Characterizing these interactions is crucial towards understanding how heterodimers

contribute to regulating chemokine function.

CHEMOKINE-RECEPTOR INTERACTIONS

For chemokines, the primary mode of signal transduction is via binding and
activating seven transmembrane G-protein coupled receptors (GPCRs). This binding

causes structural changes in the GPCR that lead to the activation of G-protein mediated
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signaling pathways. These signaling pathways involve the release and activation of
associated Gai and Gy subunits. The Gai subunit is converted to its GTP-bound, active
state and dissociation results in upregulation of intracellular messengers such as cAMP,
Ca®’, diacylglycerol and inositol-1,4,5-triphosphates. GBy subunits activate PI3K which
phosphorylates PI, to PI;. These signals activate several further pathways that lead to
motility, growth, and gene expression''"''?. In addition, GPCRs also signal through f-
arrestin pathways that promote receptor internalization or activate downstream signals
such as MAPK'".

From the perspective of the chemokine, the important interaction is the initial
binding of the chemokine to the extracellular portion of the receptor. However,
determining the structural characteristics of the chemokine-receptor complex is
challenging. While chemokine structures have been extensively characterized, the
receptors are much more difficult due to the inherent challenges that come with studying
membrane proteins. The first GPCR structure was solved for rhodopsin''*. Other
structures followed, which provided structural insights into receptor structure and
activation, especially for the rhodopsin family of receptors''”. Recently, the structure of
free CXCRI1, as well as other chemokine receptors bound to an antagonist or small
molecule inhibitor has been reported''®!''”. However, there is still no structure for
CXCR?2 or for a chemokine bound receptor. Sequence analysis of chemokine receptors
indicates that most receptors have similar structural motifs consisting of seven
transmembrane domains, three extracellular loops, three cytoplasmic loops, an
unstructured N-terminal domain, and a C-terminal segment that binds to the associated
G-protein. Comparison to the known structures suggests that the extracellular loops and
N-terminal domain are likely close together in space and held together by disulfide
bonds''®. This is important because a variety of studies have shown that the N-terminus
and N-loop of chemokines bind to the N-terminus and one or more extracellular loops of

4,41,119-14
the target receptor>>> 41119145,
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These studies have resulted in a two-site binding model to describe chemokine-
receptor interactions. Site-1 consists of interactions between the N-loop of the chemokine
and the N-terminal domain of the receptor. Site-II consists of the N-terminal domain of
the chemokine interacting with one or more extracellular loops and transmembrane
regions of the receptor (Figure 1.5). The binding affinity for a chemokine to its target
receptor is thus a composite of Site-I and Site-II binding and coupled interactions. This
has been shown through several mutagenesis studies and chimeric chemokines that have
also shown Site-I (chemokine N-loop) is responsible for binding affinity and selectivity,
while Site-II (chemokine N-terminus) is essential for binding affinity and activation'’.
For instance, swapping N-loop residues in CXCL1 and CXCLS8 resulted in a swap of
receptor specificity'*°. Further, addition of a single methionine to the CCL5 N-terminus
resulted in loss of activity, and deletion of the first two N-terminal residues in CXCL12
resulted in no change to the binding affinity, but resulted in loss of activity’™'*’. These
studies have laid the groundwork for understanding chemokine-receptor interactions.
However, there is still a lack of insight into the structural basis and molecular
mechanisms that dictate these interactions for a variety of chemokine-receptor pairs, and
understanding these interactions is critical for developing therapeutics for chemokine-
mediated diseases.

In lieu of the two-site model and the difficulty in determining receptor structures,
a divide and conquer approach is an appropriate alternative for studying Site-I
interactions. In this method, a peptide from the extracellular N-terminus of the receptor is
used to examine the interactions with its cognate chemokine. As an early example, the
structure of CXCL8 complexed to the CXCRI receptor N-terminal domain was
determined and provided insights into the structural features that mediate binding and
selectivity'*'. A similar approach has been used for various chemokine-receptor pairs

30,139,148-154

using NMR and other biophysical techniques . These studies provided valuable

structural information on chemokine-receptor interactions and also provide proof of
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concept for using the same approach to study other chemokine pairs, such as CXCL7

with the N-terminal domain of CXCR2.

Cytoplasm

Figure 1.5: Overview of Site-1 and Site-1l1 interactions. A schematic of a GPCR
embedded in the cellular membrane. The chemokine binds first to Site-1,
and then to the extracellular loops at Site-1l that activates the receptor. The
signal is propagated through the receptor resulting in release of the bound
G-proteins (green circle).

NEUTROPHIL ACTIVATING CHEMOKINES

In addition to the location of conserved cysteine residues, chemokines are often
grouped based on their functional roles and receptor interactions'>>. One such group of
CXC-type chemokines are characterized by their N-terminal ‘ELR’ motif as well as their
role as agonists for the CXCR1 and CXCR2 receptor. The members of this subfamily
include CXCL1, CXCL2, CXCL3, CXCLS5, CXCL6, CXCL7, and CXCLS (Figure 1.6).
Aside from CXCL3 and CXCL6, structures of the others are known. Though all form
CXC-type dimer, there are some interesting differences. Most of these chemokines form

dimer with a low uM Ky4. However, CXCL7 forms a much weaker dimer with a K4 > 100
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uM. Despite this weak dimer, CXCL7 is the only one of this group to form a tetramer. In
addition, the solution conditions have different effects on dimer formation for different
chemokines. For CXCL8, dimerization is favored at lower pH compared to higher
pH'>!*%. CXCL7, on the other hand, weakly dimerizes at low pH but forms a relatively
stronger dimer at higher pH (Table 1.1)’°. These properties likely contribute to
differential regulation for each chemokine.

Among their many functions, these ‘ELR’ chemokines are responsible for
recruiting neutrophils to the site of tissue injury and infection'”’. The mechanism of
recruitment involves production of these chemokines from various cell types including
epithelial cells and resident macrophages in response to signaling molecules such as
TNF-o and IFN-y. These chemokines travel across the endothelium into the blood
stream, where they bind to GAGs on the endothelial surface. GAG bound chemokine
regulates the availability of the free chemokine for activating CXCR1 (in the case of
CXCLS8) and CXCR2 receptors on circulating neutrophils. Receptor activation results in
cellular migration to the site of infection via chemokine gradients'**'>. Once at the site
of infection, neutrophils can fulfill their role in killing microbes and perpetuating the
inflammatory response'®. Neutrophils accomplish this by releasing proteases,
antimicrobial peptides, and reactive oxygen species that serve to kill and clear any

160,162

microbes'®!, phagocytosis of foreign microbes for further clearance and killing , and

finally they release their chromatin along with a host of other proteins as neutrophil
extracellular traps that play a further role in killing microbes'®'**.

While the general mechanism of neutrophil recruitment is shared among these
chemokines, many have specialized roles in a variety of systems. These roles highlight
how the individual structural characteristics of a chemokine further contribute to the
specificity of chemokine-mediated recruitment. As an example, CXCL5 plays a role in

recruitment in the lung and adipose tissue, and has also been connected to cancer

metastasis and obesity'©'. In comparison, CXCL7 plays a role in recruiting neutrophils
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into the thrombus during clot formation, as demonstrated by a CXCL7 knockout mouse

194

model™. As discussed above, these varied roles can be attributed to altered structural

characteristics, GAG binding properties, and/or receptor binding characteristics.

1 10 20 30 40 50 60
CXCL7?7 = ==e=mecew AELRCMCIKTTSG-IHPKNIQSLEVIGKGTHCNQVEVIATLKDGRKICLDPDAPRIKKIVQKKLAGDESAD
CXCL1 -===-ASVATELRCQCLQTLQOG-IHPKNIQSVNVKSPGPHCAQTEVIATLKNGRKACLNPASPIVKKIIEKMLNSDKSN~
CXCL2 -==--APLATELRCQCLQTLQG-IHLKNIQSVKVKSPGPHCAQTEVIATLKNGQKACLNPASPMVKKIIEKMLKNGKSN -
CXCL3 -===-ASVVTELRCQCLQTLQOG-IHLKNIQSVNVRSPGPHCAQTEVIATLKNGKKACLNPASPMVQKIIEKILNKGSTN~-
CXCLS AGPAAAVLRELRCVCLOTTQG-VHPKMISNLQVFAIGPQCSKVEVVASLKNGKEICLDPEAPFLKKVIQKILDGGNKEN
CXCL6 ~GPVSAVLTELRCTCLRVTLR-VNPKTIGKLQVFPAGPQCSKVEVVASLKNGKQVCLDPEAPFLKKVIQKILDSGNKKN
CXCL8  ====== SAKELRCQCIKTYSKPFHPKFIKELRVIESGPHCANTEIIVKLSDGRELCLDPKENWVQRVVEKFLKRAENS -

Figure 1.6: Sequence alignment of neutrophil activating chemokines. Conserved
residues are highlighted in red, and the ‘ELR’ motif responsible for
activating the CXCR1 and CXCR2 receptors are in green.

Protein |Dissociation Constant (pM) Solution Conditions Reference
CXCL1 q 50mM Na-Phos, 100 mM NaCl, pH 7.0, 20°C | Rajarathnam, etal. J. Biol. Chem. 1996
43 50 mM Na-Phos, 100mM Nacl, pH 5.0, 20°C Same as above
CXCL5 0.5 50 mM Phos, pH 6.0 Sepuru, et al., PLOS One, 2014
CXCL7 53 50mM Na-Phos, 100mM NaCl, pH 7.0, 20°C | Rajarathnam, et al. J. Biol. Chem. 1996
102 50mM Na-Phos, 100mM NacCl, pH 5.0, 20°C Same as above
300 (monomer:dimer) 250 mM NaCl, pH 7.0, 30°C Yang, et al., J. Biol. Chem. 1994
900 (dimer:tetramer) Same as above Same as above
CXCL8 21 Phosphate-buffer, pH 7.4, 8°C Paolini, J. F., etal., J. Immunol. 1994
14 20mM NaPO,, 150mM NaCl, pH 7.4, 25°C Burrows, S. D. et al., Biochemistry, 1994
18 same as above, except at 37°C Same as above
<0.1 50 mM phos, pH 5.7, 20°C Lowman, et al. Protein Sci. 1997
12 50 mM Phos, pH 7.0 Rajagopalan, et al., Biophy. J. 2007

Table 1.1: Dimerization/dissociation  constants of  neutrophil  activating
chemokines. A compilation of known binding constants at various buffer
conditions.
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CHARACTERIZING CXCL7 INTERACTIONS

In this dissertation, the structural basis and molecular mechanisms that regulate
CXCL7 monomer-dimer formation, GAG binding, receptor interactions, and heterodimer
formation were investigated. These interactions are critical to the controlled recruitment
of neutrophils into the thrombus. During recruitment, CXCL7 is released in high
concentration from activated platelets. In addition, platelet granules contain a variety of
other chemokines, including neutrophil activating chemokines. CXCL7 also has the
unique property of forming a weak dimer, yet also forming a tetramer. These
characteristics make CXCL7 an ideal system for gaining fundamental insights into the
native chemokine monomer-GAG interactions, characterizing the structural basis of
heterodimer formation, and elucidating the role of GAG binding in heterodimer mediated
regulation.

In order to characterize these interactions, we use an NMR based approach, along
with protein engineering, biochemical, and modeling techniques. NMR is extremely
useful for observing interactions of monomer, homodimer, and heterodimer in
equilibrium, and is the only technique that can simultaneously give insights into the
molecular level interactions involved in binding. Protein engineering was used to develop
a disulfide linked trapped homodimer and heterodimer for structural and functional
studies. Together, these experiments have provided valuable insights into the molecular
mechanisms that regulate chemokine-receptor, chemokine-chemokine, and chemokine-

GAG interactions for CXCL7 and related neutrophil activating chemokines.
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Chapter 2

Structural Basis of Native CXCL7 Monomer Binding to the CXCR2

Receptor N-domain and Glycosaminoglycan Heparin

ABSTRACT

CXCL7/NAP-2, a chemokine highly expressed in platelets, orchestrates
neutrophil recruitment during thrombosis and related pathophysiological processes by
interacting with CXCR2 receptor and sulfated glycosaminoglycans (GAG). CXCL7
exists as monomers and dimers, and dimerization (~150uM) and CXCR2 binding
(~10nM) constants indicate CXCL7 is a potent agonist as a monomer. Currently, nothing
is known regarding the structural basis by which receptor and GAG interactions mediate
CXCL7 function. Using solution NMR spectroscopy, we characterized the binding of
CXCL7 monomer to the CXCR2 N-terminal domain (CXCR2Nd) that constitutes a
critical docking site and to GAG heparin. We found that CXCR2Nd binds a hydrophobic
groove and that ionic interactions also play a role in mediating binding. Heparin binds a
set of contiguous basic residues indicating a prominent role for ionic interactions.
Modeling studies reveal that the binding interface is dynamic and that GAG adopts
different binding geometries. Most importantly, several residues involved in GAG
binding are also involved in receptor interactions, suggesting GAG-bound monomer
cannot activate the receptor. Further, this is the first study that describes the structural
basis of receptor and GAG interactions of a native monomer of the neutrophil-activating

chemokine family.
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INTRODUCTION

Chemokines, a large family of signaling proteins, mediate diverse biological

functions including inflammation, development, and tissue repair 8

Chemokines
mediate their function by activating seven transmembrane G-protein coupled receptors
(GPCRs) and binding sulfated glycosaminoglycans (GAGs) that regulate receptor
function”®'*'"° Another key feature of chemokines is their ability to reversibly exist as
monomers and dimers, and sometimes as higher order oligomers. Humans express ~ 50
different chemokines, which are classified on the basis of conserved cysteines near the N-
terminus as CXC, CC, CX;3C, and XC. Chemokine CXCL7 (also known as NAP-2),
released by activated platelets, plays a prominent role in recruiting neutrophils to the
injury site during thrombosis”'"""'”>. CXCL7 belongs to a subset of CXC neutrophil-
activating chemokines (NACs) that are characterized by an N-terminal ‘ELR’ motif and
function as potent agonists for the CXCR2 receptor'>’. Other members of the ELR-
chemokines include CXCL1, CXCL2, CXCL3, CXCLS5, CXCL6, and CXCLS8 (Figure
2.1).

Monomer-dimer equilibrium constants have been determined for CXCLI,
CXCL5, CXCL7, and CXCLS8. Among them, CXCL7 stands out, as it forms a much
weaker dimer”™">"*'” Whereas the dimerization constant for CXCL7 is ~ 100 to 200
pM, the values for other chemokines vary around ~1 to 10 uM. Our early dilution
experiments confirmed that the dimer levels increase with increasing concentration up to
a point after which tetramer levels populate, and dimer levels do not go beyond ~50% at
any given condition (Table 2.1). The structure of CXCL7 determined by crystallography
corresponded to the tetrameric state®’, which is not surprising, as crystallography by its
very nature results in the higher oligomeric state. The solution structure of a CXCL7

monomer determined in the presence of 2-chloroethanol that is known to disrupt
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intermolecular dimer and tetramer interactions has been reported, but its coordinates are

not available in the public domain®®.

6

5 10 15 20 25 30 35 40 45 50 55 60 65 70

CXCLT ======== AELRCMCIKTTSG-IHPKNIQSLEVIGKGTHCNQVEVIATLKDGRKICLDPDAP RIKKIVQKKLAGDESAD
CXCL1 ----ASVATELRCQCLQTLQOG-IHPKNIQSVNVKSPGPHCAQTEVIATLKNGRKACLNPASPIVKKIIEKMLNSDKSN-
CXCL2 ----APLATELRCQCLQTLQOG-IHLKNIQSVKVKSPGPHCAQTEVIATLKNGOKACLNPASPMVKKIIEKMLKNGKSN-
CXCL3 ----ASVVTELRCQCLQTLQG- I HLKNIQSVNVRSPGPHCAQTEVIATLKNGKKACLNPASPMVQKITEKILNKGSTN-

CXCL5 AGPAAAVLRELRCVCLQTTQG-VHPKMISNLQVFAIGPQCSKVEVVASLKNGKEICLDPEAPFLKKVIQKILDGGNKEN
CXCL6 -GPVSAVLTELRCTCLRVTLR-VNPKTIGKLQVFPAGPQCSKVEVVASLKNGKQVCLDPEAPFLKKVIQKILDSGNKKN

CXCL8 ------ SAKELRCQCIKTYSKPFHPKFIKELRVIESGPHCANTEI IVKLSDGRELCLDPKENWVQRVVEKFLKRAENS -
Figure 2.1: Sequence alignment of neutrophil activating chemokines. Conserved
‘ELR’ motif is shown in green. Basic residues that mediate GAG and
receptor interactions and hydrophobic residues that mediate receptor
interactions for CXCL7 identified in this study are shown in blue and red,
respectively. The corresponding residues in other chemokines are likewise
highlighted. Residues K9 and R54 shown to be involved in binding only in
CXCLY7 are italicized and underlined.
Concentration pH  Temp (C) Buffer Distribution
(uM)
77 49 35° 50 mM NaPi ~95% M, ~5% D
77 44 35° 50 mM NaPi ~85% M, ~15% D
77 5.0 35° 50 mM NaPi ~80% M, ~20% D
77 6.0 35° 50 mM NaPi ~70% M, ~30% D
77 7.0 35° 50 mM NaPi ~65% M, ~35% D
77 75 35° 50 mM NaPi ~60% M, ~40% D
77 7.5 2% 50 mM NaPi ~65% M, ~35% D
V% 7.5 35° 50 mM NaPi, 100 mM NaCl ~65% M, ~35% D
300 4.0 35° 50 mM NaPi ~95% M, ~5% D
300 4.0 g5* 50 mM NaPi ~95% M, ~5% D
300 6.0 35° 50 mM NaPi ~50% M, ~50% D
450 6.0 35° 50 mM NaPi ~55% D, ~45% M
600 6.0 35° 50 mM NaPi M/D/T*
840 6.0 35° 50 mM NaPi ~100% T
Table 2.1:  Distribution of CXCL7 monomers, dimers, and tetramers as a function

of solution conditions. M, D, T stand for monomer, dimer, and tetramer,
respectively. Pi = phosphate. ‘*’ indicates monomer, dimer, and tetramer
levels could not be determined reliably.
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Receptor binding and activity measurements have shown that CXCL7 binds
CXCR2 with nanomolar (nM) affinity, indicating the monomer is a potent agonistm.
Presently, nothing is known regarding the structural basis or molecular mechanisms by
which the CXCL7 monomer interacts with the receptor. Knowledge of the GAG
interactions is also essential as GAG interactions regulate receptor function. Using
solution nuclear magnetic resonance (NMR) spectroscopy, we characterized the binding
of the native CXCL7 monomer to the CXCR2 N-terminal domain (N-domain) that
functions as a critical ligand binding site and heparin that serves as a representative and
well-studied, sulfated GAG. Towards this end, we first assigned the chemical shifts of the
native monomer that are essential for characterizing receptor and GAG interactions and
also developed a chemical shift-based structural model of the CXCL7 monomer. We
observed that receptor binding is largely mediated by hydrophobic interactions, that
electrostatic and H-bonding interactions also play a role, and that the CXCR2 N-domain
binds a groove comprising the N-loop and adjacent B-strand residues. On the other hand,
heparin binding is predominantly mediated by electrostatic interactions. We observed that
heparin adopts different binding geometries and that the binding interface is highly
plastic. Most interestingly, our data indicate that GAG-bound CXCL7 monomer cannot

bind the receptor. Further, this is the first study characterizing the GAG and receptor

interactions of a native neutrophil activating chemokine monomer.
RESULTS

CXCL7 Monomer Chemical Shifts

Chemical shifts are exquisitely sensitive to local changes in the electronic
environment, and as such, serve as useful probes for mapping the binding interface of
macromolecular interactions. The binding interface is inferred from binding-induced
chemical shifts obtained from heteronuclear single quantum coherence (HSQC) titrations
of an unlabeled ligand to a '"N-labeled protein. Therefore, knowledge of the native
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CXCL7 monomer chemical shifts is essential to describe the molecular basis of receptor
and GAG interactions. We first characterized how monomer/dimer/tetramer levels vary
as a function of buffer, temperature, and pH from relative peak intensities in the 2D
HSQC spectra. A summary of the distribution is shown in Table 1.1. Our data indicate
that pH had the highest impact, with the monomer dominating at lower pH and tetramer
dominating at higher pH. The dimer was always observed in the presence of monomer or
tetramer and was not prevalent at any pH. Other variables such as temperature, ionic
strength, and buffer condition had much less effect. On the basis of these experiments, a
300 uM sample at pH 4.0 was selected for monomer assignments. Under these
experimental conditions, the protein exists as 95% monomer with the remaining 5% as
dimer. The HSQC spectrum under these conditions is shown in Figure 2.2A. A table of
the chemical shifts is also provided (Table Al). Because receptor and GAG interactions
were carried out at pH > 6, which better reflects physiological conditions, chemical shifts
at these pH were needed. HSQC spectra were recorded as a function of pH from 4.0 to
7.5 that allowed assigning monomer chemical shifts at the higher pH despite elevated
dimer levels. The backbone assignments at pH 6.0 were also confirmed using triple
resonance experiments. Interestingly, HSQC spectra collected as a function of pH also
identified several intramolecular interactions. The M6 amide proton is significantly
downfield shifted at higher pH (Figure 2.2B), and the corresponding residue in various
human and murine chemokines is also downfield shifted®®'”>'” On the basis of
previous mutagenesis studies in CXCL8 and CXCLI1, the chemical shift profile of M6
can be attributed to an intramolecular H-bond between the E35 side chain carboxylate
and M6 amide proton'’®. The K17 amide proton is likewise downfield shifted at higher
pH (Figure 2.2C), which can be attributed to H-bonding to the imidazole group of H15%.
The corresponding residue in other NACs has also been shown to be downfield shifted.
Mutagenesis studies in related NACs have also shown that these interactions are critical

for receptor function'**'”’. Further, significant chemical shift changes were observed for
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C7, and most interestingly, two distinct peaks at pH 5.0 and a distinct shoulder could also
be observed at higher pH (Figure A2). Structures have shown that the disulfides are
dynamic and that the disulfides, in addition to structure, also play crucial roles in receptor

function'”®.

Structural Model of the Native Monomer

A structure of the ethanol-induced monomer of CXCL7 has been previously
reported, but its coordinates are not available in the protein data bank™. Generally,
nuclear Overhauser effect (NOE)-driven structures require a sufficient number of long-
range NOEs to describe different structural elements, their relative orientation, and the
global fold. We could not obtain sufficient unambiguous long range NOEs to generate a
structure. In particular, NOEs between the p-strands and the helix could not be
unambiguously assigned. As our objective was to characterize the binding of the
monomer, and not determine the monomer structure per se, we generated a chemical
shift-based structure.

It is now well established that lH, 15N, Ca, and CP chemical shifts can give an
accurate structural model provided related structures are available. We first used our
chemical shifts to predict the secondary structure and backbone torsion angles using
TALOS-N'"""¥_Secondary structure prediction indicated three B-strands, an a-helix,
as well as a structured N-loop commonly observed in chemokines. Predicted torsion
angles were also well within favorable limits for a folded protein. We then generated a de
novo monomer structure using CS-ROSETTA. The resulting structure was a well-folded
protein with all the major chemokine structural motifs (Figure 2.3A). The torsion angles
and intramolecular H-bonds were analyzed, and the torsion angles for 67 residues fall

within favorable limits with the remaining three falling within acceptable limits.
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Figure 2.2: NMR Characteristics of the CXCL7 Monomer. (A) The HSQC spectrum
shows excellent chemical shift dispersion indicating a well-folded single
species at pH 4.0. The folded arginine side chain peaks are indicated in
closed brackets. (B,C) Large chemical shift changes observed as a function
of pH are shown for M6 and K17. Transition is from pH 4.2 (black), 4.4
(purple), 5.0 (blue), 5.5 (green) 6.0 (orange), and 7.0 (red).
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We next compared the new monomer structure to the previously described
monomer units of the tetramer crystal structure (PDB ID INAP)’’. Superimposition of
the monomer units from the tetramer reveals a backbone root-mean-square deviation
(RMSD) of 0.32A for structured B-strands and a-helix (Q20-G26, V34-L40, and R44-
A64). The new monomer structure showed a backbone RMSD of 0.82A compared to the
monomer units of the tetramer over the same regions, and differences in these regions are
mainly due to extended -strands and a slight change in the orientation of the helix. The
largest differences between the new monomer and the tetramer structure were observed
for the N-terminus and 30s-loop residues, which can be attributed to their conformational
flexibility’®'*'®* (Figure 2.3A). In general, the more dynamic a region is, the greater the
difference in its backbone RMSD. We further examined the N-loop and helical regions
as these are potentially involved in GAG and receptor interactions. Overall, the N-loop
and helix closely resemble those of the crystal structure, with an average backbone
RMSD of 0.64 A. The CS-based structure has a helix that spans from residues 54-64,
similar to that observed in the tetramer. It is interesting that residues 65 to 70 are also
unstructured in the tetramer, as C-terminal residues adopt a more defined helical structure
in other NAC dimers. For instance, in CXCLS, the last six residues (66 to 72) are
unstructured in the monomer whereas the helix extends up to residue 70 in the dimer
structures®™'”>. Similarly, only the last two or three residues are unstructured in the
CXCL1 and CXCL5 dimer structures’' >, A shorter helix in CXCL7 could in part
explain weak dimerization, as the corresponding residues in other NAC structures are
involved in favorable interactions across the dimer interface.

To better understand the dynamic properties of the native monomer, we also
carried out backbone 'H-'"N-heteronuclear relaxation measurements. Heteronuclear
NOEs are sensitive to motions in the picosecond-nanosecond timescale. Structured

residues tend to have high NOE values (~0.8), and less structured or dynamic residues

have lower NOE values. Our data indicated that the N-terminal residues preceding the
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CXC motif, C-terminal residues 66 to 70, and parts of the N-loop are dynamic, while the
rest of the protein appears highly ordered (Figure 2.3B). Comparison of our data to the
previously reported relaxation data of CXCL7 in the presence of chloroethanol shows
striking differences for the 30s loop residues. Heteronuclear NOE measurements in the
presence of 2-chloroethanol indicate a highly dynamic 30s loop, especially residues Q33,
V34, and E35, showing very low NOE values observed for the very terminal residues,

56,181,182 .
6.18LI82 These observations

whereas our values are similar to those of structured residues
suggest that chloroethanol influences dynamic properties, and so these data may not fully

reflect the dynamics of the native protein.

CXCL7:CXCR2 N-domain Interactions

Currently nothing is known regarding the structural basis of how CXCL7 binds the
CXCR2 receptor. Previous studies have indicated a two-site binding model for
chemokine-receptor activation'>!**!%Site-I, which functions as a critical docking site,
involves interactions between the chemokine N-loop region and receptor N-terminal
domain. Site-II functions as the activating site and involves interactions between the
chemokine N-terminal domain and receptor extracellular/transmembrane residues. As
characterizing the structural basis of binding to the whole receptor is experimentally
challenging, albeit possible'®*, we used a divide and conquer approach to characterize the
Site-I binding of CXCL7 to a CXCR2 N-terminal domain peptide. Such an approach has
been extensively used to characterize Site-I interactions for a number of chemokines

using different biophysical techniques including solution NMR spectroscopy"'*-1451>4,
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Figure 2.3: Structural Features of the CXCL7 monomer. (A) Ribbon diagram of the
CS-based CXCL7 monomer (blue) overlaid on a monomer of the tetramer
(gray). Major structural regions are labeled. (B) Heteronuclear NOE data of
the native CXCL7 monomer is shown. Secondary structural elements are
given for reference.

The native chemokine monomer binding to the CXCR2 N-terminal domain
(CXCR2Nd) was characterized at pH 6.0 using 2D-HSQC NMR titration experiments.
Significant chemical shift perturbations (CSP) were observed for hydrophobic residues
M6, G13, 114, 146 and AS2, polar residues C7, T10, T11, N18, Q20 and C47, and
charged residues K17, E23, D49, R54, and the R44 side chain (Figure 2.4). Most of these
residues constitute a continuous surface primarily along the N-loop and adjacent -strand.
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The perturbation of cysteines is likely due to indirect interactions, as these residues are
buried and so cannot be involved in direct interactions. Residues Q20 and E23 are located
on the opposite face from the other residues, suggesting their perturbations are also due to
indirect interactions.

To gain further insight into the binding, a model for the CXCR2Nd-CXCL7 monomer
complex was generated using HADDOCK-based calculations that utilize CSP data as
ambiguous interaction restraints along with shape complementarity and energetics to
drive the docking process. Modeling revealed a single binding mode with the N-domain
nestled along a groove between the N-loop and the Ps-strand. Binding in our model is
principally mediated by packing interactions between CXCL7 residues I8, T11, 114, and
146 and CXCR2 residues L28, L29, A31, and C34 (Figure 2.5). Comparison of the
chemokine sequences reveal that these residues are highly conserved (Figure 2.1), further
indicating they are critical to receptor binding. These observations also suggest that the
CSP of M6, T10, and AS52 are due to indirect interactions. In addition, several transient
interactions for charged and polar residues are observed in many, but not all, of the
models. These include an aromatic m-stacking interaction between CXCL7 H15 and
CXCR2 F27 and an H-bonding interaction between CXCL7 K17 side chain NH;" and
CXCR2 S22 side chain hydroxyl groups. CXCL7 R54 is also involved in binding,
forming either an H-bond between its guanidine side chain and CXCR2 P28 backbone
carbonyl or a cation-r interaction with CXCR2 F27 (Figure 2.5). The remaining residues
were not involved in direct binding interactions, indicating their CSPs are likely due to
binding-induced structural changes. Interestingly, H-bonding interactions were observed
between the CXCL7 K9 side chain NH;" and the CXCR2 D30 carboxylate, though K9
showed no chemical shift perturbation. It is likely that the absence of chemical shift
changes is due to cancellation between contributions from direct and indirect interactions
of similar magnitudes but opposite sign. Lack of CSP of lysine residues involved in GAG

binding has been previously observed in other chemokines'*>"'™. The docking model and
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CSP data collectively indicate that hydrophobic packing, guided by H-bonding and ionic

interactions, mediates Site-I binding.
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CXCL7 monomer binding to CXCR2 N-domain. (A) Portion of the 2D
HSQC spectrum showing the overlay of CXCL7 in the free (back) and in
the presence of CXCR2 N-domain at 1:3.5 molar ratio (red). Residues
showing significant perturbations are labeled and arrows indicate the
direction of the peak movement. (B) Histogram plot of binding-induced
chemical shift changes in the CXCL7 monomer as a function of amino acid
sequence. Basic residues are shown in blue. Hydrophobic residues with
significant CSP are shown in red. Prolines are indicated by a green ‘P’.
Residues that show CSP above the threshold (dashed line) are considered
involved in binding. Secondary structural elements are given for reference.
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Figure 2.5: Model of the CXCL7-CXCR2 N-domain complex. (A) The ribbon
diagram highlights the important binding residues on CXCL7 (orange). The
receptor peptide is shown in green. (B) A surface filling model of the
complex in the same orientation as shown in Panel A, highlighting residues
involved in packing (orange) and ionic (blue) interactions. Several
intermolecular interactions are circled and CXCL7 and receptor residues are
labeled in black and green, respectively. (C) A schematic of the electrostatic
surface in the same orientation as shown in Panels A and B highlighting the
hydrophobic pocket and the flanking basic residues. Important CXCL7
residues are labeled for reference.

CXCL7 Monomer-Heparin dp8 Interactions

CSP analysis of heparin dp8 titrated into CXCL7 showed significant perturbation
for residues in the N-loop, Bs-strand, and the a-helix (Figure 2.6). As basic residues are
known to mediate GAG binding, we focused on residues K9, H15, and K17 from the N-
loop, R44 from the B;-strand, and RS54, K56, and K57 from the helix. Peaks
corresponding to residues H15 and K17 are broadened out in the free protein but appear
during the GAG titration, indicating they are dynamic in the free form and become
structured upon binding. We could measure the CSP for K17 as the peak appears early in
the titration but not for H15 as it appears late in the titration. CSPs of hydrophobic and
acidic residues, which are located either proximal to basic residues or on the C-terminal
helix (residues L63-E67) are likely due to indirect interactions. Chemical shift
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perturbations reveal that helical residues L63-E67 are unstructured in the free form, and
the observation that the shifts move upfield in the bound form suggests that GAG binding
stabilizes and promotes formation of the helix. Further, as the peaks corresponding to
monomer and homodimer could be tracked simultaneously, we note that the equilibrium
does not shift upon GAG binding and that monomer continues to dominate, indicating the
monomer and dimer have similar affinities to heparin dp8.

To gain insight into the binding geometry, models of the dp8-bound monomer
structures were generated using HADDOCK. All significantly perturbed residues,
including hydrophobic and negatively charged residues, were used as restraints in
generating the models. However, all of the models showed interactions with only basic
residues indicating that the CSP of non-basic residues must be due to indirect
interactions. Docking models resulted in several families, and interestingly, no one family
could satisfy all of the residues that were perturbed in NMR CSP measurements. Models
indicate that all binding geometries share a common core consisting of H15 and K17 of
the N-loop and R54 of the a-helix. Whereas residues corresponding to H15 and K17 are
highly conserved, R54 is unique and only present in CXCL7 (Figure 2.1). The GAG
chain adopts three different orientations about this core due to selective binding to the
peripheral residues K9, R44, or K57, defined as models A, B, and C, respectively (Figure
2.7). Structures failed to show interactions for K56, which is oriented away from the N-
loop and towards the dimer interface, indicating its CSP perturbations are due to indirect
interactions. The same is true of the C-terminal residues L63 to E67, further supporting
our hypothesis that their CSPs are due to structural changes. These data collectively
indicate that the binding interface is plastic, and that multiple binding geometries mediate
monomer-GAG interactions. Additional docking experiments, where one of the
peripheral residues K9, R44, or K57 were excluded, resulted in the two remaining

geometries with no additional new geometries (Figure 2.7).
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The only previous monomer-GAG characterization is for CXCL8 using an
engineered monomer'®. Interestingly, the binding interactions for the CXCL8 monomer
were more stringent, with a single binding geometry similar to that observed in model A.
The more stringent geometry is mediated by a much larger core domain involving six
residues in contrast to only three in CXCL7. Additional core residues in CXCLS8 include
the C-terminal helical residues R60, K64, K67, and R68 (corresponding to K57, K61,
A64, and G65 in CXCL7). The smaller core in CXL7 appears to grant more degrees of
freedom, allowing the GAG to adopt a range of geometries about the core. Another key
difference is K11 in CXCLS, the residue corresponding to K9 in CXCL7, which shows
no interactions, and instead, K15 (equivalent to G13 in CXCL7), a residue unique to
CXCLS8, mediates binding. These data collectively indicate that both conserved and
specific residues play differential roles in mediating GAG interactions and binding

geometry in a chemokine-specific manner.
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Figure 2.6: CXCL7 monomer binding to heparin dp8. (A) Portion of the HSQC
spectrum showing the overlay of CXCL7 in the free (black) and in the
presence of heparin dp8 at a 1:4 molar ratio (red). Residues that show
significant perturbation are labeled. (B) Histogram plot of binding-induced
chemical shift changes in CXCL7 monomer as a function of amino acid
sequence. Residues that show CSP above the threshold (dashed line) are
considered perturbed. Basic residues Arg, Lys, and His are shown in blue.
Residue H15 is broadened out in the free spectra and is represented by a “*’.
Prolines are shown by a green ‘P’. Secondary structural elements are given

for reference.
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Figure 2.7: Models of the CXCL7-GAG heparin complexes. Different binding
geometries that arise due to differences in peripheral interactions are shown
in panels A to C, respectively. Left column shows the ribbon diagram of the
CXCL7 monomer, with GAG and positively charged side chains shown as
sticks. Right column shows the surface plots. Arg, Lys, and His residues are
highlighted in blue and labeled.
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DISCUSSION

CXCLY7 plays a critical role in recruiting neutrophils to a variety of tissues, and
dysregulation in this process has been implicated in inflammatory diseases such as

rheumatoid arthritis, acute lung injury, and CopD'¥-191

, as well as a variety of
cancers'**'”. One of its primary functions involves neutrophil-platelet crosstalk during
vascular injury, as it is released at relatively high concentrations from activated platelets
and provides cues for directed neutrophil migration to the injury site’*. However, nothing
is known regarding the molecular level interactions between CXCL7 and its target
receptor CXCR2 and GAGs.

As a member of the neutrophil activating chemokine family, CXCL7 shares
several properties such as a similar tertiary structure and activation of CXCR2 via the
conserved ‘ELR’ motif. However, CXCL7 is unique, as it alone forms a weak dimer and
also a tetramer at high concentrations, whereas other members form stronger dimers and
no tetramers. Previous NMR studies have characterized binding interactions for native
CXCL1, CXCLS, and CXCLS8 dimers and engineered CXCL1 and CXCL8 monomers as
only dimers could be studied at concentrations used for NMR'#%13%-18-187-188 1y this study,
for the very first time, the binding interactions of a native neutrophil activating
chemokine monomer have been characterized. By exploiting the weaker dimerization
propensity and carefully varying solution conditions and protein concentration, the
monomer chemical shifts could be assigned that allowed mapping of the binding
interactions and the generation of structural models.

In addition to the ligand structure, knowledge of the receptor and ligand-receptor
complex structures is also essential to fully describe residue-specific relationships
between structural features, conformational changes, and function. In recent years,
structures of the free CXCRI1 receptor and of other chemokine receptors bound with an

antagonist and small molecule inhibitors have been reported''®'"”. However, structures of

35



CXCR?2 or the agonist-CXCR2 complex are not available. Therefore, our approach using
the isolated N-domain and NMR chemical shift perturbation experiments can provide
critical structural information that is otherwise difficult to obtain. Further, NMR CSP-
based methods have been shown to be extremely useful for describing residue-specific
GAG interactions, as protein-GAG complexes are notoriously difficult to crystallize. The
CXCL7 monomer chemical shift assignments were previously reported in the presence of
2-chloroethanol®®'**. Chemical shifts from this study were similar but not identical, and
interestingly, heteronuclear relaxation data of the monomer showed a structured 30s loop
whereas previous studies carried out in the presence of chloroethanol showed substantial
dynamics similar to those observed for terminal residues. These observations highlight
that dynamic studies carried out in the presence of reagents that disrupt native H-bonding
interactions must be interpreted with caution.

NMR and modeling studies suggest that the N-loop and adjacent B-strand residues
of CXCL7 mediate CXCR2 Site-I interactions. The binding mode and the nature of these
interactions are similar to that observed for other CXCR2-activating chemokines CXCLI,
CXCLS5, and CXCL8""!**1°0-188 Binding is principally mediated by hydrophobic packing
interactions that are conserved across the NAC family (Figure 2.1). However, charged
residues unique to CXCL7 such as K9 and R54 also mediate binding, suggesting that
such interactions finetune receptor activation and confer chemokine-specific function to
what at first glance seems a redundant chemokine system. High resolution X-ray or NMR
structures are essential to confirm and better describe the binding interactions at a single
residue level.

Another important aspect of CXCL7 function is its interaction with GAGs. It is
now well established that GAG binding plays a pivotal role in regulating chemokine
signaling and establishing chemotactic/haptotactic gradients. Chemokines in solution
form chemotactic and in GAG-bound form haptotactic gradients, but whether it is the

GAG-bound or free chemokine that activates the receptor is not well understood. Our

36



results indicate that GAG binding to the CXCL7 monomer is highly plastic and that GAG
adopts multiple geometries. Independent of the binding models, a number of residues that
mediate GAG interactions are also involved in receptor interactions indicating that the
GAG-bound CXCL7 monomer cannot bind the receptor (Figure 2.8). Both monomer and
dimer bound heparin dp8 with similar affinity and hence binding had no effect on the
monomer-dimer equilibrium. During active neutrophil recruitment and tissue injury, it is
very likely that local concentrations can vary by orders of magnitude, and so it is possible
that the levels of different oligomeric states and their GAG interactions are highly
coupled and regulate in vivo function. We conclude that GAG interactions provide spatial
and temporal control of monomer receptor activity by modulating the amount of free
chemokine and that the interplay between monomer-receptor and monomer-GAG plays

an important role in mediating neutrophil recruitment in response to vascular injury.

CXCL7-CXCR2 CXCL7-GAG

Figure 2.8: Overlap between GAG and CXCR2 binding domains. A schematic
showing the CXCR2 binding domain (red), GAG binding domain (blue),
and the overlap between the two domains (yellow).
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MATERIALS AND METHODS

REAGENTS AND PROTEIN EXPRESSION

CXCL7 was expressed in E. coli cultured in either LB or "N/ °C enriched
minimal medium and purified using a combination of nickel column and reverse phase
high-performance liquid chromatography as described previously'*’. Purified protein was
then lyophilized and stored at -20 °C until further use. The recombinant CXCR2 N-
domain (residues 1-43) peptide was expressed using the same protocol as described
above. Heparin dp8 oligosaccharide was purchased from Iduron. According to the
manufacturer, the oligosaccharides were purified using high resolution gel filtration
chromatography, consist mainly of the disaccharide unit IdoA,2S-GIcNS,6S (~75%),
show some variation in sulfation pattern, and contain uronic acid at the non-reducing end

and a C4-C5 double bond as a result of the heparinase endolytic action.

CHEMICAL SHIFT ASSIGNMENTS OF THE CXCL7 MONOMER

NMR spectra were acquired using Bruker Avance III 600 and 800 MHz
spectrometers equipped with cryoprobes and processed and analyzed using either Bruker

Topspin 3.2 or Sparky programs '°°

. Monomer chemical shift assignments were
determined at 30 °C using a 300 uM protein sample in 50 mM phosphate, pH 4.0
containing 1 mM 2,2-dimethyl-2-silapentansesulfonic acid (DSS), 1 mM sodium azide,
and 10% D,O. The 'H and "N chemical shifts were assigned using 3D 'H-""N
heteronuclear NOESY and TOCSY experiments with mixing times of 150 and 80 msec,
respectively. The carbon chemical shifts assigned from HNCA and CBCACONH
experiments at pH 6.0 also helped in resolving some of the ambiguous assignments. The
chemical shifts are shown in the supplementary material (Table S2). 2D 'H-"*’N HSQC

spectra collected from pH 4.0 to 7.5 in 0.5 increments were used to assign the backbone

chemical shifts over this pH range.
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NMR TITRATIONS

Binding interactions of CXCR2 N-terminal domain and heparin dp8 to WT
CXCL7 were characterized using solution NMR spectroscopy. A series of "H-""N HSQC
spectra were collected upon titrating either CXCR2 N-domain peptide or heparin to WT
CXCLY7 until no change in the chemical shifts were observed. The protein concentrations
selected were high enough to obtain good quality spectra in a reasonable period. In the
case of CXCR2 N-domain, we titrated 320 pM CXCR2 N-domain to 77 uM WT CXCL7
in 50 mM phosphate buffer at pH 6.0 and 35 °C. The final molar ratio of CXCL7:CXCR2
N-domain was 1:3.5. For CXCL7-GAG interactions, we titrated 10 mM heparin dp8 to a
50 uM sample in 50 mM phosphate pH 7.4 at 35 °C. The final molar ratio for
CXCL7:octasaccharide was 1:4. For all titrations, chemical shift perturbations were
calculated as a weighted average of changes in the 'H and "N chemical shifts as

described””.

MODEL OF THE MONOMER STRUCTURE

The monomer structure was generated using CS-Rosetta, a robust tool for
generating de novo structures from NMR chemical shifts'”*'"”’. The program uses the
PDB database to select protein fragments based on the given backbone C,, Cg, N, and
NH chemical shifts and then assembles and relaxes these fragments into a converged
structure using a ROSETTA Monte Carlo approach. Disulfide bonds were absent in the
initial structure and subsequently added using PyMol'*®. The structure was subjected to
constrained energy minimization to allow the disulfides to adopt proper geometry,
followed by global energy minimization and structural analysis using the AMBER 12

suite and VADAR %%
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MOLECULAR DockING UsiINg HADDOCK

Molecular docking of CXCR2Nd and heparin to the CXCL7 monomer was
carried out using the High Ambiguity Driven biomolecular DOCKing (HADDOCK)

185,187.201.202 The CXCL7 monomer structure determined

approach as described previously
using CS-Rosetta, the unstructured CXCR2 N-terminal peptide generated in Pymol, and
the NMR structure of heparin (PDB ID: 1HPN)*® were used for docking. Ambiguous
Interaction Restraints (AIRs) were selected based on NMR chemical shift perturbation
results. The pair-wise “ligand interface RMSD matrix” over all structures was calculated
and the final structures were clustered using an RMSD cut-off value of 7.5 A for

CXCR2Nd and 4 A for heparin. The clusters were then prioritized using RMSD and

‘HADDOCK score’ (weighted sum of a combination of energy terms).
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Chapter 3

CXCL7 Homodimer: Structural Insights, CXCR2 Receptor Function,

and Glycosaminoglycan Interactions

ABSTRACT

Platelet-derived chemokine CXCL7 (also known as NAP-2) plays a critical role in
mediating the crosstalk between platelets and neutrophils for initiating repair during
vascular injury. CXCL7 function is coupled to CXCR2 receptor activation and
interactions with sulfated glycosaminoglycans (GAG) that regulate receptor activity.
Previous studies have established that CXCL7 dimer always exists in the presence of
monomer or tetramer and that the monomer dominates at lower and tetramer at higher
concentrations. These observations then raise the question: what, if any, is the role of the
dimer? In this study, we make a striking observation that dimer is actually favored in the
GAG-bound form. Further, we successfully characterized the structural basis of dimer-
GAG interactions using solution NMR spectroscopy. The chemical shift assignments,
though challenging, were accomplished using a multi-prong strategy that included a
disulfide-linked obligate dimer and exploiting heparin binding-induced NMR spectral
changes in the WT monomer and dimer. We also observe that the receptor interactions of
the dimer are similar to the monomer and that GAG-bound dimer is occluded from
receptor interactions. We conclude that the dimer does play an important role, and that
GAG-bound dimer regulates the levels of free monomer available for CXCR2 activation

and neutrophil recruitment.
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INTRODUCTION

Chemokines, a large family of signaling proteins, mediate diverse biological
functions including inflammation, development, and tissue repair**~2. Common to all of
these functions is the directed movement of cells to their desired targets. Directed
trafficking must be tightly controlled, as dysregulation leads to collateral tissue damage
and disease™'®'’. Chemokines mediate their function by activating seven transmembrane
G-protein coupled receptors (GPCRs) and binding glycosaminoglycans (GAGs) that
regulate receptor function’®'®. Another key feature of chemokines is their ability to
reversibly exist as monomers and dimers. Animal model studies have shown that the
property of existing as monomers and dimers and GAG interactions are coupled and is
fundamental to function’>**,

CXCL7 is a member of a subset of seven chemokines, characterized by their N-
terminal ELR motif, that function as agonists for the CXCR2 receptor. CXCR2 is
expressed in neutrophils and in other cell types including cancer cells, and so these
chemokines have been implicated in cellular trafficking in response to bacterial and viral
infections and tissue injury as well as in various cancer models®'®*!%1329  These
chemokines also share the property of reversibly existing as monomers and dimers and
interacting with GAGs. CXCL7, specifically, plays a prominent role in recruiting
neutrophils to the injury site during thrombosis’. Previous studies have established that
CXCLY7 exists as monomers, dimers, and tetramers, but the dimer levels are low and the
monomer dominates at lower and the tetramer dominates at higher concentrations. These
observations raise the question: what, if any, is the role of the dimer?

In this study, we make a striking observation that dimer is actually the favored
form in the GAG-bound state. Further, we successfully characterized the structural basis

of dimer-GAG interactions using solution NMR spectroscopy. As native CXCL7 dimer is

the minor species in the free form, we engineered a trapped disulfide-linked dimer. This
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dimer was used for NMR characterization, chemical shift assignments, and characterizing
GAG interactions. We subsequently used results from the trapped dimer to elucidate
native dimer interactions. Chemical shift assignments for the native dimer were
challenging but could be accomplished using a multi-pronged strategy including use of
the disulfide-linked obligate dimer and exploiting heparin binding-induced NMR spectral
changes in the WT monomer and dimer. In addition to GAG interactions, we report the
structural characterization of the native CXCL7 dimer binding to the CXCR2 N-terminal
domain (N-domain) using NMR spectroscopy. We observe that the receptor interactions
of the dimer are similar to the monomer, and that GAG-bound dimer is occluded from
receptor interactions. On the basis of these data, considering the local CXCL7
concentration can vary by orders of magnitude during active neutrophil recruitment, we
propose that the dimer actually plays a prominent role through its GAG interactions and
regulating the levels of free monomer for receptor activation. We further propose, in the
context of platelet-neutrophil crosstalk, that the relative ratios of the monomer and dimer
in the free and GAG-bound form could be critical to maximize repair and minimize

collateral tissue damage and disease.

RESULTS

Various cellular, ex vivo, and biophysical studies for a wide variety of
chemokines have shown that dimers and higher order oligomers bind GAGs with much
higher affinity compared to monomer’”*>®. Our lab’s recent NMR studies of GAG
heparin binding using WT CXCL1 and CXCLS have shown that the dimer is the high
affinity GAG ligand and that the differences in affinities can be clearly observed with
longer GAGs'*"'®®. Moreover, longer GAGs better represent the length of the
physiological GAGs. With this in mind, the binding of heparin dp26 to a 120 uM sample
of WT CXCL7 at pH 6.0 was characterized. Under these conditions, 70% of the protein

exists as the monomer and the remaining as the dimer (Table 1.1). Based on chemical
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shift intensities under these conditions, we also estimate the monomer-dimer equilibrium
constant to be ~150 uM. In principle, four different species will exist in solution due to
coupled equilibria — monomer and dimer in both the free and 26mer-bound forms. The
intensities of peaks are a direct reflection of relative populations and binding constants.
During the course of the titration, the peaks corresponding to the monomer disappear and
the weak peaks corresponding to the dimer gain intensity, indicating that the dimer binds
the 26mer with much higher affinity (Figure 3.1A). In addition to peak intensity changes,
the shape and magnitude of CSP profiles for the dimer compared to the monomer also

indicates that the dimer is the high affinity ligand (Fig. 3.1B,C).

CXCL7 Dimer Chemical Shift Assignments

Chemical shifts are exquisitely sensitive to local changes in the electronic
environment, and as such, serve as useful probes for mapping the binding interface of
macromolecular interactions. Therefore, knowledge of the CXCL7 dimer chemical shifts
is essential to describe the molecular basis of receptor and GAG interactions. However,
unlike for the CXCL7 monomer (discussed in Chapter 2), there is no solution condition at
which the dimer population dominates. This makes chemical shift assignments for the
native dimer extremely challenging, as there will always be interference from either the
monomer or tetramer. To overcome these challenges, a multi-pronged strategy was used
that included chemical shift assignments of a disulfide-linked trapped homodimer, GAG
binding-induced chemical shift changes of the trapped and WT dimers, and tracking
intensity and chemical shift changes of WT monomer and dimer upon heparin titrations.
These collectively allowed assignment of ~ 80% of the residues including all of the

residues that showed perturbation during GAG binding.
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Figure 3.1: CXCLT7 dimer is the high-affinity GAG ligand. (A) A section of HSQC
spectrum showing dp26-binding induced transition from a predominantly
monomeric to predominantly dimeric state for residue G65. (B) Plot
showing the relative change in peak intensity for monomer (red squares) and
dimer (black circles). (C) Plot showing the change in chemical shifts for
monomer (red squares) vs. dimer (black circles). These data indicate the
CXCLY7 dimer binds dp26 with much higher affinity than the monomer.

For the disulfide-linked trapped dimer, we assigned chemical shifts of fifty
residues. The remaining residues could not be assigned due to chemical shift degeneracy
or lack of sequential NOEs. These chemical shifts were assigned based on a combination
of NOESY, TOCSY, HNCA, and CBCACONH experiments. Many of these assignments
corresponded to residues in the N-loop and B-sheet along with a few C-terminal residues
(Figure 3.2). These assignments could be transferred to WT dimer residues that showed
similar chemical shifts as the trapped dimer, especially those of well dispersed peaks, in a

straightforward manner. Additional assignments were obtained by comparing binding-
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induced NMR spectral changes of the WT and trapped dimer upon GAG titration. During
these titrations, weak dimer peaks become strong, and monomer peaks become weak.
This makes tracking the dimer chemical shifts much simpler. In addition to intensity
changes, binding also resulted in chemical shift perturbations. On the basis of similar
binding-induced chemical shift perturbations to the trapped dimer, we could confirm the
authenticity of all of the WT dimer assignments assigned above. In addition, these data
allowed assigning a few more residues whose peaks were too weak in the WT spectra but
became stronger on GAG binding. These data collectively allowed for 48 assignments of
the WT dimer. We also observed that the intensity of 29 peaks did not change during the
WT titration, indicating the dimer and monomer chemical shifts of these residues are
identical. Therefore, the dimer residues were assigned on the basis of monomer chemical
shifts. 23 of these residues matched previously assigned chemical shifts from the trapped
dimer, resulting in six new assignments bringing the total to 54 WT dimer assignments.
The remaining 13 residues could not be assigned, but lack of this knowledge was not
limiting as these residues showed minimal to no perturbation in GAG-binding

experiments.
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Figure 3.2: 'H-N HSQC spectrum of a trapped CXCL7 dimer. Spectrum displays a
single species corresponding to the trapped dimer. Well dispersed peaks for
residues whose chemical shifts were determined are labeled.

CXCLY7 Dimer-GAG Interactions

Analysis of the chemical shift perturbations (CSP) on heparin binding revealed
five basic residues H15, K17, R44, R54, and K57 as showing significant perturbation
(Fig. 3.3). Our previous studies characterizing heparin dp8 binding to the monomer also
showed perturbation of these residues. In the case of monomer, perturbations were also
observed for residues K9, K45, and K56 (Chapter 2)*'°. Another interesting difference
from the monomer was the C-terminal helical residues L63 to D70. With the exception of
S68, these residues were all perturbed in the monomer. In the dimer, L63 and S68-D70
showed no perturbation, while A64-E67 showed large perturbations. These differences

may be explained by a more defined helix, or more restricted dynamics, in the dimer, and
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therefore, GAG binding resulting in less structural changes and consequently less or no
chemical shift changes. We also observed that the same basic residues that mediate
binding in the WT dimer (H15, K17, R44, R54, and K57) are also involved in binding to
the trapped dimer (Fig. 3.4).

To gain insight into the binding geometry, we performed four independent
HADDOCK-based calculations to ensure that both 1:1 and 1:2 stoichiometries were
covered and to avoid any inherent bias in the docking process. In run I, restraints were
given between one GAG and to only one monomer of the dimer. In run II, restraints were
given between one GAG and both monomers of the dimer. In run III, restraints were
given from each of the two GAGs to only one monomer of the dimer. Finally, in run IV,
restraints were given from each of the two GAGs to both monomers of the dimer.

Run I essentially resulted in a single geometry, which could be divided into two
major clusters, with structures in one cluster interacting with all residues implicated in
binding from NMR studies (defined as Model-I), and the second cluster missing
interactions from R44 (Figure 3.5). Comparison of the two clusters reveals that H15,
K17, R54, and K57 function as a core domain and R44 functions as a peripheral residue,
suggesting that interactions with R44 are more transient. Interestingly, run II resulted in a
single geometry in which GAG spans both monomers of the dimer. In this geometry
(defined as Model-II), all residues except R44 from both monomers of the dimer mediate
binding for a single GAG. Both runs III and IV indicated that two GAGs bound each
monomer of the dimer with geometries observed for run I. These observations indicate
that a two GAG stoichiometry does not allow a geometry spanning the dimer interface

(Model-II) and/or that it is less favored.
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CXCL7 dimer binding to heparin dp26. Histogram plot of binding-
induced chemical shift changes in CXCL7 dimer as a function of amino acid
sequence is shown. Residues that show CSP above the threshold (dashed
line) are considered involved in binding. Basic residues Arg, Lys, and His
are shown in blue and unassigned residues that show no perturbation are
shown in red. Proline is represented by a green ‘P’.
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Figure 3.4: WT vs Trapped Dimer GAG Binding. (A) Portion of the *H-">N HSQC
spectra showing the overlay of native CXCL7 in the free (black) and heparin
dp26 bound form at a 1:4 molar ratio (red). (B) Portion of the *H-">N HSQC
spectra showing the overlay of the trapped CXCL7 homodimer in the free
(black) and heparin dp26 bound form at a 1:4 molar ratio (red). In both
spectra the dimer peaks are labeled for reference. Monomer peaks are
indicated with an ‘m.” Arrows indicate the direction of peak movement.
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Figure 3.5: CXCL7 dimer-GAG binding models. Schematic showing the two primary
models for GAG binding to the CXCL7 dimer. Each monomer of the dimer
is shaded differently for clarity. GAG binding residues Arg, Lys, and His
are highlighted in blue and labeled. Model-I depicts binding of two GAG-
chains to each monomer of the dimer, and two different views are shown to
highlight the binding geometry. Model-I1 depicts binding of a single GAG
across the dimer interface and is shown from a top-down view.

CXCL7 Dimer Binding to the CXCR2 N-domain

Currently nothing is known regarding the structural basis of how CXCL7 dimer
binds the CXCR2 receptor. In Chapter 2, the structural basis of CXCL7 monomer
binding the Site-1 N-terminal domain peptide was characterized using solution NMR
spectroscopy. However, the questions still remain what is the receptor activity of the
dimer and what is the structural basis for these interactions? We used the same divide and

conquer approach as for the monomer to characterize these interactions. Such an
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approach has been extensively used to characterize Site-I interactions for a number of
chemokines using different biophysical techniques including solution NMR
spectroscopy 48154187211

We performed NMR HSQC titration experiments to characterize the Site-I
CXCR2 N-domain interactions. Under our experimental conditions, CXCL7 exists as
~70% monomer and ~30% dimer. Armed with our dimer chemical shifts, we could thus
track CSPs for the dimer and the monomer simultaneously. Similar to the monomer,
significant CSPs are observed for residues I8 to T11, 114, H15, 146, and C47. Many of
these residues were shown to have overlapping peaks with the monomer, thus simplifying
evaluation of CSPs. These residues constitute a continuous surface along the N-loop and
Bs-strand. Following the analysis from the monomer, binding is mediated by a
hydrophobic pocket consisting of residues T11-114 and 146. The receptor is oriented
about this pocket via ionic interactions between CXCL7 K9 and N-domain D30 and
between CXCL7 H15 or R54 and N-domain F27. We also note that the relative
intensities of monomer and dimer remain similar throughout the titration, indicating that
the monomer and dimer bind the receptor N-domain with similar affinity.

A central question in determining the role of dimer is how GAG binding relates to
receptor activation. Independent of any binding models, there is considerable overlap
between the GAG and CXCR?2 binding domains in the dimer, suggesting the GAG-bound
CXCL7 dimer cannot bind the receptor (Figure 3.6B). In order to test whether this is the
case, we carried out NMR titrations of the CXCR2 N-domain peptide to the heparin
dp26-bound CXCL7 dimer. We observe that the spectra are unaltered, indicating that the

GAG-bound CXCL7 dimer cannot bind the receptor and that GAG-binding occludes the

receptor binding sites (Figure 3.6A).
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DISCUSSION

In the event of vascular injury, crosstalk between activated platelets and
neutrophils is essential for initiating repair and successful restoration of homeostasis.
However, any dysregulation in this process also aggravates the course of various
thrombus-related cardiovascular and inflammatory diseases. Chemokine CXCL7,
released by activated platelets, plays a prominent role in recruiting neutrophils to the
injury site. CXCL7 elicits its function by binding GAG and the CXCR2 receptor. CXCL7
is unique for the reason that it is the only neutrophil-activating chemokine (NAC) that is
almost exclusively present only in platelets, and it is also unusual for the reason that it
forms a weak dimer. Therefore, the functional relevance of the dimeric state for in vivo
function was not clear. Evidence from this dissertation provides compelling evidence that
the dimeric form does play a crucial role in regulating neutrophil trafficking by regulating
the levels of free monomer available for chemotactic gradients and receptor interactions.

In this chapter, we successfully characterized how the CXCL7 dimer binds GAG
and the CXCR2 receptor N-domain using solution NMR spectroscopy. Characterization
requires chemical shift assignments of the dimer that were not trivial to come by due to
its low population. A combination of several strategies was used, including assigning
chemical shifts of a disulfide-linked dimer and characterizing its GAG heparin
interactions. We also exploited the higher binding affinities of the native dimer for
heparin dp26. By using heparin dp26, the relative populations switched from monomer
being dominant in the free to dimer being dominant in the GAG-bound form. This
allowed identification of key GAG binding residues and also describing the GAG binding
geometries in the dimer. The structural models carried out with one GAG, or with two
GAGs each binding one monomer of the dimer, indicate that the binding geometries are
also dependent on the stoichiometry. In the case of one GAG, two distinct geometries

could be observed, one involved interactions within a monomer of the dimer (Model-I)
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and the other involved interactions across both monomers of the dimer (Model-II) (Figure
3.5). In the case of two GAGs, only geometries corresponding to Model-1 were seen
indicating this geometry is favored over one or two GAGs binding across the dimer.
Moreover, only Model-I satisfied all of the NMR restraints, as Model-II was completely
missing R44 interactions. Considering the binding interface is likely highly plastic, it is
possible that both binding geometries mediate binding. However, the two GAG binding
model (Model I) could be the preferred mode of interaction due to the inclusion of R44
interactions, which are absent in Model II. Additionally, GAG levels are much higher in
vivo compared to chemokine levels, further supporting the Model-I binding geometry.
Two GAGs were also observed to bind CXCL1, CXCLS5, and CXCL8 dimers, though the
geometries and interactions were different'®>!87188212,

A comparison of GAG-binding residues between CXCL7 and other NACs reveals
both highly conserved and unique interactions (Fig. 3.6). For instance, highly conserved
residues H15, K17, and K57 mediate GAG binding in all NACs studied to date. On the
other hand, R54 is unique to CXCL7 and serves as a core binding residue. This likely
contributes unique binding interactions compared to related chemokines. Another unique
binding feature is a lack of interactions for K61 in CXCL7, whose corresponding residues
play a prominent role in CXCLI, CXCL5, and CXCL8 GAG interactions'®'®"!%,
Interestingly, molecular dynamics (MD) studies have shown that K61 could be involved
in intramolecular electrostatic interactions with the carboxylate group of D70, thus
shielding this residue from GAG-binding'**.

In addition to specific residues, the binding geometries for the CXCL7 dimer to
GAG also vary compared to other NACs, indicating that conserved residues in the
context of structure determine geometries that could not have been predicted from
sequence alignment alone. For example, characterization of CXCL8-GAG interactions
revealed multiple binding geometries with GAG binding parallel to the helices on either

side of the dimer or across both helices'®. In CXCL7, GAG binds across a similar
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interface to the so called parallel model of CXCLS, however, the GAGs in CXCL7 are
instead oriented perpendicular to the helices. The binding geometry for the CXCL1 dimer
is also unique, with two GAGs binding across the dimer interface on opposite faces of the
protein'®’. This geometry is similar to Model-IT in CXCL?7, except that interactions to an
additional domain are missing in CXCL7. The binding geometry of CXCLS is the most
similar to that of the CXCL7 dimer, except for differences due to CXCL7 R54 directing
GAG towards the N-terminal end of the helix and additional C-terminal helical residues
dominating CXCL5 interactions'®®. These observations speak to the rich diversity of
chemokine-GAG interactions that likely play a role in fine-tuning neutrophil recruitment.
NMR studies for the CXCL7 dimer binding to the CXCR2 N-domain reveal that
the N-loop and adjacent -strand residues mediate these interactions. The binding mode
and the nature of these interactions are similar to that observed for other CXCR2-
activating chemokines CXCL1, CXCLS5, and CXCLg!M8:187.188 Independent of the
binding geometry and stoichiometry, comparison of the GAG and receptor binding
domains reveals a number of residues play dual roles by binding both (Fig. 3.7B),
indicating GAG-bound CXCL7 dimer is precluded from interacting and activating the
receptor. This is corroborated by the observation that CXCR2 N-domain is unable to bind
the dp26-bound CXCL7 dimer (Fig. 3.7A). These results are consistent with what has
been observed for other CXCR2-activating chemokines'**'#>187213
The importance of the monomer-dimer equilibrium for neutrophil trafficking has

been clearly demonstrated using animal models’****

. During neutrophil recruitment into
the thrombus, CXCL7 is released at high concentrations from o-granules of activated
platelets. This results in CXCL7 being present over a large concentration range as a
function of space and time, wherein CXCL7 can exist as monomers, dimers, and possibly
even tetramers either in the free and/or GAG-bound forms. Our data indicate that the

monomer exists predominantly in the free and the dimer in the GAG-bound form. Our

observation for the dimer was unexpected and interesting considering free dimer levels
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are low at all concentrations. Therefore, GAG binding must neutralize or overcome
interactions that disfavor dimerization, and knowledge of the solution or crystal structure
of the complex is necessary to understand the structural basis for the higher affinity of the
dimer for GAG.

In summary, these studies indicate that distribution of monomers and dimers is
intimately linked to CXCL7-GAG interactions and that unique GAG binding geometries
likely play a role in mediating function through occluding receptor binding and
influencing the steepness and duration of gradients in a context dependent manner. The
makeup of the gradients could be critical in the context of platelet-neutrophil crosstalk to

maximize repair and minimize collateral tissue damage and disease.

1 6 s 15 20 25 30 35 40 45 50 55 60 65

CXCL7 —==——--- AELRCMCIKTTSG-IHPKNIQSLEVIGKGTHCNQVEVIATLKDGRKICLDPDAPRIKKIVQKKLAGDESAD
CXCL1 ----ASVATELRCQCLQOTLQOG-IHPKNIQSVNVKSPGPHCAQTEVIATLKNGRKACLNPASPIVKKIIEKMLNSDKSN-
CXCL2 -==-APLATELRCQCLQTLQOG-IHLENIQSVKVKSPGPHCAQTEVIATLKNGQXACLNPASPMVKKIIEXMLKNGKSN-
CXCL3 ----ASVVTELRCQCLQTLQG-IHLKNIQSVNVRSPGPHCAQTEVIATLEKNGKKACLNPASPMVQKIIEKXILNKGSTN-
CXCL5 AGPAAAVLRELRCVCLOTTQG-VHPEKMISNLQVFAIGPQCSKVEVVASLENGKEICLDPEAPFLEKKVIQKILDGGNKEN
CXCL6 ~GPVSAVLTELRCTCLRVTLR-VNPKTIGKLQVFPAGPQCSKVEVVASLENGKQVCLDPEAPFLKKVIQKILDSGNKKN
CXCL8 —===== SAKELRCQCIKTYSKPFHPKFIKELRVIESGPHCANTEI IVKLSDGRELCLDPKENWVQRVVEXFLKRAENS -

Figure 3.6: Sequence alignment of neutrophil activating chemokines. Conserved
‘ELR’ motif is shown in green, and potential GAG-binding residues from
CXCLY7 are shown in blue. GAG binding residues unique to CXCL7 are
underlined and italicized.
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Figure 3.7: Overlap between GAG and CXCR2 binding domains. (A) Section of the
'H->N HSQC spectrum showing peaks corresponding to the CXCL7:dp26
complex (black), the CXCL7:CXCR2 N-domain complex (red) and the
CXCL7:dp26 complex upon titrating CXCR2 N-domain peptide up to a 1:7
molar ratio (blue). (B) A schematic showing the CXCR2 binding domain
(red), GAG binding domain (blue), and the overlap between the two
domains (yellow) for the CXCL7 dimer. Monomer structure is used for
clarity. Extensive overlap between the GAG and receptor domains suggests
that GAG-bound CXCL7 cannot activate the receptor.
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MATERIALS AND METHODS

REAGENTS AND PROTEIN EXPRESSION

WT and disulfide-linked trapped CXCL7 were expressed in E. coli cultured in
either LB or "’N/"°C enriched minimal medium and purified using a combination of
nickel column and reverse phase high-performance liquid chromatography as described
previously'’. Purified protein was then lyophilized and stored at -20 °C until further use.
The recombinant CXCR2 N-domain (residues 1-43) peptide was expressed using the
same protocol as described above. Heparin dp26 oligosaccharide was purchased from

Iduron.

CHEMICAL SHIFT ASSIGNMENTS OF THE CXCL7 MONOMER

NMR samples were prepared in a 50 mM phosphate, pH 6.0 or 7.4, containing 1
mM 2,2-dimethyl-2-silapentansesulfonic acid (DSS), 1 mM sodium azide, and 10% D,O.
NMR spectra were acquired on a Bruker Avance III 600 (with a QCI cryoprobe) or 800
MHz (with a TXI cryoprobe) spectrometer and processed and analyzed using either
Bruker Topspin 3.2 or Sparky programs'®>. Trapped dimer chemical shift assignments
were determined at 30 °C using a 400 uM sample. The 'H and '°N chemical shifts were
assigned using 3D 'H-"’N heteronuclear NOESY and TOCSY experiments with mixing
times of 150 and 80 msec, respectively. The carbon chemical shifts assignments were

obtained from HNCA and CBCACONH experiments at pH 6.0.

NMR TITRATIONS

Binding interactions of CXCR2 N-terminal domain and heparin dp8 to WT
CXCL7 were characterized using solution NMR spectroscopy. A series of "H-""N HSQC
spectra were collected upon titrating either CXCR2 N-domain peptide or heparin dp26 to
WT CXCL7 until no change in the chemical shifts were observed. The protein

concentrations selected were high enough to obtain good quality spectra in a reasonable
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period. In the case of CXCR2 N-domain, we titrated 320 uM CXCR2 N-domain to 77
uM WT CXCL7 in 50 mM phosphate buffer at pH 6.0 and 35 °C. The final molar ratio of
CXCL7:CXCR2 N-domain was 1:3.5. For CXCL7-GAG interactions, we titrated 2.5
mM heparin dp26 to a 124 pM sample in 50 mM phosphate pH 6.0 at 35 °C. The final
molar ratio for CXCL7:dp26 was 1:4. For all titrations, chemical shift perturbations were

calculated as a weighted average of changes in the 'H and "N chemical shifts as

described””.

MOLECULAR DocCKING UsiING HADDOCK

Molecular docking of heparin to the CXCL7 dimer was carried out using the High
Ambiguity Driven biomolecular DOCKing (HADDOCK) approach as described

185,187.201.202 ' The CXCL7 dimer structure consisted of chains A and B from the

previously
tetramer structure (PDB ID: INAP)’” and the NMR structure of heparin (PDB ID:
1HPN)** were used for docking. Ambiguous Interaction Restraints (AIRs) were selected
based on NMR chemical shift perturbation results. The pair-wise “ligand interface RMSD
matrix” over all structures was calculated and the final structures were clustered using an

RMSD cut-off value of either 4 or 7 A. The clusters were then prioritized using RMSD

and ‘HADDOCK score’ (weighted sum of a combination of energy terms).
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Chapter 4

Chemokine CXCL7 Heterodimers: Structural Insights, CXCR2

Receptor Function, and Glycosaminoglycan Interactions

ABSTRACT

Chemokines mediate diverse fundamental biological processes including
combating infection. Multiple chemokines are expressed at the site of infection and so
chemokine synergy by heterodimer formation could play a role in determining function.
Chemokine function involves interactions with G-protein-coupled receptors and sulfated
glycosaminoglycans (GAG). However, very little is known regarding heterodimer’s
structural features and receptor and GAG interactions. Solution NMR and MD
characterization of platelet-derived chemokine CXCL7 heterodimerization with
chemokines CXCL1, CXCL4, and CXCLS8 indicated packing interactions promote
CXCL7-CXCL1 and CXCL7-CXCL4 heterodimers and electrostatic repulsive
interactions disfavor CXCL7-CXCL8 heterodimer. As characterizing the native
heterodimer is challenging due to interference from monomers and homodimers, we
engineered a ‘trapped’ disulfide-linked CXCL7-CXCL1 heterodimer. NMR and
modeling studies indicated that GAG heparin binding to the heterodimer is distinctly
different from the CXCL7 monomer and that the GAG-bound heterodimer is unlikely to
bind the receptor. Interestingly, the trapped heterodimer showed potent receptor activity
comparable to the native proteins. These data collectively suggest that GAG interactions
play a prominent role in determining heterodimer in vivo function. Further, this study
provides proof-of-concept that the disulfide trapping strategy can serve as a valuable tool

for characterizing the structural and functional features of a chemokine heterodimer.
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INTRODUCTION

Chemokines, a large family of signaling proteins, mediate diverse biological
processes including innate and adaptive immunity, organogenesis, and tissue repair™®*'*.
Common to these functions is the directed trafficking of various cell types through
interactions with seven transmembrane G-protein coupled receptors. Chemokine-
chemokine receptor interactions form an intricate network of crosstalk with a given
chemokine binding either a single or multiple receptors, and a given receptor binding
either a single or multiple chemokines'*'*. Additional layers of complexity arise from
chemokines existing in multiple states — from monomers, dimers, and tetramers to
oligomers and polymers — and from their interactions with sulfated glycosaminoglycans
(GAG)"™*'"_ During active inflammation, local chemokine concentrations both in the
free and GAG-bound forms could vary by orders of magnitude, which in turn could
regulate the steepness and duration of chemotactic and haptotactic gradients'>>*",
Further, several lines of evidence indicate that chemokines also form heterodimers
suggesting yet another layer of complexity in regulating function.

Humans express ~50 different chemokines, which can be classified into
subfamilies on the basis of the first two conserved cysteine residues as CXC, CC, CX;C,
and XC'®?'°. Despite sequence identity that can be as low as 20%, chemokines share a
similar structure at the monomer level. Considering they are small (~ 8 to 10 kDa), they
show a remarkable array of oligomeric states and binding interfaces. At the simplest
level, chemokines share similar dimeric structures within a subfamily. The CXC-family
forms globular dimers with the first B-strand constituting the dimer interface, while the
CC-family forms elongated dimers with the N-loop constituting the dimer interface.
However, this classification is not stringent, as some CC chemokines form CXC dimers®*

. . 4821 .
and some do not form dimers even at mM concentrations*>?'’. Chemokines that form

tetramers exhibit both CXC and CC dimer interfaces’**®’. Some chemokines form
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elongated polymers that have a completely different interface’*"®

. Further, lymphotactin,
the only member of the C family, shows a typical chemokine fold and yet a completely
different fold as a function of pH and solution conditions™. These properties speak to the
inherent plasticity of the chemokine dimer interface. Considering many chemokines are
co-expressed under conditions of insult or co-exist in granules, it follows that chemokines
are capable of forming heterodimers.

Functional studies have provided evidence for chemokine ‘synergy,” wherein the
presence of multiple chemokines results in enhanced or altered activity’>*®. Synergy is
thought to play an important role at the onset of inflammatory signaling, and has been
attributed to altered receptor signaling'®® and/or heterodimer formation'®*'%>. As an
example, the functional potential of chemokine synergy was demonstrated in vivo by
using peptides that inhibit the CXCL4/CCLS5 heterodimer in a mouse atherosclerosis

11
model'"°

. Many of the chemokines known to exist in platelets, as well as those that
mediate neutrophil recruitment, form heterodimers. Several studies have provided
evidence for heterodimers'**'**!'%”  but very little is known regarding the structural
features, the molecular mechanisms underlying heterodimerization, or how heterodimers
interact with their cognate receptors and GAGs. Such knowledge is essential to describe
how the interplay between heterodimers, GAGs, and receptors mediates crosstalk
between platelets and neutrophils towards successful resolution of disease.

In this study, we investigated the molecular basis of heterodimer formation for
chemokine CXCL7 with chemokines CXCL1, CXCL4, and CXCLS8. These chemokines
co-exist in platelet granules, and their release upon platelet activation orchestrates
neutrophils to the tissue injury site. CXCL7, CXCL1, and CXCLS8, characterized by the
conserved N-terminal ‘ELR’ motif, direct neutrophil trafficking by activating the CXCR2
receptor’'*. CXCL4 is not a CXCR2 agonist as it lacks the ELR motif but plays an

important role in promoting neutrophil adhesion’'®. In this study, we show that favorable

packing and ionic interactions promote CXCL7-CXCL1 and CXCL7-CXCL4
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heterodimers and repulsive ionic interactions disfavor CXCL7-CXCL8 heterodimer.
Using a ‘trapped’ disulfide-linked CXCL7-CXCLI1 heterodimer, we provide definitive
insights into GAG and receptor binding interactions. Interestingly, we observe the
trapped heterodimer was as active as the native proteins for CXCR2 function. Further,
GAG heparin interactions of the heterodimer are distinctly different from the CXCL7
monomer, and the GAG-bound heterodimer is unlikely to bind the receptor. Our
observation that GAG binding interactions of a heterodimer could be quite different from
the monomer suggests these differences could play important roles in fine-tuning in vivo
neutrophil recruitment and function. To our knowledge, this is the very first report of
receptor and GAG interactions that could be unambiguously attributed to a chemokine

heterodimer.
RESULTS

NMR Characterization of CXCL7 Heterodimers

CXCL7, compared to CXCL1 and CXCLS8, forms weak dimers, and actually
forms a tetramer at high concentrations. CXCL4, on the other hand, forms an even
stronger tetramer. Tetramer structures of CXCL7 and CXCL4 reveal both CXC and CC
type dimer interfaces®”®*. CXC-type homodimers are stabilized by six H-bonds across the
dimer interface B-strands and inter-subunit packing interactions between helical and B-

. 28,51,52
sheet residues?®>!>%7:6,

Sequences and the structures reveal that many of the
hydrophobic dimer interface residues are conserved and that polar and charged dimer
interface residues are not (Figure 4.1A). Comparing dimer interface residues of CXCL7
to CXCLI, CXCL4, and CXCLS8 reveals ~ 40% to 60% similarity, suggesting the
propensity to form heterodimers could vary between each chemokine pair.

Solution NMR spectroscopy is ideally suited for characterizing CXCL7
heterodimers compared to other techniques. In chapters two and three, we assigned the

chemical shifts of the monomer and dimer and extensively characterized dimerization
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propensity as a function of solution conditions such as pH and buffer*'. The spectrum of
N-labeled CXCL7 shows essentially a monomer along with some weak homodimer
peaks. On titrating unlabeled CXCL1 or CXCL4 to ""N-CXCL7, the monomer and
homodimer peaks gradually weaken and new peaks appear that must correspond to the
heterodimer (Figures 4.1B and 4.1C). These new peaks are in slow exchange in the NMR
timescale with the CXCL7 monomer and homodimer. No changes were observed on
titrating CXCL8 to '"N-CXCL7 indicating absence of heterodimer formation (Figure
4.1D). We also carried out reverse titrations by titrating unlabeled CXCL7 to '*N-labeled
CXCL1 or CXCLS. Titrating CXCL7 to "“N-CXCLI resulted in disappearance of
monomer peaks and appearance of new peaks confirming heterodimer formation.
Conversely, titrating CXCL7 to '"N-CXCLS resulted in no spectral changes as observed
before.

Appearance of a new peak during the course of a titration indicates that the
environment of the particular residue in the heterodimer is different compared to the
monomer or homodimer. On titrating CXCLI to "N-CXCL7, new peaks are observed
that correspond to CXCL7 f;-strand residues S21, L22, V24, B,-strand residues V34,
E35, V36, and 137, and C-terminal helical residues K56, K62, A64, and G65. These
residues are located either at the dimer interface or proximal to the dimer interface. In the
reverse titration of adding CXCL7 to '"’N-CXCLI, new peaks corresponding to residues
123 to S30 of the dimer-interface B,-strand, T38 to L44 of the adjacent [3,-strand, and C-
terminal helical residues 158 to S69 are observed. These data collectively indicate that
CXCL7-CXCL1 forms a CXC-type heterodimer and that the residues involved in
packing interactions that stabilize the homodimers also stabilize the heterodimer. We also
explored whether side chain chemical shifts of glutamine and asparagine can serve as
probes for heterodimer formation. In CXCL1, a glutamine and an asparagine are located
at the CXC dimer interface as well as a pair of glutamines in the CC dimer interface

(Figure 4.2A). Upon titrating CXCL7, chemical shift changes were observed for CXC
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dimer-interface Q24 and N27 but not for CC interface Q10 and QI3 (Figure 4.2B),
providing further structural evidence for a CXC-type dimer.

Peak intensities can provide valuable information on the relative populations of
the monomer, homodimer, and heterodimer. We could track intensity changes for a
number of residues upon titrating CXCL1 into ""N-CXCL7 and vice versa. During the
course of the titration, populations of both CXCL7 monomer and homodimer decrease
and populations of the heterodimer increases. On adding excess CXCLI, heterodimer and
monomer populations become comparable and homodimer population becomes
negligible (Figure 4.2C). However, in the case of CXCLI, heterodimer population
continues to increase but the homodimer levels remain high and the monomer population
becomes negligible (Figure 4.2D). The relative populations from both titrations indicate
that the heterodimer is more favored than the CXCL7 homodimer but less favored than
the CXCL1 homodimer. Considering the equilibrium constants (Kg) for CXCL7 and
CXCLI are ~150 uM and ~5 uM, respectively, we estimate the K4 for the heterodimer to
be ~25-50 uM based on the relative chemical shift peak intensities of the monomer,
homodimer, and heterodimer.

We briefly describe our findings for the CXCL7-CXCL4 heterodimer.
Considering the tetramer structures of CXCL7 and CXCL4 reveal both CXC and CC
dimer interfaces’ "%, heterodimerization could occur via one or both interfaces. However,
similar to the CXCL7-CXCLI1 heterodimer, most of the new peaks lie in proximity to the
first and second B-strand residues and none were found close to the N-loop residues
indicating a CXC-type dimer interface. Side chain chemical shifts of Asn and Gln
residues of the CXC dimer interface were also perturbed providing further evidence for a

CXC-type dimer.
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Figure 4.1: NMR characterization of chemokine heterodimers. (A) Sequence

alignment of platelet-derived CXC chemokines. GAG binding residues
identified from this study are in blue, dimer interface residues for CXCL7
are in green, and conserved Cys residues are in red. (B to D) Portions of the
'H-*N HSQC spectra showing the overlay of CXCL?7 in the free (black) and
in the presence of CXCL1 (B, red), CXCL4 (C, red), and CXCL8 (D, red).
Arrows indicate new peaks corresponding to the heterodimer. No new peaks
were observed in the case of the CXCLS titration.
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Figure 4.2: Characterization of the native CXCL7-CXCL1 heterodimer. (A)
Structure of CXCL1 highlighting the CXC (green) and CC (red) dimer-
interface asparagine and glutamine residues. The CXC and CC dimer
interfaces are outlined with a blue arc. (B) Section of the spectra showing
the side chain peaks for N27 and N46. On adding CXCL1, only N27 shows
reduced intensity and a new peak corresponding to the heterodimer (labeled
as N27°). (C,D) Plots showing the relative populations of monomer (M),
homodimer (D), and heterodimer (HD) based on NMR peak intensities
during the course of the titration. Panel C shows the relative populations on
adding CXCL1 to N-CXCL7 and panel D shows the populations on

adding CXCL7 to *®*N-CXCL1.
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Molecular Dynamics of Chemokine Heterodimers

We utilized a molecular dynamics-based approach to gain insight into the
molecular basis for heterodimer formation. Energy minimized heterodimer structures
were subjected to 180ns molecular dynamics (MD) simulations in order to arrive at a
stable structure that had minimal fluctuations in backbone RMSD. To gain insight into
the relative stabilities and better understand the structural features that mediate
heterodimer formation, we examined several parameters during the course of the
simulation — H-bonds and packing interactions of the dimer-interface residues,
backbone ¢—y angles, and charge-charge interactions. The MD simulations collectively
indicated that a combination of favorable H-bonding, packing, and electrostatic
interactions, similar to what drives any complex formation, dictate heterodimer
formation.

In the case of CXCL7-CXCLI1, both monomer structures retained their tertiary
fold. The H-bond network across the dimer interface B-strands remained intact for the
CXCLY7 residues L22 and V24 to CXCLI1 residues V26 and V28, while peripheral H-
bonds between CXCL7 G26 and Q20 to CXCL1 Q24 and S30 are transient and
fluctuated throughout the run (Figure 4.3B). Backbone ¢—y angles fall in the allowed
region of the Ramachandran plot throughout the simulation. The dimer interface is
stabilized by a number of favorable intermolecular packing interactions — between M66
and L67 of CXCLI1 and V24, G26, K56, and V59 of CXCL7, and between K62 and L63
of CXCL7 and V28, S30, V40, and 163 of CXCL1 (Figures 4.3C and 4.3D). Further, as is
the case for the respective homodimer structures, the relative orientation of the helices
remained parallel and in register (Figure 4.3A).

For the CXCL7-CXCL4 heterodimer, the final MD structure revealed that the
monomer structures maintained their tertiary fold (Figure 4.3E). The dimer interface H-

bonds across the 3;-strands remain intact for CXCL7 residues L22 and V24 to CXCL4
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residues L.27 and V29, whereas the edge H-bonds (between CXCL7 Q20 and CXCL4
K31 and between CXCL7 G26 and CXCL4 T25) are more transient (Figure 4.3F). The
dimer is stabilized by favorable packing interactions between K62 and L63 of CXCL7
and V29, L41, Y60, and 164 of CXCLA4, and between L67 and L68 of CXCL4 and V24,
V34, V36, K56, V59, and L63 of CXCL7 (Figures 4.3G and 4.3H). Many of these
residues are similar in the corresponding homodimers indicating conserved interactions
(Figure 4.1A). However, there are unique structural differences in the heterodimer. For
instance, E69 of CXCL4 (corresponding to A64 in CXCL7) is involved in ionic
interactions with K56 from the opposite helix in CXCL7 (Figure 4.3H), and CXCL4 L67
and L68 are now involved in additional packing interactions with CXCL7 L63 and V59.
These new interactions result in realignment of the helix and partial unwinding of the
terminal helical residues.

For CXCL7-CXCL8 heterodimer, despite favorable H-bonding and packing
interactions, there was significant disruption of the tertiary fold due to unfavorable ionic
interactions. The structure reveals that CXCL7 K27 and CXCL8 R68 are positioned
across the dimer interface resulting in electrostatic repulsion (Figure A3). In the CXCLS8
homodimer, R68 is involved in favorable ionic interactions with E29 across the dimer
interface. This swap from favorable to unfavorable interactions provides a molecular

basis as to why CXCL7-CXCLS fails to form a heterodimer.
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Figure 4.3: Structural features of the CXCL7 heterodimers. (A and E) Snap shots of
the structural models of CXCL7-CXCL1 and CXCL7-CXCL4 heterodimers
from the last 5ns of the MD simulations. (B and F) A schematic showing the
B1-strand dimer interface H-bonds (dashed line) from the final 5ns of the
MD run. Arrows indicate transient H-bonds. (C,D) Packing interactions
involving CXCL7 helical and CXCL1 B-sheet residues and CXCL1 helical
and CXCL7 B-sheet residues, respectively. CXCL1 residues are labeled in
red. (G and H) Packing interactions involving CXCL7 helical and CXCL4
B-sheet residues and the CXCL4 helical and CXCL7 [-sheet residues.
CXCLA4 residues are labeled in red. The circle highlights the potential ionic
interaction between CXCL4 E69 and CXCL7 K56.
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Design and Characterization of a Trapped Heterodimer

Characterizing the structural and functional features of the native heterodimer is
challenging due to contributions from two native homodimers and two native monomers.
In principle, the solution contains as many as ten species, two monomers in the free and
bound form, two dimers in the free and bound form, and heterodimer in the free and
bound form. NMR experiments reduce this complexity by selective labeling one of the
monomers of the heterodimer that simplifies the spectra to six species. In reality, we
observe three sets of peaks due to fast exchange between the free and the bound form.
Nevertheless, interpretation of such spectra is still challenging due to challenges in
unambiguously assigning the chemical shifts of the newly formed heterodimer and
tracking CSPs of multiple species. This was evident when we initially attempted to
characterize GAG binding to a WT heterodimer mixture of "N-CXCL7/CXCL1 or
CXCL7/"°N-CXCLI1 at a 1:1 molar ratio. In order to overcome these limitations, we
designed a disulfide-linked ‘trapped’ CXCL7-CXCLI heterodimer.

We used our heterodimer structural models from MD simulations to examine
potential mutation sites in the CXCL7-CXCLI1 heterodimer. To ensure formation of only
the disulfide-linked heterodimer and no disulfide-linked homodimers, we looked for
residues that are away from the 2-fold symmetry axis. Other criteria considered were that
these residues should minimally contribute to dimerization and/or influence the native
fold. Our analysis pinpointed the solvent exposed [3;-strand residues as likely candidates
(Figure 4.4A and 4.4B). From this group, we chose the pair S21 from CXCL7 and K29
from CXCLI1. The individual cysteine mutants (CXCL7 S21C and CXCL1 K29C) were
recombinantly expressed, purified, and trapped heterodimer was allowed to form by
simple mixing of the proteins. Trapped heterodimer formation was confirmed using SDS-
PAGE gel electrophoresis. Bands corresponding to the heterodimer were observed only

under non-reducing conditions indicating a disulfide-linked heterodimer (Figure 4.4C).
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Further characterization using NMR revealed that the trapped heterodimer spectra had
well dispersed peaks characteristic of a folded protein (Figures 4.5A and 4.5B). NMR
spectra of the trapped heterodimer were also compared to the WT heterodimer (Figure
4.5C). The spectra were essentially similar except for residues in and around the
mutation, indicating that the introduction of the disulfide does not perturb the native fold
and that the trapped heterodimer retains the structural characteristics of the native
heterodimer.

Knowledge of the chemical shifts is essential for NMR characterization of the
trapped heterodimer GAG interactions. Towards this, we carried out *N-edited NOESY
and TOCSY experiments on N-CXCL7-CXCL! and "N-CXCL1-CXCL7 trapped
heterodimer samples. We could assign the backbone 'H and "N chemical shifts of all
CXCLI residues and ~80% of CXCL7 residues. Some of the CXCL7 residues could not
be assigned due to overlap or lack of sequential NOEs, but was not limiting, as most of

the unassigned residues play no role in GAG interactions.
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CXCL7 QSLEVIG -» QCLEVIG | CXCL7 QCLEVIG | CXCL1 QSVNVCS
CXCL1 SKVNVSQ -» SCVNVSQ | CXCL7 GIVELCQ | CXCL1 SCVNVSQ

C Concentration (uM)
CXCL1: - -+ + 33 33 53 53 63 63
CXCL7: + o+ - - 99 99 53 53 21 21
BME: - + - + - + - + - +

! - -
B s W e e - -

Figure 4.4: Characterization of the CXCL7-CXCL1 Trapped Heterodimer. (A)
Trapping strategy showing cysteine mutations that will result only in a
trapped heterodimer. Cysteines are too far away in the homodimer for
disulfide formation. (B) A schematic of the heterodimer showing the
location of the disulfide across the heterodimer interface. CXCL7 is in cyan
and CXCL1 is in green. Cys residues are labeled for reference. (C) SDS-
PAGE gel demonstrating the formation of the disulfide bond. The higher
molecular weight heterodimer band is observed only under non-reducing
conditions. BME stands for 3-mercaptoethanol.
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Figure 4.5: NMR structural features of the trapped heterodimer. *H->N HSQC
spectra of the (A) *N-CXCL7:CXCL1 and (B) *N-CXCL1:CXCL7 trapped
heterodimer. Spectra demonstrate a properly folded heterodimer with no
evidence of monomer or homodimer. (C) Structure of the trapped
heterodimer is similar to the native heterodimer. A section of the
superimposed HSQC spectra of '°N-labeled CXCL7 (red), trapped
heterodimer (green), and a mixture of CXCL7 and CXCL1 where both
native heterodimer and native homodimer are present (black). Trapped
heterodimer alone exists as a single species, free CXCL7 exists as
monomers and homodimers, and native heterodimer is present along with
native monomer and homodimer (Figure 2C). The trapped and native
heterodimers have similar chemical shifts as evident from superimposed
peaks. Please note the absence of a green peak superimposed on the
homodimer peak. The peak corresponding to the monomer is not seen as it
resonates out of the spectral window.
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Heterodimer-GAG Interactions

We characterized binding interactions of GAG heparin octasaccharide (dp8) by
individual titrations to '"N-CXCL7-CXCLl and CXCL7-""N-CXCLI trapped
heterodimer samples. In the ""N-CXCL7-CXCLI trapped heterodimer, significant
perturbations were observed for N-loop, Bs-strand, and a-helical residues. Of particular
interest are the basic residues H15 and K17 of the N-loop, R44 and K45 from the B3-
strand, and K56 and K57 from the helix (Figure 4.6A). CSPs for hydrophobic or acidic
residues located proximal to these basic residues are likely due to indirect interactions. In
the case of ""N-CXCLI1-CXCL7 trapped heterodimer, significant perturbations were
observed for residues along the N-loop, Bs-strand, and o-helix. These include the basic
residues H19 and K21 of the N-loop, K45 and R48 of the 40s loop and Ps-strand, and
K61, K65, and K71 of the a-helix (Figure 4.6B).

Interestingly, the CSP profiles of CXCL1 vs. CXCL7 residues were strikingly
different (Figures 4.7A and 4.7B). Whereas all CXCLI1 residues showed similar
hyperbolic profiles, CXCL7 showed three distinctly different profiles. A subset of
residues showed hyperbolic profiles (Figure 4.7C), a subset showed an initial delay in
perturbation followed by a hyperbolic profile (Figure 4.7D), and a subset showed
sigmoidal like profiles (Figure 4.7E). These residues are defined as belonging to Set-I,
Set-II, and Set-III, respectively.

Set-1 residues include K27, C31 to V34 of the 30s-loop, and K56 of the helix
(Figure 4.6A). These residues lie along the dimer interface across from the CXCL1 B-
sheet and helical residues. Considering these residues show hyperbolic perturbation
profiles similar to CXCL1 residues, it is likely that their CSPs are due to indirect
interactions of dp8 binding to CXCLI1. For example, our structural model reveals that the

CXCL7 K27 side chain is oriented towards the CXCLI helix, likely making it sensitive
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to any structural changes in the CXCLI1 helix, such as those often associated with dp8
binding.

Set-11I residues include G13 to 119 of the N-loop, D42 to 146 of the 3;-strand, and
V59 to A64 of the helix (Figure 4.6A). These residues are located away from the dimer
interface and thus are not influenced by CXCLI binding. These perturbations can
therefore be attributed to direct dp8 binding to CXCL7.

Set-I1I residues include Q20 to 125 of the 3;-strand, helical residues K57 and 158,
and G65 to A69, and L48 to AS52 that precede the helix (Figure 4.6A). In addition to
sigmoidal binding profiles, these peaks showed non-linear chemical shift perturbations
(Figure 4.7B). These residues are located at the crossroad between the CXCL7-GAG
binding interface and the dimer interface. Therefore, their perturbations are likely a
composite of both CXCL1 and CXCL7 dp8-binding. Residues K56, K57, and 158 are
prominent examples. K56 side chain is pointed towards the dimer interface, while K57
points out towards the N-loop. K56 shows a linear perturbation similar to CXCLI1
residues, suggesting its perturbation is due to direct or indirect interactions from dp8
binding to CXCLI. The initial perturbation of residues K57 and 158 can thus be attributed
to a proximity effect of K56. However, the perturbation profile of K57 and 158 is altered
upon further addition of dp8 indicating these changes must be due to direct dp8 binding
to CXCL7. Thus the sigmoidal profiles are a composite of CXCL1 and CXCL7 binding
(Figures 4.7B and 4.7E). These data collectively indicate two independent binding sites,
with one heparin binding one monomer and the second heparin binding the other
monomer of the heterodimer, and that heparin first binds to CXCL1 due to higher affinity
and then to CXCL7.

As discussed above, characterizing GAG binding to the WT heterodimer is
challenging. However, using the trapped heterodimer titration spectrum as a template, we
explored whether it was possible to characterize heparin binding to the native

heterodimer. Indeed, we could track heparin binding to a few well-dispersed heterodimer
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peaks. For instance, upon titration, a heterodimer peak was observed, which showed
significant CSP, a non-linear sigmoidal profile, and similar chemical shifts as K57 and
I58 in the trapped heterodimer. Additionally, heterodimer peaks that could be assigned to
Q20, L48, and G65 showed sigmoidal profiles similar to what was observed in the
trapped heterodimer. These observations provide compelling evidence that binding
interactions of the trapped heterodimer captures the complexity of the native heterodimer.

To gain insight into the binding geometries, we generated models of the GAG
heparin dp8 bound CXCLI1-CXCL7 heterodimer complex using HADDOCK-based
docking. We performed two independent runs. In run-I, restraints were given between
one dp8 and CXCL7 and between another dp8 and CXCLI. In run-II, restrains were
given between two GAGs and both monomers of the heterodimer. Both runs showed
essentially the same binding geometry, with one GAG binding to each monomer of the
heterodimer (Figure 4.8A). In CXCL7, the GAG-binding interface spans the B3-strand,
the N-loop, and the helix, and is mediated by H15 and K17 of the N-loop, R44 of the 3;-
strand, and R54, K57, and K61 of the helix (Figure 4.8B). In CXCL1, the GAG-binding
interface also spans the B;-strand, the N-loop, and the helix and is mediated by H19 and
K21 of the N-loop, R48 of the Bs-strand, and K61 and K65 of the helix (Figure 4.8C).
Note that CXCL1 K45 and CXCL7 K27 were not involved in binding though both
showed significant CSP indicating their CSP is most likely due to indirect interactions.
We also carried out modeling of one GAG to either CXCL1 or CXCL7 and observed the
same binding interactions as observed for two GAGs. Our models provide the structural
basis for stepwise and non-overlapping binding geometry that is consistent with the NMR
titrations. Further, the GAG-binding geometry is distinct from that observed in CXCLI

dimer, where GAG binds across the B-sheet dimer interface'®’.
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Figure 4.6: Histogram plots of chemical shift changes on Heparin binding to
trapped heterodimer. Heparin binding-induced chemical shift changes in
CXCL7 (A) and CXCL1 (B) of the CXCL7-CXCL1 trapped heterodimer.
Residues that show CSP above the threshold (dashed line) are considered
involved in binding. Basic residues Arg, Lys, and His are shown in blue.
CXCLY7 residues that show sigmoidal binding profiles are shown in red and
residues showing normal hyperbolic profiles are shown in gold. Residues
H19 and K21 (highlighted by *) show much higher CSPs (0.26 and 0.71
ppm, respectively).
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Figure 4.7: NMR characteristics of trapped heterodimer-heparin interactions.
Sections of the 'H-""N HSQC spectra showing the overlay of CXCL7-
CXCL1 trapped heterodimer in the free (black) and heparin dp8 bound form
at 1:1 (red) and 1:4 (blue) molar ratios. Arrows indicate direction of
movement. (A) For CXCL1, only linear chemical shifts are observed. (B) In
the case of CXCL7, both non-linear chemical shifts (K57) and delayed
linear chemical shifts (119 and A64) are observed. (C-E) Plots of binding-
induced chemical shift changes on adding heparin. For CXCL7, hyperbolic

(C), hyperbolic after a delay (D), and sigmoidal (E) profiles are observed.
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CXCL1

Figure 4.8: A model of heparin-bound CXCL7-CXCL1 heterodimer complex. (A)
Ribbon diagram showing heparin binds to both monomers of the
heterodimer. CXCLY7 is shown in dark gray and CXCL1 light gray. (B and
C) Cartoon and surface plots showing side views of the CXCL7 and CXCL1
monomer faces interacting with heparin dp8, respectively. Basic residues
involved in binding are labeled and shown in blue.

Heterodimer Receptor Binding Activity

We characterized receptor activity by measuring Ca*" release using HL60 cells
stably transfected with CXCR2 receptor'”’. We compared receptor activities of WT
CXCLI1, WT CXCL7, a mixture of both chemokines (CXCL7 and CXCL1), and our
trapped heterodimer (CXCL7-CXCL1). The trapped heterodimer was as potent as the
WT chemokines, and the activity of the mixture of CXCL1 and CXCL7 (that corresponds
to the native heterodimer) was no different from the trapped heterodimer or WT proteins

(Figure 4.9). These data indicate that there is no synergy and that essentially one of the
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monomers of the heterodimer binds and activates the receptor. Previous studies using a

trapped homodimer have also shown that the activity of the homodimer was no different

from the monomer’ *'>%%!%,
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Figure 4.9: CXCR?2 activity of the heterodimer. A plot showing the activity curves for
WT CXCL1, WT CXCL7, 1:1 CXCL7/CXCL1 mixture, and the trapped
CXCL7-CXCL1 heterodimer. The ECs values indicate that the heterodimer
binds and activates the receptor like the WT proteins.

DISCUSSION

Animal model and in vitro studies have shown enhanced or altered activity for a
wide variety of CXC, CC, and CXC/CC chemokine pairs’'®'. For instance, high levels
of CXCL1 (KC) and CXCL2 (MIP-2) have been observed in a number of murine disease
models, virus-infected epithelial cells release multiple chemokines that direct neutrophil
chemotaxis, peptides that inhibit CCL5/CXCL4 heterodimer formation alleviate

atherosclerosis in a mouse model, and CXCL7/CXCL4 pair compared to CXCL7 alone
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shows differential activity for neutrophil adhesion and transendothelial migration''®**"-

22 However, whether altered activity is due to non-additive receptor activity of two
chemokines or to distinct heterodimer receptor activity is lacking.

Knowledge of the structural basis and molecular mechanisms by which
chemokines form heterodimers is essential to understanding how heterodimers mediate
function. In this study, using solution NMR spectroscopy, the structural features and
molecular basis by which CXCL7 is able to form heterodimers with some chemokines
but not with others are described. Further, using NMR spectroscopy, the molecular basis
of heparin GAG binding to the CXCL7-CXCL1 heterodimer is also described. NMR
detects direct binding and does not require exogenous tagging as do the fluorescence-
based FRET/BRET methods, and so does not suffer from potential artifacts. Popular
techniques for distinguishing between monomers and dimers such as gel filtration and
native gel electrophoresis cannot distinguish between heterodimers and homodimers due
to their similar size and molecular weight. Mass spectrometry and co-
immunoprecipitation  techniques have been used to detect chemokine
heterodimers'®"'%?* but these techniques do not provide any insight into the molecular
basis of heterodimer formation. NMR chemical shifts of the backbone amide ('H and
1>N)) are sensitive to secondary, tertiary, and quaternary structures. Therefore, under ideal
conditions, NMR could distinguish heterodimers from homodimers and monomers.
Previous NMR studies have shown heterodimer formation between CXCL4 and
CXCL8'" and that CCL2-CCL8 heterodimer is favored compared to CCL2
homodimerlm, but did not describe the structural features of the heterodimer. This is
challenging and requires chemical shift assignments not only of the monomer and
homodimer but also of the heterodimer.

The role of heterodimer function in vivo is dependent on receptor and/or GAG
interactions. GAG interactions play multiple roles that include determining the makeup of

the chemotactic/haptotactic gradients, influencing whether it is the free or GAG-bound
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chemokine that activates the receptor, and regulating the levels of the free monomer and
homodimer. Further, free and GAG-bound heterodimer levels will depend on the GAG
affinities, the equilibrium constants (K4) of the heterodimer and of the two homodimers,
and the relative amounts of the two chemokines. Our findings indicate that for CXCL7
and CXCLI1 the heterodimer Ky falls between the two homodimers. Using trapped
homodimers, it has been shown that the dimer could be as active as the monomer for
CXCR2 function in cellular assays'>’. However, the in vivo recruitment activity of the
monomers and dimers are distinctly different, indicating that the monomer-dimer
equilibrium and GAG binding are coupled and regulate in vivo recruitment’*>'*¢,
Therefore, any novel activity of the heterodimer can be inferred only under conditions
where heterodimer dominates and its activity is different from monomers and
homodimers, and becomes challenging if its levels are not high and/or its activity is not
very different from monomers and homodimers.

In this study, using a disulfide-trapping strategy, heparin dp8 binding and CXCR2
activity of the CXCL7-CXCLI1 heterodimer were successfully characterized. To our
knowledge, this is the very first study that describes the GAG interactions and receptor
activity of a heterodimer without interference from the monomers or homodimers. The
GAG interactions of the heterodimer were strikingly different from the monomer and
CXCLI homodimer'®"*'°, and most interestingly, the receptor activity was no different
compared to the native proteins. We conclude that differences in heterodimer-GAG
interactions could play a role in fine-tuning chemotactic/haptotactic gradients and also
control the amount of free chemokine available to activate the receptor. Finally, our
strategy of engineering a disulfide-linked, trapped chemokine heterodimer opens up new
avenues to characterize in vivo heterodimer function, the role of differential receptor
signaling pathways, and elucidate heterodimer’s role for a variety of chemokine pairs in

health and disease.
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MATERIALS AND METHODS

MOLECULAR DYNAMICS SIMULATIONS OF HETERODIMERS

Initial structures were prepared using NMR or X-ray coordinates available from
the protein data bank (PDB). The PDB IDs used were INAP (CXCL7)”’, IMSG
(CXCL1)?, 1IPFM (CXCL4)®, and 1IL8 (CXCLS8)*®. Structures were generated by
alignment of homodimer backbones and then removing one of the monomers of each
homodimer using PyMol'*®. In the heterodimer the monomer structures were adjusted by
translational and rotational motions about the two fold symmetry axis to align the
hydrogen bond network across the P-strands of the dimer interface. The modelled
heterodimer structures were then subjected to constrained energy minimization to
eliminate any steric clashes, followed by free minimization using the AMBER 12 suite
software and the ff03 force field'””***. The energy-minimized structures were subjected
to an equilibration protocol in explicit solvent**, followed by ~180 ns of MD production
runs were carried out using the PMEMD (Particle mesh Ewald molecular dynamics)
module of the AMBER 12 software suite on the Lonestar Dell Linux Cluster at the Texas
Advanced Computing Center (TACC, UT Austin, TX). The trajectories were analyzed

using AMBERtools 12, VMD, and PyM01198’199’226,

EXPRESSION AND PURIFICATION OF CHEMOKINES

Chemokines were expressed in E. coli cultured in either LB or '“N-enriched
minimal medium and purified using a combination of nickel column and reverse phase
high-performance liquid chromatography as previously described?”. The CXCL7-
CXCLI trapped heterodimer was prepared by introducing a disulfide across the dimer
interface. CXCL7 S21C and CXCL1 K29C mutants were purified using Ni-NTA column,
cleaved using Factor Xa, and were combined without further purification and left

overnight at 35 'C. Heterodimer formation was confirmed using SDS-PAGE and was
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purified using high performance liquid chromatography. Purified proteins were then

lyophilized and stored at -20 °C until further use.

NMR CHARACTERIZATION OF HETERODIMER

Samples were prepared in a 50 mM sodium phosphate buffer pH 7.4 at 25°C
containing 1 mM 2,2-dimethyl-2-silapentansesulfonic acid (DSS), | mM sodium azide,
and 10% D,0. Heterodimer formation between two chemokines can be inferred from
changes in the HSQC spectra on titrating an unlabeled chemokine to a '“N-labeled
chemokine prepared in the same buffer. Initial *N-labeled chemokine concentrations
varied between 30 and 150 uM. The final molar ratios of labeled to unlabeled chemokine
varied from 1:2 to 1:4. For these experiments, titrations were carried out until essentially
no change in the spectra was observed. NMR experiments were performed on a Bruker
Avance III 600 (with a QCI cryoprobe) or 800 MHz (with a TXI cryoprobe)
spectrometer. All spectra were processed and analyzed using Bruker Topspin 3.2 or
Sparky software '*°.

The 'H and "N chemical shifts of the trapped CXCL7-CXCL1 heterodimer were
assigned using '’N-CXCLI-CXCL7 and ""N-CXCL7-CXCL1 samples prepared in 50
mM phosphate pH 6.0 and 35 °C. The concentrations of '>’CXCL7-CXCL1 and CXCL7-
CXCL1 were 300 and 670 uM, respectively, and assignments were obtained from
analysis of '"H-""N heteronuclear NOESY and TOCSY experiments with mixing times of

150 and 80 ms, respectively.

CHARACTERIZATION OF HEPARIN GAG AND HETERODIMER

Binding of heparin dp8 to CXCL7-CXCLI heterodimer was characterized using
solution NMR spectroscopy in 50 mM phosphate buffer at pH 6.0 and 30 °C. The protein
concentration for the titrations varied between 50 and 70 uM. Heparin dp8 was purchased

from Iduron (Manchester, UK) and prepared in the same buffer (10 mM stock) and a
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series of 'H-">’N HSQC spectra were collected upon titrating GAG until no changes in the
spectra are observed. The final molar ratio of heterodimer to GAG was 1:4. For the
trapped heterodimer, both "N-CXCL7-CXCL1 and ""N-CXCL1-CXCL7 samples were
used. For native heterodimer interactions, a mixture of CXCL7 and CXCL1 at 1:1 molar
ratio was used. The final molar ratio of heterodimer to GAG was ~1:3 to 1:4. For all
titrations, chemical shift perturbations were calculated as a weighted average of changes

in the 'H and "°N chemical shifts as described previously’’.

HETERODIMER-GAG DOCKING

Molecular docking of heparin to the CXCL7-CXCL1 heterodimer was carried out
using High Ambiguity Driven biomolecular DOCKing (HADDOCK) approach as
described previously'®2%'2% The CXCL7-CXCL! heterodimer structure from MD
studies and the NMR structure of heparin (PDB ID: 1HPN)** were used for docking.
Ambiguous interaction restraints (AIRs) were selected based on NMR chemical shift
perturbation data. The pair-wise “ligand interface RMSD matrix” over all structures was
calculated and final structures were clustered using an RMSD cut-off value of 4 A. The
clusters were then prioritized using RMSD and ‘HADDOCK score’ (weighted sum of a

combination of energy terms).

RECEPTOR ACTIVITY OF THE HETERODIMER

The CXCR2 receptor activity of the heterodimer was determined using a Ca*"
release assay as described previously'™’. Ca®" levels were measured using a FlexStation
I microplate reader wusing the Calcium 5 assay kit (FLIPR, Molecular
Devices). Differentiated HL60 cells expressing CXCR2 were incubated with varying
concentrations of either WT CXCL1, WT CXCL7, a mixture of both WTs, or the trapped
CXCL7-CXCL1 heterodimer. Changes in fluorescence of the Calcium 5 dye upon

addition of chemokine were measured every 5 s for up to 500 s, and the agonist response
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was determined from the maximum change in fluorescence. ECs values were calculated

based on the response over a range of concentrations.
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Chapter 5

Conclusions and Future Directions

The platelet chemokine CXCL7 plays an important role in neutrophil-platelet
crosstalk during vascular injury. It is one of the most abundant chemokines released from
platelets, and activates the CXCR2 receptor on circulating neutrophils”’***. These
interactions provide cues that direct neutrophils to the site of injury in the form of
chemotactic and haptotactic gradients. Both our current and previous studies reveal a
prominent role for monomer-dimer equilibrium and GAG interactions in controlling the
steepness and duration of these gradients. In addition, in the context of vascular injury,
CXCL7 is secreted with multiple other chemokines, and the formation of heterodimers
likely plays a role in mediating recruitment. Considering that repair of injury and
resolution of inflammation occur over a period of hours to days, the local CXCL7
concentration can vary by orders of magnitude. Accordingly, the relative ratios of the
monomers, dimers, and heterodimers will vary, which dictate the makeup of the
gradients. The gradients, in turn, determine the recruitment and the neutrophil phenotype
from proinflammatory to repair. Disruption of any of these interactions at any point could
result in collateral tissue damage and disease. However, nothing is known regarding the
molecular mechanisms that mediate these interactions. In this dissertation, we provide for
the first time, valuable structural insights into these interactions.

In this study, the molecular level interactions of the CXCL7 monomer,
homodimer, and heterodimer with both GAG and the CXCR2 receptor N-domain were
characterized. By utilizing the weak dimer potential of CXCL7 in the first study of its
kind, we characterized the structural features of the CXCL7 monomer. The CXCL7
monomer binds GAG with multiple geometries, indicating the binding interface is highly

plastic. The CXCR2 N-domain binds a conserved hydrophobic pocket flanked between
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the N-loop and the Ps-strand of the monomer. Comparison of the GAG and receptor
binding domains reveals that the GAG-bound monomer cannot bind the receptor N-
domain. In the context of neutrophil recruitment, these interactions indicate that GAG-
binding regulates the amount of free monomer available to activate the receptor.

To date, the role of CXCL7 homodimer has never been addressed in the literature
because it is present only as a minor species at any concentration or solution condition.
However, quite strikingly, we observed that GAG-bound CXCL7 exists as a dimer. This
indicates that the importance of the homodimer can be fully appreciated only when GAG
interactions are taken into consideration. Utilizing this property, the molecular level
interactions of the homodimer with both GAG and CXCR2 were investigated. GAG
binds to each monomer unit of the CXCL7 dimer in a two GAG to one dimer
stoichiometry, and the CXCR2 N-domain binds the CXCL7 dimer as it does for the
monomer. Similar to what was observed for the monomer, the GAG-binding and
receptor-binding domains overlap, indicating that the GAG-bound dimer cannot activate
the receptor.

In this study, the potential for heterodimer formation of CXCL7 with the other
platelet chemokines CXCL1 and CXCL4 was demonstrated. Interestingly, the CXCL7-
CXCLI1 heterodimer was more favored than the CXCL7 homodimer, but less favored
than the CXCL1 homodimer. Further, we also observe that the heterodimer binds GAG
with high affinity, indicating the role of heterodimer is intimately linked to GAG binding.
To structurally characterize the GAG and receptor interactions of the heterodimer, we
developed a novel disulfide-trapped heterodimer. Using this trapped heterodimer, the
receptor activity of the heterodimer was observed to be the same as the WT protein as
measured in a Ca”" release assay. These findings suggest that any differential activity of
the heterodimer is likely due to GAG interactions®*’.

At this time, there are no technologies or methodologies available to measure in

vivo local chemokine concentrations, so providing a quantitative description of how
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different CXCL7 variants mediate trafficking is not possible. Therefore, we propose
models and scenarios that are semi-quantitative at best. We have determined the
monomer-dimer equilibrium constant (Kg) for CXCL7 and CXCL1 homodimers as ~150
uM and ~5 pM”*"'*7 and the K4 for the CXCL7-CXCLI heterodimer as ~25-50 pM on
the basis of relative intensities of the monomer, dimer, and heterodimer peaks. The
availability of dimer and heterodimer formation equilibrium constants, receptor binding
affinities, and relative GAG binding affinities for the monomer, dimer, and heterodimer
allows better description of how different CXCL7 species regulate neutrophil function
(Figures 5.1 to 5.3).

The observations from this dissertation reveal the importance of homodimer and
heterodimer in relation to GAG binding (Figure 5.1). Upon release from activated
platelets, CXCL7 diffuses through the blood resulting in gradient formation. Gradient
formation at a given time is impacted by multiple factors such as shear forces, crowding
effects, and the distribution of GAGs (Figure 5.2). Serum concentrations of CXCL7 have
been measured as ~ 5 uM, which is several orders of magnitude higher compared to other
chemokines. It is likely that dimers and heterodimers dominate during early time points
and near the thrombus. As CXCL7 diffuses away from the injury site, its local
concentration will drop, and accordingly, the population will shift predominantly to a
monomer. It must also be remembered that gradients, both along the blood flow (say x-
axis) and away from the endothelial cell wall (say y- and z-axis), must be taken into
consideration (Figure 5.3). Neutrophils respond to the soluble monomer chemotactic
gradients and move towards the injury site. However, the steepness and duration of the
chemotactic gradient will vary as a function of time, which in turn will regulate the
neutrophil levels to the injury site (Figure 5.1). Our findings indicate that removal or
dysregulation of dimer or GAG would result in disruption of ideal gradients and

subsequently the directional cues that mediate neutrophil recruitment (Figure 5.2).
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This work has provided valuable insights into the molecular mechanisms that
dictate CXCL7 mediated platelet-neutrophil crosstalk. However, this is still just the tip of
the iceberg. Future studies on the role of CXCL7 tetramer and its GAG interactions,
heterodimer in activating [-arrestin pathways and receptor internalization need to be
elucidated in order to fully describe CXCL7 function in the thrombus. Such studies are
now feasible thanks to the development of a disulfide linked trapped heterodimer.
Further, in vivo studies investigating the recruitment activity of monomers, homodimers,
and heterodimers in a thrombus injury model would provide a more complete overview
to put further context into the findings discussed here. Most importantly, methods and
technologies must be developed that can provide snapshots of local concentrations and
their changes with time, in order to develop mathematical models to better describe

chemokine levels, neutrophil function, and successful resolution.
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Figure 5.1: Relative populations of monomer, homodimers, and heterodimers.
Populations are based on equilibrium constants and GAG-binding affinities.
Homodimers and heterodimers in the presence of GAG initially dominate.
As CXCL7 moves away from the injury site and becomes diluted, monomer
begins to populate.
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Figure 5.2: Schematic of CXCL7-mediated neutrophil recruitment. (A) Platelets
release CXCL7 along with other chemokines during thrombus formation.
Homodimers and heterodimers are shown predominantly in the GAG bound
form. The blue background illustrates the chemotactic gradient and the
black arrow indicates the direction of neutrophil migration. (B) Disruption
of GAG interactions or dimer formation results in reduced gradient
formation as illustrated by the blue color gradient. Arrows indicate
directional cues are lost under these circumstances, resulting in reduced
recruitment to the thrombus.
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Figure 5.3: Gradient formation in the vasculature. Cross section of a blood vessel
demonstrating the chemotactic gradient also occurs in the radial dimension.
A zoomed in slice is shown to further illustrate the role of GAG binding and
dimer formation in mediating gradient formation that facilitates neutrophil
recruitment to the thrombus in the proximity of the endothelium.
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Appendix A Tables and Figures

Table Al:  Assignments for CXCL7 monomer in 50 mM phosphate at pH 4.0, 30°C

CXCL7 Sequence Assignments

Residue NH Ha Hp others N Ca CB
1. Ala

2. Glu 8.66 4.43 2.02 vH 2.39 120.63 53.71 28.84
3. Leu 8.44 4.38 1.62 vH 1.62, 8H 0.84  124.47 52.45 43.93
4. Arg 8.28 465 2.03,1,81 YH1.598H3.16  120.71 52.37 29.65
5. Cys 8.36 4.65 3.50, 2.88 119.42 52.78 37.72
6. Met 9.36 4.40 2.11 vH 2.61 123.88 54.28 32.50
7. Cys 8.41 490 3.06,2.92 118.17 52.00 40.36
8. 1le 8.44 4.19 1.98 YH1.278H 099  122.63 59.69 36.68
9.Lys 7.91 4.66 1.94,1.80 YH1490H293  119.97 52.50 33.22
10. Thr 8.31 4.68 4.03 vyH1.13  113.15 57.63 69.90
11. Thr 8.38 4.73 4.05 vH 1.23 115.77 58.73 69.04
12. Ser 8.58 474 4,01 119.51 55.17 62.81
13. Gly 8.58 3.99 110.36 43.87

14. Ile 7.50 425 1.82 yYyH1.150H0.79  118.94 56.11 36.70
15. His 8.64 506 3.39,3.21 124.66 52.32

16. Pro 62.60 30.33
17. Lys 8.65 4.27 1.90 vH 1.46 116.99 55.63 29.81
18. Asn 8.20 4.88 3.18,2.86 115.28 50.73 37.99
19. lle 7.68 3.90 1.94 YH 1.68 6H 0.76 120.19 60.38 37.21
20. Gln 9.48 4.48 1.90 vyH229 12830 54.33 28.96
21. Ser 7.94 4.68 3.90 111.31 54.98 63.60
22. Leu 8.50 5.21 1.49 OH 0.82  122.00 51.76 44.69
23. Glu 8.85 472 2.06, 1.93 vH 234  124.29 52.46 31.19
24. Val 9.42 4.32 1.98 vH 1.11 129.96 59.09 31.18
25. lle 8.67 4.72 2.00 YyH1.500H 0.88  125.33 58.28 36.70
26. Gly 8.59 4.14,3.86 112.40 42.60

27.Lys 8.22 4.16 1.77 vH 1.25,06H1.39  119.92 54.57 31.71
28. Gly 8.41 4.35,4.14 110.31 43.07

29, Thr 8.35 4.68 407 vH1.09 114.23 62.27 67.05
30. His 8.53 4.80 3.40,3.17 115.71 53.94 28.80
31. Cys 7.56 4.80 3.15 116.24 54.08 39.62
32. Asn 8.70 4.87 2.96 126.38 51.17 36.25
33. Gln 7.63 4.68 2.16,1.92 vH 2.37 116.81 51.49 41.14
34. Val 8.34 4.18 1.94 vH 1.08,0.86  122.60 60.42 29.70
35. Glu 8.71 4.80 2.02 vH 255  124.20 53.19 30.80
36. Val 9.47 4.82 211 vHO0.84  124.05 57.93 30.96
37.lle 9.01 4.79 1.85 vH 1.50, 1.17, 8H 0.80  126.39 57.65 37.83
38. Ala 9.63 5.27 1.30 132.89 47.47 19.16
39. Thr 8.87 4.94 412 vyH 128  119.17 59.84 67.29
40. Leu 9.48 5.09 227 vyH 1.75,08H 096  127.70 51.48 40.37
41. Lys 8.48 4.03 1.86 vH 1.47  120.96 56.90 30.51
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CXCL7 Sequence Assignments

Residue NH Hao HpB others N Ca CB
42, Asp 7.66 461 319,265 114.81 50.73 38.60
43. Gly 8.09 44,358 108.32 42.33

44. Arg 7.89 4.27 2.04 vH 1.71 120.90 54.78 30.11
45. Lys 8.19 5.53 1.72 vH 1.50, ¢H 3.01 120.02 52.48 32.50
46. Ile 9.01 4.70 1.80 OoH 0.84 119.35 56.44 40.30
47. Cys 8.73 562 3.79,3.31 121.81 54.10 44.73
48. Leu 8.99 5.04 1.68 vH 1.51, 6H 0.80 123.31 4991 42.12
49. Asp 8.19 472 2.88,2.60 121.85 48,97

50. Pro 61.35 30.54
51. Asp 8.08 470 2,90, 2.69 114.30 51.30 40.16
52. Ala 7.50 4.64 1.59 126.18 48.14

53. Pro 63.64 30.50
54. Arg 8.78 4.14 2.02 vyH1.82  115.40 56.51 2831
55.Ile 7.44 4.05 227 vH 1.47, 6H 0.82 117.01 58.36 40.44
56. Lys 8.48 4.04 191 vyH1.52  122.50 57.76 30.75
57.Lys 7.52 413 1.91 YH 1.62 115.92 56.49 30.59
58. 1le 7.37 3.82 2.04 vH1.23,8H0.86  120.17 62.12 4045
59. Val 8.33 3.50 227 vH 0.99 120.61 64.22 30.07
60. GIn 8.18 4.02 2.21 yH255 117.15 56.27 26.73
61. Lys 7.68 418  2.21,2.00 YH 1.61 118.45 56.49 29.64
62. Lys 8.11 4.24 1.98 vH 1.60 118.95 55.43

63. Leu 8.25 4.30 1.82 yH 1.60, d6H 0.88  118.99 53.93 39.86
64. Ala 7.74 4.38 1.55 121.78 50.19 17.61
65. Gly 8.02 4.04 106.93 43.17

66. Asp 8.15 472 2.82 119.68 51.52 40.46
67. Glu 8.39 4.45 226,203 yH247  121.05 53.88 28.21
68. Ser 8.26 4.45 3.95 116.34 56.06 62.72
69. Ala 8.22 4.46 1.45 125.91 49.94 17.94
70. Asp 7.96 4.53 2.79 122.99 5341

Side Chain N

4. Arg 719 121.22

18. Asn 7.10,7.67  112.30

20. GIn 6.86,7.40  111.85

32. Asn 6.86,7.55  111.30

33. GIn 6.79,7.48  112.00

44, Arg 7.87 121.92

54. Arg 735 12075

60. Gln 6.81,7.44 111.20
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Figure Al: HSQC spectra of the pH titration from pH 4.0 to 7.0. Titration points go from pH
4.0 (black), 4.4 (purple), 5.0 (blue), 5.5 (green), 6.0 (orange), and pH 7.0 (red).
Monomer peaks are labeled. Dimer peaks become visible at higher pH as

indicated.
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Figure A2: HSQC spectrum of the C7 peak splitting. Titration points go from pH 5.0 (black),
5.5 (red), 6.0 (green), and 7.0 (blue).
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Figure A3: Structural features of the CXCL7-CXCL8 heterodimer. (A) Snap shot of
the structural model of CXCL7-CXCLS8 heterodimer from the last 5ns of the
MD simulation. (C) A schematic showing the 3;-strand dimer interface H-
bonds (dashed line) from the final 5ns of the MD run. (B,D) Packing
interactions involving CXCL7 helical and CXCL8 B-sheet residues and
CXCLS8 helical and CXCL7 B-sheet residues, respectively. CXCLS8 residues
are labeled with an prime (°).
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