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ABSTRACT

Chemokines form a family of signaling proteins mainly responsible for directing the traffic of leukocytes, where their bio-
logical activity can be modulated by their oligomerization state. We characterize the dynamics and thermodynamic stability
of monomer and homodimer structures of CXCL7, one of the most abundant platelet chemokines, using experimental meth-
ods that include circular dichroism (CD) and nuclear magnetic resonance (NMR) spectroscopy, and computational methods
that include the anisotropic network model (ANM), molecular dynamics (MD) simulations and the distance constraint
model (DCM). A consistent picture emerges for the effects of dimerization and Cys5-Cys31 and Cys7-Cys47 disulfide bonds
formation. The presence of disulfide bonds is not critical for maintaining structural stability in the monomer or dimer, but
the monomer is destabilized more than the dimer upon removal of disulfide bonds. Disulfide bonds play a key role in shap-
ing the characteristics of native state dynamics. The combined analysis shows that upon dimerization flexibly correlated
motions are induced between the 30s and 50s loop within each monomer and across the dimer interface. Interestingly, the
greatest gain in flexibility upon dimerization occurs when both disulfide bonds are present, and the homodimer is least sta-
ble relative to its two monomers. These results suggest that the highly conserved disulfide bonds in chemokines facilitate a
structural mechanism that is tuned to optimally distinguish functional characteristics between monomer and dimer.
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INTRODUCTION

single chemokine binds multiple receptors, resulting in a

. . . . broad range of both unique and shared signaling events.
Chemokines are important regulatory proteins associ-

ated virtually with all physiologic or pathologic processes

that involve immune system cell trafficking.! The interest
to understand how chemokines function increased greatly
after they were identified as key players in inflammation-
related and infectious disease processes, including auto-
immune disease, HIV/AIDS, and cancer.23 While the
assessment of chemokines in a variety of biological assays
provided a wealth of information on their functional
activity and new activities are continually being discov-
ered, the structural biology approach allows for the mech-
anistic understanding of chemokine functioning.

There are 47 members in the family of human chemo-
kines. Chemokine act on receptors that belong to the
family of G-protein-coupled receptor (GPCR) superfam-
ily.4 Multiple chemokines bind a single receptor and a
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Significant efforts are being made toward understanding
the receptor binding affinity and specificity in the che-
mokine system to facilitate the development of targeted
therapeutic agents.5_7 It is expected that all chemokines
have a similarly shaped receptor binding site, because
chemokines are small molecules (8—10 kDa) with essen-
tially the same three-dimensional fold.8 Each chemokine
monomer has a disordered N terminus of six to ten
amino acid residues, followed by a long N-loop (about
10 residues), a 3;, a-helical turn, a three-stranded [-
sheet, and a C-terminus «-helix. Furthermore, chemo-
kines have two disulfide bonds joining four conserved
cysteine residues per monomer (with only a few excep-
tions where chemokines have three or only one disulfide
bond). The current model of receptor activation by a
chemokine ligand, which is based on structure-function
studies of several chemokines, proposes two consecutive
interaction sites: the N-loop of chemokine ligand inter-
acting with N-terminal residues of the receptor (Site-I)
and the N-terminal residues of chemokine ligand inter-
acting with extracellular loop/transmembrane residues of
the receptor (Site-II),>? although a recent crystal struc-
ture of the chemokine receptor CXCR4 in complex with
a viral chemokine vMIP-II suggests that the binding
interface may be even more extensive.” Accordingly, dif-
ferences in amino acid composition of the N-terminal
and N-loop regions contribute to the affinity and speci-
ficity of the receptor binding by a chemokine ligand.
Additionally, experimental evidence showing that both
the Site-I and Site-II of chemokine/receptor interaction
comprise an extended and comparatively flexible region
within the chemokine molecule, suggests a mechanistic
role of protein dynamics in receptor binding.10-20

An interesting question is whether the differences in pro-
tein dynamics or flexibility in the apo structures through
intermolecular interresidue couplings are important in the
selection of chemokine-receptor interactions. Indeed, the
importance of coupling between Site-I and Site-II in the
chemokine ligand for receptor activation has been demon-
strated for the CXCL8 chemokine,2122 suggesting similar
effects are present in other chemokines because of the simi-
larity of their structures and disulfide bond locations.22

Here, we employ a combination of experimental and
computational methods to investigate the dynamics, the
inter-residue couplings, and the role of disulfide bonds
on chemokine stability, and flexibility in the monomer
and dimer forms of CXCL7 chemokine. CXCL7 is a
strong chemoattractant of neutrophils, and thus plays an
important role in inflammation, blood clotting, and
wound healing.23 It activates neutrophils via the interac-
tions with cell surface receptors CXCR1 and CXCR2, but
has much higher affinity to CXCR2.24-26 Similar to
other chemokine ligands of CXCR2 receptor (for exam-
ple, CXCL1-3 and CXCL5-8), CXCL7 has a characteristic
three N-terminal amino acid residue motif, ELR,
involved in receptor binding and cell activationZ” that
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was shown to be highly dynamic.l® By analogy to other
CXCR2 chemokine ligands, the residues in the N-loop
(Tle8-His15) and the 30s loop (Gly26-Val34) are expected
to be implicated in receptor binding as they define rela-
tively dynamic regions of the protein.!416 Besides the
chemotactic activity regulated through the receptor, it
was found that the CXCL7 variant thrombocidin-1 (TC-
1), missing just the two C-terminus amino acids, pos-
sesses strong antimicrobial activity.?8 While a positive
patch on protein surface formed by several lysine and
arginine residues (Lysl17, Lys41, Arg54, Lys56, Lys57, Lys
60, and Lys61) was found to be essential for the antimi-
crobial activity of folded TC-1,29’30 functional differen-
ces (CXCL7 being inactive vs. TC-1 being active) of the
two proteins with essentially the same monomer struc-
ture were explained by a higher and less restricted mobil-
ity of C-terminal residues in TC-1, leading to the
increased possibility of interactions with the negatively
charged bacterial membranes.14 Thus, protein dynamics
plays an important role in both the receptor activation
and antimicrobial activity of CXCL7.

This report presents our initial effort in establishing a
workflow that can be extended to the entire chemokine
family. We demonstrate the utility of the phenomenological
minimal distance constraint model (mDCM) that has
emerged as a fast and robust all-atom ensemble-based com-
putational method for elucidating thermodynamic and
mechanical properties of proteins31=33 by investigating the
dynamics and stability of CXCL7 chemokine. For the first
time, we extend the mDCM approach to account for solva-
tion effects semiempirically by extracting free energy differ-
ences upon dimerization from experimental circular
dichroism (CD) experiments. This latter connection pro-
vides a route for quantitatively comparing backbone flexi-
bility and residue pair couplings between the monomer and
dimer forms to elucidate the effect of the protein-protein
interface. We compare mDCM predictions to low-frequency
protein motions determined by the anisotropic network
model34-36 (ANM) and ANM, molecular dynamics (MD),
and mDCM results are compared with experimental
nuclear magnetic resonance (NMR) relaxation data. Taken
together, we arrive at a consistent picture of CXCL7 dynam-
ics and stability in regards to the effect of dimerization and
role played by the highly conserved disulfide bonds.

MATERIALS AND METHODS

Experimental procedures

CXCL7

CXCL7 was expressed as 6-His-Trx-DDDDK fusion
protein in Origami B (DE3) PLysS E. coli cells. Metal
affinity chromatography was used to purify 6His-tagged
fusion protein. The cleavage of 6-His-Trx-tag was per-
formed wusing enterokinase light chain (Applied



CXCL7 Dynamics and Thermodynamics Properties

Biological Materials Inc., Canada). CXCL7 chemokine
was finally purified using heparin affinity chromatogra-
phy. The molecular weight of CXCL7 has been confirmed
by mass spectrometry. The purity of protein was more
than 98% according to SDS-PAGE analysis.

CD spectroscopy

CXCL7 samples were prepared in H,O at pH 3.8. Two
concentrations of CXCL7, 43 and 12 puM, were used. CD
measurements were performed on a Jasco-715 spectropo-
larimeter, equipped with a Peltier temperature control
system, using quartz glass cell with a path length, I, of
1 mm. Far-UV CD spectra were recorded in the range of
190 to 260 nm The corresponding buffer baseline was
subtracted from each spectrum. Spectra were recorded
using a 50 nm/min scan rate with a 2 s response and
1 nm bandwidth. To follow the thermal unfolding of
CXCL7, CD spectra were collected at 3-5°C intervals in
the temperature range from 25°C to 90°C. At each tem-
perature, the sample was equilibrated for 10 min. The
unfolding of CXCL7 was only partially reversible. The
increase of temperature above 85°C caused partial pre-
cipitation of CXCL7. Therefore, the temperature-induced
unfolding of CXCL7 was monitored within 25-85°C tem-
perature range. Reported spectra are averages of four to
six scans and are expressed as mean-residue molar ellip-
ticity, [0], calculated by using the relation

0= 1o

S 100-C- 1 (1)

in which M, is the mean residue molar mass, 0, is the
measured ellipticity in degrees, and C is the total concen-
tration of protein. The value of M,=109.3 g/mol was
obtained by dividing the molecular weight of CXCL7
with the number of amino acid residues in it.

CD data analysis

CD data were analyzed assuming a two-state dissocia-
tion and a two-state unfolding model describing the
equilibrium between CXCL7 dimers, D, monomers, M,
and unfolded monomers, U, as shown in Eq. (2),

DM &ou )

Here, Kp is the equilibrium dissociation constant for
dimers and Ky is the equilibrium unfolding constant
given by Eq. (3),

Ky=1— (3)

At each temperature, the observed ellipticity is a
weighted average of the ellipticities of unfolded, [0]y,
and folded, [0]p states:

[6]=1u[0)y + 5[0l (4)

where fi; and f; are the fractions of unfolded and folded
CXCL7, respectively. Using Eq. (3), the observed elliptic-
ity can be expressed as a function of CXCL7 monomer
concentration and the equilibrium unfolding constant:

Bl (00 (1-200)  ©

The total molar concentration of CXCL7 in solution at
each temperature is given by Eq. (6),

c:[MHz[DmU}:KiD[M]2+(1+KU)[M] 6)

The monomer concentration can be readily obtained
by solving quadratic Eq. (7),

M]=—— T 5 (7)

Kp Kp Ky +\/K§(1+KU)2 L C K
4 4

The dependence of [0],,s on temperature, T, is deter-
mined by the temperature dependence of equilibrium
dissociation and unfolding constants, which can be
expressed using Gibbs free energies of dimerization,
AGp, and unfolding, AGy, as follows:

A A
KD=exp<— RGTD>’ KU=exp<— RGTU) (8)

Here, R is the gas constant, 1.986 cal-'K~! mol™ . For
a two-state process, the Gibbs free energy is given by a
Gibbs-Helmholtz equation,

T T
AG(T)ZAH<1— ?) +ACP(T_ TR)+ACPT II’ITR, (9)
R

where Ty is the temperature of the transition, which in
our model is the dissociation of CXCL7 dimers or the
unfolding of CXCL7 monomers. AH and ACp are the
changes of enthalpy and heat capacity, respectively, asso-
ciated with the transition.

The melting temperature, Ty, i.e. the transition tem-
perature of unfolding, was determined by fitting the
observed ellipticity [0] at different temperatures to Eq.
(5) taking into account Eqs. (7-9). [0]z was approxi-
mated as linear function of temperature. The ellipticity
of unfolded CXCL7 [0]y was determined from the CD
spectrum acquired in 6M GuHCI [0]y.

NMR spectroscopy

Uniformly '°N-enriched CXCL7 was prepared using a
95% H,0/5% D,O mixture at pH 3.8. 8% 2-
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chloroethanol was added to dissociate the CXCL7 into
monomers.!416:37 NMR experiments were carried out
at 37°C on a Bruker Avance 950 and 700 MHz spectrom-
eters at David H. Murdock Institute (Kannapolis, NC).
The assignments were obtained by the comparison to
published datal416 and using an '’N-HSQC-TOCSY
data. A total of 63 residues out 66 were definitively
assigned and used for NMR relaxation analysis. For the
longitudinal R1 spin-relaxation experiments, the relaxa-
tion delays were 10, 50, 100, 200, 300, 400, 600, 800, and
1000 ms at 950 MHz and 10, 50, 100, 300, 600, and 800
ms at 700 MHz. For the transverse R2 spin-relaxation
experiments, the relaxation delays were 17, 33, 51, 68,
85, 102 ms at 950 MHz. "H-""N heteronuclear NOE data
were acquired in an interleaved manner.

NMR spectra were processed using NMRPipe38 and
analyzed with the Sparky 3.113 program.3 R1 and R2
relaxation rates were obtained either by fitting the peak
intensities or peak volumes to a single exponential decay.
The heteronuclear NOE were calculated as the ratio of
intensities estimated from spectra acquired with or with-
out the NOE effect.

The '°N R1, R2, and NOE relaxation data were ana-
lyzed to describe the internal dynamics of CXCL7 using
the model-free Lipari-Szabo approach40 by the relax-
GUI program41 and built-in automated protocol of
model selection and optimization.#? Relaxation data for
each residue were fitted to the different models, where
the appropriate model was chosen for each residue by
evaluating the quality of the fit.43 The optimal overall
tumbling time, 7., was found on a per residue basis
using the isotropic spectral density function to be
4.2+ 0.6 ns.

Theory and computation

CXCL7 structure

The X-ray crystallographic structure of CXCL7 tet-
ramer#4 was used (pdb code 1NAP). Monomer struc-
tures in the X-ray structure have small differences
leading to an overall asymmetric structure. Chains A and
B were selected from the tetramer to represent the
CXCL7 monomers or dimer. For the mDCM analysis,
the monomer and dimer structures were processed using
the program MOE from Chemical Computing Group,
Inc. Protonation states were then determined using the
H++ web server® held fixed for all subsequent analysis.
To study the effects of the disulfide bonds, each mono-
mer (A and B) was prepared in four cases: both Cys5-
Cys31 and Cys7-Cys47 or none of the disulfide bonds
form, or only one of the two disulfide bonds form.

ANM analysis

The ANM34-36 was used to quantify low-frequency
vibrational modes that correspond to dominant large-
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scale motions. In ANM, the three-dimensional structure
of a protein is represented as an elastic network where
nearby Ca atoms are connected by harmonic springs
with equilibrium lengths defined by the input structure.
In this work, a cutoff distance of 15 A was adopted to
define nearest neighbors, and the force constant was
identical for all springs. Based on the packing of Ca
atoms, ANM provides information about the direction of
fluctuations in residue positions. As a general character-
istic, core regions of a protein characterized by higher
density of Ca — Ca nearest neighbors will exhibit less
mobility, while surface regions and especially protruding
loops will tend to have greater mobility. As such, the
large-scale protein motions captured by ANM are
because of the overall shape of the protein structure, and
not sensitive to the disulfide bond configurations. Conse-
quently, the nature of the global motions of the back-
bone exhibited in a monomer is expected to depend on
whether the monomer chain is isolated or joins the
dimer. Moreover, by the coarse graining nature of the
ANM, the global motions are insensitive to perturbations
in molecular interactions that do not change atomic
packing.

The ANM vibrational modes of the protein are deter-
mined by a Hessian matrix H.3%36

hiy o hi hn
hy hyy hon

H= (10)
hne b hnn

The elements of H are obtained from the 2nd order
derivative of the residue interaction harmonic potential
V with respect to coordinates x, y and z

o’V Vv 'V
0x;0x; 0x;0y; 0x;0z
2 2 2
hy= % oV oV (11)
Oy;0x; 0yi0y; 0y,0z
v vV 'V
0z;0x; 0z0y; 0z0z

The diagonalization of Hessian matrix derived from
the ANM potential provides 3N—6 non-zero modes
characterized by the eigenvalues and the corresponding
eigenvectors. The mean square fluctuations of the dis-
placement of the i-th residue is given by the value of
<AR? > obtained by taking a pseudo inverse of the
Hessian matrix as a singular value decomposition.36
Note that the x, y, and z components of a given resi-
due are grouped together. The Debye-Waller or B-
factor for residue i, which is correlated to the mean-
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square fluctuation, is calculated using the following
relation:

Bi=8n’/3 < AR} > (12)

The cross correlation coefficient between residue fluc-
tuations is calculated using the first 20 modes according
to the Eq. (13):

<AR; - AR]' >
(<AR,‘ - AR; >< AR]' . AR]' >)1/2

Cij (13)

All calculations were carried out using the automated
ANM server3® for the monomer and dimer structures
separately. The results for monomers were averaged over
chains A and B.

mDCM analysis

The mDCM31-33 is used to characterize thermody-
namic stability and flexibility of CXCL7. The mDCM
maps the three-dimensional all-atom structure of the
native state of a protein onto a graph, where vertices rep-
resent atoms and edges represent different interactions,
such as covalent bonding, hydrogen bonds (H-bonds),
salt bridges and atomic packing through torsion interac-
tions. A salt bridge is treated as a special type of H-
bond. A free energy decomposition scheme is employed,
where an energy and entropy contribution is assigned to
each interaction, and moreover, each interaction is mod-
eled as one or more distance constraint. Note that cova-
lent bonds are always present in the graph because they
do not fluctuate, whereas torsion distance constraints
and H-bond distance constraints fluctuate, which gener-
ates a large ensemble of accessible constraint networks.
The total energy and conformational entropy must be
calculated for each network. Although correlations
between degrees of freedom (DOF) invalidate an additive
reconstitution of free energy components defined by a
free energy decomposition,46’47 a nonadditive reconsti-
tution is possible48 by applying the pebble game algo-
rithm#? to a constraint network to identify independent
distance constraints. A lowest upper bound estimate for
the total conformational entropy is obtained by preferen-
tially adding the most restrictive independent interac-
tions present in the network, while energy contributions
are added over all interactions present. This approach
proves to be sufficient to provide high accuracy within
the context of a phenomenological model comprising
three free parameters.

The H-bonds identified from the native structure are
allowed to break and reform, but no non-native H-bonds
enter into the calculation. Torsion constraints fluctuate
between native-like and disordered states to model good
or poor atomic packing. Good atomic packing lowers

energy and conformational entropy, while poor atomic
packing increases energy and conformational entropy. To
generate an ensemble of constraint networks that charac-
terize conformational fluctuations about the native struc-
ture, and to calculate the free energy of the protein, the
number of H-bonds, Ny, and the number of good pack-
ing constraints, N, are order parameters used to specify
a macrostate of the protein. Given the maximum num-
ber of H-bonds, Ny, and the maximum number of good
packing torsion constraints, N;p*, as determined from
an input structure, the number of possible microstates,
Q,,, for a given macrostate (Ny, Ngp) is given as

(NNt )/ (N (NGRS = Ni ) PN (N2 =Ny ) ) - The
mixing entropy Sy, is then given by S, =RIn(Qy,).

By employing Monte Carlo sampling, the conforma-
tional entropy for a macrostate is estimated as:

Se (th> Ngp |8gp)

N
=R | 8gp Qgp +pp Qup T3

k=1

(14)

<1+%Ek> (g |,

where Ry, is the entropy of an independent good pack-
ing constraint, RJ,, is the entropy of an independent
poor packing constraint and 8 is the entropy of the
weakest possible independent H-bond constraint. The
dimensionless parameters J,, and 8}, have been deter-
mined previously to be equal to 2.53 and 1.89, respec-
‘[ively,3 1 and they are transferable across globular
proteins. Q,, and Q,, represent the average number of
independent good packing or poor packing constraints
found in the sub-ensemble of constraint networks speci-
fied by (Npj Ngp). The variable ny equals 0 when the k-
th native H-bond is broken or 1 when it is present. The
quantity g counts the number of independent distance
constraints associated with the k-th H-bond when pres-
ent. The energy, Ej, for the k-th H-bond (or salt bridge)
is limited to the range from 0 to —8 kcal/mol,50 with
corresponding entropy being a linear function of its
energy. The Qg Q,» and g; have unique values because
of the preferential ordering imposed on Eq. (14) where
the lowest entropy constraints are placed in the network
before other constraints with higher entropy. It is worth
mentioning that the good/poor packing constraints
adapted in this work were previously referred to as
native/disordered torsion constraints. However, due to
using multiple input structures from MD simulations,
some of the non-native fluctuations that occur in the
native state basin are captured.

The free energy landscape is calculated by combining
total energy and entropy contributions for each macro-
state using a free energy functional. Accordingly, the
free energy of a macrostate of the protein is constructed
as:

PROTEINS §



C.A. Herring et al.

Structure Preparation
4 disulfide bond states
2 monomers, 1 dimer

L 4

Molecular Dynamics
12 trajectories

4

Clustering

10 representative structures
® o0 O 0 00 0 00 X1

Experimental T,,, and AH

mDCM analysis
1. Apply grid search for {u, v, §,.} to generate family of C, curves.
2. Select a target C, curve using experimental constraints.
3. Fit each structure to the target C,, curve to find unique sets
of {u, v, 5,.} parameters reflecting conformational variations.
4. Use experimental constraints to define dimerization free energy.

4 L 2
average mechanical average changes in
characteristics energy and entropy
Figure 1

Flowchart of steps of the combined CD/MD/mDCM analysis.

G(th’ ng)
= U(th) - uth + Vng -T I_Sm (th, ng)
+SC(th7 ng|8gp)J’

(15)

where U is the average intramolecular H-bond energy
given as UIZ?LM; E;n;. In Eq. (15) the three parameters,
(4, v, Jgp) are adjusted for thermodynamic predictions to
best agree with experimental measurements. The u
parameter represents a favorable (i.e. a negative value)
effective protein-solvent H-bond energy, which competes
against the formation of intramolecular H-bonds. The v
parameter is a favorable energy that occurs when good
atomic packing forms, and Régp was described above as
the entropy of an independent good packing constraint.
For an exhaustive calculation on the CXCL7 dimer,
about 27?° constraint networks are required, ignoring
non-native interactions for a given input structure. Only
a few hundred random samples of constraint networks
per macrostate are sufficient to obtain accurate estimates
of the free energy function given in Eq. (15). Previously,
the phenomenological parameters u, v and dg4, were
usually determined by fitting the predicted heat capacity
curve based on one input structure to the target heat
capacity curve from differential scanning calorimetry
(DSC). In this work, the melting temperature, T,,, is
known from CD, and multiple input structures from
MD simulation are considered. The flowchart shown in
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Figure 1 summarizes the steps of the combined CD/MD/
mDCM analysis as explained below.

Quantitative stability/flexibility relationships

The backbone Flexibility Index (FI) and Cooperativity
Correlation (CC) are two types of Quantitative Stability/
Flexibility Relationship (QSFR) metrics used to charac-
terize mechanical properties of a protein.3233:91 The
DOF that are of interest are ¢ and y backbone torsion
angles, and y side-chain torsion angles corresponding to
rotatable bonds. A rotatable bond is mechanically equiva-
lent to a hinge, but it may become rigid due to con-
straints  that arise from atomic packing and
intramolecular H-bonds. In a flexible region, we denote
the number of rotatable bonds that rotate like a hinge as
H, and the number of independent disordered torsions
as A. Then h;= A/H is the density of independent DOF
within that region with all of its H rotatable bonds
assigned the same A/H value. Within a rigid region, we
denote the number of locked rotatable bonds as L, and
the number of redundant constraints as B. Then ;= B/L
is the density of redundant constraints within this over-
constrained region with all of its L bonds assigned the
same B/L value. For a given microstate that defines a
particular constraint network, FI is calculated as f;= (h;
— ;) for the i-th rotatable bond. FI indicates when an a
priori rotatable bond remains flexible within a region
having an excess DOF, or it becomes locked within an
over-constrained region where there are an excess num-
ber of constraints. An isostatic rigid region has ;=0 indi-
cating no excess DOF or constraints. Since a rotatable
bond can either rotate or be locked, any localized region
of a protein cannot be simultaneously flexible and rigid.
However, the reported FI is an ensemble average of f;
over different constraint networks. Therefore, an FI~0
could reflect a region that is rarely isostatic within any
particular constraint network, but over an ensemble of
possible constraint networks, the region could fluctuate
between under- and over-constrained. In this case, the
rotatable bond on average reflects a region close to being
isostatic.

The CC matrix is calculated similarly to FI and quan-
tifies the rotatable bonds that flex together in a continu-
ous motion, or lock together to form a rigid cluster. If
the i-th and j-th rotatable bonds fall within in the same
flexible region, the matrix elements CC; and CCj; are
assigned the value of h; (also equal to h;). Likewise, when
the i-th and j-th rotatable bonds fall within the same
over-constrained region, the matrix elements CC; and
CC;; are assigned -I; (also equal to -I;). If a pair of rotata-
ble bonds falls within an isostatic region, or they are not
members of the same flexible or rigid region, the matrix
elements CC;; and CC;; are assigned 0.

To average FI and CC, each constraint network is
assigned a thermodynamic statistical weight based on
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solving the mDCM for the free energy landscape as
described above. In proteins with clear two-state behav-
ior, it is often convenient to calculate the average
mechanical properties within the native state ensemble (a
restricted set of macrostates) at the melting temperature
(i.e. a single temperature). In this report, we average
over the full ensemble of macrostates because this avoids
technical complexities in merging results from different
representative  structures. The resulting temperature
dependence of the average mechanical properties (e.g. FI
and CC) allows questions about CXCL7 stability to be
addressed.

Filtering is applied to CC-difference plots using a sig-
nal beyond noise ratio (SBNR) to quantify statistically
significant results, rather than show raw differences.
SBNR is defined as follows. The standard deviation, o, is
first calculated for all raw differences between corre-
sponding pixels, x. If x > o, then SBNR(x)= (x—0o)/c.
If x<—o then SBNR(x)= (x+0)/c otherwise x is
below noise, and SBNR(x)=0. According to this defini-
tion, when the magnitude of SBNR is more than 1 the
results are statistically significant, while variations within
one standard deviation are completely filtered out.

mDCM parameterization on multiple input structures

Residue pair couplings are sensitive to the H-bond
network within a protein structure. The asymmetric X-
ray crystal structure of a CXCL7 tetramer (pdb code
INAP) showed differences in H-bonding details among
the four monomers. Therefore, MD simulation was used
to generate multiple input structures for the mDCM.>2
The MD simulation was performed using Gromacs
4553637 in the NVT ensemble with the AMBER99SB-
ILDN force field.38 The protein systems were solvated by
adding 10.0 A of TIP3P water3? in a periodic cubic box,
with counter ions added to neutralize the net charge.
Before production, the starting structure was obtained by
minimizing the potential energy of the system, followed
by 1 ns of NPT and 1 ns of NVT equilibration. Pressure
(1 atm) was regulated using the extended ensemble
Parrinello-Rahman approach#0 and temperature (300 K)
was controlled by a Nose-Hoover temperature cou-
pling.4142 A cutoff distance of 10.0 A was used for van
der Waals interactions, and the Particle-Mesh-Ewald43
method was employed to account for the long-range
electrostatic interactions. All bonds to hydrogen atoms in
proteins were constrained using LINCS,%4 and bonds
and angles of water molecules were constrained by SET-
TLE#> allowing for a time step of 0.002 ps. A 100 ns tra-
jectory was collected for each structure. A total of 2,000
evenly spaced frames from each trajectory were clustered
using the KCLUST module?® from the MMTSB tool
set?V based on the root-mean-square deviation (RMSD)
of all heavy atoms. The cluster radius was adjusted so
that the ten largest clusters represented 85% or more of

the 2000 conformations. This method allows some of the
non-native fluctuations that occur in the native state
basin to be captured. We found that non-native H-bonds
appear <8% of the time over an MD trajectory, suggest-
ing errors in predicted in quantities should be within
typical experimental errors of binding energy estimates.

The number of input structures to mDCM consisted
of 40 dimers and 80 monomers in total by considering
each of the disulfide bond states for the dimer and
monomer (A and B chains) separately. A simple grid
search over the three dimensional parameter-space was
performed to obtain different sets of parameters u, v,
and Og, that would yield heat capacity curves with a
peak at the experimentally determined Tj,, while consist-
ent with experimental AH of unfolding of a monomer.
Initially, the grid searches were performed for 20 mono-
mer structures and 10 dimer structures to identify a con-
sensus target heat capacity curve for the monomer and
dimer forms. The standard deviation in heat capacity
peak height relative to the mean value was within 25%.
Each input structure (with all disulfide bonds present)
produced a unique set of parameters u, v, and OJgp,
needed to fit the target heat capacity in order to account
for conformational differences. The parameters u, v, and
5gp, were determined for structures with one or both
disulfide bonds removed by computationally reforming
the missing disulfide bonds so that the same target heat
capacity for when all disulfide bonds are present can be
used again. Following prior works,>3°4  these new
parameters are kept fixed when the disulfide bonds that
were just added are subsequently removed because the
global features of the protein conformation are
unaltered.

Estimating free energy of solvation upon dimerization

The mDCM phenomenological parameters, which in
part reflect solvation contributions to the free energy, are
robust across all structures from a MD trajectory because
quantities such as heat capacity, average number of H-
bonds and mechanical properties, all being a function of
temperature, are not affected by arbitrary constant shifts
in the energy or entropy parameters. However, because
differences in free energy, energy and entropy are sought
between the monomer/dimer states and disulfide bond-
ing states, relative parameter shifts between representative
structures from the MD simulation must be accounted
for. Importantly, changes in solvent exposed surface area
due to displacement of solvent at the dimer interface
must be considered. To circumvent modifying the mean-
field treatment of solvation effects in the mDCM, a
model independent approach is employed that uses the
empirical values of enthalpy, entropy, and temperature,
{AH,,AS,, T,}, of dimer association based on fitting to
the CD measurements assuming dimer association is a
two state process with AH,=T,AS,.

PROTEINS ]
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Figure 2

ANM description of CXCL7 dynamics. A: Crystallographic (black solid line) and ANM-calculated using all modes (black dashed line) isotropic B-
factors for the dimer. The red line shows the RMSF for monomer (solid line) and dimer (dashed line) from MD simulation. B: Low-frequency

vibrations in CXCL7 monomer (solid line) and dimer (dashed line) calculated as a sum over the first twenty modes. C: Directions of residue fluc-
tuations are shown as red arrows that annotate the CXCL7 monomer structure based on the 20 slowest modes. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

The free energy of a given representative structure rela-
tive to an arbitrary reference state is given by
G(T)=Hx(T)—TS(T)+(h—Ts), where {h, s} are
constant shifts in (energy, entropy) that reflect small var-
iations in solvation free energy between MD frames.
Since we have 80 different free energy curves for mono-
mers with all disulfide bonds present and 40 such curves
for dimers, we average over the respective numbers (80
and 40) and obtain two average free energy curves that
serve as reference targets for the monomer and dimer
structures. Note that deviations in free energy for a spe-
cific structure relative to the reference free energy curve
at any given temperature is partly because the {hy, s}
shifts are poorly modeled by mDCM in addition to
structural differences. Therefore, uncertainty in mDCM
predictions are obtained by adjusting the {h, s} param-
eters so that each free energy curve derived from a MD
frame matches the reference curve the best it can
through a least squares error fitting. Any deviation
remaining reflects the intrinsic uncertainty in the mDCM
prediction combined with the conformations explored by
the MD simulation. This congruency process yields two
free energy curves (for monomer and dimer) resulting in
mDCM  predictions with appropriate error bars.
Although the change in free energy upon formation of
the dimer interface is not accounted for (yet), we know
AH,=H®)—2HM™ and AS,=S®)—28M)  where (D)
and (M) respectively represent the dimer and monomer

forms. At T, let AHO=H® | (T,)~2H%) (T,) and

AS&O)ZSEI?D)CM(Ta)—ZSf];CM(Ta), and using the freedom
to add a constant energy and entropy shift between the

monomer and dimer, it follows AH;ESe)dZ I(anCM—AH(O)
+AH, and Sé?idISIS?SCM—AS<°>+ASa. Then the pre-

8 PRrROTEINS

dicted free energy curve for the dimer is given by

GI(T?D)CM =H§?e£ - TSI(J]r)e)d'
difference in free energy curves for the dimer minus two
monomers, it is still possible to shift the overall energy
and entropy of the monomer because this arbitrariness
does not modify any response property, or any measura-

ble differences in energy and entropy of interest.

Although this procedure fixes the

RESULTS

Global and local dynamics of CXCL7
predicted by anisotropic network model

It has been shown that the ANM describes low fre-
quency global motions in proteins that are often func-
tionally relevant,2>>20 including chemokine proteins.57
Here, we applied the ANM to elucidate and compare the
principal motions of the protein backbone of CXCL7 in
monomer and dimer forms. Figure 2(A) compares the
crystallographic isotropic B-factors to that calculated by
Eq. (12). A correlation coefficient of 0.78 between the
experimental and theoretical B-factors indicates that the
ANM model captures the large-scale dynamics of CXCL7
well. For residues Asp51-Arg54 located at the end of the
loop connecting the C-terminal a-helix to beta-sheet
structure and at the beginning of the C-terminal a-helix,
the calculated B-factors are larger than crystallographic.
We also show root-mean-square fluctuation (RMSF) val-
ues obtained from MD trajectory for comparison. The
RMSF trace from MD closely resembles the trend shown
by B-factors, and there is little difference between the
monomer and dimer. Because the first twenty modes
account for almost half of the structural variance of the
backbone (48% in a monomer and 44% in a dimer),
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they are used for subsequent ANM analysis related to
low-frequency vibrations.

The ANM identifies the N- and C-termini and the
loops connecting secondary structure elements as the
most mobile regions [Fig. 2(B)] within the monomer. Of
these regions, the loops connecting the first to the sec-
ond or the second to the third beta-strands, called the
30s and the 40s loops respectively, are almost as mobile
as the N- or C-terminal residues. Figure 2(C) shows the
direction of residue motions within the monomer. Com-
paring the low-frequency vibrations in the CXCL7
monomer with that in the dimer in Figure 2(B) shows
that the slow motions in the 30s and 50s loops diminish
upon dimerization. It is interesting that the behavior of
two cysteine residues located on the N-terminus of
CXCL7, Cys5 and Cys7, is different. While Cys5 fluctu-
ates with large amplitude, Cys7 demonstrates negligibly
small fluctuations in the first 20 modes. The behavior of
disulfide bonds formed by these cysteines is also differ-
ent. The fluctuations of the Cys7-Cys47 disulfide bond
are minimal in accordance with a general view that the
disulfide bond stabilizes the structure and limits the
motion in a protein, while the fluctuations of the Cys5-
Cys31 disulfide bond are large. Since Cys5 and Cys7 are
located on the unstructured N-terminus of CXCL7, the
difference in their behavior likely results from the differ-
ent properties of their disulfide bond partners. Cys31 is
located on a relatively large loop, connecting beta-strands
1 and 2, i.e. the 30s loop, whereas Cys47 is located on
the beta-strand 3, which is part of a beta-sheet structure.
Therefore, Cys47 has a limited ability to fluctuate and
limits the mobility of Cys7 via the disulfide linkage. In
contrast, being positioned on a flexible loop, Cys31 has
the ability to undergo large fluctuations without limiting
the mobility of Cys5. Residues within the 30-s loop, the
residue Cys5, and the residues proximal to Cys5, all
move in the same direction as indicated by arrows repre-
senting the direction of motion [Fig. 2(C)].

The dimerization of CXCL7 essentially eliminates the
fluctuations of C-terminal residues and of the loop con-
necting the C-terminal a-helix and beta-strand 3, the 50s
loop. This result is expected because the C-terminal heli-
ces have extensive contacts in the dimer that limit each
other’s ability to undergo large fluctuations. Interestingly,
the mobility of the 40s loop and some residues in the
30s loop in a dimer is also reduced. The likely reason for
reduced fluctuations of Gly26 and Lys27 in the 30s loop
upon dimer formation is the electrostatically favorable
interaction of Lys27 with Asp66 of the second monomer.
Reduced fluctuation of the 40s loop likely results from
long-range correlations, because it is not located at the
intermonomer interface.

To capture these correlations, the cross correlation for
the slow motions (first 20 modes) were calculated using
Eq. (13). The results for CXCL7 monomer and dimer
are given in Supporting Information [Fig. S1(A,B)]. The

cross-correlation value ranges from —1 to 1, and are
positive when the residues move in the same direction
and negative when they move in the opposite direction.
The correlation coefficient Cj; =0 corresponds to uncor-
related fluctuations. The cross correlation map of mono-
mer [Supporting Information Fig. S1(A)] shows highly
positively intracorrelated regions including the three
beta-strands and the a-helix. Additionally, a strong posi-
tive correlation exists between the residues in the second
and third beta-strands and the N-terminal residues
Leu6-Lys7 or N-loop residues Lys9-Thrll, and between
the N-loop residues Ser12-Glyl3 and the residues
Asp49-Pro53 in the 50s loop. Strong negative correla-
tions are observed between the residues Hisl15-Lysl17
forming a 3 alpha-helical turn and the N-terminal resi-
dues Leu6-Lys7, N-loop residues Lys9-Thrl1, or the resi-
dues located in beta-strands. The residues of the
C-terminal «-helix are also negatively correlated with
the rest of the molecule, suggesting that the C-terminus
a-helix is moving back and forth like a local hinge
motion.

Overall features of the cross correlation map of the
monomer in the CXCL7 dimer remain similar to that
of the monomer alone, with one significant change
[Supporting Information Fig. S1(B)]. A new positive
correlation appears between residues Ilel4-Lysl7,
forming the 310 alpha-helical turn, and residues Ile37-
Ile46 that comprise the 40s loop and adjacent residues
on the second and third beta-strands, which explains
the reduced fluctuation on the 40s loop upon dimeri-
zation. In addition, strong positive correlations of the
first and second beta-strands in one monomer and
the C-terminal «-helix of the second monomer
appear.

CXCL7 dynamics determined from NNMR
relaxation analysis

The internal dynamics of CXCL7 was assessed experi-
mentally by using NMR relaxation data R;, R,, and NOE
(Nuclear Overhauser Effect) at 'H frequency of 950 MHz
and R, at 700 MHz. Experimental relaxation data are
shown in Figure 3. The data were analyzed using a
Lipari-Szabo model-free approach.40 The §* order
parameters, describing the amplitude of the fast time
scale (ps to ns) internal motion, and the R., term, indic-
ative of slow time scale (us to ms) conformational rear-
rangements, derived from this analysis are shown in
Figure 3 below the experimental NMR relaxation data.
The average generalized order parameter is 0.73 * 0.18
for all residues and 0.82 = 0.13 for the residues of sec-
ondary structure elements. The termini residues and the
residues in the N-loop, 30s loop, and some residues in
the 50s loop, representing flexible parts of the molecule,
show small S* values. However, several residues in the N-
terminus and N-loop show relatively high S* values and
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Figure 3

NMR relaxation analysis of CXCL7 dynamics. >N R;, R,, and NOE val-
ues and motional order parameters, §?, and conformational exchange
terms, R, for monomeric CXCL7 are plotted against the amino acid
sequence of CXCL7.

all residues in the 40s loop show high §* values, compa-
rable to those of neighboring secondary structure
elements.

CXCL7 residues in the 30s loop and C-terminal «-
helix showed particularly high R., values. It is worth not-
ing that in CXCL12 and CCL27 chemokines, large R..
contribution were caused by monomer-dimer equilib-
rium.17-18 We exclude the possibility of residual dimeri-
zation as a source of R., in CXCL7 because the model
fitting for the residues in the first beta-strand that partic-
ipate in the intermonomer contact did not require a sig-
nificant R, contribution. A large R.. contribution
observed for the residues in the C-terminal a-helix, hav-
ing the S parameter above average at the same time,
may be related to the fluctuations of the helix as a whole
about its average position. In the dimer, the motion of
helices is restricted because the two helices form contacts
with each other. Apparently, in the monomer, when this
restriction is absent, the C-terminal a-helix experiences a
slow (us-ms) motion relative to the beta-sheet structure.
The values of B-factors and RMSF found for the residues
in the helix [Fig. 2(A)] are relatively higher than in the
beta-sheet region, particularly in beta strands 1 and 2,
indicating that the helix residues undergo larger
fluctuations.

10 ProOTEINS

The residue Cys31 is particularly interesting, because
it participates in the disulfide bond and shows the larg-
est R, term at the same time. Similarly, large R., con-
tribution has been earlier observed for Cys31 in
CXCL71%16 and for the corresponding cysteine and
surrounding residues in other chemokines (CXCLS,13
CCLll,lZ’58 CCL23,15 CCL24,10 and viral chemokine
VMIP-11°?), but not in CCL26"" or CCL4.90 In CCL11,
disulfide bond isomerization was proposed as a possible
source of the significant dynamics on the ps-ms time
scale.12 In the case of CXCL7, it is likely that Cys31
participates in a slow motion because of the fact that it
is located in the 30s loop region, rather than due to the
isomerization of the disulfide bond, because Cys5 form-
ing the disulfide bond with Cys31, does not show sig-
nificant exchange contribution. This result fits well with
the ANM observation of the movement of the 30s loop
and N-terminal part of the protein in the same
direction.

CD spectroscopic analysis of CXCL7
unfolding

The temperature-induced unfolding of CXCL7 was
monitored by measuring far-UV CD spectra (190-
260 nm) in the range of temperatures from 25 to 85°C.
The ellipticity at 222 nm was used to access structural
changes in CXCL7 with temperature and to derive the
value of T,

Figure 4(A) shows CD spectra of 43 uM CXCL7

recorded at different temperatures. The trace of CD
spectrum collected at 25°C (folded protein) demon-
strates a mixture of features typical of alpha-helical (neg-
ative bands at 208 nm and 222 nm and a positive band
at approximately 192 nm) and beta-sheet conformations
(a negative band at 218 nm and a positive band at
195 nm), as well as of the unstructured protein (a mini-
mum at 200 nm). This is consistent with CXCL7 having
a mixed alpha-helical and beta-sheet structure typical to
all chemokines.8 Increasing temperature from 25 to 55°C
has almost no effect on the CXCL7 far-UV CD spectra,
indicating the stability of its structure within this tem-
perature range. However, the further increase of tempera-
ture above 55°C causes significant changes in CD spectra
[Fig. 4(A)]. These changes include a gradual decrease of
the peak intensity at 218-222 nm and the increasing
ellipticity around 200 nm. Since there is no significant
structural difference between CXCL7 monomers and
dimers, the observed changes reflect the structural transi-
tion in CXCL7 related to temperature-induced unfolding
of the protein. Nonetheless, CXCL7 is remarkably stable.
A significant amount of secondary structure remains
present even at the highest accessible temperature. CD
spectra collected using a 12 pM CXCL7 sample showed
similar changes (data not shown).
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Temperature-induced dissociation and unfolding of CXCL7. A: Far-UV CD spectra of 43 uM CXCL?7 dissolved in water (solid lines) at pH 5.0
acquired at different temperatures ranging from 25°C to 85°C. Dashed line represents the CD spectrum recorded on the same sample upon addi-
tion of 6 M GuHCI. B: Ellipticity at 222 nm as a function of temperature, determined from the CD spectra recorded at the CXCL7 concentration
of 43 uM (solid circles) and 12 uM (open circles). Solid lines represent global fits of experimental data according to the Egs. (5, 7, 8, and 9). Error
bars represent the ranges of the ellipticity of unfolded protein and of the temperature, at which CXCL7 becomes fully unfolded that were used to

determine the error in the determination of Tj,.

The value of [0] at 222 nm was used to follow the
unfolding of CXCL7. This choice of wavelength allowed
accessing a cumulative change of alpha-helical and beta-
sheet secondary structure. Figure 4(B) shows the temper-
ature dependence of the ellipticity at 222 nm measured
at two concentrations of CXCL7, 43 uM (solid circles)
and 12 uM (open circles). Although the thermal unfold-
ing of CXCL7 is incomplete, both dependences clearly
show the onset of the unfolding transition.

Additionally, a weak dependence on protein concentra-
tion is observed, such that the unfolding curve recorded
at the smaller concentration of CXCL7 is shifted toward
lower temperatures. This effect is likely related to the
association-dissociation of CXCL7 dimers. The associa-
tion constant of 5.3 +2.0 X 107> M has been reported
for CXCL7.61 Consequently, CXCL7 exists in monomer—
dimer equilibrium at concentrations used here, with
approximately 50% protein in a monomeric form at 43
UM and 74% monomeric protein at 12 uM. The decrease
of transition temperature as the protein concentration
decreases is consistent with the idea that the unfolding
transition is coupled to the dissociation of CXCL7. Note
that the reported association constant provides a lower
estimate for the concentration of monomers, because the
experimental conditions at which it was determined
(50 mM phosphate buffer at pH =7.0 and in the pres-
ence of 100 mM NaCl) favor the association of CXCL7
as compared to the experimental conditions used here
(H,O at pH =5.0). The weak dependence of unfolding
curves on the concentration of CXCL7 may be because
of the abundance of CXCL7 monomers.

The temperature dependence of CD spectra shows an
isodichroic point at 208 nm that is indicative of a two-
state process. CD data were analyzed using the three-
state model described by Eq. (2), in which we assume
that the unfolding of CXCL7 is a two-state process and
the dissociation of dimers into monomers occurs with
no structural changes. The assumption of a two-state
unfolding process is reasonable, because no clear inter-
mediate states are observed, although we cannot fully
eliminate the possibility of a continuous unfolding based
on our experimental data. However, the purpose of CD
measurements was to obtain an estimate of melting tem-
perature of the protein. We define the melting tempera-
ture as the temperature corresponding to a midpoint of
transition, and in this regard either two-state or continu-
ous unfolding yield the same result. The melting temper-
ature of CXCL7 was determined by the global fitting
experimental data to Egs. (5) and (7-9). The value of
[0]y, included in Eq. (7), was determined from CD spec-
trum of CXCL7 unfolded in the presence of 6 M GuHCI
[Fig. 4(A), dashed line]. Additionally, we varied [0]y and
the temperature, at which CXCL7 becomes fully
unfolded, in the range indicated in Figure 4(B) by verti-
cal and horizontal bars, respectively, to estimate the error
in determining Tj,. Solid lines in Figure 4(B) show the
best fit results. The T, determined by the described pro-
cedure is found to be equal to 367 =4 K at 43 puM and
364 =4 K at 12 uM CXCL7. We also extracted the AH
of unfolding of a monomer to be 30 kcal/mol, and —30
kcal/mol is the value we estimated for the enthalpy of
association at the temperature of T, = 314 K.
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Figure 5

Heat capacity and free energy of CXCL7. Heat capacity curves for the monomer (A) and dimer (B). The solid red line is the target heat capacity
curve that was initially generated for the case of all disulfide bonds present. The data points are the fits to this target curve for 80 representative
structures for monomers and 40 representative structures for the dimer. The corresponding free energy landscapes that result from good fits to the
heat capacity are shown for the top 10 representative structures for monomer (C) and dimer (D). The lowest point in each of the free energy land-
scapes have been set to be zero so that all the curves can be easily compared. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]

CXCL7 stability/flexibility predicted by the
minimal distant constraint model

Heat capacity curves and free energy landscapes of
CXCL7 by mDCM

The target heat capacity curves and spread of the vari-
ous heat capacity fits to the targets for the monomer and
dimer are shown in Figure 5(A,B). The mDCM parame-
ters are u= —1.72 = 0.26 kcal/mol, v= —0.47 = 0.19 kcal/
mol and 5gp =120*0.04 for the monomer, and
u=—144=*0.27 kcal/mol, v=-0.11%0.20 kcal/mol
and Jg, = 1.43*+0.23 for the dimer. These parameters
indicate that the native state of the dimer has greater con-
formational entropy per residue than that of the mono-
mer (as seen before packing is not as strong,62) while the
destabilizing effect of H-bonding from protein to solvent
plays a lesser role. The maximum heat capacity, Cppay Of
CXCL7 dimer is more than twice that of the monomers
[Fig. 5(B)], suggesting that the dimer is more cooperative.
Typical free energy landscapes are shown in Figure 5(C,D)
for the monomer and dimer. The landscapes with barriers
are indicative of a first order transition; however a small

12 rPrOTEINS

fraction of the landscapes do not show a barrier that sepa-
rates the native and unfolded basins. Moreover, when
present, the barriers are low. While the model parameters
can be adjusted to produce a clear two-state behavior in
all representative structures, it would require a larger
change in enthalpy of folding than estimated from CD
experiments; hence the unfolding transition is not very
cooperative.

Backbone flexibility of CXCL7 monomer and dimer

The backbone flexibility, quantified by the FI at tem-
peratures 300K and 350K, is shown in Figure 6(A) for
the monomer and in Figure 6(B) for the dimer. The
temperature 350K is chosen to identify mechanically less
stable regions in CXCL7 at elevated temperatures because
at this temperature the protein remains folded with a
weakened H-bond network. In general, the backbone
flexibility gradually increases in a nearly uniform fashion
throughout the protein as temperature increases. In the
monomer, the N-terminus and the 50s loop are flexible,
while the three beta-strands, C-terminal «-helix, 3;,
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Figure 6

Flexibility index of CXCL7. The backbone flexibility is plotted using the flexibility index at T= 300K and 350K for the monomer (A) and dimer (B). The

secondary structure elements!©

alpha-helical turn and the 40s loop have a negative FI
indicating that they are over-constrained. To a lesser
degree, the 30s loop is over-constrained at biological
temperatures and it becomes flexible just before the pro-
tein unfolds. This suggests that the two disulfide bonds
mechanically stabilize the 30s loop region. The specific
role of disulfide bonds in stabilizing the protein will be
addressed below.

Dimerization enhances mechanical stability in an
interesting way. Most H-bonds formed at the interface
connect pre-existing rigid substructures within the
monomers, which lowers the FI in regions already over-
constrained in the monomer. A histogram showing
where H-bonds form across the interface in relation to
the flexibility index is given in Figure 7 for the case of
both disulfide bonds are present. On average, about
13 H-bonds are formed at the interface. Despite these
additional interfacial H-bonds, backbone flexibility
increases in the 30s loop and for several residues at the
N-terminus, including Cys5. Backbone flexibility along
the C-terminal a-helix is not significantly affected by
dimerization, even though the two a-helices align in the
CXCL7 dimer and new side-chain to side-chain contacts
form between the two o-helices across the dimer
interface.

Cooperativity correlation in the CXCL7

Residue-to-residue mechanical couplings (the correla-
tions in DOF of atomic motions) within CXCL7 are
shown at T=300K and 350K in Figure 8(A,B) for the
monomer, and in Figure 8(C,D) for the dimer. At
T= 300K [Fig. 8(A)], the most rigidly correlated residues
are located in the beta-sheet and a-helix secondary struc-

are shown above the plots. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

tures, but little rigidity propagates between these two sec-
ondary structures. Although some correlated flexibility is
observed in the N-terminal region between residues Cys5
and Hisl15, overall the monomer forms a fairly rigid mol-
ecule at 300K. At 350K the H-bond network weakens,
and there is an increase in flexibly correlated motion in
the 50s loop hinge region where it couples to the Cys5 to
Hisl5 N-terminus section, the 30s loop, and a small sec-
tion at the end of the C-terminus [Fig. 8(B)]. Surpris-
ingly, the C-terminal a-helix is not strongly coupled to
other parts of the molecule, including the beta-sheet on
top of which it folds. As such, only at low temperature
(300K) does the helix have a weak propensity to
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Figure 7

Location of interfacial H-bonds in CXCL7. A histogram showing where
H-bonds form across the interface in relation to the flexibility index is

shown for the case where both disulfide bonds are present. [Color fig-

ure can be viewed in the online issue, which is available at wileyonline-
library.com.]
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Figure 8

Cooperativity correlation plots for CXCL7 monomer and dimer. The residue-residue mechanical couplings are plotted for the monomer at
T=300 K (A) and at T=350 K (B). This quantity is also plotted for the dimer at T= 300K (C) and at T= 350K (D). The coloring scheme is
defined by the color bar and is the same for all panels, where white represents no correlation, blue indicates a degree of rigidity correlation, and
red indicates a degree of flexibility correlation. The data is shown for the case when all disulfide bonds are present.

intermittently stick to the beta-sheet, but otherwise, it
moves independently from the rest of the molecule. We
observed a similar behavior in a closely related chemo-
kine CXCL4 before.63

Figure 8(C,D) show that the dimerization of CXCL7
greatly increases flexibility correlations. The 30s loop is
flexibly correlated with the 50s loop, a large section in
the N-terminus, and a small end section of the C-
terminus. The rigidity correlation is nearly the same
within the beta-sheets and alpha helices as in the mono-
mer, but extends across the monomers, forming a larger
rigid core. The dimerization has also enabled new flexi-
bly correlated motions, that is, the 30s and 50s loops in
each monomer, as well as the flexible N-terminus and
C-terminus regions are flexibly correlated in different
monomers in the dimer. At 350K, the correlations pat-
tern is similar with weaker levels of rigidity correlation
morphing into flexible correlations. This results from
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loop regions having lower density of H-bonds weaken-
ing more readily than in the monomer as temperature
increases.

The effect of disulfide bonds

The characteristic feature of all chemokines is the pres-
ence of two disulfide bonds between highly conserved
cysteine residues. To investigate the structural effects of
each bond on the dynamics and mechanical couplings in
CXCL7 monomer and dimer, we carried out the MD/
mDCM analysis for protein states where one or both
bonds were removed. The melting temperature only
slightly drops with the removal of one or two disulfide
bonds, and destabilization is less in the dimer compared
with the monomer (Supporting Information Fig. S2),
suggesting that disulfide bonds do not play a critical role
in maintaining structural integrity in either the
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Table |

Free Energy, Enthalpy, Entropy, and H-Bond Energy of CXCL7 Dimerization Calculated Using the mDCM Approach

Disulfide bonds

Mean number of

present AGp.y+py (AH — TAS) AHp.am —TASpam AHBp.am interfacial H-bonds
Cys5-Cys31 —-1.1+00 (+ +) —27.9+00 (+ +) 26.8 0.0 (——) —-1.8=0.2 (+) 13.4
Cys7-Cys47

Cys7-Cys47 —29+04(-) —-359+23(-) 33.0+23 (+) —14+04 (+) 14.0
Cys5-Cys31 -34+03(—-) —33.6+16 (+) 302+1.6 (—) -30=+03(-) 14.6

None —-21+04 (+) —36.8 29 (——) 34729 (+ +) —41+04 (——) 16.0

All energies are expressed in kcal/mol. The last column gives the mean numbers of interfacial hydrogen bonds calculated over the MD trajectory. The data is shown for
the cases when two disulfide bonds present, either Cys5-Cys31 or Cys7-Cys47 bond removed, or both disulfide bonds removed. (++) and (——) indicates the most

and the least favorable case, respectively.

monomer or dimer. This result agrees with reported
experimental data on a closely related chemokine,
CXCL4.64

To quantify changes in thermodynamic stability for
each disulfide bond configuration, the change in Gibbs
free energy, enthalpy, entropy, total energy of the H-
bond network, and the number of interfacial H-bonds
formed upon dimerization, is compared at 300K. Table I
shows that dimerization of CXCL7 is energetically favor-
able, and enthalpically driven for all disulfide bond con-
figurations. Because the overall shape of the protein does
not change significantly when the disulfide bond is
removed, the quantity —TAS listed in Table I is domi-
nated by differences in conformational entropy because
of different disulfide bond configurations. Although the
conformational entropy per residue is higher in the
dimer than in the monomer, the total entropy is reduced
in the dimer for all disulfide bond configurations due to
solvation effects. Interestingly, differences in —TAS for
different disulfide bond configurations span about 7
kcal/mol, which can easily be accounted for by subtle
differences in the H-bond network, especially at the
inter-monomer interface. However, it is also clear from
Table I that the free energy differences do not track dif-
ferences in the total energy of the H-bond network. The
correlation coefficient of 0.11 between the change in free
energy and change in total H-bond energy indicates that
the changes in conformational entropy (which depends
on the location of H-bonds and their microenviron-
ments, i.e. the entire H-bond network), play a critical
role in stabilizing the dimer

The end result is just what one would expect: the
dimerization is favorable at low temperature because a
small number of interfacial H-bonds lower the energy
enough to overcome the conformational entropy reduc-
tion. At elevated temperature, the entropic component to
the free energy becomes more important, and overcomes
the lower energy, and hence the dimer dissociates.
Because different disulfide bond configurations affect
molecular packing and H-bond arrangements, the effect
of removing a disulfide bond is non-additive and context
dependent. For example, the dissociation temperature is
predicted to be the lowest when two disulfide bonds are

present, next lowest when both are removed, and the
highest when only Cys7-Cys47 is removed.

Removing one or both disulfide bonds leads to interest-
ing and often non-obvious effects, which are revealed by
the change in FI. In the monomer, removing either one
or both disulfide bonds will generally increase backbone
flexibility throughout the protein. In all cases, the main
increase in flexibility appears in the C-terminal a-helix.
Overall, no substantial FI differences are noticed when
either the first or second disulfide bond is removed,
although they do affect different regions differently. In all
cases, the 50s loop becomes less flexible. The overall char-
acteristics in the differences are insensitive to temperature
(data not shown). In the case of the dimer, removing the
disulfide bonds has an opposite effect (decrease in flexibil-
ity) in many regions throughout the protein with increases
in a few localized regions and in a-helices. Amongst the
three possible combinations, removing the Cys7-Cys47
disulfide bond produces the greatest increases in backbone
flexibility throughout the protein. FI for both disulfide
bonds present and three cases of FI differences for mono-
mer and dimer is shown in Supporting Information Fig-
ures S3 and S4, respectively.

These effects are further analyzed in Figures 9 and 10
that show differences in residue-residue couplings for
cases where one or both disulfide bonds are removed rela-
tive to when both disulfide bonds are present. Figures 9
and 10 show the data points outside one standard devia-
tion (for example, SBNR), hence present only statistically
significant changes because of the removal of disulfide
bonds. For the monomer at T'= 300K, Figure 9 shows a
dramatic increase in flexibly correlation in the C-terminus
a-helix, and regardless of which disulfide bond is removed
residues Cys5 through Cys7 are more flexibly correlated
with residues from Asnl8 through Cys47. However, when
only the Cys7-Cys47 disulfide bond is removed, flexibility
correlations that couple to residues Cys5 through Cys7
further extend to residues in the N-terminal loop and in
the 30s loop. At elevated temperature, little statistically sig-
nificant correlations remain, and no new patterns of flexi-
bility correlations emerge. The overall increase of
flexibility correlations seen in Figure 9 is consistent with
an overall increase in conformational entropy within a
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Figure 9

Cooperativity correlation difference plots for CXCL7 monomer. The difference in residue-residue mechanical couplings is shown for the monomer
at T=300 K in panels (A-C) and at T= 350 K in panels (D-F). To construct these plots, the residue-residue mechanical couplings for each case
of disulfide bond configurations were subtracted from the residue-residue mechanical couplings when both disulfide bonds are present: the Cys5-
Cys31 disulfide bond removed (A,D); the Cys7-Cys47 disulfide bond removed (B,E); and both disulfide bonds are removed (C,F). Shown data is fil-
tered based on the signal beyond noise ratio (SBNR) as explained in the text. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

monomer. In the dimer (Fig. 10) removal of one or both
disulfide bonds generally increases rigidity correlations.
However, as mentioned above, removing the Cys7-Cys47
disulfide bond increases flexibility and increased flexibility
correlations, as shown in Figure 10B for T'= 300K, which
further increases [Fig. 10(E)] at T'=350K. Flexibility cor-
relation between the 30s and 50s loops is much less in the
monomer (c.f. Fig. 8). As seen in Figure 10 there is a net
structural stabilization by removing disulfide bonds within
the dimer, which is consistent with the thermodynamic
analysis (Table I) showing conformational entropy
decreases upon removal of disulfide bonds. Interestingly,
the 30s and 50s loops are less flexibly correlated to one
another when both disulfide bonds are missing than com-
pared to when both disulfide bonds are present at
T=300K, and this difference gradually decreases as tem-
perature increases.

DISCUSSION

The results from a variety of computational (ANM,
MD and mDCM) and experimental (CD and NMR spec-
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troscopy) methods taken together lead to a consistent
picture for CXCL7 dynamics and stability. However, we
first highlight results that have greatest differences
between the methods. The ANM analysis shows that the
30s loop and the 40s loop undergo significantly larger
fluctuations than the residues in the 50s loop. The NMR
relaxation analysis shows that residues Val34-Val36, at
the end of the 30s loop and at the beginning of the sec-
ond beta-strand undergo substantial high-frequency
motions, but not other residues in the 30s loop or in the
40s and 50s loops. At the same time, for monomers, the
mDCM predicts that the residues in the 50s loop, but
not in the 30s and 40s loop, are highly flexible. Some of
these differences can be further understood not to be
contradictory. For example, the 50s loop is less flexible
in the dimer compared with the monomer (using MD/
mDCM) and the contributions to mobility from low fre-
quency modes (using ANM) in the monomer is little
and reduces to vanishing levels in the dimer. However,
there is mobility in this loop region as evidenced by the
ANM using all modes including higher frequency
motions, and the RMSF from MD, which also partly
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Figure 10

Cooperativity correlation difference plots for CXCL7 dimer. The difference in residue-residue mechanical couplings is shown for the monomer at
T=300 K in panels (A-C) and at T= 350K in panels (D-F). These plots were constructed similarly to the plots shown for CXCL7 monomer and
demonstrate the SBNR of the difference in residue-residue mechanical couplings for the case of Cys5-Cys31 disulfide bond removed (A,D), the
Cys7-Cys47 disulfide bond removed (B,E), and both disulfide bonds removed (C,F). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

covers the first few residues of the C-terminus a-helix.
While the 50s loop is flexible (Figs. 6 and 7), consistent
with the high frequency motions, residue-residue cou-
pling [Fig. 8(A)] indicates a small degree of rigidity
propagates between the C-terminus alpha-helix and the
beta-sheet core. This rigidity correlation morphs into a
weak flexibility correlation as temperature increases [Fig.
8(B)]. Because these correlations are averages over repre-
sentative structures that individually have typical correla-
tions that are either flexible or rigid due to thermal
fluctuations in the H-bond network, this hinge is viewed
as being sticky, having appreciable mobility, but mainly
from higher frequency motions.

In the absence of experimental structure of chemokine-
receptor complex, mutagenesis studies have shown that
the N-terminal residues preceding the first cysteine resi-
due, the N-loop preceding the first beta-strand, and the
30s loop connecting the first and second beta-strands are
implicated in receptor binding and activation for most
chemokines studied to date>>9:05 (and references therein).
The two-step model of chemokine-receptor binding pro-
poses two sites of interactions between the chemokine
ligand and cognate receptor. At Site I, the N-loop of the

chemokine interacts with N-terminal residues of the
receptor. At Site II, the N-terminal residues preceding the
first cysteine and the 30s loop of the chemokine interact
with extracellular loop/transmembrane residues of the
receptor.S’65 In this regard, CXCL7 is no exception as the
triad of N-terminal residues preceding Cys5 has been
shown to be critical for neutrophil activation.%® Further-
more, these residues form an ELR motif that is critical for
the function of chemokine ligands binding the same
receptor as CXCL7.%%27 The ANM analysis has shown
that usually the residues participating in substrate recogni-
tion have high mobility.67 Accordingly, in the case of
CXCL7, we find that the ELR N-terminal residues are
highly mobile in slow modes [Fig. 2(B)]. Similarly, our
mDCM and NMR data show that these residues are flexi-
ble (Figs. 3, 6, and 7) as expected for the N-terminus
residues.

It is more interesting, however, to analyze the dynamic
properties of the 30s loop and the N-loop residues.
Although the role of the 30s loop in CXCL7 has not
been investigated previously, its importance has been
shown experimentally for other CXCR2 chemokine
ligands.22 The ANM analysis shows that in slow modes,
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the 30s loop of CXCL7 undergoes large fluctuations. The
NMR analysis shows a significantly large R., contribution
for Cys31 and a relatively small order parameter S° for
residues 34-35 located in the 30s loop. The mDCM anal-
ysis shows that at 300K the 30s loop is prone to being
flexible in the monomer, and very flexible in the dimer.
Interestingly, the ANM analysis does not detect large
amplitude motions within the N-loop, and the NMR
analysis finds relatively large conformational flexibility
(relatively small S values) only for some of the N-loop
residues (residues 13-15, at the end of N-loop), indicat-
ing that the loop adopts a defined conformation. While
the mDCM indicates the N-loop residues are flexible and
highly correlated, this does not imply high mobility. Fur-
thermore, the ANM correlation analysis shows that resi-
dues in the 30s loop move collectively within the loop,
and Val34 at the end of this loop has statistically signifi-
cant correlations with other parts of the protein. Simi-
larly, residues 9-12 and 15-17 in the N-loop show
correlations with the residues distant in protein
sequence. The mDCM shows the whole N-terminus of
CXCL7 is flexibly correlated to the 30s loop, suggesting
that a perturbation at site I (for example, receptor bind-
ing) propagates to the site II through conformational
rearrangement. It also suggests that residue substitutions
introduced in these parts of the molecule may perturb
the dynamics by altering existing mechanical couplings,
ultimately changing the receptor-binding properties.
Note that the recent study of another CXCR2/CXCRI1
ligand, CXCLS, revealed that perturbing the GP motif in
the 30s loop causes changes in dynamics and conforma-
tional rearrangements altering receptor binding by per-
turbing the equilibrium between binding competent and
incompetent conformations of CXCL8 within the
dynamic ensemble.22

The coupling between N-terminus residues and the
30s loop can be intuitively understood because of the
disulfide bond between Cys5 and Cys31 linking these
two regions. In support, ours and literature datal4,16
show large R., contribution for Cys31, indicative of sig-
nificant slow motion that involves this residue. In other
chemokines, similar slow motions in the 30s loop have
also been detected for the corresponding cysteine or for
the residues in its close proximity.lo>12’68 In application
to the receptor binding, this would mean that the N-
terminus of CXCL7 samples a significantly larger ensem-
ble of conformations and takes longer to find the correct
binding conformation. This result is in agreement with
observations made in other chemokines, where perturba-
tions of the disulfide bond linking the N-terminus and
30s loop had deleterious effect on receptor binding and
function.69,70

Importantly, the reduction of one or both disulfide
bonds was found not to affect the antimicrobial activity
of Thrombocidin-1 (TC-1), which differs from CXCL7
only by a two-amino acid C-terminal deletion.2? This
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result is consistent with the MD/mDCM predictions that
disulfide bonds are not critical for maintaining protein
stability in CXCL7. The MD/mDCM results also show
that the C-terminal a-helix is weakly coupled to the 50s
loop, and is otherwise independent of the protein regard-
less of the disulfide bond states (Figs. 8-10). Moreover,
the set of residues {Lysl17, Lys4l, Arg54, Lys56, Lys57,
Lys61, Lys62} that were identified experimentally as being
critical to function!$2930 fall in the correlated rigid
regions of the monomer and dimer. In contrast, the helix
has relatively large contributions from slow motions (Fig.
3) in agreement with previous studies.!416 This result
indicates the C-terminal helix is able to move relative to
the rest of the protein, which was observed in CXCL4
where the helix exhibited large-amplitude motions rela-
tive to the beta-sheet in a MD simulation.®3 These
results suggest it may be possible to truncate the C-
terminal helix and retain receptor-binding capability.
Conversely, residue substitution/deletion into highly cor-
related parts of a protein often dramatically alters stabil-
ity,”4 and would likely affect receptor binding by shifting
the equilibrium conformational ensemble.21,22,71-73

The MD/mDCM results clearly show that dimerization
of CXCL7 induces correlations in flexibility between the
30s and 50s loop. At the same time, there is an increase
in thermal and structural stability due to interfacial H-
bonding. Recently, the Le Chatelier’s principle was
invoked2 to explain in general terms why flexibility
tends to redistribute throughout the protein upon a local
perturbation to oppose a net shift in rigidity or flexibil-
ity. Specifically, to regain a new equilibrium conforma-
tional ensemble, a protein attempts to restore a balance
in DOE such that due to the action of rigidifying one
region, this drives another region to become more flexi-
ble. From this viewpoint, dimerization perturbs two
monomers. Each monomer becomes rigidified within
beta strand 1 of the beta-sheet, and other areas of the
beta-sheet due to interfacial H-bonds. Both monomer
structures snap together and extend rigidity across the
beta-sheets of each monomer. As this increase in rigidity
takes place, a large increase in flexibility in loop regions
is induced that become flexibly correlated.

While the CXCL7 fold prevents the removal of disul-
fide bonds from being detrimental to structural stability,
the Le Chatelier tendency to restore equilibrium drives
the H-bond network to relax in a way that shifts the
CXCL7 monomer-dimer equilibrium toward dimeriza-
tion. Moreover, a redistribution of flexibility occurs to
maintain the number of DOF about the same. In
CXCL7, the structure changes in such a way that more
H-bonds form at the dimer interface when disulfide
bonds are removed (Supporting Information Fig. S5).
For example, about 3 more interfacial H-bonds form
when no disulfide bonds are present compared to when
both disulfide bonds are present (Table I). Based on
these features, a “snap on” mechanism seems to occur
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during the process of dimerization. That is, monomers
are predisposed to propagate rigidity and flexibility
through distinct channels. Upon dimerization, the rigid-
ity channels within the monomers snap together as new
interfacial H-bonds form, leading to an extended rigid
region (extended beta-sheet, Supporting Information Fig.
S4). At the same time, the DOF are released in the flexi-
bility channels connecting the 30s and 50s loops in both
monomers. Interestingly, the presence of both disulfide
bonds creates maximal correlated flexibility between
these loops, and at the same time the dimer is least ther-
mally stable. Because the disulfide bonds are highly con-
served, this suggests that chemokines function best when
there is marginal stability between monomer and dimer
forms. In addition to securing marginal stability, the
presence of both disulfide bonds provides maximum
contrast in flexible correlations between the 30s and 50s
loops.

Among the three computational methods, the com-
bined MD/mDCM approach provides detailed informa-
tion about the native state ensembles, the role of the
disulfide bonds in the monomer and dimer and the role
of the interface. This work establishes the MD/mDCM
approach as a viable means to study the thermodynamic
and mechanical properties across the family of chemo-
kine proteins within humans.
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