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INTRODUCTION

X-ray crystallographic studies reveal that CXCL12 is able to form multiple dimer types, a
traditional CXC dimer and a ‘CC-like’ form. Phylogenetic analysis of all known human
chemokines demonstrates CXCL12 is more closely related to the CC chemokine class than
other CXC chemokines. These observations indicate that CXCL12 contains genomic and
structural elements characteristic of both CXC and CC chemokines.

Chemokines are members of a superfamily of proteins involved in the migration of cells to
the proper anatomical position during embryonic development or in response to infection or
stress during an immune responsel. There are two major (CC and CXC) and two minor
(CX3C and XC) families based on the sequence around the first conserved cysteine. The
topology of all structures is essentially identical with a flexible N-terminal region of 3-8
amino acids, a 10-20 residue N-terminal loop, a short 31p-helix, three B-strands, and a a-
helix. The major consequence of the subtle difference between the families occurs at the
oligomeric level. Monomers of the CC, CXC, and CX3C families form dimers in a family-
specific manner. The XCL1 chemokine is a monomer that can interconvert between two
folded states?. All chemokines activate GPCRs according to family-specificity, however
there are a few examples of chemokines crossing the family boundary to function as
antagonists3. A two-stage mechanism for chemokine activation of GPCRs has been
proposed®®. The N-terminal region of the receptor interacts with the chemokine, followed
by receptor activation by the chemokine N-terminal region. Monomeric chemokines have
been demonstrated to be the active form for receptor function’. There are numerous
examples of both chemokines and their receptors forming dimers8=11. While family-specific
dimerization may be an attractive explanation for why specific chemokines only activate

"Correspondence should be addressed to Elias Lolis (elias.lolis@yale.edu). 333 Cedar Street PO Box 208066, New Haven, Ct 06510
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Accession codes. Coordinates and structure factors of CC-CXCL12 and CXC-CXCL12 have been deposited in the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (PDB entries 3HP3 and 3GV3).
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GPCRs within their own family, the role of dimers in the function of chemokines has not
been resolved?:8:12-14,

Given that CXCL12 is in the CXC family, the CXC dimer is considered the physiologic
dimer in all previous studies based on crystallographic evidence. NMR and mutational
studies agree with the CXC dimer form in solution8:14:15, The CXC form of the dimer is
seen in recent structures of CXCL12 bound to a heparin disaccharide® and several
CXCR41738 peptidesl’. In one case, crystals of the CXC-type dimer were soaked in a
heparin disaccharide solution to determine the interactions between this dimer and bound
disaccharide. In another case, in order to overcome NMR chemical shift line broadening
when CXCR41738 peptides are added, a ‘locked’ dimer was constructed by introducing a
cysteine mutant that linked subunits as a CXC dimer through an inter-subunit disulfide
bond. The solution structures of the locked CXC dimer with CXCR41738 peptides were
determined. The locked CXC dimer retained Ca2* mobilization yet lost chemotaxis activity,
presumably because the monomer is the active form’. In addition to existing as a
monomer18 and CXC dimer'®, CXCL12 is now demonstrated to have the capacity to form
CC type dimers in the presence of a CXCR4127 peptide.

MATERIALS AND METHODS
X-RAY CRYSTALLOGRAPHY

CXCL12 was purified as previously described8. CXCR4127 was synthesized at the W. M.
Keck facility (Yale University). A mixture of CXCL12 (12 mg/ml) and CXCR41=27 (10 mg/
ml) were screened with Hampton Crystal Screen 1 and 2 using a Mosquito liquid handling
robot (TTP Labtech). Initial hits were found in two conditions. One condition containing
10% Jeffamine M-600, 0.01 M FeCls, 0.1 M sodium citrate tribasic, pH 5.6 yielded crystals
in the P2,2,24 space group. Crystals were optimized by using an additive screening kit
(Hampton Research) and by adjusting the ratio of protein-to-well solution. The crystals used
for the data collection were grown with an additional 1% PEG 3350 at a 3:1 protein: well
solution ratio. The second condition (#2) which yielded crystals in the P3,21 space group
consisted of 30% PEG 4000, 0.2 M lithium sulfate, and 0.1 M Tris HCI, pH 7.5.
Optimization was not required.

DATA COLLECTION

Data were collected at NSLS at BNL on beamline X29A using the Quantum ADSC Q315
CCD detector. Crystal condition # 1 was soaked in cryoprotectant solution containing the
heavy atom derivative (25% Jeffamine M-600, 0.01 M FeCls, 0.1 M Sodium citrate Tribasic
pH 5.6, 1% PEG-3350, 10 mM Potassium tetrachloroaurate) for 18 hours at 18 °C then flash
frozen in liquid nitrogen and transferred to the —180 °C cold stream. A wavelength
florescence scan was done around the theoretical peak wavelength for Au3* absorption. 360
frames were collected at 1 degree per frame with a 1 second exposure time at 1.04A (the
measured peak wavelength for the gold soaked crystal). Crystal condition #2 was flash
frozen without an additional cryoprotectant in liquid nitrogen then transferred to a —180 °C
cold stream. 180 frames were collected at 1 degree per frame with a 1 second exposure time
at 1.0809A.

DATA PROCESSING, PHASING AND REFINEMENT

Data frames from both crystal conditions were processed using HKL2000%°. The gold
soaked crystal condition #1 was processed for anomalous diffraction measurements.

Initial molecular replacement using CXCL12 as a search model for crystal form 1 failed due
to translational symmetry with a NCS axis parallel to one edge of the unit cell. This NCS
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was identified by constructing a native Patterson map. There was a strong peak in the native
Patterson map at (0, 0.5, 0.36). Crystal form #1 was phased using SAD with the programs
Sharp/Autosharp?! and Solve?? in parallel to locate the tetrachloroaurate ions. Phased MR
using Molrep23 located the position of five chains of CXCL12, 5-fold NCS averaging of the
maps allowed phased MR to identify three other chains. Eight-fold NCS averaging then
allowed the final two chains to be located. Refinement was done using phenix.refine24,
Manual fitting and addition of water molecules and gold compounds using composite omit
maps and model-bias removed maps (http://tuna.tamu.edu) as guides was continued in
combination with TLS and restrained refinement including 10-fold NCS with loose
restraints in refmac?® until there was no further reduction in Rge.

Phasing on crystal form #2 was done by molecular replacement in Phaser26 using chain A
from PDB ID code 2NWG as a search model. Refinement was done using phenix.refine24,
followed by several rounds of manual adjustment and model building using Coot?” and
automatic restrained refinement in refmac from Coot.

Final refinement of both structures was done using TLS and restrained refinement in
refmac?®. Validation of both structures was done using SFcheck?8, Coot and the RCSB
validation server?®. Molprobity validation3® was done and clash scores were calculated.
Crystallography statistics are included in Table 1.

PHYLOGENETIC TREE

The protein sequences of all human chemokines were downloaded from NCBI web site
(http://lwww.ncbi.nlm.nih.gov/). A multiple sequence alignment was done using T-Coffee at
the EBI server (http://www.ebi.ac.uk/Tools/t-coffee/index.html) with all the default
parameters. The tree in Figure was calculated also using T-Coffee at the EBI server. The
algorithm used PID as the distance measure (PID = number of equivalent aligned non-gap
symbols * 100/smallest number of non-gap positions in either of both sequences), which is
essentially the “number of identical residues per 100 residues”. The neighbor-joining
method was used to calculate the tree. The NJ method is a greedy algorithm to find the tree
with the shortest branch lengths.

RESULTS AND DISCUSSION

It was suggested in the original publication of the X-ray structure of CXCL12 that if the
CXC portion of the sequence was ignored, the sequence and structure of CXCL12 was the
most divergent from all known CXC chemokines known at that time®. In the present study
we observe CXCL12 forming as a CC-chemokine dimer. Using the full repertoire of human
chemokines known from the human genome sequence, phylogenetic analysis is able to
further establish a closer relationship between human CXCL12 and CC chemokines than to
CXC chemokines [Figure 1].

Previous crystallographic studies resulted in CXC dimers of CXCL1216:19:31 byt in solution
monomers predominate?15:18 and are dimerized by basic pH, a heparin disaccharide, the
introduction of an additional cysteine that forms an inter-subunit disulfide, and peptides
from the CXCR4 N-terminal region814:17 In this study crystals in two different space
groups are presented [Table 1]. One crystal form (P3,21) contains a monomer in the
asymmetric unit [Figure 2(a)], and forms a typical CXC dimer when symmetry is applied
[Figure 2(b)]. Inter-subunit interactions are identical to that observed previously consisting
of three B-strands from each subunit forming a six stranded B-sheet and contacts between the
two a-helices. The second crystal form (P21212) has a decamer of CXCL12 in the
asymmetric unit [Figure 2(c)]. The decamer is formed from five dimers of CXCL12. These
dimers are elongated and cylindrical with symmetric subunit-subunit hydrogen bonding and
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hydrophobic interactions primarily involving the N-terminal regions (residues 4-15) and the
30’s loops. This interaction strongly resembles a typical CC chemokine dimer [Figure 2(d)].
A comparison of both dimers is presented with Chain A from both dimers held in the same
orientation [Figure 2(e)]. These crystals formed in an attempt to co-crystallize CXCL12 in
the presence of the CXCR41=27 peptide. Electron density for the CXCR4 peptide was not
observed in three-dimensional structure of either crystal form. The peptide acts as a
precipitant or induces dimerization and/or nucleation, yet is displaced during the
crystallization.

Within the decamer, an alternative dimer interface is observed in addition to the CC-type
dimer. The additional dimer form is composed of alternating CXCL12 monomers from
adjacent CC dimers [Figure 3(a)]. The formation of this potential dimer under physiological
conditions is currently excluded based on the absence of this quaternary structure in the
extensive structural biology of chemokines32. To more fully characterize the significance of
these two dimers within the decamer, the Protein Interfaces, Surfaces and Assemblies server
was used (Table 2)33. Both types of dimers had negative AiG’s upon formation of an
interface, but the contributions of hydrogen bonds and salt bridges are not included in this
calculation33. It is important to note that the CC dimers have an average of 19 hydrogen
bonds versus 8 for the alternate dimer. The significance scores (CCS) are 1.0 all CC-like
chemokines and vary from 0 to 1.0 for the alternate dimer. These results are consistent with
the possibility that the CC-type dimer can form in environments other than this crystal form
and the alternative dimer cannot.

One interesting aspect of the subunit-subunit interactions of the CC-like dimer is a zipper of
four arginine side chains, Arg8 and Arg12 from each subunit, which is terminated on each
side with Phel3 [Figure 3(b)]. A comparison with CCL5 reveals that the CXCL12 CC-like
dimer has one distinct difference. Alignment of one subunit (chain A) for each protein leads
to a different orientation for subunit B [Figure 3(c)]. The difference is initiated by the way
the amino terminal regions come together for each protein. The zipper of arginine residues
forms hydrogen bonds with N-terminal backbone atoms. This precludes the N-terminal
region of each subunit to form complementary H-bonds resulting in a two-stranded B-sheet
typical of dimeric CC chemokines. Consequently, due the presence of the N-terminal H-
bonds to the Arg zipper (instead of the complementary N-terminal H-bonds that form the p-
sheet) there is nearly rotation of 180° in the N-terminal backbone atoms of chain B in
CXC12 as compared to CCL5. This results in a displacement of chain B of CXCL12 relative
to CCL5 allowing the 30s loops to come together and interact with each other. This
displacement is not unique in the structural biology of chemokines. For example, CCL2 also
forms a typical CC dimer, yet there is a significant variation in the position of the ‘B’ chains
when the ‘A’ chains are aligned from independent structural determinations34—3%, including
PDB ID code 3IFD (unpublished).

Many studies of chemokines indicate that protein dynamics3’, subtle conformational
changes within a dimer38, or major conformational changes such as conversion from dimer
to monomer212 are important for biological function. The results in this study reveal that
only in the presence of CXCR41727, CXCL12 crystallizes in two forms, each containing a
different dimeric state. Whether formation of the new quaternary structure or a conversion
between CXC and CC-forms has any significance in CXCL12 function are improbable but
remains to be determined. The present study, however, demonstrates formation of a CC-like
dimer is possible for CXCL12 and, more importantly, brings attention to an unappreciated
phylogenetic and structural relationship between CXCL12 and CC chemokines.
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Figure 1.

Phylogenetic tree calculated using the neighbor-joining (NJ) method representing all human
chemokines and their isoforms. The tree is based on the multiple sequence alignment. The
three isoforms of CXCL12 (SDF-1a, B, and y) are indicated at the uppermost portion of the
figure.
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sty

Figure 2.

Crystal structures of CXCL12. (a) Cartoon representation of the single protein chain of the
asymmetric unit in the P3,21 space group CXCL12 crystals. Chemokine structural elements
are labeled. (b) The protein composition of the asymmetric unit in the P2,2,24 space group
CXCL12 crystals. Ten monomers are arranged as an elongated decamer and form five CC-
like dimers. (c) The semi-transparent surface representation of the asymmetric unit of the
P3,21 space group of CXCL12 and a symmetry mate forms a CXC dimer that interact
through their a-helices and p-strand-1. (d) Semi-transparent surface of two representative
chains in the decamer of CXCL12 which form a CC chemokine-like dimer and interact with
their amino termini and 30’s loops. () CXC dimer of CXCL12 (upper panel) compared to
CC dimer of CXCL12 (lower panel). Both dimers were aligned using only Chain A of each
in the alignment algorithm.
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Figure 3.

Intersubunit contacts of CXCL12 dimers. (a) Arginine zipper motif forms the interactions in
the amino terminal regions of the CC-like CXCL12 dimer. Cysteines are colored yellow,
arginines from chains A and B are colored purple and red, respectively. (b) Crystallographic
packing between CC-dimers. Cartoon representation with semi-transparent surface of two
representative chains in the decamer of CXCL12 in between each CC chemokine-like dimer.
(c) Overlay of the CC-like dimer of CXCL12 and the CC dimer of CCL5. Chain A from
each dimer was aligned. Glutamic acid 15 from CXCL12 and isoleucine 15 from CCL5 are
shown as sticks to indicate the 180° rotation of the carbon backbone.
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Table 1
Summary of crystallography statistics
Data Collection
PDB ID code 3HP3 3GV3
Space group P2,2,2, P3,21

a, b, c(A) 41.83, 117.46, 134.50 55.51, 55.51, 45.96
a, B,y (°) 90, 90, 90 90, 90, 120
Wavelength (A) 1.04 1.0809

Resolution range@ (A)

29.2 - 2.20 (2.28 - 2.20)

30.0 - 1.60 (1.66 — 1.60)

Page 11
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<I>/<c 1> 47.8 (4.1) 26.8 (4.3)
Completeness 99.9% (99.9%) 98.8% (100%)
Rmerge 0.063 (0.667) 0.074 (0.491)
Redundancy 14.0 (14.1) 10.4 (10.5)

Refinement
Number of refelections 1418341 113767
Unique reflections 39406 (3382) 10951 (1057)
Riactor 0.22 0.20
Riree 0.27 0.25
Protein chains 10 1
Number of atoms 5484 562

Protein 5241 514

Water 231 58
Gold 12 NA
B-factor average 29.7 23.6
R.m.s. deviations

Bong lengths (A) 0.008 0.031

Bond angles (°) 1.229 2.405
Molprobity clash score 12.6 16.2

Ramachandran plot
Most favored (%) 94.33 98.36
Allowed (%) 421 1.64
Generously Allowed (%) 1.46 0

a . . . . .
Highest resolution shell is shown in parenthesis.
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