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Abstract

Pathogens have evolved sophisticated mechanisms to evade detection and destruction by the host immune system. Large
DNA viruses encode homologues of chemokines and their receptors, as well as chemokine-binding proteins (CKBPs) to
modulate the chemokine network in host response. The SECRET domain (smallpox virus-encoded chemokine receptor)
represents a new family of viral CKBPs that binds a subset of chemokines from different classes to inhibit their activities,
either independently or fused with viral tumor necrosis factor receptors (vTNFRs). Here we present the crystal structures of
the SECRET domain of vTNFR CrmD encoded by ectromelia virus and its complex with chemokine CX3CL1. The SECRET
domain adopts a b-sandwich fold and utilizes its b-sheet I surface to interact with CX3CL1, representing a new chemokine-
binding manner of viral CKBPs. Structure-based mutagenesis and biochemical analysis identified important basic residues in
the 40s loop of CX3CL1 for the interaction. Mutation of corresponding acidic residues in the SECRET domain also affected
the binding for other chemokines, indicating that the SECRET domain binds different chemokines in a similar manner. We
further showed that heparin inhibited the binding of CX3CL1 by the SECRET domain and the SECRET domain inhibited
RAW264.7 cell migration induced by CX3CL1. These results together shed light on the structural basis for the SECRET
domain to inhibit chemokine activities by interfering with both chemokine-GAG and chemokine-receptor interactions.
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Introduction

Chemokines orchestrate leukocyte migration during immune

surveillance, inflammation, and development [1,2,3,4]. They

comprise a large family (,50) of small proteins (,7–14 KD) that

are classified into four classes (C, CC, CXC, and CX3C, where X

is any residue) based on the spacing of conserved cysteine residues

at the N-terminus [5]. The CC and CXC classes are by far the

largest groups of chemokines, whereas the C class consists of two

members (XCL1 and XCL2) and the CX3C class contains only

one member (CX3CL1). All chemokines share a remarkably

similar structural fold, consisting of an extended N-terminus, an

antiparallel three-stranded b-sheet and a C-terminal helix [6].

Chemokines exert their biological activities through binding with

their cognate G protein-coupled receptors expressed on the surface

of leukocytes, as well as binding with endothelial or matrix

glycosaminoglycans (GAGs) to form chemokine gradients along

which cells travel across endothelium and into tissues [6]. The

molecular basis of chemokine-GAG and chemokine-receptor

interactions has not been well understood [6,7]. It has been

suggested that the basic residues (typically Arg and Lys) involved in

GAG interaction are more or less scattered along the polypeptide

chain and form four distinct clusters on the surface of chemokines

[8], while the N-termini of all studied chemokines is critical for

inducing signaling by their respective receptors [6].

The chemokine network is an important component of host

immune response to viral infection [1,3], which is also extensively

modulated by viruses especially large DNA viruses to evade host

reactions. Poxviruses and herpesviruses encode their own

chemokines, chemokine receptors and chemokine-binding pro-

teins (CKBPs) [9,10,11]. The viral CKBPs identified so far are

unrelated to any host proteins and exhibit diverse chemokine-

binding profiles, reflecting differences in viral tropism and

pathogenesis. The viral CC chemokine inhibitor (vCCI, also

called T1/35 kDa) secreted by several poxviruses including

cowpox virus (CPXV), ectromelia virus (ECTV) and vaccinia

virus (VACV) is the most extensively studied, which binds many

CC chemokines but not C, CXC, and CX3C chemokines to block

chemokine-receptor interaction [12,13,14,15,16]. The VACV

A41 and ECTV E163, representative members of another family

of poxviral CKBPs, interact with a subset of CC and CXC

chemokines to block chemokine-GAG interaction [17,18]. Mouse

c-herpesvirus 68 encodes a unique CKBP named as the M3

protein that is able to bind chemokines from the C, CC, CXC,
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and CX3C classes [19,20]. Structural and biochemical studies

revealed that M3 disrupts both chemokine-receptor and chemo-

kine-GAG interactions [21,22,23]. Other viral CKBPs, such as M-

T7 from myxoma virus (MYXV), a CKBP from orf virus (ORFV),

p21.5 from human cytomegalovirus and glycoprotein G from a-

herpesviruses, have also been described previously [24,25,26,27].

Four different genes encoding viral tumor necrosis factor

receptors (vTNFRs) have been identified in poxviruses, consisting

of cytokine response modifier B (CrmB), CrmC, CrmD, and CrmE

[10]. They contribute to pathogenesis of poxviruses and reflect the

complex regulation of TNF-mediated host immune response [28].

In addition to the anti-TNF activity attributed to the N-terminal

four cysteine-rich domains (CRDs) homologous to host TNF

receptors [29], CrmB and CrmD have anti-chemokine activity

attributed to a unique C-terminal extension (,160 aa), named as

the SECRET domain (smallpox virus-encoded chemokine receptor)

[30]. Biochemical analysis revealed that the SECRET domain binds

a subset of human and mouse CC, CXC and C chemokines,

including CCL28, CCL25, CCL20, CXCL12, CXCL13,

CXCL14, and XCL1 [30]. The identification of other poxvirus

genes encoding homologues with the SECRET domain indicates

that the SECRET domain represents a new family of viral CKBPs,

which has specific folding to allow its binding with chemokines,

either independently or fused with vTNFRs [30,31]. A recent report

predicted the structural homology of the SECRET domain with

CPXV vCCI and VACV A41 and also analyzed its structural

differences from vCCI and A41 based on a de novo model [32]. Here

we report the crystal structures of the SECRET domain of CrmD

encoded by an ECTV strain [33] and the complex of it with

chemokine CX3CL1. These structures, together with biochemical

and chemotaxis assays, reveal the structural basis for the SECRET

domain to bind chemokines and also shed light on its anti-

chemokine structural mechanisms.

Results

Structure of the SECRET domain
The crystal structure of the SECRET domain (residues

S1622D320) was determined at a resolution of 1.57 Å by using

single-wavelength anomalous dispersion (SAD) method with a Br-

soaked derivative (Table 1 and Figure S1 in Text S1). There are

two SECRET domains (molecules A and B) in the asymmetric unit

(Figure 1A), related by a non-symmetrical two-fold axis with an

r.m.s.d. of 0.62 Å for all Ca atoms. Although these two monomers

bind each other tightly with a buried surface of ,1160 Å2, the size

exclusion chromatography revealed that it is monomeric in

solution (Figure S2 in Text S1). The same phenomenon was also

observed in the CPXV and ECTV vCCI crystal structures

[34,35]. Therefore, the SECRET dimer in the asymmetric unit is

caused by molecular packing and unlikely has any functional

significance.

The SECRET domain monomer adopts a b-sandwich fold,

consisting of two parallel b-sheets and the connecting loops

(Figure 1B and Figure S3 in Text S1). The b-sheet I consists of five

anti-parallel strands 1, 5, 6, 10 and 11 (Figure 1B and Figure S3 in

Text S1). The b-sheet II consists of six strands, which can be

further divided into two segments (antiparallel strands 2, 3, 4 and

7; antiparallel strands 8 and 9) (Figure 1B and Figure S3 in Text

S1). The b-sheet II outside surface is completely exposed to solvent

(Figure 1B), whereas the solvent accessibility of b-sheet I outside

surface is limited by a long C-terminal loop after strand 11

surrounding the bottom half of b-sheet I (Figure 1B). A disulfide

bond, C1802C317, further fixes the conformation of this

extended loop by connecting it to the 1–2 loop (Figure 1B and

Figure S3 in Text S1).

Structural comparison with other poxviral CKBPs
The overall b-sandwich topology of the SECRET domain is

similar to that of vCCI and A41 [17,34,35,36]. However, there are

several significant differences in the arrangement of certain

secondary structure elements, making the CrmD SECRET

domain more compact than vCCI and A41 and also directly

affecting its binding with chemokines. In the following comparison

and description, we use the structure of vCCI from ECTV as the

representative member of the vCCI family [35]. The first

difference is at the 7–9 loop (S2482H266) in the SECRET

domain, corresponding to residues S140 to I168 in vCCI and

E113 to M144 in A41 (Figure 2A and Figure S4 in Text S1). The

long S1402I168 loop in vCCI wraps the b-sheet I at the top half,

and the long E1132M144 loop in A41 wraps the whole b-

sandwich from bottom side (Figure 2A). In collaboration with the

conserved C-terminal loop surrounding the bottom half of b-sheet

I, these two long loops further limit the solvent exposable surface

of b-sheet I in vCCI and A41, respectively (Figure 2A). The 7–9

loop in the SECRET domain goes up and down at the b-sheet II

side of the b-sandwich, and residues S252 to Q254 form the strand

8 in b-sheet II (Figure 2A and Figure S4 in Text S1). Therefore, it

does not limit the solvent exposable surface of b-sheet I in the

SECRET domain. The second difference occurs at the 2–3 loop

(I1842S186) in the SECRET domain, whose length is nearly the

same as that in A41 (K392Y40) and much shorter than that in

vCCI (S522P66) (Figure 2A and Figure S4 in Text S1). The third

difference occurs at the 6–7 loop, whose length in the SECRET

domain (N2272C238) is also much shorter than that in vCCI

(S1072C131) and A41 (S802C104) (Figure 2A and Figure S4 in

Text S1). There is an a-helix in this loop region of vCCI and A41,

which is absent in the SECRET domain (Figure 2A).

The electrostatic complementarity plays a critical role in the

binding of chemokines by vCCI and A41 [17,34,35,36]. The b-

sheet II of vCCI exhibits strong electronegative character.

Negative charge patches, including the protruded acidic 2–3 loop

(S522P66) (Figure 3A and Figure S4 in Text S1), are involved in

the interactions with positive charged residues of bound

Author Summary

Chemokines are a family of small proteins that help the
immune system fight against invading pathogens by
inducing the white blood cells to the areas of infection
and inflammation. Due to the important roles of chemo-
kines in immune response, the pathogens evolve diverse
mechanisms to neutralize their activities. One example is
that large DNA viruses, such as poxviruses and herpesvi-
ruses can produce chemokine binding proteins (CKBPs) to
sequester chemokines during the infection. The SECRET
domain represents a new family of viral CKBPs that was
originally identified as a C-terminal extension of the viral
tumor necrosis factor receptors (vTNFRs). We determined
the three-dimensional structures of the SECRET domain
and its complex with chemokine CX3CL1, revealing a new
chemokine-binding manner of viral CKBPs. We also
showed that other chemokines from different classes
may be bound by the SECRET domain in a way similar to
that observed in the SECRET/CX3CL1 complex structure.
Our biochemical and chemotaxis assays also suggest that
the SECRET domain is able to interfere with both
chemokine-GAG and chemokine-receptor interactions,
both of which are essential for chemokine activities in vivo.

Structures of the SECRET Domain with CX3CL1
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chemokine as revealed in the NMR solution structure of vCCI in

complex with chemokine CCL4 [36]. The 2–3 loop (K392Y40) in

A41 is much shorter than that in vCCI, but its b-sheet II also

exhibits negative charge patches (Figure 3B and Figure S4 in Text

S1) and may contribute to the interaction with bound chemokine

[17]. The opposite b-sheet I of vCCI and A41 is comparatively

uncharged and electropositive, respectively (Figure 3A and 3B).

The SECRET domain exhibits different electrostatic surface by

switching the surface charge property as observed in vCCI and

A41. Its b-sheet II has no remarkable electrostatic properties,

while the opposite b-sheet I exhibits strong negative charge in the

solvent exposable region, contributed by acidic residues D167,

E169, D228, D290, D316, and E318 (Figure 3C and Figure S4 in

Text S1). The distinct surface charge property of the SECRET

domain leads us to speculate that it may bind chemokines in a

different manner by using the solvent exposable and negatively

charged surface of b-sheet I.

Structure of the SECRET/CX3CL1 complex
To directly elucidate the chemokine binding by the SECRET

domain, we reconstituted a complex of the SECRET domain with

the chemokine domain of CX3CL1 and determined its structure

at a resolution of 2.6 Å. The structure was solved by the molecular

replacement method using the SECRET domain and CX3CL1

structures as search models, and refined to final Rwork and Rfree

factors of 19.6% and 25.0%, respectively (Table 1 and Figure S1

in Text S1).

In the complex, one SECRET domain monomer binds one

CX3CL1 monomer, displaying a 1:1 stoichiometry (Figure 4A).

The chemokine domain of CX3CL1 in the complex adopts the

typical chemokine-fold topology, consisting of an extended N-loop

(C82P20), a short 310 helix (V212L23), a 3-stranded anti-parallel

b-sheet (b1, L242Q29; b2: I392T43; b3: R472A51), a C-

terminal helix (Q562A69) packing against the b-sheet, and the

30s loop (N302A38) and 40s loop (R442H46) connecting the

strands in the b-sheet (Figure 4A). The N-terminal residues Q1 to

K7 and C-terminal residues R74 to G76 are disordered in the

structure. The SECRET domain contacts the CX3CL1 with its b-

sheet I, burying a surface of ,530 Å2 (Figure 4A). The SECRET

domain contacting residues are from the strands 1, 5, and 6 of b-

sheet I and the C-terminal extended loop, while the CX3CL1

contacting residues are from the N-loop, 310 helix, 40s loop, and

the b3 strand (Figure 4A). The binding interface can be described

as a small hydrophobic core surrounded by a large halo of

hydrophilic interactions. The hydrophobic core is composed of

residues Y212 and F225 from CrmD, and I19, L23 and F49 from

CX3CL1 (Figure 4B). The surrounding hydrophilic interactions

are composed of hydrogen bonds and salt-bridges. There is an

obvious electrostatic complementarity between the SECRET

domain and CX3CL1 at the interface (Figure 4C). The acidic

residues D167, E169, and D316 from the SECRET domain form

Figure 1. Crystal structure of the SECRET domain. (A) Ribbon diagram of two SECRET domain monomers in the asymmetric unit. (B) Ribbon
diagram of the SECRET domain monomer showing the b-sheet I (left) and b-sheet II (right).
doi:10.1371/journal.ppat.1002162.g001

Structures of the SECRET Domain with CX3CL1
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salt-bridge interactions with R44, R47, and K18 from CX3CL1,

respectively (Figure 4D).

To further elucidate the roles of important residues in complex

formation, we mutated hydrophobic residues I19A, L23A and

F49A and charged residues K18A, R44A, and R47A in CX3CL1,

and measured the binding affinities of these mutants with the

SECRET domain using surface plasmon resonance (SPR) method.

We performed two independent measurements for each protein

sample and the results are listed in Table 2. The SECRET domain

interacted with CX3CL1 with an affinity of 0.6860.26 mM

(Table 2 and Figure S5 in Text S1) The CXC3L1 mutants

I19A,L23A, and F49A bound the SECRET domain with affinities

of 0.9660.32, 4.4961.13, and 4.2060.45 mM, respectively

(Table 2 and Figure S5 in Text S1). The CX3CL1 mutants

K18A, R44A, and R47A bound the SECRET domain with

affinities of 10.960.6 mM, 16.1560.45 mM, and 36.4561.95 mM,

respectively (Table 2 and Figure S5 in Text S1). All mutations

resulted in the decrease of the binding affinity between the

SECRET domain and CX3CL1. Mutating charged residues K18,

R44, and R47 in CX3CL1 induced more significant binding

affinity decrease than mutating hydrophobic residues I19, L23,

and F49, suggesting the importance of the salt-bridge interactions

in the complex formation of the SECRET domain with CX3CL1.

Comparison with other CKBP/chemokine complexes
The SECRET/CX3CL1 and previous reported vCCI/CCL4

complexes [36] are different in the association manner between

CKBP and chemokine, binding interface, and the role of

electrostatic complementarity in complex formation. The SE-

CRET domain utilizes its b-sheet I to interact with CX3CL1,

whereas vCCI utilizes its b-sheet II to interact with CCL4 upon

complex formation. The vCCI/CCL4 binding interface, burying a

total surface of ,990 Å2, can be divided into two patches. The

patch 1 between the N-loop of CCL4 and vCCI is primarily

composed of hydrophobic interactions around CCL4 residue F13

and salt-bridge interactions around CCL4 residue R18 (Figure S6

in Text S1A) [36]. These two positions are conserved in CC

chemokines and mutation of them dramatically decreased the

binding of CC chemokines by vCCI [37,38]. The patch 2 is

between the basic 40s loop of CCL4 and the extended and acidic

2–3 loop of vCCI (Figure S6 in Text S1A), and the electrostatic

complementarity is expected to drive the interactions between

Table 1. Crystallographic statistics.

Native SECRET Br-soaked SECRET SECRET/CX3CL1

Data collection

Beamline SSRF BL-17U SSRF BL-17U SSRF BL-17U

Wavelength 0.9793 0.9195 0.9795

Space group C2221 C2221 P3221

Cell dimensions

a, b, c (Å) 72.42, 73.44, 112.41 72.42, 73.42, 112.55 71.33, 71.33, 93.14

a, b, c (u) 90, 90, 90 90, 90, 90 90, 90, 120

Resolution (Å) 50–1.57 (1.61–1.57) 50.0–1.46 (1.49–1.46) 50.0–2.60 (2.69–2.60)

Rmerge (%) 7.8 (39.8) 5.7 (24.9) 10.0 (86.7)

I/sI 17.9 (2.4) 58 (9.7) 17.4 (1.8)

Completeness (%) 98.3 (87.6) 100 (100) 99.9 (99.3)

Redundancy 3.9 (3.2) 9.5 (9.0) 7.1 (6.4)

Refinement

Resolution (Å) 30.7–1.57 30.0–2.60

No. Reflections 39277 8262

Rwork/Rfree (%) 16.4/19.9 19.6/25.0

No. atoms

Protein 2493 1743

water 466 28

B-factors (Å2)

Protein 20.4 75.6

water 32.7 61.7

R.m.s. deviations

Bond lengths (Å) 0.006 0.010

Bond angles (u) 1.130 1.282

Ramachandran plot

Most favored 88.4 81.1

Allowed 10.9 16.5

Generally allowed 0.3 1.9

Disallowed 0.3 0.5

doi:10.1371/journal.ppat.1002162.t001

Structures of the SECRET Domain with CX3CL1
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them, although basic residues K45, R46, and K48 in the 40 s loop

of CCL4 were mutated to Ala in the vCCI/CCL4 complex

structure (Figure S6 in Text S1A) [36]. The smaller SECRET/

CX3CL1 interface (,530 Å2) is composed one contact patch with

a small hydrophobic core and surrounding hydrophilic interac-

tions as described above (Figure 4B). The region from C8 to M15

of the N-loop is far away from the SECRET domain, so the

SECRET domain does not utilize critical hydrophobic interac-

tions observed in the vCCI/CCL4 contact patch 1 to bind

CX3CL1. The corresponding position of R18 in CCL4 is K18 in

CX3CL1, which forms salt-bridge interaction with D316 of the

SECRET domain to surround the hydrophobic core (Figure 4D)

and is also important for their binding (Table 2). Structural

superimposition based on bound chemokines revealed that the

Figure 2. Structural comparison of the SECRET domain with vCCI and A41. (A) The conformational change of the 7–9 loop colored with
purple. (B) The conformational change of the 2–3 loop colored with purple. (C) The conformational change of the 6–7 loop colored with purple.
doi:10.1371/journal.ppat.1002162.g002

Structures of the SECRET Domain with CX3CL1
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smaller SECRET/CX3CL1 interface corresponds to contact

patch 2 in the vCCI/CCL4 interface (Figure S6 in Text S1A).

Although obvious electrostatic complementarity is observed in

both the SECRET/CX3CL1 interface (Figure 4C) and the

contact patch 2 in the vCCI/CCL4 interface (Figure S6 in Text

S1A), the electrostatic interactions around the basic 40s loop of

bound chemokine play a different role in the formation of these

two complexes. Residues R44 and R47 of CX3CL1 are critical

because mutations at these positions caused respective ,24-fold

and ,54-fold drop in the binding of CX3CL1 by the SECRET

domain (Table 2). In contrast, a triple mutant of CCL4 (K45A/

R46A/K48A) had nearly the same binding affinity as wild type

CCL4, as determined by ELISA method [36]. In CCL2, the

K49A mutation even increased its binding affinity with vCCI

[37,38]. Therefore, the contact patch 2 around the 40s loop of

chemokines might contribute to chemokine binding of vCCI by

providing an electronegative platform to recruit different CC

chemokines, while the conserved hydrophobic and hydrophilic

interactions around the N-loop of CC chemokines in the contact

patch 1 determine the high affinity binding of CC chemokines by

vCCI. The contact patch around the basic 40s loop of CX3CL1

has dual roles, not only helping the recruitment of a subset of

chemokines from different classes by the SECRET domain, but

also providing critical interactions for the complex formation.

Parasites, such as blood-sucking ticks and Schistosoma mansoni,

also secrete CKBPs with anti-inflammatory activities [39,40,41].

Evasin, a new family of CKBPs encoded by ticks, comprises four

members that may help inhibit chemokine-mediated host innate

Figure 3. Electrostatic potential surfaces. (A) vCCI. (B) A41. (C) SECRET domain.
doi:10.1371/journal.ppat.1002162.g003

Structures of the SECRET Domain with CX3CL1
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immune responses [40]. In contrast to most of the viral CKBPs,

Evasin-1 is very restrictive by only binding CCL3, CCL4 and

CCL18 [40]. The Evasin-1 adopts a novel fold and it interacts

with bound CCL3 by primarily contacting its N-loop region, as

revealed in the Evasin-1/CCL3 complex structure (Figure S6 in

Text S1B) [42]. Structural superimposition based on bound

chemokines revealed that the SECRET-binding and Evasin-1-

binding epitopes on chemokines are distinct with little overlap

(Figure S6 in Text S1B). Therefore, the SECRET domain and

Evasin-1 are different in the chemokine-binding manner.

Figure 4. Crystal structure of the SECRET/CX3CL1 complex. (A) Ribbon diagram of the SECRET domain (green) in complex with CX3CL1
(purple). (B) Residues at the binding interface. Residues with solvent accessible surface decrease of above 80%, 60–80%, 40–60%, and below 40%
upon complex formation are colored in brown, cyan, yellow, and green, respectively. (C) Electrostatic complementarity at the binding interface. The
SECRET domain and CX3CL1 are in the same orientation as in panel B. D) Detailed view of the interactions at the binding interface. Hydrophilic
interactions around basic residues K18, R44, and R47 of CX3CL1 are shown as dashed lines.
doi:10.1371/journal.ppat.1002162.g004

Table 2. Binding measurements of the SECRET domain with CX3CL1 wild type and its mutants by surface plasmon resonance
(SPR) analysis.

Fit model First measurement Second measurement KD (mM)

KD (mM) kon (M21s21) koff (s21) KD (mM) kon (M21s21) koff (s21) Mean SE of mean

WT Steady state 0.421 0.937 0.68 0.26

K18A Kinetics 11.5 0.45e3 5.18e-3 10.3 1e3 10.3e-3 10.9 0.6

I19A Kinetics 1.28 5.38e3 6.89e-3 0.641 9.02e3 5.78e-3 0.96 0.32

L23A Steady state 3.36 5.62 4.49 1.13

R44A Steady state 15.7 16.6 16.15 0.45

R47A Steady state 34.5 38.4 36.45 1.95

F49A Steady state 3.75 4.64 4.20 0.45

doi:10.1371/journal.ppat.1002162.t002

Structures of the SECRET Domain with CX3CL1
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The M3 encoded by murine c-herpesvirus 68 functions as a

dimer in solution, in contrast to other monomeric poxviral

CKBPs. The two M3 monomers are arranged in a ‘‘head-to-tail’’

manner, each monomer consisting of the N-terminal domain

(NTD) and C-terminal domain (CTD) (Figure S6 in Text S1C)

[21]. Unlike the SECRET/CX3CL1 complex in 1:1 stoichiom-

etry, the M3 dimer utilizes the NTD of one monomer and the

CTD of the other monomer to form two clefts to bind two

chemokines, forming a complex in 2:2 stoichiometry (Figure S6 in

Text S1C) [21,23]. The SECRET domain and the NTD of M3

have positional overlap around the 40s loop of bound chemokine

(Figure S6 in Text S1C). The Evasin-1 and the CTD of M3 have

positional overlap around the N-loop of bound chemokine (Figure

S6 in Text S1C). Therefore, M3 seems to combine different

chemokine-binding manners of the SECRET domain and Evasin-

1 by utilizing both NTD and CTD in the binding of chemokines.

The SECRET domain interferes with the interaction of
CX3CL1 with both GAG and cellular receptor

We conducted a SPR experiment as reported for other viral

CKBPs (VACV A41 and ECTV E163) to test if the SECRET

domain can interfere with the interaction of CX3CL1 with GAG

[17,18]. The CX3CL1 was pre-incubated with various amount of

heparin (sodium salt, molecular weight ,15 KDa), and then

injected over the SECRET-coupled sensor chip. Heparin

decreased the binding of CX3CL1 by the SECRET domain in

a dose-dependent manner (Figure 5), indicating the overlap of

SECRET-binding and GAG-binding sites on CX3CL1. In our

experiment, the concentration of heparin required for the

inhibition was much higher than that used to achieve the

disruption of chemokine binding by A41 and E163 [17,18]. This

may be caused by the reported low binding affinity between

CX3CL1 and heparin [23].

It has also been shown that the SECRET domain can inhibit

the CCL25-mediated Molt4 cell migration, indicating its ability to

interfere with binding of CCL25 with its cellular receptors [18,30].

We also checked the ability of recombinant CX3CL1 in inducing

migration of RAW264.7 cell as reported [43], as well as the ability

of the SECRET domain to inhibit cell migration. CX3CL1

induced the migration of RAW264.7 cells in a dose-dependent

manner, indicated by the decrease of cells remaining in the top

well with the increase of CX3CL1 concentration in the bottom

well (Figure 6A). Chemokinesis, defined as a random movement of

cells in a zero gradient (equal amounts of starting chemoattractant

in both top and bottom wells), was very low (Figure 6A). Pre-

incubation of CX3CL1 with excessive SECRET domain signif-

icantly reduced the CX3CL1-mediated cell migration (Figure 6B).

We also expressed and purified the SECRET domain with a triple

mutation D167A/E169A/D316A by replacing its acidic residues

involved in the critical salt-bridge interactions at the SECRET/

CX3CL1 interface. Gel-filtration and circular dichroism (CD)

spectroscopy profiles indicate that this mutant was properly folded

and purified as the wild type protein (Figure S7 in Text S1). This

SECRET domain mutant lost most of the inhibitory ability

(Figure 6B). These results together suggest that the SECRET

domain is able to interfere with the binding of CX3CL1 with its

receptors on cell surface.

The SECRET domain binds different chemokines similarly
The measured binding affinity (,0.68 mM) between the

SECRET domain and CX3CL1 in our experiment is lower than

previous reported binding affinities between the SECRET domain

and CCL28, CCL25, CXCL12, CXCL13, CXCL14, XCL1, and

CCL20 that are in nM range [30]. This raises the question if the

SECRET domain binds other chemokines in a manner similar to

that observed in the SECRET/CX3CL1 complex structure. To

help answer this question, we examined the binding ability of the

SECRET domain D167A/E169A/D316A mutant. Besides

CX3CL1, CCL28, CCL25 and CXCL12 were chosen because

they were the previously reported top three in the binding with the

CrmB and CrmD [30]. The SPR analysis showed that the triple

mutations in the SECRET domain not only disrupted its binding

with CX3CL1, but also with CCL28, CCL25, and CXCL12 to

undetectable level (Figure 7), indicating that the SECRET domain

binds different chemokines in a similar manner.

Discussion

GAG binding plays important roles in the in vivo function of

chemokines, including helping immobilize chemokines to form a

concentration gradient along which cells can migrate directionally,

protecting chemokines from proteolysis, and inducing chemokine

oligomerization [44,45]. It has been suggested that four distinct

basic clusters on the surface of chemokines are major GAG-

binding sites for different chemokines [8]. These four clusters all

involve residues from the basic 40 loops. Residues on the

chemokines important for GAG binding have also been

characterized by mutagenesis studies for several chemokines

including CCL2, CCL3, CCL4, CCL5, CXCL8, CXCL12, and

XCL1 [6,7]. Basic residues from the 40s loop participate in the

binding of GAG by all studied chemokines except CXCL8 [6,7].

The respective structures of CCL5 and CXCL12 with heparin-

derived disaccharides also confirmed that the BBXB motif (where

B and X stand for basic and neutral/hydrophobic amino acid) of

the 40s loop participates in GAG binding [46,47]. The inhibition

of chemokine-GAG interaction by M3 is also attributed to its

interaction with the basic 40s loop of bound chemokine by the

NTD [23]. These previous results all suggest that the basic 40s

loop of chemokines is generally involved in the GAG-binding. In

the SECRET/CX3CL1 complex structure, the basic residues R44

and R47 from the 40s loop of CX3CL1 have direct interaction

with the SECRET domain. We have also shown that heparin can

interfere with the binding of CX3CL1 by the SECRET domain in

a dose-dependent manner (Figure 5), similar to the interference of

heparin in the chemokine binding of A41 and E163 [17,18]. These

data together indicate that the SECRET domain is able to block

the chemokine-GAG interaction.

The inhibitory ability of the SECRET domain for CCL25 and

CX3CL1 induced cell migration indicates that it is able to

interfere with the chemokine-receptor interaction. It is generally

accepted that the N-termini of chemokines is the key signaling

domain, and other residues in the N-loop and core domain can

also be critical for the binding with chemokine receptors. For

example, the residues 12–17 in the N-loop of CXCL12 were

shown to be important for receptor binding [47,48]. The N-loop

region (residues 13–20) of CC chemokines promotes tight binding

to the chemokine receptors [49,50]. The vCCI and M3 interfere

with the chemokine-receptor interaction by completely blocking

the accessibility of the N-loop region of bound chemokine, as

revealed in the complex structure of vCCI with CCL4, and M3

with CCL2 and XCL1 [21,23,36]. The N-loop of CX3CL1 is not

completely blocked by the SECRET domain. The S13 position at

the N-terminal part of the N-loop critical for the binding of

chemokines by vCCI and M3 is accessible in the SECRET/

CX3CL1 complex, but residues T16, S17, K18, and I19 at the C-

terminal part of the N-loop region have interaction with the

SECRET domain. It suggests that although the SECRET domain

does not directly block the most important receptor binding site on

Structures of the SECRET Domain with CX3CL1
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Figure 5. The SPR analysis of SECRET-CX3CL1 interaction in the presence of heparin. (A) Sensorgrams of passing CX3CL1 pre-incubated
with an increased concentration of heparin (sodium salt, molecular weight ,15 KD) (0, 0.125, 0.25, 0.5, 1, 2, and 4 mg/ml) through the CM5 chip
surface immobilized with the SECRET domain. The binding of CX3CL1 without heparin pre-incubation (0 mg/ml) by the SECRET domain was checked
again (response curve in black) after finishing all other measurements to make sure that the decrease of response was not due to the change of chip
surface. (B) Heparin interferes with the binding of CX3CL1 by the SECRET domain in a dose-dependent manner.
doi:10.1371/journal.ppat.1002162.g005

Figure 6. CX3CL1-induced migration of RAW 264.7 cells. (A) The number of cells remaining in the top well counted by FACS after a 4-h
chemotaxis assay are indicated with CX3CL1 in concentrations of 0.01, 0.1, 0.5, and 1.0 mM in the bottom well, as well as the same concentration
1.0 mM in both top and bottom wells. (B) The number of cells remaining in the top well counted by FACS after a 4-h chemotaxis assay are indicated
with CX3CL1, CX3CL1 pre-incubated with the SECRET domain in different molar ratio (1:1, 1:5, and 1:10), and CX3CL1 pre-incubated with the SECRET
domain triple mutant D167A/E169A/D316A in a 1:10 molar ratio. The D167A/E169A/D316A mutant is referred as 3A mutant in the figure.
doi:10.1371/journal.ppat.1002162.g006
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CX3CL1 (i.e. the N-termini and critical hydrophobic residues of

the N-loop), its binding is still close to the receptor binding site and

bring steric hindrance to prevent efficient interaction with the

receptor, which would provide a structural basis for the ability of

the SECRET domain to inhibit CX3CL1 and CCL25 induced

cell migration.

The previous study reporting the discovery of the SECRET

domain has shown that it is capable of binding CCL28, CCL25,

CCL20, CXCL12, CXCL13, CXCL14 and XCL1 that are from

the CC, CXC, and C classes. We have shown here that it is also

able to bind CX3CL1, the only member in the CX3C class. The

ability of previous reported M3 to bind a subset of chemokines

from all four classes is attributed to its structural plasticity (i.e. the

structural rearrangement of NTD and CTD) and the use of

flexible loops as primary contact sites for chemokines from

different classes [21,23]. In comparison, the SECRET domain has

a much smaller solvent exposed surface on the relatively rigid b-

sheet I to contact chemokines from four different classes,

demanding the focus on more common amino acid motifs on

chemokines. In the SECRET/CX3CL1 complex structure,

critical residues R44 and R47 for the complex formation are

from the 40s loop, which can be regarded as hot-spot residues for

the interaction. The presence of basic residues in the 40s loop is

also found in other chemokines bound by the SECRET domain.

The electrostatic complementary between the basic 40s loop of

bound chemokine and acidic b-sheet I surface of the SECRET

domain would enable the SECRET domain to bind different

chemokines, allowing some extent of conformational variation in

the 40s loop. There are two questions need to be answered in the

future study: (1) Why is the SECRET domain not able to bind

other chemokines also with the presence of basic residues in the

40s loop? (2) Why is the binding affinity of the SECRET domain

with CX3CL1 lower than with previous reported chemokines?

Sequence alignments of CX3CL1, CCL28, CCL25, CCL20,

CXCL12, CXCL13, CXCL14, and XCL1 did not reveal obvious

conserved motifs in the 40s loop (Figure S8A in Text S1) that are

absent in chemokines unable to bind the SECRET domain.

Previous NMR studies indicated that the flexibility of the N-loop is

greater than the flexibility of other regions of chemokines

(excluding the N- and C-termini) [51]. Only the C-terminal part

of the N-loop of CX3CL1 is involved in the interaction with the

SECRET domain. Due to the flexibility of the N-loop, it may

more extensively participate in the interactions of CCL28,

CCL25, CCL20, CXCL12, CXCL13, CXCL14 and XCL1 with

the SECRET domain, and the chemokine selectivity of the

SECRET domain may also reside in the flexible N-loop region.

Figure 7. Sensograms of passing the SECRET domain wild type (green) and D167A/E169A/D316A mutant (red) through the CM5
chip surface immobilized with chemokines CX3CL1, CCL28, CCL25, and CXCL12, respectively. The D167A/E169A/D316A mutant is
referred as 3A mutant in the figure.
doi:10.1371/journal.ppat.1002162.g007
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The definite and clear answers to these questions await future

structural studies of the SECRET domain with chemokines from

C, CC, and CXC classes.

Besides CrmB and CrmD, genome analysis also identified other

genes encoding SECRET domain containing proteins (SCPs) [30].

The reported SCPs that bind to the same set of chemokines as

CrmB and CrmD are CPXV V218 (SCP-1), ECTV E12 (SCP-2),

and ECTV E184 (SCP-3) [30]. The primary sequence of the

SECRET domain is much more conserved in CrmB and CrmD

than in SCP-1, SCP-2, and SCP-3 (Figure S8B and S8C in Text

S1). Among the fifteen residues in the SECRET domain of ECTV

CrmD that have contacts with CX3CL1 in complex formation

(Figure 4B and Figure S8B in Text S1), seven of them are strictly

conserved in CrmB from VARV and CPXV and CrmD from

ECTV and CPXV, including important charged residues D167

and E169 (Figure S8B in Text S1). Another important charged

residue D316 is conserved in CrmD, but is replaced by arginine in

CPXV CrmB and serine in VARV CrmB (Figure S8B in Text S1).

Residues interacting with CX3CL1 in the SECRET domain are

not highly conserved in SCP-1, SCP-2, and SCP-3 (Figure S8C in

Text S1). This indicates that the binding of chemokines by these

SCP proteins may be different from the binding by the SECRET

domain.

Methods

Purification of the SECRET domain
The gene encoding the SECRET domain of CrmD (residues

1622320) was cloned into EcoRI and NcoI restriction sites of the

pProEx HTb expression vector. The resulting plasmid was

transformed into E. coli BL21 (DE3) competent cells. Three liters

of LB media containing 100 mg/ml ampicillin were inoculated and

grown to A600 of 0.8 and then induced with 0.6 mM IPTG.

Induced cultures were grown for an additional 4 h at 37uC and

harvested by centrifugation for 10 min at 5,000 rpm. Cells were

resuspended in 25 mM Tris-HCl, 50 mM NaCl, pH 8.0, lysed

with sonication and centrifuged for 50 min at 15,000 rpm. The

SECRET domain was found exclusively in the inclusion bodies.

The inclusion bodies were washed three times in wash buffer A

(25 mM Tris-HCl, 50 mM NaCl, 5 mM EDTA, 5% Triton X-

100, pH 8.0) and once in wash buffer B (25 mM Tris?HCl,

50 mM NaCl, 5 mM EDTA, pH 8.0). Washed inclusion bodies

were solubilized in 8 M Urea, 50mM DTT and diluted into a

refolding buffer (25 mM Tris-HCl, 50 mM NaCl, 0.2 mM

oxidized glutathione, 2 mM reduced glutathione, pH 8.0) and

stirred at 4uC overnight, and then dialyzed against 25 mM Tris-

HCl, 50 mM NaCl, pH 8.0. The refolded SECRET domain was

bound to HisTrap column, then washed with 25mM Tris-HCl,

50 mM NaCl, 20 mM Imidazole, pH 8.0 and eluted with 25 mM

Tris-HCl, 50 mM NaCl, 500 mM imidazole, pH 8.0. Fractions

containing the SECRET domain were examined by SDS-PAGE

gel, pooled and further purified with size exclusion column. The

SECRET mutant (D167A/E169A/D316A) was expressed and

purified by the same method as wild type SECRET domain. To

check the SECRET domain is a dimer or monomer in solution,

molecular weight standards and the SECRET domain (0.5 ml,

1.5 mg/ml) were loaded onto Superdex 75 size exclusion column

with a flow rate of 0.5 ml/min.

Purification of CX3CL1 and the SECRET/CX3CL1 complex
The gene encoding the chemokine domain of human CX3CL1

(residues 1–76) was cloned into the EcoRI and NcoI restriction

sites of the pProEX HTb expression vector. The resulting plasmid

was transformed into E. coli BL21 (DE3) competent cells. Three

liters LB media containing 100 mg/ml ampicillin were inoculated

and grown to A600 of 0.8 and then induced with 1.0 mM IPTG.

Induced cultures were grown for an additional 4 h at 37uC and

harvested by centrifugation for 10 min at 5,000 rpm. Cells were

resuspended in PBS buffer (pH 7.2), lysed by sonication and

centrifuged for 50 min at 15,000 rpm. CX3CL1 was found

exclusively in the inclusion bodies. The inclusion bodies were

washed three times in wash buffer A (25 mM Tris?HCl, 50 mM

NaCl, 5 mM EDTA, 5% Triton X-100, pH 8.0) and once in wash

buffer B (25 mM Tris?HCl, 50 mM NaCl, 5 mM EDTA, pH 8.0).

Washed inclusion bodies were solubilized in 8 M Urea, 50 mM

DTT and diluted into a refolding buffer (PBS, 0.2 mM oxidized

glutathione, 2 mM reduced glutathione, pH 7.2) and stirred at

4uC overnight. Precipitated material was removed by filtration.

Refolded protein was bound to a HisTrap column and washed

with PBS buffer, 20 mM Imidazole then eluted with PBS buffer,

500 mM Imidazole. Fractions containing CX3CL1 were exam-

ined by SDS-PAGE gel, pooled and further purified with size

exclusion column. All CX3CL1 mutants were expressed and

purified by the same method as wild type CX3CL1. Purified

SECRET domain and wild type CX3CL1 were mixed, left on ice

for 1 h, and subjected to size exclusion column purification to

obtain the SECRET/CX3CL1 complex.

Crystallization and data collection
The SECRET domain and the SECRET/CX3CL1 complex

were concentrated by ultrafiltration to ,15 mg/ml. Crystals of the

SECRET domain were grown from a mother liquor of 0.4 M

Magnesium formate dehydrate, 0.1 M Bis-Tris propane, pH 7.0

with hanging-drop vapor diffusion method at room temperature.

Crystals of the SECRET/CX3CL1 complex were grown from

0.2 M Lithium sulfate monohydrate, 0.1 M Tris?HC, pH 8.5,

20% PEG4000 with hanging-drop vapor diffusion method at

room temperature.

Crystals of the SECRET domain were cryoprotected in well

solution plus 20% (v/v) glycerol and cooled to 100 K before data

collection. For the SAD data collection, crystals were soaked in

well solution with 0.2 M NaBr for 30 s before data collection.

Crystals of the SECRET/CX3CL1 complex were cryoprotected

in well solution plus 20% (v/v) glycerol and cooled to 100 K

before data collection. All diffraction data were collected at

Shanghai Synchrotron Research Facility (SSRF) beamline BL17U.

All data were indexed and integrated and scaled with program

HKL2000 [52].

Structure determination and refinement
The structure of the SECRET domain was solved using the Br-

SAD method. The positions of the Br were determined using the

program SHELXD [53] and initial phases computed with the

program SHELXE [54] as part of the HKL2MAP package [55].

Density modification was conducted using DM from the CCP4

suite [56]. The resulting electron density map was of excellent

quality, allowing an automatic chain trance to be performed with

the program Arp/wARP [57]. The following model adjustment

and structural refinement were conducted using the program

COOT [58] and PHENIX [59], respectively. For the final model,

the Rwork is 16.4%, and the Rfree is 19.9%. The structure of the

SECRET/CX3CL1 complex was solved using the molecular

replacement method with the SECRET domain and the CX3CL1

structures as search models in the program PHASER [60].

Iterative refinement with the program PHENIX [59] and model

building with the program COOT [58] were conducted, yielding a

final Rwork of 19.6% and Rfree of 25.0%. All structural figures were

made by using PYMOL (http://www.pymol.org).
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SPR experiments
The binding affinity between the SECRET domain and

CX3CL1 was determined by surface plasmon resonance (SPR)

using BIAcore 3000 at 25uC. The SECRET domain was

immobilized to about 350 Response Unit (RU) on a research-

grade CM5 sensor chip in 10 mM sodium acetate, pH 4.1 by

standard amine coupling method. The flow cell 1 was left blank as

a reference. To measure binding affinity of CX3CL1 wild type

and mutants by the SECRET domain, CX3CL1 in 10 mM

HEPES, pH 7.2, 150 mM NaCl, and 0.005% Tween-20 were

injected over the flow cells at different concentrations at a flow rate

of 30 ml min21. The binary complexes were allowed to associate

for 90 s and dissociate for 90 s. The surfaces were regenerated

with 5 mM NaOH between each cycle if needed. Data were

analyzed with BIAcore 3000 evaluation software BIAevaluation

4.1.

To investigate the interference of heparin in the binding of

CX3CL1 by the SECRET domain, 1 mM wild type CX3CL1 was

pre-incubated with increasing concentrations (0.125, 0.25, 0.5,

1.0, 2.0, 4.0 mg/ml) of heparin sodium salt (MW ,15,000 Da,

Sigma-Aldrich) at 4uC for 1 h. SPR analysis was performed as

above.

To compare the binding ability of the SECRET domain wild

type and mutant by chemokines, CX3CL1 purified by ourselves,

CCL28, CCL25, and CXCL12 purchased from PeproTech were

immobilized on the CM5 chip to ,200 RU. SPR analysis was

performed as above.

Chemotaxis assay
RAW 264.7 cells were cultured in RPMI 1640 medium

supplemented with 10% heat-inactivated FBS at 37uC in CO2

incubator. Serum-starved RAW 264.7 cells with a total number of

16107 were suspended in PBS buffer with 1 mM CellTracker

Green CMFDA (Invitrogen) and incubated at 37uC for 5 minutes.

The labeled cells were collected, washed three times with PBS

buffer to remove the excessive CMFDA, and then suspended in

RPMI 1640 medium for cell migration assays.

Cell chemotaxis assay was performed using 8 mm2pore Cell

Culture Inserts (Millipore). The inserts were placed into 24-well

plates containing RPMI1640 in the presence or the absence of

CX3CL1 and SECRET domain. We seeded 86104 CMFDA-

labeled cells in each transwell insert and incubated at 37uC for

4 hours. Cell migration was quantified by counting the number of

cells that remaining in the upper transwell by FACS.

Accession numbers
The coordinates of the SECRET domain and SECRET/

CX3CL1 structures have been deposited into the Protein Data

Bank with accession numbers 3ON9 and 3ONA, respectively.

Supporting Information

Text S1 Supporting data including eight supplemental figures.

(PDF)

Acknowledgments

We thank X.D. Luan, S.Y. Zhang and S.A. Liu for assistance with protein

purification; X.C. Li and J.W. Wang for assistance with data collection and

structure determination; J.H. He, S. Huang, and L. Tang at Shanghai

Synchrotron Research Facility (SSRF) Beamline BL-17U for assistance

with data collection; Y.Y. Chen for technical assistance with BIAcore 3000

at Institute of Biophysics, Chinese Academy of Sciences; and M.H. Zhang,

Y.B. Yan and H.T. Li for discussions.

Author Contributions

Conceived and designed the experiments: XW. Performed the experi-

ments: XX QL HW DW DC GH. Analyzed the data: XX QL HW DW

DC GH. Contributed reagents/materials/analysis tools: LH HW. Wrote

the paper: XX QL DW XW.

References

1. Baggiolini M (1998) Chemokines and leukocyte traffic. Nature 392: 565–568.

2. Rossi D, Zlotnik A (2000) The biology of chemokines and their receptors. Annu

Rev Immunol 18: 217–242.

3. Rot A, von Andrian UH (2004) Chemokines in innate and adaptive host defense:

basic chemokinese grammar for immune cells. Annu Rev Immunol 22: 891–928.

4. Charo IF, Ransohoff RM (2006) The many roles of chemokines and chemokine
receptors in inflammation. N Engl J Med 354: 610–621.

5. Rollins BJ (1997) Chemokines. Blood 90: 909–928.

6. Allen SJ, Crown SE, Handel TM (2007) Chemokine: receptor structure,
interactions, and antagonism. Annu Rev Immunol 25: 787–820.

7. Hamel DJ, Sielaff I, Proudfoot AE, Handel TM (2009) Chapter 4. Interactions

of chemokines with glycosaminoglycans. Methods Enzymol 461: 71–102.

8. Lortat-Jacob H, Grosdidier A, Imberty A (2002) Structural diversity of heparan

sulfate binding domains in chemokines. Proc Natl Acad Sci U S A 99:

1229–1234.

9. Seet BT, Johnston JB, Brunetti CR, Barrett JW, Everett H, et al. (2003)
Poxviruses and immune evasion. Annu Rev Immunol 21: 377–423.

10. Alcami A (2003) Viral mimicry of cytokines, chemokines and their receptors. Nat

Rev Immunol 3: 36–50.

11. Mantovani A, Bonecchi R, Locati M (2006) Tuning inflammation and immunity

by chemokine sequestration: decoys and more. Nat Rev Immunol 6: 907–918.

12. Graham KA, Lalani AS, Macen JL, Ness TL, Barry M, et al. (1997) The T1/

35kDa family of poxvirus-secreted proteins bind chemokines and modulate
leukocyte influx into virus-infected tissues. Virology 229: 12–24.

13. Smith CA, Smith TD, Smolak PJ, Friend D, Hagen H, et al. (1997) Poxvirus

genomes encode a secreted, soluble protein that preferentially inhibits beta
chemokine activity yet lacks sequence homology to known chemokine receptors.

Virology 236: 316–327.

14. Alcami A, Symons JA, Collins PD, Williams TJ, Smith GL (1998) Blockade of

chemokine activity by a soluble chemokine binding protein from vaccinia virus.
J Immunol 160: 624–633.

15. Lalani AS, Ness TL, Singh R, Harrison JK, Seet BT, et al. (1998) Functional

comparisons among members of the poxvirus T1/35kDa family of soluble CC-

chemokine inhibitor glycoproteins. Virology 250: 173–184.

16. Burns JM, Dairaghi DJ, Deitz M, Tsang M, Schall TJ (2002) Comprehensive

mapping of poxvirus vCCI chemokine-binding protein. Expanded range of

ligand interactions and unusual dissociation kinetics. J Biol Chem 277:

2785–2789.

17. Bahar MW, Kenyon JC, Putz MM, Abrescia NG, Pease JE, et al. (2008)

Structure and function of A41, a vaccinia virus chemokine binding protein.

PLoS Pathog 4: e5.

18. Ruiz-Arguello MB, Smith VP, Campanella GS, Baleux F, Arenzana-Seisdedos F,

et al. (2008) An ectromelia virus protein that interacts with chemokines through

their glycosaminoglycan binding domain. J Virol 82: 917–926.

19. Parry CM, Simas JP, Smith VP, Stewart CA, Minson AC, et al. (2000) A broad

spectrum secreted chemokine binding protein encoded by a herpesvirus. J Exp

Med 191: 573–578.

20. van Berkel V, Barrett J, Tiffany HL, Fremont DH, Murphy PM, et al. (2000)

Identification of a gammaherpesvirus selective chemokine binding protein that

inhibits chemokine action. J Virol 74: 6741–6747.

21. Alexander JM, Nelson CA, van Berkel V, Lau EK, Studts JM, et al. (2002)

Structural basis of chemokine sequestration by a herpesvirus decoy receptor. Cell

111: 343–356.

22. Webb LM, Smith VP, Alcami A (2004) The gammaherpesvirus chemokine

binding protein can inhibit the interaction of chemokines with glycosaminogly-

cans. Faseb J 18: 571–573.

23. Alexander-Brett JM, Fremont DH (2007) Dual GPCR and GAG mimicry by the

M3 chemokine decoy receptor. J Exp Med 204: 3157–3172.

24. Lalani AS, Graham K, Mossman K, Rajarathnam K, Clark-Lewis I, et al. (1997)

The purified myxoma virus gamma interferon receptor homolog M-T7 interacts

with the heparin-binding domains of chemokines. J Virol 71: 4356–4363.

25. Seet BT, McCaughan CA, Handel TM, Mercer A, Brunetti C, et al. (2003)

Analysis of an orf virus chemokine-binding protein: Shifting ligand specificities

among a family of poxvirus viroceptors. Proc Natl Acad Sci U S A 100:

15137–15142.

26. Wang D, Bresnahan W, Shenk T (2004) Human cytomegalovirus encodes a

highly specific RANTES decoy receptor. Proc Natl Acad Sci U S A 101:

16642–16647.

Structures of the SECRET Domain with CX3CL1

PLoS Pathogens | www.plospathogens.org 12 July 2011 | Volume 7 | Issue 7 | e1002162



27. Bryant NA, Davis-Poynter N, Vanderplasschen A, Alcami A (2003) Glycopro-

tein G isoforms from some alphaherpesviruses function as broad-spectrum
chemokine binding proteins. Embo J 22: 833–846.

28. Johnston JB, McFadden G (2004) Technical knockout: understanding poxvirus

pathogenesis by selectively deleting viral immunomodulatory genes. Cell
Microbiol 6: 695–705.

29. Graham SC, Bahar MW, Abrescia NG, Smith GL, Stuart DI, et al. (2007)
Structure of CrmE, a virus-encoded tumour necrosis factor receptor. J Mol Biol

372: 660–671.

30. Alejo A, Ruiz-Arguello MB, Ho Y, Smith VP, Saraiva M, et al. (2006) A
chemokine-binding domain in the tumor necrosis factor receptor from variola

(smallpox) virus. Proc Natl Acad Sci U S A 103: 5995–6000.
31. Alcami A, Saraiva M (2009) Chemokine binding proteins encoded by pathogens.

Adv Exp Med Biol 666: 167–179.
32. Antonets DV, Nepomnyashchikh TS, Shchelkunov SN (2010) SECRET domain

of variola virus CrmB protein can be a member of poxviral type II chemokine-

binding proteins family. BMC research notes 3: 271.
33. An X, Liu F, Fang M, Zhu Y, Wang H (2003) Isolation and identification of a

mouse poxvirus and its infectivity. Virologica Sinica 18: 563–565.
34. Carfi A, Smith CA, Smolak PJ, McGrew J, Wiley DC (1999) Structure of a

soluble secreted chemokine inhibitor vCCI (p35) from cowpox virus. Proc Natl

Acad Sci U S A 96: 12379–12383.
35. Arnold PL, Fremont DH (2006) Structural determinants of chemokine binding

by an Ectromelia virus-encoded decoy receptor. J Virol 80: 7439–7449.
36. Zhang L, Derider M, McCornack MA, Jao SC, Isern N, et al. (2006) Solution

structure of the complex between poxvirus-encoded CC chemokine inhibitor
vCCI and human MIP-1beta. Proc Natl Acad Sci U S A 103: 13985–13990.

37. Seet BT, Singh R, Paavola C, Lau EK, Handel TM, et al. (2001) Molecular

determinants for CC-chemokine recognition by a poxvirus CC-chemokine
inhibitor. Proc Natl Acad Sci U S A 98: 9008–9013.

38. Beck CG, Studer C, Zuber JF, Demange BJ, Manning U, et al. (2001) The viral
CC chemokine-binding protein vCCI inhibits monocyte chemoattractant

protein-1 activity by masking its CCR2B-binding site. J Biol Chem 276:

43270–43276.
39. Frauenschuh A, Power CA, Deruaz M, Ferreira BR, Silva JS, et al. (2007)

Molecular cloning and characterization of a highly selective chemokine-binding
protein from the tick Rhipicephalus sanguineus. J Biol Chem 282: 27250–27258.

40. Deruaz M, Frauenschuh A, Alessandri AL, Dias JM, Coelho FM, et al. (2008)
Ticks produce highly selective chemokine binding proteins with antiinflamma-

tory activity. J Exp Med 205: 2019–2031.

41. Smith P, Fallon RE, Mangan NE, Walsh CM, Saraiva M, et al. (2005)
Schistosoma mansoni secretes a chemokine binding protein with antiinflamma-

tory activity. J Exp Med 202: 1319–1325.
42. Dias JM, Losberger C, Deruaz M, Power CA, Proudfoot AE, et al. (2009)

Structural basis of chemokine sequestration by a tick chemokine binding protein:

the crystal structure of the complex between Evasin-1 and CCL3. PLoS One 4:
e8514.

43. Gevrey JC, Isaac BM, Cox D (2005) Syk is required for monocyte/macrophage

chemotaxis to CX3CL1 (Fractalkine). J Immunol 175: 3737–3745.

44. Handel TM, Johnson Z, Crown SE, Lau EK, Proudfoot AE (2005) Regulation

of protein function by glycosaminoglycans--as exemplified by chemokines. Annu

Rev Biochem 74: 385–410.

45. Proudfoot AE (2006) The biological relevance of chemokine-proteoglycan

interactions. Biochem Soc Trans 34: 422–426.

46. Shaw JP, Johnson Z, Borlat F, Zwahlen C, Kungl A, et al. (2004) The X-ray

structure of RANTES: heparin-derived disaccharides allows the rational design

of chemokine inhibitors. Structure 12: 2081–2093.

47. Murphy JW, Cho Y, Sachpatzidis A, Fan C, Hodsdon ME, et al. (2007)

Structural and functional basis of CXCL12 (stromal cell-derived factor-1 alpha)

binding to heparin. J Biol Chem 282: 10018–10027.

48. Crump MP, Gong JH, Loetscher P, Rajarathnam K, Amara A, et al. (1997)

Solution structure and basis for functional activity of stromal cell-derived factor-

1; dissociation of CXCR4 activation from binding and inhibition of HIV-1.

Embo J 16: 6996–7007.

49. Pakianathan DR, Kuta EG, Artis DR, Skelton NJ, Hebert CA (1997) Distinct

but overlapping epitopes for the interaction of a CC-chemokine with CCR1,

CCR3 and CCR5. Biochemistry 36: 9642–9648.

50. Bondue A, Jao SC, Blanpain C, Parmentier M, LiWang PJ (2002)

Characterization of the role of the N-loop of MIP-1 beta in CCR5 binding.

Biochemistry 41: 13548–13555.

51. Fernandez EJ, Lolis E (2002) Structure, function, and inhibition of chemokines.

Annu Rev Pharmacol Toxicol 42: 469–499.

52. Otwinowski Z, Borek D, Majewski W, Minor W (2003) Multiparametric scaling

of diffraction intensities. Acta Crystallogr A 59: 228–234.

53. Schneider TR, Sheldrick GM (2002) Substructure solution with SHELXD. Acta

Crystallogr D Biol Crystallogr 58: 1772–1779.

54. Sheldrick GM (2002) Macromolecular phasing with SHELXE. Z Kristallogr

217: 644–650.

55. Pape T, Schneider TR (2004) HKL2MAP, a graphical user interface for phasing

with SHELX programs. J Appl Crystallogr 37: 843–844.

56. The CCP4 suite: programs for protein crystallography (1994) Acta Crystallogr D

Biol Crystallogr 50: 760–763.

57. Langer G, Cohen SX, Lamzin VS, Perrakis A (2008) Automated macromolec-

ular model building for X-ray crystallography using ARP/wARP version 7. Nat

Protoc 3: 1171–1179.

58. Emsley P, Cowtan K (2004) Coot: model-building tools for molecular graphics.

Acta Crystallogr D Biol Crystallogr 60: 2126–2132.

59. Adams PD, Grosse-Kunstleve RW, Hung LW, Ioerger TR, McCoy AJ, et al.

(2002) PHENIX: building new software for automated crystallographic structure

determination. Acta Crystallogr D Biol Crystallogr 58: 1948–1954.

60. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, et al.

(2007) Phaser crystallographic software. J Appl Crystallogr 40: 658–674.

Structures of the SECRET Domain with CX3CL1

PLoS Pathogens | www.plospathogens.org 13 July 2011 | Volume 7 | Issue 7 | e1002162


