frontiers in
MICROBIOLOGY

ORIGINAL RESEARCH ARTICLE
published: 26 July 2012
doi: 10.3389/fmicb.2012.00264

o

Evolutionary analysis of functional divergence among
chemokine receptors, decoy receptors, and viral receptors

Hiromi Daiyasu'*, Wataru Nemoto? and Hiroyuki Toh?®

" Department of Bioinformatic Engineering, Graduate School of Information Science and Technology, Osaka University, Osaka, Japan
2 Division of Life Science and Engineering, School of Science and Engineering, Tokyo Denki University, Saitama, Japan
7 Computational Biology Research Center, Advanced Industrial Science and Technology, Tokyo, Japan

Edited by:
Hironori Sato, National Institute of
Infectious Diseases, Japan

Reviewed by:

Hironori Sato, National Institute of
Infectious Diseases, Japan

Mikita Suyama, Kyushu University,
Japan

*Correspondence:

Hiromi Daiyasu, Department of
Bioinformatic Engineering, Graduate
School of Information Science and
Technology, Osaka University, 1-5,
Yamadaoka, Suita, Osaka 565-0871,
Japan.

e-mail: daiyasu@ist.osaka-u.ac.jp

INTRODUCTION

Chemokine receptors (CKRs) function in the inflammatory response and in vertebrate
homeostasis. Decoy and viral receptors are two types of CKR homologs with modified
functions from those of the typical CKRs. The decoy receptors are able to bind ligands
without signaling. On the other hand, the viral receptors show constitutive signaling with-
out ligands. We examined the sites related to the functional difference. At first, the decoy
and viral receptors were each classified into five groups, based on the molecular phylo-
genetic analysis. A multiple amino acid sequence alignment between each group and the
CKRs was then constructed. The difference in the amino acid composition between the
group and the CKRs was evaluated as the Kullback-Leibler (KL) information value at each
alignment site. The KL information value is considered to reflect the difference in the func-
tional constraints at the site. The sites with the top 5% of KL information values were
selected and mapped on the structure of a CKR. The comparisons with decoy receptor
groups revealed that the detected sites were biased on the intracellular side. In contrast,
the sites detected from the comparisons with viral receptor groups were found on both the
extracellular and intracellular sides. More sites were found in the ligand binding pocket in
the analyses of the viral receptor groups, as compared to the decoy receptor groups. Some
of the detected sites were located in the GPCR motifs. For example, the DRY motif of the
decoy receptors was often degraded, although the motif of the viral receptors was basically
conserved. The observations for the viral receptor groups suggested that the constraints
in the pocket region are loose and that the sites on the intracellular side are different from
those for the decoy receptors, which may be related to the constitutive signaling activity
of the viral receptors.
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specific function of each CKR. Among these receptors, only the
structure of CXCR4 has been solved by X-ray crystallography (Wu

The members of the chemokine (CK) family play important roles
in regulating cell migration against inflammation, immune sur-
veillance, and oncogenesis in vertebrates (Zlotnik and Yoshie,
2000). The CKs are classified into four subfamilies: CC, CXC,
CX3C, and XC, based on the cysteine positions in their motifs
(Zlotnik and Yoshie, 2000). CKs exert their activities through
binding to their corresponding receptors. Presently, more than
40 CKs and 18 chemokine receptors (CKRs) have been identi-
fied in the human genome: 10 CCRs, six CXCRs, one XCR, and
one CX3CR (Nomiyama et al., 2011). The CKR homologs are
widely distributed among the vertebrate genomes. For example,
homologs have even been identified from sea lampreys, which are
one of the most primitive vertebrates (Nomiyamaetal.,2011). The
amino acid sequence identities among the CKRs and the homologs
range from 25 to 80%, and the CKRs constitute a subfamily in
the class A G protein-coupled receptors (GPCRs). The CKRs have
broad ligand specificities (Nomiyama et al., 2011), and each recep-
tor is able to interact with several CKs, and vice versa. This binding
promiscuity makes it difficult to develop drugs to pinpoint the

et al., 2010). Like the other GPCREs, this structure is characterized
by the seven transmembrane (TM) helices, although T4 lysozyme
was inserted within the intracellular loop (ICL) 3 between the TM
helices 5 and 6, to stabilize the crystal. The extracellular cavity of
CXCR4 is reportedly larger and wide open, as compared to those
of other GPCR structures (Wu et al., 2010).

In addition to the traditional CKRs, five non-signaling CKR
homologs have been identified in vertebrate genomes: CCRL1
(also known as CCX-CKR), CCRL2, CCBP2 (D6), CXCR7, and
DARC (Duffy antigen receptor; Graham, 2009; Leick et al., 2010;
Naumann etal.,2010). They are called “decoy” or “silent” receptors,
because they are able to bind to several CKs without ligand-
induced signaling. Most of them are constitutively internalized
with or without ligands, and only the receptors are recycled to the
cell membrane. Their functions are considered to regulate inflam-
matory responses by controlling the volume of free extracellular
CKs, through internalization and degradation (Bonecchi et al,
2010). Like the traditional CKRs, these decoy receptors show a
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broad CK-binding spectrum. CCRL1 interacts with several home-
ostatic CC-type CKs (Comerford et al., 2006), whereas CCBP2 and
DARC interact with inflammatory CKs (Graham, 2009). CXCR7
interacts with the dual-functional CXC-type CKs (Naumann et al.,
2010) without activating G proteins (Thelen and Thelen, 2008).
CCRL2 is known to be a multifunctional receptor (Yoshimura and
Oppenheim, 2011). Like other decoy receptors, it regulates the
amount of free CKs. At the same time, it functions as a recep-
tor for an adipokine called chemerin, although the ligand binding
does not induce signaling and the receptor is not internalized even
after ligand engagement. DARC is the most distantly related to the
CKRs among the five decoy receptors, and was originally identified
as a malarial parasite receptor (Bonecchi et al., 2010). The receptor
also binds to the CC- and CXC-type inflammatory CKs.

Chemokine receptors homologs have been detected in double
stranded DNA viruses, such as herpesvirus and poxvirus. These
viruses are considered to have gained these proteins by horizon-
tal gene transfer during the course of evolution (Slinger et al.,
2011). The viral receptors are constitutively active without lig-
ands, although some of them can bind to CKs. We studied five
groups of viral proteins as described below. E1 is derived only
from equid herpesvirus 2 of y-herpesvirinae, which interacts with
CCL11 (Camarda et al., 1999). ORF74 is derived from several y-
herpesviruses, and interacts with a broad range of CXC-type CKs
(Maussangetal.,2009). The B-herpesviruses also have several CKR
homologs. Among them, UL33 is encoded by the genomes of vari-
ous vertebrate viruses, although its ligands have not been identified
(Gruijthuijsen et al., 2002). On the other hand, the US27, US28,
and vGPCRs, which share high sequence similarity, have only been
identified in the primate B-herpesviruses (Sahagun-Ruiz et al.,
2004). US28 is characterized as a receptor for CC-type ligands
(Maussang et al., 2009). Several poxviruses, such as capripox virus,
deerpox virus, and yatapox virus, also encode CKR homologs in
their genomes. The receptors of poxviruses not only share high
amino acid sequence similarity to CCR8, but also the CCR8-like
CK-binding profile; that is, high affinity to CCL1 (Najarro et al.,
2006). These viral receptors are considered to contribute to the
escape from and/or the perturbation of the host immune system,
and are involved in inflammatory diseases and cancer (Slinger
et al,, 2011), although the mechanisms of these receptors in viral
pathogenesis remain poorly understood.

The CKRs and their homologs have been classified into three
functionally different types, from the viewpoints of ligand bind-
ing and signaling. The traditional CKRs bind their ligands, which
induce signal transduction. The decoy receptors also bind ligands,
although the process does not induce signal transduction. In con-
trast, the viral receptors exhibit signaling activity without ligand
binding. The decoy receptors and the viral receptors are considered
to have functionally differentiated after their divergence from the
traditional CKRs, by gene duplication or horizontal gene trans-
fer. Therefore, the functional differentiation of these three types is
expected to have changed the functional constraints at the amino
acid sites responsible for the ligand binding and/or signaling. If the
sites involved in the functional differentiation can be identified,
then the information about the sites would be helpful to under-
stand the mechanisms for the signaling associated with ligand-
induced conformational changes. Several different methods have

been developed to detect the amino acid sites involved in the
functional differentiation of homologous proteins from a multiple
sequence alignment, and they are roughly classified into two types.
One of them examines the difference in the evolutionary rate at
each alignment site among the proteins with different functions
(Gu, 1999; Simon et al., 2002), while the other compares the amino
acid compositions at each alignment site among the proteins with
different functions (Landgraf et al., 1999; Hannenhalli and Rus-
sell, 2000). We applied the latter method, the comparison of amino
acid compositions, to identify the sites involved in the functional
differentiation of CKR homologs. The difference in the amino acid
composition at each alignment site between two groups (CKRs and
decoy receptors, or CKRs and viral receptors) was calculated as the
Kulback—Leibler (KL) information value (Hannenhalli and Rus-
sell,2000; Ichihara et al., 2004). The sites with large KL information
values were selected as the candidates for the functional differenti-
ation. The amino acid residues corresponding to the selected sites
were mapped on the tertiary structure of CXCR4. The comparison
of the CKRs and decoy receptors revealed that the sites with large
KL information values were concentrated on the cytosolic side of
the CKR structure, with statistical significance. In contrast, there
was no such bias in the distribution of the sites with large KL val-
ues between the CKRs and viral receptors. Based on the detected
sites and the distribution of the corresponding residues on the
tertiary structure, the underlying mechanisms for the functional
divergence of the CKR homologs will be discussed.

MATERIALS AND METHODS

AMINO ACID SEQUENCE DATA

The amino acid sequences of the CKRs and their homologs,
including decoy receptors and viral receptors, were collected by
searching the non-redundant protein sequence database at the
NCBI site! with BLAST version 2.2.25 (Altschul et al., 1997).
The amino acid sequence of human CXCR4 (GI number of
NCBI: 1705894) was used as the query for the BLAST search.
The sequence similarity search was also performed against the
Ensembl? and elephant shark genome project’ genome databases.
When several amino acid sequences were almost identical, one of
them was selected as the representative. The sequences used in this
study are shown in Table 1.

AMINO ACID SEQUENCE ALIGNMENT AND PHYLOGENETIC ANALYSIS

A multiple amino acid sequence alignment was produced with
the alignment software MAFFT, version 6.857 (Katoh et al., 2002;
Katoh and Toh, 2008). At first, 444 traditional CKRs were aligned.
This result was manually refined, based on information about
the secondary structures. Subsequently, 178 sequences consisting
of decoy and viral receptors were added to the CKR alignment
one by one, using the profile option of Clustal W (version 1.83;
Thompson etal., 1994). Based on the alignment, an unrooted mol-
ecular phylogenetic tree was constructed by the neighbor-joining
(NJ) method (Saitou and Nei, 1987). The genetic distance between

Uhttp://www.ncbi.nlm.nih.gov/BLAST/
Zhttp://www.ensembl.org/index.html
3http://esharkgenome.imcb.a-star.edu.sg/
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Table 1 | Continued

ORF74

9629596 262285115 321496625

9631265

30348580

9626030

18653888
124738274

46519489
9628076

4154096

139472805

124738278

124738284
uUL33

242345651

290564391
213159183

254771070
9845324

284518933
14916726

52139219 254770904
190886816

1717999 222354475
14251021 124248174

1717998

10998155

28412128

20026636

59803016
BHV

51556669 229270262 51556671

20026757 229270249

137159

51556673
23194507

229270263
229270261

20026758

59800434

51556668

229270231

33694234

229270250

pox

211956433

586239

211956287
226437989

146746499 12084990 62637392
13876663

38229175
2495049

12085128 157939769

38229303
62637539

226437993

226437981

226438017

226438057

226437997

The sequences obtained from the NCBI database are indicated by the G| numbers. The sequences with names starting with AAVX were obtained from the elephant shark genome project database, while the names

stating with ENS indicate sequences obtained from the Ensembl database.

every pair of aligned sequences was calculated as a maximum like-
lihood estimate (Felsenstein, 1996), under the JTT model (Jones
et al., 1992) for the amino acid substitutions. The sites including
gaps in the alignment were excluded from the calculation. The
statistical significance of the NJ tree topology was evaluated by
a bootstrap analysis (Felsenstein, 1985) with 1,000 iterative tree
reconstructions. Two software packages, PHYLIP 3.5¢ (Felsen-
stein, 1993) and MOLPHY 2.3b3 (Adachi and Hasegawa, 1996),
were used for the phylogenetic analyses. A cluster of decoy or
viral receptors with a bootstrap probability greater than 80% was
adopted as a group of receptors with different functions from the
traditional CKRs.

CALCULATION OF THE KULLBACK-LEIBLER INFORMATION VALUE

The multiple alignment thus obtained was reconstructed into 10
alignments, each consisting of two groups, the traditional CKRs
and one of the decoy receptor groups or viral receptor groups. We
then calculated the amino acid compositions of the two groups
at each alignment site, according to the multiple alignment. We
used the method adopted in PSI-BLAST (Altschul et al., 1997) to
estimate the site-specific amino acid composition. The welghtlng
method of Henikoff and Henikoff (1994) was used for the residue
count. The weight for the pseudocount p, was set to 0.1. For the
calculation of the pseudocount, \,, a parameter for ungapped
BLAST, was calculated for each alignment by the Newton—Raphson
method (Ewens and Grant, 2001). When more than half of the
sequences had gaps at an alignment site, the calculation of the site-
specific amino acid composition and the following investigation
were skipped. Next, the difference in the amino acid composition
between two groups at each alignment site was calculated as the KL
information value. The KL information value is defined as follows:

Zp(@log p() (1)

where p and g are the site-specific amino acid residue compositions
for the two groups, which are estimated by the method described
above. The parameter i indicates that the summation is obtained
over 20 amino acid residues. KL information does not satisfy one
of the distance axioms, symmetry. To satisfy this condition, the KL
information was modified as follows:

Zp(z)log p()+2q(> @)

Formula 2 was used to predict the sites subjected to different
functional constraints between the two groups. In this study, the
functional constraint at a site of a protein sequence is defined as
the extent of intolerance to mutation at the site, due to a reduc-
tion of the protein function by the mutation. This is a special case
of the cumulative relative entropy developed by Hannenhalli and
Russell (2000), which is applicable to an alignment consisting of
multiple groups. When the KL information value of an alignment
site was located in the top 5% of the distribution of KL informa-
tion values for all of the sites, the site was regarded as a site under
different constraints between the groups (Ichihara et al., 2004).
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Among them, the sites that fell in the gap region of CXCR4 in the
alignment were neglected, because the subsequent analyses were
performed based on mapping onto the CXCR4 structure.

STATISTICAL EVALUATION FOR BIAS IN THE SPATIAL DISTRIBUTION OF
THE SITES UNDER DIFFERENT CONSTRAINTS

We examined the statistical significance for the bias in the posi-
tions of the selected sites by the KL information values on the
reference CXCR4 structure (PDB ID: 30DU), using the follow-
ing procedure. At first, we calculated the geometric center of the
three extracellular loops (ECLs) and the N-terminal region, and
that of the three ICLs. The coordinates of the Co atoms were used
for the calculation. The C-terminal region (residues 303—328) was
not used in the calculation of the geometric center of the intra-
cellular side, since this region extended into the cytosolic region.
The chimeric lysozyme region was also neglected from the cal-
culation. A unit vector on the axis connecting the two geometric
centers, which originated from the midpoint between the geomet-
ric centers toward the geometric center of the extracellular side,
was calculated. The inner product between the unit vector and a
vector from the midpoint to the Ca atom of every residue, except
for those of the chimeric lysozyme region, was then calculated.
The inner product score indicated the projected position of the
residue on the axis (see Figure 1). The positive or negative score
corresponded to the extracellular or cytosolic location of a residue,
respectively, relative to the geometric center. The distribution of
the inner product scores for the residues selected by the KL infor-
mation values was compared with those of the remaining residues
by the two-sided ¢-test. The null hypothesis was the same for all
of the tests: the average of the residues corresponding to the sites
with large KL information values is the same as that of the remain-
ing residues. For the statistical test, the function in the statistical
computing software R, “t-test,” was used for the evaluation.

RESIDUE INDICATION

The sites of each group selected by the KL information values are
indicated on the corresponding sites of CXCR4 in this study. When
the site has the number based on Ballesteros—Weinstein nomen-
clature (Ballesteros and Weinstein, 1995), the figure is also shown
in the superscript. In this notation, the first digit indicates the
number of the TM helix, and the following digit is the position
counted from the most conserved site in each TM, to which the
number 50 is assigned.

RESULTS

THE PHYLOGENETIC ANALYSIS

The multiple alignment of 622 sequences were constructed,
which is downloadable from the URL: http://seala.cbrc.jp/~toh/
suppl.html. The alignment of the representative sequences is
shown in Figure 2. Based on the alignment, the phylogenetic
tree of the CKRs and the decoy and viral receptors was con-
structed (Figure 3). Several clusters with high bootstrap probabil-
ity (>80%) were identified in the tree, which included five decoy
receptor groups and five viral receptor groups. The decoy recep-
tor groups are referred to as CCRL1, CCRL2, CCBP2, CXCR7,
and DARGC, according to the constituent receptors. The numbers
in each group were 23, 15, 15, 24, and 15, respectively. On the

Extracellular Side

Residue X Projected Point

Geometric Center Unit Vector

of TM Helices

Midpoint

Intracellular Side

FIGURE 1 | Projection of a residue on the axis connecting the
intracellular and extracellular sides of the receptor. The structure of
CXCR4 is shown by the ribbon model. The membrane spanning helices
indicated by the structural element page for CXCR4 in GPCRDB
(http://www.gpcr.org/7tm/) are colored yellow. The sphere colored cyan
indicates the geometric center of the alpha carbons of the membrane
spanning helices. The red axis connects the geometric center of
extracellular loops and the N-terminal loop and that of the intracellular
loops. The midpoint of the axis is indicated by a filled sphere colored red.
The distance between the cyan and red spheres is close (3.26 A). That is,
the midpoint is considered to roughly reflect the geometric center of the
transmembrane helices. How to take the orthogonal projection of an amino
acid residue to the axis is shown by using Residue X. Consider a vector
from the midpoint to the Ca atom of the residue. By taking an inner product
between the vector and a unit vector, which runs along the axis and is
originated from the midpoint. The projected point is obtained by taking the
inner product.

other hand, the viral receptor groups are referred to as E1, ORF74,
UL33, BHV, and pox. The first three groups were named according
to the constituent receptors. The PHV group consists US28, US27,
and vGPCRs. Pox is a group of receptors derived from poxviruses.
The numbers in each viral group were 18, 14, 19, 16, and 19. The
evolutionary relationships between the CKRs and the decoy and
viral receptors shown in the figure were roughly similar to those
reported previously (Rosenkilde et al., 2001; Zlotnik et al., 2006).
Murphy et al. (2000) suggest that the evolutionary rates of the
CKRs are faster than those of the other GPCRs, because of the
immune functions of CKRs. The long branch lengths suggested
that the evolutionary rates of the receptors belonging to CCRL2,
DARC, ORF74, UL33, BHYV, and pox may be higher than those of
the traditional CKRs, although we refrained from further exami-
nation of evolutionary rate accelerations in this study. In the sub-
sequent analyses, each group of the decoy and viral receptors thus
obtained was compared with the group of the traditional CKRs.

DETECTION OF SITES WITH LARGE KL INFORMATION VALUES

The differences in the amino acid composition at each align-
ment site were examined between the traditional CKRs and each
group of decoy and viral receptors. The sites with large KL infor-
mation values in the top 5% are summarized in Table 2. The
residues corresponding to such sites were mapped on the struc-
ture of CXCR4 (Figure 4). As shown in Table 2, about 11 ~ 14
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GI number protein
416802 CCR1 PC-QK------ VNERA--FGAQLLPP LYSLVFVIGLVGNILWLVLVQYKRLKN--MTSIYLLNLAISDLLFLFELX‘,WIDYKLKD
1168965 CCR2 PC-HK------ FDVKQ--IGAQLLPPLYSLVFIFGFYGNMLVVLILINCKKLKC--LTDIYLLNLAISDLLFL &LP WAHSAANE
1705892 CCR3 LC-EK-----~ ADTRA--LMAQFVPPLYSLVFTVGLLGNVVVVMILIKYRRLRI--MTNIYLLNLAISOLLFLVTLPFWIHYVRGH
1705894 CCR4 PC-TK------ EGIKA--FGELFLPPLYSLVFVFGLLGNSVVVLVLFKYKRLRS--MTDVYLLNLATISOLLFVFSL WGYYAADQ
1705896 CCRS PC-QK------ INVKQ--TAARLLPPLYSLVFIFGFVGNMLVILILINCKRLKS--MTDIYLLNLAISOLFFLLITVPFNAHYAAAQ
2851567 CCRe LCSLQ------- EVRQ--FSRLFVPIAYSLICVFGLLGNILVVITFAF-YKKARS-MTDVYLLNMATADILFVLITLPFWAVSHATG
1352335 CCR7 -CSKK------- DVRN——FKAWFLPIHYSIICFVGLLGNGLVVLTYIY—FKRLKT—MTDTYLLNLAVADILFLLFLPFWAYSAAKS
1707884 CCR8 PC-DA------ ELIQT—-NGKLLLAVFYCLLFVFSLLGNSLVILVLVVCKKLRS—-ITDVYLLNLALSDLLFVFﬁFPFQTYYLLDQ
114152781 CCR9 -CEKN------- NVRQ--FASHFLPPLYWLVFIVGALGNSLVILVYWY-CTRVKT-MTDMFLLNLAIADLLFLV¢LPFWAIAAADQ
62298314 C(CR10 LCYKA------- DMQA--FSRAFQPSVSLTVAALGLAGNGLVLATHLAARRAARS-PTSAHLLQLALADLLLAL%LPfAAAGALQG
108936015 CXCR1 PCMLE-------- TET--LNKYVVIIAYALVFLLSLLGNSLVMLVILY-SRVGRS-VTDVYLLNLALADLLFALHLPﬂWAASKVNG
1352454  CXCR2 PCEPE-------- SLE--INKYFVVIIYALVFLLSLLGNSLVMLVILY-SRVGRS-VTDVYLLNLALADLLFAL*L WAASKVNG
2829400 CXCR3 PCPQD------- FSLN--FDRAFLPALYSLLFLLGLLGNGAVAAVLLS-RRTALS-STDTFLLHLAVADTLLVLTLPLWAVDAAVQ
46577576 CXCR4 27 PCFRE------- ENAN--FNKIFLPTIYSITFLTGIVGNGLVILVMGY -QKKLRS-MTDKYRLHLSVADLLFVITLPFWAVDAVAN
416718 CXCRS LCPATEGP----LMAS--FKAVFVPVAYSLIFLLGVIGNVLVLVILER-HRQTRS-STETFLFHLAVADLLLVFILPFAVAEGSVG
3121816 CXCRe -EEHQ------- DFLQ-—FSKVFLPCMYLVVFVCGLVGNSLVLVISIF-YHKLQS-LTDVFLVNLPLADLVFV(WL WAYAGIHE
1351394  (CX3CR1 AC-YI------ GDIVV--FGTVFLSIFYSVIFATIGLVGNLLVVFALTNSKKPKS--VTDIYLLNLALSDLLFVATLPFWTHYLINE
1170008 XCR1 PC-EN------- QAWV--FATLATTVLYCLVFLLSLVGNSLVLWVLVKYESLES--LTNIFILNLCLSDLVFACLLPNWISPYHHG
14285496 CCRL1 ICIKE------- DVRE--FAKVFLPVFLTIVFVIGLAGNSMVVAIYAYYKKQR --KTDVYILNLAVADLLLLFFLPFWAVNAVHG
108885280 CCRL2 QCDKY------- DAQA--LSAQLVPSLCSAVFVIGVLDNLLVVLILVKYKGLKR--VENIYLLNLAVSNLCFLLTLPFWAHAGGD-
20455469 (CCBP2 LCRKD------- AVVS--FGKVFLPVFYSLIFVLGLSGNLLLLMVLLRYVPRRR--MVEIYLLNLAISNLLFLVTLPFWGISVAWH
115502380 CXCR7 DCIVVDTVMCP-NMPNKSVLLYTLSFIYIFIFVIGMIANSVVVWVNIQAKTTGY--DTHCYILNLAIADLWVVLE% SLVQH
67476970 DARC PCHSC------- NLLD----- DSALPFFILTSVLGILASSTVLFMLFRPLFRNQLCPGWPVLAQLAVGSALFSILr LAPGLGS-
124738385 E1 PCVKG------- DTMK - -LAAHLVPPLYLLVFLFGLLGNLLVIITLLKYMKLKN--MTNIFLLNMATSOLLFLLTLPFWMYYIGLY
139472805 ORF74 VCEMT------- TVVP----YTWNVGILSLIFLINVLGNGLVTYIFCKHRSRAG--AIDILLLGICLNSLCLSEEL VLMFLFP
242345651 UL33 TCNMT------ GPLFA---IRTTEAVLNTFIIFVGGPLNAIVLITQLLTNRVLGYSTPTIYMTNLYSTNFLTLTVLPFIVLSNQWL
59800434 US28C BHV) PCVFT------- DVLN--QSKPVTLFLYGVVFLFGSIGNFLVIFTITWRRRIQC--SGDVYFINLAAADL L FVCITLPLWMQYLLDH
13876663 pox DDYEVNIVDIPHCDDGVDTTSFGLITLYSTIFFLGLFGNIIVLTVLRKYKIKTI———QDIFLLNLTLSDLIFVLNFJ NLYDSIAK
~DRY_
416802 CCR1 -DWVFGDAMCKILSGFYY-TGLYSEIFFIILLTIDRYLAIVHAVFALRARTV--TFG—VITSIIIWALAILASMPGL-YFSKTQ--
1168965 CCR2 --WFGNAMCKLFTGLYH-IGYFGGIFFIILLTIDRYLAINHAVFALKARTV--TFG-VWTSVITWLVAVFASVPGI-IFTKCQ--
1705892 CCR3 -NWFGHGMCKLLSGFYH-TGLYSEIFFIILLTIDRYLAINHAVFALRARTY--TFG-VITSIVTWGLAVLAALPEF-IFYETE--
1705894 (CCR4 --WFGLGLCKMISWMYL-VGFYSGIFFVMLMSIDRYLAINMHAVFSLRARTL--TYG-VITSLATWSVAVFASLPGF-LFSTCY--
1705896  CCRS --WDFGNTMCQLLTGLYF-IGFFSGIFFIILLTIDRYLAVIVHAVFALKARTY--TFG-VVTSVITWYVAVFASLPGI-IFTRSQ--
2851567 CCRe -AWVFSNATCKLLKGIYA-INFNCGMLLLTCISMDRYIAINMQATKSFRLRSRT-LPRSKIICLVVWGLSVIISSSTF-VFNQKYNT
1352335 CCR7 --WFGVHFCKLIFAIYK-MSFFSGMLLLLCISIDRYVALVQAVSAHRHRARV-LLISKLSCVGIWILATVLSIPEL-LYSDLQRS
1707884 CCR8 --WFGTVMCKVVSGFYY-IGFYSSMFFITLMSYDRYLAVVHAVYALKYRTI--RMG-TTLCLAVWLTAIMATIPLL-VFYQVA--
114152781 CCR9 --ﬂKFQTFMCKVVNSMYK-MNFYSCVLLIMCISVbRYIA QAMRAHTWREKR-LLYSKMVCFTIWVLAAALCIPEI-LYSQIKEE
62298314 C(CR10 --WSLGSATCRTISGLYS-ASFHAGFLFLACISADRYVA LPAGPRPST--PGRAHLVSVIVWLLSLLLALPAL-LFSQDGQR
108936015 CXCR1 --WIFGTFLCKVVSLLKE-VNFYSGILLLACISVDRYLAIVHATRTLTQKR---HLV-KFVCLGCWGLSMNLSLPFF-LFRQAYH-
1352454  CXCR2 --WIFGTFLCKVVSLLKE-VNFYSGILLLACISMDRYLAINHATRTLTQKR---YLV-KFICLSIWGLSLLLALPVL-LFRRTVY-
2829400  CXCR3 --WFGSGLCKVAGALFN-INFYAGALLLACISFDRYLNINHATQLYRRGP - --PARVTLTCLAVWGLCLLFALPDF-IFLSAHHD
46577576 CXCR4 102 ——HYFGNFLCKAVHVIYT—VNLYSSVLILAFIS%DRYLALNHATNSQRPRK——-LLAEKVVYVGVWIPALLLTIPDF—IFANVS——
416718 CXCRS --WLGTFLCKTVIALHK-VNFYCSSLLLACTIAVDRYLAIVHAVHAYRHRR---LLSIHITCGTIWLVGFLLALPEI-LFAKVSQG
3121816 CXCRe --WFGQWMCKSLLGIYT-INFYTSMLILTCITVDRFIVVVKATKAYNQQAKR-MTWGKVTSLLIWVISLLYSLPQI-IYGNVFNL
1351394  (X3(CR1 --KGLHNAMCKFTTAFFF-IGFFGSIFFITVISHDRYLA LAANSMNNRTY--QHG-VTISLGVWAAAILVAAPQF -MFTKQK--
1170008 XCR1 --WLGDFLCKLLNMIFS-ISLYSSIFFLTIMTIHRYLSVVSPLSTLRVPTL--RCR-VLVTMAVWVASILSSILDT-IFHKVLSS
14285496 CCRL1 --WLGKIMCKITSALYT-LNFVSGMQFLACISIDRYVAVITKVPSQSGVG----- KPCWIICFCVWMAAILLSIPQL-VFYTVN--
108885280 CCRLZ @~  ------- PMCKILIGLYF-VGLYSETFFNCLLTMQRYLV;LHKGNFFSARRR--VPCGIITSVLAWVTAILATLPEFVVYKPQME-
20455469 (CCBP2 --WFGSFLCKMVSTLYT-INFYSGIFFISCMSLDKYLEIVHAQPYHRLRT ---RAKSLLLATIVWAVSLAVSIPDM-VFVQTHE-
115502380 CXCR7 NQHPMGELTCKVTHLIFS-INLFGSIFFLTCMSVDRYLSI&YFTNTPSSRK---KMVRRVVCILVWLLAFCVSLPDT-YYLKTVTS
67476970 DARC —--TRSSALCSLGYCVWYGSAFAQALLLGCHASLFHRLGAEQVPGLTLG ----------- LTVGIWGVAALLTLPVT-LASGASG-
124738385 E1 HEWTLGIPMCKLLRGICY-MALYGQVFFIILLTIpRYRAVNYAVSALRFKT---VTSAGVTSLCTWLLAGLLALPEF-FFHGHQ--
139472805 ORF74 --NIISTGLCRLEIFFYY-LYVYLDIFSVVCVSLVRYLLVIAYSTRSWPKK----QSLGWVLTSAALLIALVLSGDACRHRSRVVDP
242345651 UL33 --LPAGVASCKFLSVIYY-SSCTVGFATVAL RYRVLHKRTYARQS----- YRSTYMILLLTWLAGLIFSVPAA-VYTTVVMH
59800434 US28( BHV) --NSLASVPCTLLTACFY-VAMFASLCFITEIALDRYYAINYMRYRPVK------- QACLFSIFWNIFAVIIATPHFMVVTKKD--
13876663 pox -QWSLGDCLCKFKAMFYF-VGFYNSMSFITLMSIDRYLAVVHPVKSMPIRT - --KRYGIVLSMVVWIVSTIESFPIM-LFYETK--
FIGURE 2 | Multiple amino acid sequence alignment of CKRs, decoy, name, and the TM regions described in the GPCRDB
and viral receptors. The Gl number and protein name of the (http://www.gpcr.org/7tm/) are indicated by underlines. The
representative protein from each group are shown at the left side of the corresponding sites for x.50 of Ballesteros—\Weinstein nomenclature are
aligned amino acid sequence. In the case of CXCR4, the residue number colored blue. Four motifs, TxP DRY, CWxP and NPxxYssF, are enclosed
of the first residue of the aligned sequence is shown after the protein by red line.
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416802 CCRT  —-————- WEFTHHTCSLHFPHESLRE ---WKLFQALKLNLFGLVLPLLVMIICYTGIIKILLRRPN-EKKSKAVRLIFVIMIIFFL
1168965 CCRZ2 ~~  ------- KEDSVYVCGPYFPRG------- WNNFHTIMRNILGLVLPLLIMVICYSGILKTLLRCRNEKKRHRAVRVIFTIMIVYFL
1705892 (CCR3 ---—---- ELFEETLCSALYPEDTVYS---WRHFHTLRMTIFCLVLPLLVMAICYTGIIKTLLRCPS-KKKYKAIRLIFVIMAVFFI
1705894 C(CR4 ------- TERNHTYCKTKYSLNSTT----WKVLSSLEINILGLVIPLGIMLFCYSMIIRTLQHCKN-EKKNKAVKMIFAVVWLFLG
170589 CCRS --—---- KEGLHYTCSSHFPYSQYQF ---WKNFQTLKIVILGLVLPLLVMVICYSGILKTLLRCRNEKKRHRAVRLIFTIMIVYFL
2851567 CCR6 --------- QGSDVCEPKYQTVSEPI--RWKLLMLGLELLFGFFIPLMFMIFCYTFIVKTLVQAQN-SKRHKATIRVIIAVVLVFLA
1352335 CCR7 ---—---- SSEQAMRCSLITEHVE----- AFIT-IQVAQMVIGFLVPLLAMSFCYLVIIRTLLQARN-FERNKAIKVITAVVVVFIV
1707884 CCR§ ------- SEDGVLQCYSFYNQQTLK----WKIFTNFKMNILGLLIPFTIFMFCYIKILHQLKRCQN-HNKTKAIRLVLIVVIASLL
114152781 CCR9 --—------ SGIAICTMVYPSDEST---KLKSAVLTLKVILGFFLPFVWMACCYTIIIHTLIQAKK-SSKHKALKVTITVLTVFVL
62298314 (CCR1®@ @ --------- EGQRRCRLIFPEGLTQ---TVKGASAVAQVALGFALPLGVMVACYALLGRTLLAARG-PERRRALRVVVALVAAFVY
108936015 CXCR1 @~ ------- PNNSSPVCYEVLGNDTA----KWRMVLRILPHTFGFIVPLFVMLFCYGFTLRTLFKAHM-GQKHRAMRVIFAVVLIFLL
1352454 (CXCR2Z @~ ------- SSNVSPACYEDMGNNTA----NWRMLLRILPQSFGFIVPLLIMLFCYGFTLRTLFKAHM-GQKHRAMRVIFAVVLIFLL
2829400 CXCR3 @ ------- ERLNATHCQYNFPQ------- VGRTALRVLQLVAGFLLPLLVMAYCYAHILAVLLVSRG-QRRLRAMRLYVVVVVAFAL
46577576 CXCR4 179 ------- EADDRYICDRFYPND------ LWVVVFOFQHIMVGLILPGIVILSCYCTTTSKL SHSKG-HOKRKALKTTVILILAFFA
416718 CXCRS --———- HHNNSLPRCTFSQENQAET - - -HAWF TSRFLYHVAGFLLPMLVMGWCYVGYVHRLRQAQRRPQRQKAVRVAILVTSIFFL
3121816 CXCR6 ---------- DKLICGYHDE-------- AISTVLATQMTLGFFLPLLTMIVCYSVIIKTLLHAGG-FQKHRSLKITFLVMAVFLL
1351394 (X3CR1 =~ ----------- ENECLGDYPEVLQEI---WPVLRNVETNFLGFLLPLLIMSYCYFRIIQTLFSCKN-HKKAKAIKLILLVVIVFFL
1170008 XCR1T - GCDYSELT-------- WYLTSVYQHNLF-FLLSLGIILFCYVEILRTLFRSRS-KRRHRTVKLIFAIVVAYFL
142854906 CCRL1 @~ --—------- DNARCIPIFPRYLGTS---MKALIQMLEICIGFVVPFLIMGYCYFITARTLMKMPN-IKISRPLKVLLTVVIVFIV

108885280 CCRL2
20455469 (CCBP2
115502380 CXCR7
67476970 DARC
124738385 E1
139472805 ORF74
242345651 UL33

59800434 US28(BHV) ------------ NQCMTDYDYLEVS----YPIILNVELMLGAFVIPLSVISYCYYRISRIVAVSQS-RHKGRIVRVLIAVVLVFII
13876663 pox = ------- KVYGITYCHVFYNDNAK----IWKLFINFEINIFGMIIPLITLLYCYYKILNTLKTSQ--TKNKKATKMVFLIVICSVL
I.C.W_‘ NPxxYssF
416802 CCR1 F TP‘YNLTILISVFQDFLF--THECEQSRHLDLAVQVTEVIAYTHCC PVIYAFVG-ERFRKYLRQLFHR-
1168965 CCR2 WTP'YNIVILLNTFQEFFG--LSNCESTSQLDQATQVTETLGNT HCCINPIIYAFVG-EKFRSLFHIALGC-
1705892 CCR3 WTPNNVAILLSSYQSILF--GMJCERSKHLDLVMLVTEVIAYSHC PVIYAFVG-ERFRKYLRHFFHR-
1765894 CCR4 WTP'YNIVLFLETLVELEV--LQDCTFERY LDYAIQATETLAFVHCCLNPIIYFFLG-EKFRKYILQLFKTC
1705896 CCRS WAPNNIVLLLNTFQEFFG--LNNCSSSNRLDQAMQVTETLGMTHCC PIIYAFVG-EKFRNYLLVFFQK-
2851567 CCR6 QIPHNMVLLVTAANLGKM--NRSCQSEKLIGYTKTVTEVLAFLHCCL! PVLYAFIG-QKFRNYFLKILKDL
1352335 CCR7 QLPIYNGWLAQTVANFNIT-SSTCELSKQLNIAYDVTYSLACVRCC\MPFLYAFIG-VKFRM)LFKLFKDL
1707884 CCR8 WVPfNVVLFLTSLHSHHI--LDGCSISQQLTYATHVTEIISFTHCC\MPVIYAFVG-EKFKKHLSEIFQK-
114152781 CCR9 ISQF NCILLVQTIDAYAMF-ISNCAVSTNIDICFQVTQTIAFFHSCLNPVLYVFVG-ERFRRDLVKTLKNL
62298314 C(CR10 LQL%SLALLLDTADL LAAR-ERSCPASKRKDVALLVTSGLALARCGLNPVLYAFLG-LRFRQDLRRLLRGG
108936015 CXCR1 ICWLPYNLVLLADTLMRTQVI-QESCERRNNIGRALDATEILGFLHSCLNPIIYAFIG-QNFRHGFLKILAMH
1352454  CXCR2 P&NLVLLADTLMRTQVI—QETCERRNHIDRALDATEILGILHSC HGLLKILAIH
2829400 CXCR3 FWTP'YH LVVLVDILMDLGAL-ARNCGRESRVDVAKSVTSGLGYMHCC ERMAMLLLRL
46577576 CXCR4 251 QWLWYIGISIDSFILLEII—KQGCEFENTVHKWISITEALAFFHCC TSAQHALTSV
416718 CXCRS #WS HIVIFLDTLARLKAV-DNTCKLNGSLPVAITMCEFLGLAHCC SDLSRLLTKL
3121816 CXCR6 OMPFNLMKF IRSTHWEYY - - - —-—- AMTSFHYTIMVTEATAYLRACLNPVLYAFVS-LKFRKNFWKLVKDI
1351394  CX3CR1 EWTPNNVMIFLETLKLYDF——F PSCOMRKDLRLALSVTETVAFSHCCLNPLIYAFAG-EKFRRYLYHLYGK-
1170008 XCR1 WGPYNFTLFLQTLFRTQI--IRSCEAKQQLEYALLICRNLAFSHCCFNPVLYVFVG-VKFRTHLKHVLRQ-
14285496 CCRL1 lI'QLP)YNI\II(FCRAIDIIYSLI-TS(’.NP«ISKRIII)IAIQ\:'TE5IALFHSCLNPILY\IFMG—ASFI(NYVM(VAKKY

108885280 CCRLZ
20455469 (CBP2
115502380 CXCR7
67476970 DARC
124738385 E1
139472805 ORF74
242345651 UL33

50800434 US28( BHV) FWLPWYHLTLFVDTLKLLKWIS-SSCEFERSLKRALILTESLAFCHCCL] PLLYVFVG-TKF‘!QELHCLLAEF

13876663 pox

FIGURE 2 | Continued.

————————— DOKYKCAFSRTPFLPADETFWKHFLTLKMNISVLVLPLFIFTFLYVQMRKTLRFR---EQRYSLFKLVFAIMVVFLL
——————— NPKGYWNCHADFGGHGT ----IWKLFLRFQQNLLGFLLPLLAMIFFYSRIGCVLVRLRP-AGQGRALKIAAALVVAFFV
——————— ASNNETYCRSFYPEHSIKE ---WLIGMELVSVVLGFAVPFSITAVFYFLLARATSASSD-QEKHSSRKIIFSYVVVFLY
------------ GLCTLIYSTE-------LKALQATHTVACLAIFVLLPLGLFGAKGLK--------KALGMGPGPWMNILWAWF I
——————— DENGKVQCDPYYPELTTD---ILRRTHVVKMTILSLVLPLIVMVVCYNGIIKRLLQRPS -KKKNKAIRLIFVIMVAYFV
-------- VSKQAMCYENAGNMTAD- - --WRLHVRTVSVTAGFLLPLALLILFYALTWCVVRRTKL -QARRKVRGVIVAVVLLFFV
HDANDTNNTNGHATCVLYFVAEEVHT ---VLLSWKVLLTLVWGAAPVIMMTWFYAFFYSTVQRTSQ-KQRSRTLTFVSVLLISFVA

NIAFFLSTFKEHFSLS--DCKSSYNLDKSVHITKLIATTHCCINPLLYAFLD-GTRSKYLCRCFHLR
LWFPYNLTLFLHTLLDLQVFG--NCEVSQHLDYALQVTESIAFLHCCRSPILYAFSS-HRFRQYLKAFLAAY
CWLPYHVAVLLDIFSILHYIP-FTCRLEHALFTALHVTQCLSLVHCCVNPYLYSFIN-RNYRYELMKAFIFK
FWWPHGVVLGLDFLVRSKLLLLSTCLAQQALDLLLNLAEALATLHCVATPLLLALFCHQATRTLLPSLPLPE
F NIVLLLSTFHSTFLEV--DCOLNKRLDITLLVAKVIAYTHCCINPVIYAFVG-ERFQKNLHHFFHT -
CFPLfHVLNLLDTLLRRRNIR-DSCYTRGLINVGLAVTSLLQALYSA PLIYSCLG-SLFRQRMYGLFQSL
QTP¥VSLMIFNSYATTAWP - -MQCEHLTLRRTIGTLARVVPHLHCL INPIL YALLG-HD QRMRQCFRGQ

LLPFSVTVFVSSLYLLNVFS--GCTALRFVNLAVHVAEIVSLCHCFINPLIDAFCS-REFITKKLLRLRST-

sites were selected from each group with the comparison of
CKRs, and they included the sites in the sequences for GPCRs
or the CKR-specific motif. Several sites that have been experimen-
tally identified to be important for ligand binding or signaling
were also selected. In addition, many uncharacterized sites were

detected.

The DRY (Asp-Arg-Tyr) motif of the GPCRs is conserved as the
sequence DRYLAIV in the traditional CKRs, from the end of TM3
to ICL2 (Graham, 2009). The motif is related to signal transduc-
tion, through interactions with G proteins. The conserved R1 34350
is involved in the interchanges between the inactive and active
conformations of GPCRs. In the inactive conformation, this Arg
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FIGURE 3 | Phylogenetic tree of CKRs and their homologs. The tree for the  indicated near the receptor clusters. The bootstrap probabilities of the decoy
622 sequences listed in Table 1 is shown. The names of the CKRs (black), the and viral receptor groups are shown at the nodes corresponding to the
decoy receptor groups (magenta), and the viral receptor groups (blue) are common ancestors of the groups, which are indicated by circles.

interacts with its neighboring residue, D133%4°, but in the active
conformation, the residue interacts with Y219°% (Holst et al.,
2010). The sites in the DRY region of the DRYLAIV sequence
were only detected from the analyses with the decoy receptor
groups, CCRL2, CCBP2, and DARC. In addition, Y219>8 was
also detected from the analysis with the DARC group. On the
other hand, the sites in the LAIV3-32~ 3% region of the DRYLAIV
sequence were detected from the examinations with the decoy and
viral receptor groups, CCBP2, UL33, and BHV. The CWxP motif
is located in the middle of TM6. This W252%43 is believed to
function as a micro-switch in the receptor activation mechanism,
and P254%0 creates a kink in this helix, around which TM7 per-
forms its rigid body movements during activation (Nygaard et al.,
2009). The corresponding sites of this motif were detected from
the analyses of two decoy receptor groups, CCRL1 and CCRL2,
but not from those of any viral receptor group. The fifth site of the
NPxxYs.¢F motif in TM7, Y3027 functions in the interchange
of an inactive rotamer conformation (Nygaard et al., 2009). The
sites of this motif were detected from the investigations with every
decoy receptor group and two viral receptor groups, ORF74 and
UL33. The TxP motif of TM2 is known as a specific motif of the
traditional CKRs. It is known that the TxP motif in TM2 is spe-
cific for traditional CKRs (Govaerts et al., 2001). The third site
of the TxP motif, P922°8, bends the helix, which determines the

intra-helical location that is involved in the receptor activation.
The sites of the motif were detected from the analyses of two
viral receptor groups, the ORF74 and pox groups, but not from
the assessment with any decoy receptor group. In addition, several
sites corresponding to highly conserved positions in GPCRs, which
are denoted as x.50 by the Ballesteros—Weinstein nomenclature,
such as N56'°0 and D842, were detected from analyses of sev-
eral groups (see Table 2). Table 2 also shows the other important
residues experimentally identified as having binding or signaling
functions.

We examined which sites were commonly selected from the
comparisons. No site was shared in all of the comparisons. Further-
more, there was no site commonly detected from the analyses with
all of the decoy receptor groups or all of the viral receptor groups.
However, several sites were detected from the different compar-
isons. For example, the sites corresponding to D74240  Dg42-30,
R134%50,A141%57,T142%8, 5144360, C218%57,K230626, 724157,
C251%%7, G306%47, and K308%4° were detected from at least two
assessments with decoy receptor groups. Most of these sites are
located in ICL2, 3, and the C-terminal region. Among these sites,
D84230 A141357 C218°57, and K308%4° were also detected from
at least one analysis with the viral receptor group. W94%0, W102
(ECL1), L1362, H140%%¢, G207°4¢, 1.208°>47 and K308%4° were
detected from at least two analyses of the viral receptor groups.
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Table 2 | Selected sites with large KL information values.

Residue (CXCR4) Position Region B andW Remarks KL value Frequency (%) Reference
A. (Decoy receptors) CKRs
group

CCRL1

H203 Extra TM5 5.42 Pocket 7.03 (L) Scholten et al. (2012)
E 93.3

C251 Extra T™M6 6.47 CWxP 6.71 C 39.7 F 317 (S) Nygaard et al. (2009)
T 93.5

A307 Intra C 8.48 NPxxYs.gF 729 E 33.8 \ 32.0
A 49.5

K308 Intra C 8.49 NPxxYs.gF 8.07 K 73.0 (L) Scholten et al. (2012)
S 86.7

Y121 Intra ™3 3.37 Pocket 8.50 Y 67.0
V 40.3 S 34.3

L125 Intra TM3 3.41 719 L 55.6 F 38.0
Q 54.7

T142 Intra ICL2 3.58 6.67 T 33.2 \ 32.2
P 59.7

S144 Intra ICL2 3.60 6.80 A 479
Q 36.5

K230 Intra ICL3 6.26 774 R 35.4
N 50.6

G231 Intra ICL3 6.27 8.26 N 39.9
| 43.4 W 318

R235 Intra ICL3 6.31 729 H 39.0
S 54.7

T241* Intra ICL3 6.37 8.78 | 675
L 92.8 wW 30.3

1261 Extra TM6 6.57 8.35 L 471
C 48.8

L317 Intra C 8.58 744 L 44.9
A 89.6

CCRL2

T73* Intra ICL1 2.39 9.69 T 91.9 (L) Scholten et al. (2012)
E 38.7 G 34.7

D84 Intra T™M2 2.50 8.20 D 95.4 (S) Rosenkilde et al. (2008)
N 92.9 (S) Nygaard et al. (2010)

D133 Intra ICL2 3.49 DRY 8.08 D 88.1 (L) Scholten et al. (2012)
Q 84.4

Y190 Extra ECL2 - Pocket 9.14 Y 475 (S) Zhou et al. (2001)
R 471 K 33.4

A237* Intra ICL3 6.33 9.72 A 791 (L) Scholten et al. (2012)
L 83.5

C251 Extra T™6 6.47 CWxP 9.27 C 39.9 F 315 (S) Nygaard et al. (2009)
M 72.8

F292 Extra ™7 743 10.56 F 46.3 (L) Scholten et al. (2012)
T 61.6 (L) Choi et al. (2005)

G306 Intra C 8.47 NPxxYs.gF 11.94 G 96.0
D 93.1

K308 Intra C 8.49 NPxxY5.6F 8.96 K 73.8 (L) Scholten et al. (2012)
T 36.3

E31 Extra N - Pocket 9.72
Y 78.0

(Continued)
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Table 2 | Continued

Residue (CXCR4) Position Region B andW Remarks KL value Frequency (%) Reference
CKRs
group
A141 Intra ICL2 3.57 8.63 A 82.2
1215 Intra TM5 5.54 8.31 M 72.6
F 69.4
1223 Intra ICL3 5.62 8.16 | 40.0 L 31.8
R 66.8
CCBP2
R134 Intra ICL2 3.50 DRY 10.75 R 99.0 (S) Deupi and Standfuss (2011)
K 65.9 (S) Holst et al. (2010)
A137 Intra ICL2 3.53 DRY 9.22 A 771
E 53.4
G306 Intra C 8.47 NPxxYsggF 9.35 G 96.2
S 53.7
V59 Intra TM1 1.53 761 V 94.3
L 81.3
T142 Intra ICL2 3.568 10.12 T 33.2 \ 319
Q 570
S144 Intra ICL2 3.60 754 A 48.0
H 33.5
A152 Intra ICL2 4.41 7.65
K 60.6
Y157 Intra T™M4 4.46 747 C 491 S 36.1
S224 Intra ICL3 5.63 7.68
C 80.7
K230 Intra ICL3 6.26 789 R 36.1 Q 34.4
L 67.8
Q233 Intra ICL3 6.29 11.12 K 36.1
G 91.9
CXCR7
D74 Intra ICL1 2.40 11.53 D 72.0 (L) Scholten et al. (2012)
H 90.8
F87 Extra ™2 2.53 10.25 F 75.4 (L) Tian et al. (2005)
Vv 84.5
G306 Intra C 8.47 NPxxYs.gF 11.52 G 96.2
N 66.8
K38 Extra N 1.32 Pocket 10.59
Y 86.7
G55 Intra T™M1 1.49 .17 G 97.8
A 91.1
M63 Intra TM1 1.57 10.87 L 49.7
N 90.6
M72* Intra ICL1 2.38 10.57 M 41.0
E 54.2 D 373
L86 Extra TM2 2.52 9.89 L 79.1
C 55.5 W 384
A141 Intra ICL2 3.57 11.00 A 81.9
F 674
C218* Intra ICL3 5.57 10.28 C 94.0 R 417
F 79.9

(Continued)
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Table 2 | Continued

Residue (CXCR4) Position Region B andW Remarks KL value Frequency (%) Reference
CKRs
group
K236 Intra ICL3 6.32 10.01 K 56.4
S 54.7
L 238* Intra ICL3 6.34 10.15 V 329 314
R 60.5
L244 Intra TM6 6.40 11.42 V 54.0
Y 92.6
K271 Extra ECL3 - 10.02
F 79.8
DARC
N56 Intra ™1 1.50 11.51 N 98.8 (S) Rosenkilde et al. (2008)
S 78.2 (S) Nygaard et al. (2010)
D74 Intra ICL1 2.40 11.91 D 72.3 (L) Scholten et al. (2012)
R 44.9 W 30.1
D84 Intra ™2 2.50 11.61 D 95.5 (S) Rosenkilde et al. (2008)
S 73.8 (S) Nygaard et al. (2010)
Y116 Extra TM3 3.32 Pocket 11.54 Y 579 (L) Scholten et al. (2012)
W 63.8 (L) Surgand et al. (2006)
R134 Intra ICL2 3.50 DRY 12.36 R 98.9 (S) Deupi and Standfuss (2011)
G 61.7 (S) Holst et al. (2010)
Y135 Intra ICL2 3.51 DRY 13.42 Y 92.6
P 83.1
Y219* Intra ICL3 5.58 12.72 Y 96.2 (S) Holst et al. (2010)
G 52.1
Y302 Intra T™M7 753 NPxxYs.gF 11.86 Y 95.7 (L) Scholten et al. (2012)
L 75.4 (S) Rosenkilde et al. (2008)
F309 Intra C 8.50 NPxxYs.gF 12.49 F 98.7 (S) Rosenkilde et al. (2008)
A 54.7
V214 Intra T™M5 5.53 11.34 V 52.4
P 93.5
C218* Intra ICL3 5.57 12.38 C 941
L 63.6
T241* Intra ICL3 6.37 13.28 | 67.3
W 75.7
L246 Intra TM6 6.42 12.77
W 96.0
C296 Intra ™7 747 11.56 C 88.7
V 64.4
B. (Viral receptors)
E1
Y116 Extra ™3 3.32 Pocket 762 Y 56.1 (L) Scholten et al. (2012)
C 88.6 (L) Surgand et al. (2006)
Q66 Intra ICL1 1.60 6.34
M 83.5
A95 Extra ™2 2.61 8.18 A 66.0
M 63.8
V99 Extra TM2 2.65 6.66 A 34.8
G 84.8
N106 Extra ECL1 3.22 6.48
| 711

(Continued)
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Table 2 | Continued

Residue (CXCR4)  Position  Region BandW  Remarks KL value Frequency (%) Reference
CKRs
group
S123 Intra T™M3 3.39 Pocket 8.02 G 496 S 36.4
Q 54.8
G207 Extra TM5 5.46 Pocket 777 G 90.7
S 84.3
C220 Intra ICL3 5.59 6.62
Y 473 W 412
G231 Intra ICL3 6.27 9.44 N 39.6
P 84.4
ORF74
D84 Intra ™2 2.50 11.25 D 95.6 (S) Rosenkilde et al. (2008)
S 63.3 (S) Nygaard et al. (2010)
P92 Extra TM2 2.58 TxP 11.63 P 98.4 (L) Govaerts et al. (2001)
L 59.7 (S)Wu et al. (2010)
W94 Extra ™2 2.60 Pocket 9.67 W 747 (L) Scholten et al. (2012)
(S) Rosenkilde et al. (2010)
V112 Extra T™3 3.28 Pocket 9.31 Vv 373 (L) Scholten et al. (2012)
E 38.4
W161 Intra ™4 4.50 W 99.3 (C) Ballesteros and Weinstein (1995)
F 32.9
N298 Intra T™M7 749 NPxxYs.gF 11.57 N 94.9 (S) Rosenkilde et al. (2008)
\Y, 38.2 (S) Nygaard et al. (2010)
F304 Intra C 8.45 NPxxYsgF  9.17 F 94.6
L 574
A307 Intra C 8.48 NPxxYs.F 10.63 E 334 V 32.2
S 94.5
K308 Intra C 8.49 NPxxYs.gF K 73.8 (L) Scholten et al. (2012)
L 48.0
Y76 * Intra ICL1 2.42 8.84 Y 60.6 F 32.7
L 81.9
A83 Intra m 2.49 10.43 A 553 S 40.1
N 62.9
H140 * Intra ICL2 3.56 9.90 H 49.5
F 50.0
A237 * Intra ICL3 6.33 9.31 A 79.4
V 65.4 | 30.2
UL33
L120 Extra T™M3 3.36 Pocket 13.59 F 70.9 (L) Surgand et al. (2006)
C 96.4
L136 Intra ICL2 3.52 DRY 11.63 L 66.3
R 74.7
V139 Intra ICL2 3.55 DRY 12.66 \ 90.5
H 74.4
L208 Extra TM5 5.47 Pocket 13.48 F 70.1 (S) Holst et al. (2010)
G 95.2
A291 Extra ™7 742 11.64 A 600 G 31.0 (L) Scholten et al. (2012)
P 95.1
K308 Intra C 8.49 NPxxYs.6F 11.86 K 73.3 (L) Scholten et al. (2012)
D 74.3
G55 Intra TM1 1.49 12.83 G 979
L 46.4 M 370

(Continued)
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Table 2 | Continued

Residue (CXCR4) Position Region B and W Remarks KL value Frequency (%) Reference
CKRs
group
W102 Extra ECL1 Pocket 12.73 W 96.3
L 34.3
A141 Intra ICL2 3.57 11.49 A 82.0
R 83.8
G207 Extra TM5 5.46 Pocket 15.89 G 90.4
W 96.7
C218 * Intra ICL3 5.57 11.64 C 93.6
F 96.2
1222 * Intra ICL3 5.61 11.47 | 75.4
F 96.2
Y256 Extra TM6 6.52 Pocket 11.30 N 773
\ 48.6
C296 Intra TM7 747 12.72 C 88.6
L 59.0
BHV
T73 * Intra ICL1 2.39 9.04 T 92.5 (L) Scholten et al. (2012)
S 50.1
L136 Intra ICL2 3.52 DRY 10.76 L 66.1
S 32.8
D171 Extra T™M4 4.60 Pocket 8.92 (L) Tian et al. (2005)
Y 477
Y190 Extra ECL2 - Pocket 11.26 Y 473 (S) Zhou et al. (2001)
N 70.6
C274 Extra ECL3 - 12.37 C 96.2 (C) Wu et al. (2010)
W102 Extra ECL1 - Pocket 11.59 W 96.5
F104 Extra ECL1 - 10.98 F 814
S 319
K110 Extra ECL1 3.26 10.19 K 85.5
| 44.8
N119 Extra TM3 3.35 8.46 N 48.1 33.1
P 370
H140 * Intra ICL2 3.56 8.66 H 49.0
W 38.6
W283 Extra T™M7 734 9.65 A 76.5
F 370
pox
C28 Extra N - 9.87 C 90.9 (C) Wu et al. (2010)
Y 376
P42 Extra TM1 1.36 79 P 70.4 (L) Scholten et al. (2012)
| 62.2
T90 Extra T™M2 2.56 TxP 6.79 T 68.6 (S) Govaerts et al. (2001)
(S) Alvarez Arias et al. (2003)
W94 Extra TM2 2.60 Pocket 10.13 W 74.6 (L) Scholten et al. (2012)
| 39.4 (S) Rosenkilde et al. (2010)
L208 Extra TM5 5.47 Pocket 8.06 F 70.8 (S) Holst et al. (2010)
M 676
F248 Intra T™M6 6.44 Pocket 9.82 F 83.3 (S) Deupi and Standfuss (2011)
S 49.9 33.8 (L) Surgand et al. (2006)
P27 Extra N - 7.38 P 56.2
D 46.0 30.8

(Continued)
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Table 2 | Continued

Residue (CXCR4) Position Region B and W Remarks KL value Frequency (%) Reference
CKRs
group
E31 Extra N - Pocket 11.70
Y 95.2
F36 Extra N 1.30 7.00 F 64.3
V 35.1
L61 Intra T™M1 1.65 6.93 L 41.2
T 44.2
1215 Intra TM5 5.54 728 M 73.4
L 65.3
1221 * Intra ICL3 5.60 6.16
K 85.4
S227 Intra ICL3 - 6.53 L 45.4
K 85.4
E277 Extra ECL3 728 6.16 S 33.3
L 33.8 F 30.7

(A) The list of the sites detected from the comparisons with five decoy receptor groups. (B) The list of the sites detected from the comparisons with five viral receptors.
Each row corresponds to a site with a large KL information value. The first column indicates the residue type and the residue number of CXCR4, to which the selected
site corresponded. “x” Indicates a site located within 5A from the DRY motif in the CXCR4 structure. The second column indicates whether the site is located on
the extracellular or intracellular side. The location was determined for the t-test (see Materials and Methods). The third column shows the position of the site in the
primary structure of a GPCR (N-terminus, TM, ICL, ECL, and C-terminus). The fourth column indicates the site by the Ballesteros—\\einstein nomenclature. The fifth
column provides remarks about the site, such as experiments and motifs. The “pocket” in this column was calculated at the CASTp site (Liang et al., 1998). A blank
entry in the fifth column means that the site has not been characterized yet. The sixth column indicates the KL value of each site. The seventh column indicates the
frequencies of the residues at each site. The upper half of the column indicates the frequencies for CKRs, and the lower half indicates the frequencies for the group
under comparison. Only the residues with frequencies greater than 30% are shown. The eighth column indicates whether the site is involved in ligand binding (L),
signaling (S), or conservation (C). The literature for experimental evidence or observations of the characteristics is also shown in the column, although the experiments

were not always performed with the receptors under consideration, but with the homologs in the CKR family.

None of them, except for K308%4°, was detected from the analyses
of any decoy receptor group.

STATISTICAL TEST FOR THE SPATIAL BIAS OF THE SITES WITH LARGE
KL INFORMATION VALUES

As shown in Figure 4, the distribution of the sites selected from
the analyses with the decoy receptor groups seemed to be biased
toward the cytosolic side of the CKR structure. In contrast, there
did not seem to be any trends in the distribution of the sites
obtained from the analyses with the viral receptor groups. To quan-
titatively examine the observations, the residues corresponding to
the selected sites and the remaining residues were projected on the
axis connecting the center of gravity of the ECLs including the
N-terminal region, and that of the ICLs (see Figure 5). Based on
the projection on the axis, f-tests were performed as described in
the Section “Materials and Methods.”

The results of the t-tests are summarized in Table 3. As shown
in this table, the null hypothesis was rejected in three cases of the
analyses with decoy receptor groups, CCRL1, CCBP2, and DARC,
under the significance level of 5%. To examine the bias further, the
one-sided -test was applied to the observations about the decoy
receptor groups. The null hypothesis was the same as that of the
two-sided test, but the alternative hypothesis was that the average
of the residue with the large KL value is smaller than that of the
remaining residues. We found that the null hypothesis was rejected

for four cases with decoy receptor groups, CCRL1, CCBP2, DARC,
and CXCR7 (data not shown). That is, the distribution of the
residues corresponding to the sites with large KL information val-
ues of the decoy receptor groups, except for CCRL2, was biased
toward the intracellular side of the receptor. The two-sided ¢-test
was also applied to the analyses of the viral receptor groups. In
all cases, the null hypothesis was not rejected. This result sug-
gested that the residues selected by the KL information values of
the viral receptors were distributed on both the extracellular and
intracellular sides.

DISCUSSION

DECOY RECEPTORS

The difference in the amino acid composition at an alignment site
between two receptor groups, as evaluated by the KL information
value, was considered to reflect the difference in the functional con-
straints at the site between the groups. As described above, decoy
receptors are able to bind to CKs, but do not induce signaling.
The sites detected by the KL information value would reflect the
functional difference. Actually, the sites included in several motifs,
such as DRY, CWxP, and NPxxYs_gF, which are involved in signal-
ing, were detected. The bias in the locations of the detected sites
on the intracellular side was statistically significant by the two-
sided or one-sided t-test in four out of five decoy receptor groups.
Especially, all of the sites detected from the analysis of CCBP2
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(T73)

FIGURE 4 | Mapping of the sites with large KL information values on the
CXCR4 structure. The sites detected from the comparisons with (A) five
decoy receptor groups and with (B) five viral receptor groups are mapped on
the main chain structure of CXCR4. The residues corresponding to the
detected sites with information about function and/or motif are depicted by
space filling models, and are indicated according to the Ballesteros—\Weinstein

3.50 (R134)
3.51 (Y135)

nomenclature. The corresponding amino acid residue types and numbers of
CXCR4 are also shown in parentheses. On the other hand, the sites without
any information are indicated by line models. The four motif regions are
indicated by gray surface models. The residues that mapped on the
extracellular side are colored blue, and those that mapped on the intracellular
side are colored red.
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A Extracellular Side

CCRLI CCRL2 CCBP2 CXCR7 DARC

Intracellular Side

FIGURE 5 | Projection of the residues on the axis connecting the
intracellular and extracellular sides of the receptor. (A) Projections
corresponding to the five comparisons with the decoy receptor
groups. (B) Projections corresponding to the five comparisons with
the viral receptor groups. The axis generation method and the
projection method are described in the Section “Materials and

B Extracellular Side

El ORF74 UL33  BHV  pox

Intracellular Side

Methods.” In each figure, the vertical line indicates the axis.
Horizontal lines on the right side of the axis indicate the projected
positions of the residues corresponding to the sites selected based
on the KL information values. Horizontal lines on the left side indicate
the projected positions of the remaining residues. The filled circles
indicate the midpoint of the axis.

were located on the intracellular side. The test with the CCRL2
group was the only one that did not suggest a statistically signif-
icant bias in the distribution of the detected sites. As described
above, CCRL2 is also able to bind to chemerin (Yoshimura and
Oppenheim, 2011). The adaptation to the new ligand may have
introduced the change in the functional constraints on the extra-
cellular side, which may be the reason why the null hypothesis was
not rejected. This observation suggested that the functional diver-
gence of CCRL2 was induced under different selective pressure,
as compared to the other decoy receptors after gene duplication.
CCRL2 forms a gene cluster together with the genes for CCR1, 2,
3,and 5 in several mammalian genomes (Nomiyama et al., 2011).
The close relationship of CCRL2 to these CKRs and its distant
relationship to the other decoy receptors in the phylogenetic tree
(Figure 3) were consistent with the conservation of the gene orders
in the genomes, although the bootstrap probabilities for the rela-
tionships were not always high. The evolutionary relationship and
the conserved gene order, together with the acquisition of binding
activity to a new ligand, suggested a unique evolutionary position
of CCRL2 relative to the other decoy receptors.

The lack of signal transduction activity in the decoy receptors is
attributed to the degeneration of the DRY motif (Comerford et al.,
2007). Our study suggested that the degenerations of other motifs
and functional residues may also be related to functional changes.
For example, two decoy groups, CCRL1 and CXCR7, contained
the typical DRY motif. However, the sites in other motifs that are
related to the conformational change associated with the active-
inactive switch had large KL information values in these decoy

Table 3 | Results of t-tests.

DECOY RECEPTORS

CCRL1 3.87x 1073
CCRL2 0.142
CCBP2 3.37x 1077
CXCR7 0.066
DARC 151 x 1074
VIRAL RECEPTORS

E1 0.981
ORF74 0.080
uL33 0.098

BHV 0.308

pox 0.144

The p-value for each two-sided t-test is shown. The details of the tests are
described in the Section “Materials and Methods.”

receptors. This observation suggested that the constraints for the
residue conservation at the sites in the traditional CKRs are looser
in the two decoy receptor groups (see Table 2). In addition to the
motif sites, the highly conserved sites in the TM regions of GPCRs,
including the traditional CKRs (x.50 in the Ballesteros—Weinstein
nomenclature), had large KL information values in the analyses
with several decoy receptor groups. The use of different amino
acid residues at such sites may lead to functional and/or structural
changes. Several sites with uncharacterized functional relation-
ships also showed large KL information values. Most of them were
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found in ICLs 2 and 3. As these loops are considered to interact
with G proteins, the sites detected on the loops may be involved in
the loss of the signaling function of the decoy receptors.

VIRAL RECEPTORS

We anticipated that the sites detected from the analyses with
the viral receptor groups would be found on the extracellular
side, since viral receptors exhibit signaling activity without lig-
and binding. As described above, however, the sites with the large
KL information values were found not only on the extracellular
side, but also on the intracellular side. We examined the detected
sites from the different viewpoint. CASTp?* (Liang et al., 1998) is
a program to identify pocket regions in a given tertiary structure.
When we applied CASTp to the coordinates of CXCR4, the pocket
region corresponding to the ligand binding cavities of GPCRs was
reported with the highest score. The residues consisting of the
pocket region were mainly projected on the extracellular side of
the axis (see Figure 1), although some residues were projected on
the intracellular side. The numbers of detected sites located in the
pocket regions of the five decoy receptor groups were 2,2,0, 1, and
1, whereas 3, 2, 5, 3, and 4 sites were located in the pocket regions
of the five viral receptor groups (see Table 2). The number of sites
was transformed into the ratio to the total number of detected
sites for each receptor group. The one-sided f-test showed that
the difference in the ratios between the decoy and viral receptor
groups was statistically significant (p-value =0.003864). That is,
more sites were detected in the pocket region in the viral receptor
groups, as compared to the decoy receptor groups. As shown in
Table 2, in addition, about half of the sites in the pocket region have
been characterized as being involved in ligand recognition. These
sites are often occupied by conserved, bulky amino acid residues
in CKRs. The result suggested that the functional constraints at
the ligand binding region are different between the viral receptors
and the traditional CKRs, as we first expected.

The sites in the DRY motif were not detected in any of the viral
receptor groups. This motif was basically conserved in the viral
receptors, except for the ORF74 group. A previous study reported
that ORF74 performs signal transduction, despite the fact that the
DRY motif is changed to DTW (Rosenkilde et al., 2005). They also
showed that the introduction of the DRY sequence into ORF74
induces functional reduction. In our study, the sequences col-
lected as the ORF74 group showed variations in this region. For
example, equid herpesvirus 2 has DTW, whereas the rodent and
primate herpesviruses have xRC or xRY. Each variation includes

*http://sts.bioengr.uic.edu/castp/
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