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CCRS5 is a G-protein-coupled receptor activated by the
chemokines RANTES (regulated on activation normal T
cell expressed and secreted), macrophage inflammatory
protein 1a and 18, and monocyte chemotactic protein 2
and is the main co-receptor for the macrophage-tropic
human immunodeficiency virus strains. We have identi-
fied a sequence motif (TXP) in the second transmem-
brane helix of chemokine receptors and investigated its
role by theoretical and experimental approaches. Molec-
ular dynamics simulations of model a-helices in a non-
polar environment were used to show that a TXP motif
strongly bends these helices, due to the coordinated ac-
tion of the proline, which kinks the helix, and of the
threonine, which further accentuates this structural de-
formation. Site-directed mutagenesis of the correspond-
ing Pro and Thr residues in CCR5 allowed us to probe
the consequences of these structural findings in the con-
text of the whole receptor. The P84A mutation leads to a
decreased binding affinity for chemokines and nearly
abolishes the functional response of the receptor. In
contrast, mutation of Thr-82%°¢ into Val, Ala, Cys, or Ser
does not affect chemokine binding. However, the func-
tional response was found to depend strongly on the
nature of the substituted side chain. The rank order of
impairment of receptor activation is P84A > T82V >
T82A > T82C > T82S. This ranking of impairment par-
allels the bending of the a-helix observed in the molec-
ular simulation study.
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Chemokine receptors are currently one of the most exten-
sively studied subfamilies of G-protein-coupled receptors
(GPCRs).! This is due to their key role in the immune response,
where they act as attractors and stimulators of specific leuko-
cyte populations (1), and their essential role in HIV infection.
In particular, the chemokine receptor CCR5 is the main co-
receptor for macrophage-tropic HIV-1 strains, which are re-
sponsible for disease transmission and predominate during the
asymptomatic phase of the disease (2, 3). It hence appears as
one of the crucial targets for developing new therapeutic strat-
egies against HIV.

CCR5 is activated by the chemokines RANTES, MIP-1q,
MIP-1B8, and MCP-2 and binds a natural chemokine antago-
nist, MCP-3 (4). Chemokines are small globular proteins, 60—
100 residues long, comprising a well structured domain, and a
flexible NH, terminus, with a Cys-Cys or Cys-X-Cys motif
(where X represents a variable residue) marking the limit
between the two parts (1).

The mechanisms by which chemokines bind their receptors
and induce activation are currently unclear. Mutagenesis stud-
ies of chemokines suggest that a major role in binding is played
by receptor interactions with their compact domain, while the
flexible NH,, terminus is required mainly for receptor activa-
tion (5, 6). NH,-terminally truncated chemokines usually bind
their receptors with wild type affinities but elicit a severely
impaired functional response (6, 7).

On the receptor side, several studies have shown that its
extracellular domains play an essential role in chemokine bind-
ing (8, 9). In particular, the NH,-terminal domain of the recep-
tor was shown to be mandatory for chemokine binding, with
several charged and aromatic residues playing a crucial role
(10, 11). On the other hand, some of us have shown that most
of the ligand specificity is encoded in the second extracellular
loop of CCR5 (12).

Clearly belonging to the rhodopsin-like family of GPCRs,
chemokine receptors share all of the highly conserved sequence
motifs characteristic of this family. The overwhelming majority
of these sequence motifs are located in the transmembrane
region, suggesting the conservation of a common fold for this
region throughout the entire rhodopsin-like family. The exist-
ence of a conserved fold may in turn imply similar mechanisms

! The abbreviations used are: GPCR, G-protein-coupled receptor;
HIV, human immunodeficiency virus; TM, transmembrane helix; PK,
proline kink; MD, molecular dynamics; MIP, macrophage inflammatory
protein; MCP, monocyte chemotactic protein; WT, wild type; RANTES,
regulated on activation normal T cell expressed and secreted.
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in receptor activation involving the membrane-embedded por-
tion of the proteins.

A detailed atomic model representing this common fold has
at long last become available with the recent determination of
the high resolution x-ray structure of bovine rhodopsin (13).
This structure confirms the well documented seven-transmem-
brane a-helix bundle topology, proposed on the basis of lower
resolution structural studies (14). It furthermore provides a
detailed atomic picture of the interactions between the trans-
membrane helices, particularly those involving the conserved
GPCR sequence motifs.

It has been established that for many receptors, which are
activated by small ligands like neurotransmitters, agonist
binding and subsequent triggering of activation involves a wa-
ter-accessible pocket centrally located within the transmem-
brane helix bundle. This pocket corresponds roughly to the
retinal binding site in rhodopsin (15-17). The strong similarity
of the transmembrane regions of chemokine receptors to those
of other rhodopsin-like GPCRs suggests that these proteins
undergo ligand-induced activation processes, involving analo-
gous conformational changes. Some of these changes have been
monitored for various GPCRs, using different techniques (for a
review, see Ref. 17). In particular, transmembrane helix 6
(TM6) was reported to rotate its cytosolic end away from TM3
in several receptors (18—24).

This crucial rigid body motion of a part of TM6 is thought to
be enabled by the presence of a highly conserved proline in the
middle of the helix (25), which introduces a local break in the
helix structure. Such a break, denoted a proline kink (PK), is
likely to impart the backbone flexibility (16, 26-28) required
for the conformational change associated with the activation
process. Mutations of the conserved Pro in TM6 in several
receptors were indeed shown to produce phenotypes ranging
from severely impaired expression of the receptor (29) to re-
duced functional coupling (30) or even constitutive activation
(31). Mutations of conserved prolines in other helices, notably
TMS5 (32) and TM7 (33, 34), were also found to cause significant
perturbations. For instance, proline mutations in the conserved
NPXXY motif in TM7 often produce particularly strong pheno-
types, including impaired activity (33, 35, 36).

However, although some of the structural rearrangements
associated with activation are likely to be conserved through-
out the rhodopsin-like receptor family, the extraordinary diver-
sity of ligand types, ranging from small size neurotransmitters
to large glycoprotein hormones (17), suggests that receptor
subfamilies have presumably evolved specific binding modes
with activation mechanisms probably requiring somewhat dif-
ferent structural adaptations.

This study investigates such subfamily-specific properties in
the chemokine receptors. All chemokine receptors are shown
here to share a proline in TM2. Analysis of their aligned se-
quences also reveals the presence of a conserved threonine
residue 2 positions upstream of this Pro forming the TXP motif.
Considering that threonine residues have been observed to
induce small distortions in «-helices (37, 38), we hypothesize
here that the conjunction of these two conserved and structur-
ally relevant residues in chemokine receptors might constitute
a key motif required for proper receptor function. The influence
of Thr in Pro-containing helices had been identified earlier for
other integral membrane proteins (39).

This hypothesis is investigated using an approach, which
combines theoretical and experimental procedures. The theo-
retical procedures are aimed at characterizing the effect of the
TXP motif on the intrinsic conformational properties of the
transmembrane helix and on its putative interactions with
other helices in the bundle. To this end, we have performed
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molecular dynamics (MD) simulations of an isolated polyala-
nine helix comprising a TXP motif and several variants thereof
in which the Thr residue is replaced by other side chains, Ser,
Cys, Val, and Ala, respectively. In addition, using the recently
determined three-dimensional structure of rhodopsin as a tem-
plate, the structural role of this motif in the context of the
seven-helix bundle is assessed. This allows us to formulate
hypotheses on how the conformational states of the TXP motif-
containing helix might act to produce structural changes in the
helix bundle.

The experimental procedures involve site-directed mutagen-
esis, in which the Thr of the TXP motif of TM2 in CCRS5 is
replaced by the same side chains as in the simulation analysis
and where Ala is substituted for the Pro in order to abrogate
the PK. The different CCR5 mutants are then tested in order to
determine their ligand binding and activation properties.

Our results reveal a significant correspondence between the
modulating effect on the Pro kink angle and helix conforma-
tional flexibility by Thr versus other residues in the TXP motif
and the activation properties measured experimentally for the
corresponding mutants in CCR5. The implications of these
findings for chemokine-receptor interactions and chemokine-
induced activation are discussed.

EXPERIMENTAL PROCEDURES

Numbering Scheme of GPCRs—In this work, we use a general num-
bering scheme to identify residues in the transmembrane segments of
different receptors (28). Each residue is numbered according to the helix
(helix 1 through 7) in which it is located and according to the position
relative to the most conserved residue in that helix, arbitrarily assigned
to 50. For instance, Pro-2.58 is the proline in the transmembrane helix
2 (TM2), 8 residues following the highly conserved aspartic acid
Asp-2.50.

Survey of Helices Containing a TXP Motif in Known Protein Struc-
tures—Since stable structural motifs are likely to recur in proteins of
known structures (40), we also surveyed the recent release of the
Protein Data Bank (Research Collaboratory for Structural Bioinformat-
ics, Rutgers University, New Brunswick, NJ) for a-helical segments
featuring a TXP, SXP, or CXP motif with no other Thr, Ser, or Cys
within the PK and no other Pro anywhere in the segment. Since meas-
uring the bending angle requires at least one helical turn prior to the
PK and a helical turn following it, we selected helical segments of at
least 12 residues. We performed our search in a nonredundant set of
protein structures with resolutions of 3 A or better, identifying 16
helical segments (Protein Data Bank numbers 1AR1, 1B7E, 1B94,
1BDB, 1BPO, 1FCB, 1F1Y, 1FVK, 10CC, 1PJC, 1REQ, 1RVE, 1TCO,
1VHB, 2AK3, and 2GST). Detailed analysis of the corresponding struc-
tures showed that most of these helices are exposed to solvent, with
water molecules often interacting with the backbone at the level of the
PK. Since such interactions are not likely to occur in a membrane-
embedded helix, structures displaying these interactions were rejected,
finally yielding only seven structures (see Table I). The bending angle of
these structures is defined as the angle between the axes computed as
the least square lines through the backbone atoms (N, C,, C) of the
a-helical part before and after the Pro kink (using the InsightII soft-
ware, MSI, San Diego).

Molecular Dynamics Simulations of Transmembrane Helices—To
study the conformational properties of an a-helix containing a TXP
motif, we performed molecular dynamics simulations of the model pep-
tides Ace-Ala,;-XXX-Ala,;-NMe, where XXX is either AAP, TAP, SAP,
CAP, or VAP. These 25-residue peptides were built in the standard
a-helical conformation (¢, y =58°, —47°).

In a hydrophobic environment, the side chains of Ser, Thr, and Cys
are most likely to form hydrogen bonds with other polar groups of the
protein or of the ligand whenever present. Surveys of known protein
structures (41, 42) show that in a-helices, these side chains hydrogen-
bond primarily the carbonyl group in the preceding turn of the helix
(residue i-4 or i-3).

For Thr and Ser, such bonds can form only in the g+ or g— side chain
conformations, whereas for Cys, they can be formed only in the g+
conformation. The g— conformation of Cys is energetically unfavorable
because of the steric clash between the S, atom and the carbonyl oxygen
of residue i-3 (42). For these side chains, the ¢ cannot form such hydro-
gen bonds as it points the OH group away from the backbone. The model
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peptides were hence built with the Thr and Ser side chains in either g+
or g— and with the Cys side chain in g+. The hydrophobic Val side
chain was built in the ¢ conformation.

Starting structures were placed in a rectangular box (59 X 37 X 38
A) containing methane molecules at a density approaching half that of
hydrocarbons in lipid bilayer, in order to mimic the plasma membrane
environment. The peptide-methane systems were subjected to 500 iter-
ations of energy minimization and then heated to 300 K in 15 ps. This
was followed by an equilibration period (15-500 ps) and a production
run (500-1500 ps). The simulations were carried out at constant vol-
ume and constant temperature (300 K), with the latter maintained
through coupling to a heat bath. The particle mesh Ewald method was
employed to compute electrostatic interactions (43). Structures were
collected for analysis every 10 ps during the last 1000 ps of simulation.
The molecular dynamics simulations were run with the Sander module
of AMBERS5 (44), using an all atom force field (45), the SHAKE bond
constraints on all bonds, and a 2-fs integration time step.

Bending of the Pro containing peptides was measured as described
above using backbone atoms of helical segments comprising residues
2-11 (before the Pro) and 16—24 (after the Pro). One-way analysis of the
variance plus a posteriori one-sided Dunnett’s ¢ tests were performed to
determine if the bend angles of the helices containing the TAP, SAP,
CAP, and VAP motifs are greater than the bend angle of the helix
containing the AAP motif, taken as reference. To choose representative
structures for each trajectory, the structures saved during the produc-
tion run were clustered on the basis of their relative backbone root
mean square deviation using the NMRCLUST program (46) with a
cut-off of 3 A.

CCR5 Mutants—Plasmids encoding the CCR5 mutants studied here
were constructed by site-directed mutagenesis using the QuickChange
method (Stratagene). Following sequencing of the constructs, the mu-
tated coding sequences were subcloned into the bicistronic expression
vector pEFIN3 as previously described for generation of stable cell lines
(12). All constructs were verified by sequencing prior to transfection.

Expression of Mutant Receptors in CHO-K1 Cells—CHO-K1 cells
were cultured in Ham’s F-12 medium supplemented with 10% fetal calf
serum (Life Technologies, Inc.), 100 units/ml penicillin, and 100 ug/ml
streptomycin (Life Technologies). Constructs encoding wild type or mu-
tant CCR5 in the pEFIN3 bicistronic vector were transfected using
Fugene 6 (Roche Molecular Biochemicals) in a CHO-K1 cell line ex-
pressing an apoaequorin variant targeted to mitochondria (47). Selec-
tion of transfected cells was made for 14 days with 400 ug/ml G418 (Life
Technologies) and 250 ug/ml zeocin (Invitrogen; for maintenance of the
apoaequorin-encoding plasmid), and the population of mixed cell clones
expressing wild type or mutant receptors was used for binding and
functional studies. Cell surface expression of the receptor variants was
measured by flow cytometry using monoclonal antibodies recognizing
different CCR5 epitopes; 2D7 (phycoerythrin-conjugated; Pharmingen),
MC-1, MC-4, MC-5, and MC-6 (kindly provided by Mathias Mack,
Medizische Poliklinik, Ludwig-Maximilians, University of Munich, Mu-
nich, Germany) were detected by anti-mouse IgG phycoerythrin-cou-
pled secondary antibody (Sigma).

125I. RANTES Binding Assays—CHO-K1 cells expressing wild type
or mutant CCR5 were collected from plates with Ca®"- and Mg?"-free
phosphate-buffered saline supplemented with 5 mm EDTA, gently pel-
leted for 2 min at 1000 X g, and resuspended in binding buffer (50 mm
Hepes, pH 7.4, 1 mum CaCl,, 5 mm MgCl,, 0.5% bovine serum albumin).
Competition binding assays were performed in Minisorb tubes (Nunc)
with 40,000 cells in a final volume of 0.1 ml. The mixture contained 0.05
nM '?’I-RANTES (2000 Ci/mmol; Amersham Pharmacia Biotech) as
tracer and variable concentrations of competitors (R & D Systems).
Total binding was measured in the absence of competitor, and nonspe-
cific binding was measured with a 100-fold excess of unlabeled ligand.
Samples were incubated for 90 min at 27 °C, and then bound tracer was
separated by filtration through GF/B filters presoaked in 0.5% polyeth-
ylenimine (Sigma) for *I-RANTES. Filters were counted in a B-scin-
tillation counter. Binding parameters were determined with the Prism
software (GraphPad Software) using nonlinear regression applied to a
one-site competition model.

Functional Assays—Functional response to chemokines was ana-
lyzed by measuring the luminescence of aequorin as described (48, 49).
Cells were collected from plates with Ca®*- and Mg?*-free Dulbecco’s
modified Eagle’s medium supplemented with 5 mm EDTA. They were
then pelleted for 2 min at 1000 X g, resuspended in Dulbecco’s modified
Eagle’s medium at a density of 5 X 10° cells/ml, and incubated for 2 h
in the dark in the presence of 5 uM coelenterazine H (Molecular Probes,
Inc., Eugene, OR). Cells were diluted 5-fold before use. Agonists in a
volume of 50 ul of Dulbecco’s modified Eagle’s medium were added to 50
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2.38 2.50 2.58 2.67
{ d { {

Rho (bovin) PLNYILLNLAVADLFMVFGGFTTTLYTSLH

CCR5 (human) MTDIYLLNLAISDLFFL

CCRS5 (mouse) VTDIYLLNLAISDLLFL

CCR2 (mouse) MTDIYLLNLAISDLLFL

CCR2 (human) LTDIYLLNLAISDLLFLI

CCR1 (human) MTSIYLLNLAISDLLFL

CCR1 (mouse) MTSIYLFNLAVSDLVFL

CCRV (mouse) MTSIYLFNLAISDLVFLS

CCR3 (human) MTNIYLLNLAISDLLFL

CCR3 (mouse) MTNIYLFNLAISDLLFL

CCR4 (human) MTDVYLLNLAISDLL

CCR4 (mouse) MTDVYLLNLAISDLL

CCR8 (human) ITDVYLLNLALSDLL

CCR8 (mouse) ITDIYLLNLAASDLL

CCR6 (human) MTDVYLLNMAIADII,

CCR6 (mouse) MTDVYLLNMAITDIL,

CCR7 (human) MTDTYLLNLAVADILFL:

CCR7 (mouse) MTDTYLLNLAVADILFLLIL )3

CCRY9 (human) MTDMFLLNLAIADLLFL

CCRY9 (mouse) MTDMFLLNLATIADLIL

CCR10 (human) PTSAHLLQLALADLL

CXCR1 (human) VTDVYLLNLALADLLF:

CXCR2 (mouse) VTDVYLLNLAIADLFF,

CXCR2 (human) VTDVYLLNLALADLLF

CXCR3 (human) STDTFLLHLAVADTLL

CXCR4 (human) MTDKYRLHLSVADLLFVI

CXCR4 (mouse) MTDKYRLHLSVADLLFVI

CXCR5 (mouse) STETFLFHLAVADLLLVFILI3FAVAEGSVG

CXCR5 (human) STETFLFHLAVADLLLVFILIQFAVAEGSVG

CXCR6 (human) LTDVFLVNLPLADLVEFVC

CX3CRl (human) VTDIYLLNLALSDLLFV.

CX3CR1 (mouse) ITDIYLLNLALSDLLFV.

XCR1 (human)

Fic. 1. Alignment of TM2 sequences from chemokine receptors
and bovine rhodopsin. For the sake of clarity, only human and
murine sequences are shown. The generalized numbering scheme (see
“Experimental Procedures”) is used to label the alignment. The TXP (or
SXP) motif is indicated in boldface characters, and its conserved resi-
dues are highlighted. The sequence of TM2 of bovine rhodopsin is also
aligned, showing the high homology between CCR5 and bovine rhodop-
sin in the cytosolic part of TM2, up to the TXP motif. Note that we make
the assumption that, in chemokine receptors, TM2 extends to position
2.67 (included). This is based on the observation that TM2 extends to
this residue in the three-dimensional structure of rhodopsin (13) and on
the suggestion that position 2.67 terminates TM2 in the dopamine D2
receptor, on the basis of the substituted cysteine accessibility method
(59).

wul of cell suspension (50,000 cells), and luminescence was measured for
30 s in a Berthold luminometer.

RESULTS

A Conserved TXP Motif in TM2 of Chemokine Receptors—
Multiple sequence alignments of the second transmembrane
helix of 55 mammalian chemokine receptors were performed.
Fig. 1 shows alignment of the human and mouse sequences,
together with TM2 of bovine rhodopsin. Inspection of the
aligned sequences reveals a highly conserved TXP sequence
motif in TM2, where X represents a variable hydrophobic res-
idue. Pro, at position 8428 (84 is the residue number in the
CCR5 sequence, and 2.58 is the corresponding number in the
general numbering scheme), is completely conserved across all
chemokine receptors. The Thr residue is also highly conserved,
present in 47 sequences out of 55, while Ser is found in four
receptors. The last four receptors have an Ile or Leu in position
2.56.

A survey of the 1200 rhodopsin-like GPCRs present in the
G-protein Coupled Receptors Database (50) reveals that this
motif is also found at the equivalent position in the sequences
of about 50 non-chemokine receptors, comprising essentially
peptidergic, such as angiotensin and opioid, receptors.
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TABLE 1
Bending angles for TXP motifs found in the Protein Data Bank (PDB)

Two segments are taken from the structure of cytochrome ¢ oxidase
(1AR1), which is a membrane protein. The other proteins are hemoglo-
bin (1VHB), a phosphoenolpyruvate carboxylase (1FIY), a transposase
inhibitor (1B7E), an endonuclease (1IRVE), and the clathrin heavy chain
(1BPO).

. Helical Position of Bendin,
PDB no. Motif segnllent thle 1Pro angie &
degrees
1VHB TVP AT—A20 Al5 28
1FIY TDP 823—856 838 44
1B7E TLP 349—379 373 49
1RVE SRP B37—B59 B50 26
1AR1 SLP A219—A248 A236 35
1AR1 SLP B85—B103 B98 29
1BPO CRP 428—442 438 41

Fig. 1 also shows that the primary structure of bovine rho-
dopsin TM2 is highly similar to that of chemokine receptors
from its NH, terminus (cytosolic border) to the TXP motif but
strongly diverges between the TXP motif and its COOH termi-
nus (beginning of ECL1). This suggests a structural and func-
tional conservation in the cytosolic half of this transmembrane
segment.

Influence of the TXP Motif on the Conformation of a Trans-
membrane Helix—To assess the influence of the TXP motif on
the conformation of a transmembrane helix 2, complementary
approaches were used. A first approach consisted in surveying
known protein structures in the Protein Data Bank for a-heli-
ces containing either a TXP, SXP, or CXP motif, using the
criteria specified under “Experimental Procedures.” This re-
sulted in identifying only seven structures, all of which dis-
played a strong bend, with angles ranging from 25 to almost
50° as shown in Table I. It is noteworthy that the reported
average bend angle of a-helices containing Pro is about 25°
(26). The helices identified here thus seem to be as strongly
bent as, if not more strongly bent than, the average PK, but the
very small number of observations precludes drawing a reliable
conclusion.

A second approach was therefore undertaken. This involved
performing molecular dynamics simulations on polyalanine
helices, 25 residues long, embedded in a nonpolar solvent, and
containing the AAP, TAP, SAP, CAP, and VAP motifs, respec-
tively, in their midst. Table II lists the average helix kink
angles in conformations along the MD trajectories. Represent-
ative structures from the different trajectories are displayed in
Fig. 2, A and B.

We find that the presence of a single proline (AAP) or of the
VAP motif produces helix bend angles of about 20°. For the
simulation of the AAP containing peptide, our results agree
with those of earlier simulation studies on Pro-containing poly-
alanine (51).

Significantly larger bending angles (27-35°) are observed
when Thr, Ser, or Cys is introduced 2 positions before the Pro.
Detailed analysis of the conformations in the trajectories show,
as expected, that the side chain hydroxyl (or SH) groups of
these residues form hydrogen bonds with the carbonyl group of
residue i-4, in a significant proportion of the conformations
(85-100%). Such hydrogen bonds are formed with Thr in the
g+ or g— conformations, Ser in g+, and Cys in g+.

On the other hand, Ser in g— achieves and maintains hydro-
gen bonding with the carbonyl of residue i-3 position. This
seemingly minor alteration in the hydrogen bonding pattern
appears, however, to induce a dramatic modification in the
conformation of the helix, as illustrated in Fig. 2B. Not only is
the helix kink angle increased significantly, but the COOH-
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TaBLE II
Bending angles measured in the different simulations

Average and S.D. of the bending angle obtained during the MD
simulations are shown. Each value is obtained over a sample of 100
structures equally distant during the MD run (see “Experimental Pro-
cedures”). One-way analysis of variance plus a posteriori one-sided
Dunnett’s ¢ tests were used to determine whether the bending angles of
the different motifs are significantly larger than that of the control
AAP. Asterisks denote statistically significant deviation from the AAP
control (p < 0.001).

Bending

angle S.D. value
degrees
AAP 199 7.3
TAP g+ 28.4% 7.1
TAP g— 26.6%* 7.8
SAP g+ 30.1% 11.9
SAP g— 35.0%* 10.0
CAP g+ 31.3% 10.8
VAP 21.0 5.5

terminal moiety of the helix points to a completely different
direction in space.

The results of our simulation analysis hence suggest that in
a nonpolar environment, the nature of the residue located at
position i-2 relative to the proline modulates the magnitude
and direction of the PK through the formation of a hydrogen
bond between the side chain and the backbone carbonyl group
at position i-3 or i-4. In particular, the presence of Thr, Ser, and
Cys side chains at position i-2 relative to the Pro increases the
average helix bend angle by about 10°, whereas that of Val does
not.

Accommodating a Kinked TM2 Helix in the Receptor Three-
dimensional Structure—To obtain a rough idea on the possible
consequences that the presence of TXP motif might have on the
structure of the receptor, and more particularly on the TM
region, we performed a molecular modeling exercise using the
recently determined three-dimensional structure of bovine rho-
dopsin as the template. As shown in the alignment (Fig. 1), the
sequence of TM2 is strongly conserved (~50% sequence iden-
tity) between chemokine receptors and rhodopsin between the
cytosolic border and the TXP motif. This leaves no ambiguity in
aligning the rhodopsin and CCR5 sequences in this region and
allowed us to readily position representative structures from
the simulations of the AAP and TAP containing model peptides
into the TM bundle of rhodopsin. In particular, the backbone
atoms of the two helical turns preceding the PK in our model
peptides were superimposed on those of the two turns preced-
ing the equivalent residue (in CCR5, the PK starts at 2.54, four
residues before Pro-2.58) in rhodopsin, respecting the corre-
spondence of the sequence alignment. Interestingly, rhodopsin
has two successive glycines in positions 2.56 and 2.57 (with a
Phe and not a Pro at 2.58, forming a GGF motif). Most probably
as a result of the conjunction of these two flexible residues, its
TM2 is strongly distorted, so that its extracellular part leans
toward TM1.

Fig. 2 (C and D) shows the result of superimposing the
representative structures from the TAP g+ (red) and AAP
(yellow) simulations on TM2 of rhodopsin. Strikingly, the kink
induced by Pro-2.58 in AAP (yellow) orients the extracellular
moiety of TM2 toward TM3 and away from TM1 (Fig. 2C). The
presence of Thr in TAP, which, as shown above, increases the
helix bend angle by about 10°, causes the extracellular side of
TM2 to lean even more toward TM3 and slightly toward the
center of the bundle (Fig. 2D). The differences in the amino acid
sequences of the TM2 in the opsin (GGF) versus the chemokine
(TXP) families may thus be related to structural differences in
this region. In particular, in the chemokine receptors, the ex-
tracellular sides of TM2 and TM3 would come into close con-
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Rho

Fic. 2. Effect of AAP and TAP g+ motif on the conformation of
a-helices. A, representative structures for AAP (yellow), TAP g+ (red),
and an ideal a-helix (white). Backbones are represented as ribbons, and
side chains of Pro and Thr are shown as solid sticks (with polar hydro-
gen in white) as well as the hydrogen bonding carbonyl, 4 residues
before the Thr. Hydrogen bonds are indicated by dotted white lines. B,
representative structures for AAP, TAP g+, SAP g— (orange), and an
ideal a-helix. This view is rotated by 90° along the helical axis relative
to A. In the g— rotamer, the Ser hydrogen bonds with carbonyl situated
3 residues upstream, which induces clearly a different orientation of the
PK. C, the representative structure of the AAP (yellow ribbon) and TAP
g+ (red ribbon) motifs are positioned in the rhodopsin template, re-
specting the homology between CCR5 and rhodopsin. The two repre-
sentative helices were superimposed on the cytoplasmic end of TM2 in
the rhodopsin structure (Protein Data Bank number 1F88), using back-
bone atoms up to position 2.54. Rhodopsin (turquoise) helices are shown
as cylinders, except for the extracellular part of TM2, which is shown as
a ribbon. This panel is viewed from the side of the protein. D, same
representation as in C but viewed from the extracellular side. The
influence of the Thr on the PK is clearly visible, as it bends the helix
inside the bundle.

tact. It is noteworthy that chemokine receptors have a cluster
of aromatic residues at the extracellular end of TM2 and TM3.
In other GPCRs, helix-helix interactions mediated by aromatic
clusters are believed to play a role in ligand-induced receptor
activation (52).

Effects of Mutations in the Conserved TXP Motif on CCR5
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Fic. 3. Level of expression of the receptors. Cell surface expres-
sion of WT CCR5 and the different mutants was measured by fluores-
cence-activated cell sorting using five different monoclonal antibodies.
The data are representative of three different experiments. The 2D7
antibody recognizes a conformational epitope centered on ECL2. We
have recently identified the epitopes of the other antibodies tested here
(C. Blanpain, M. Mack, J.-M. Vanderwinden, V. Wittamer, E. Le Poul,
G. Vassart, and M. Parmentier, manuscript in preparation); MC-1 and
MC-6 recognize multidomain conformational epitopes, while MC-4 tar-
gets a conformational NH,-terminal epitope and MC-5 a linear epitope
also located in the amino-terminal domain of CCR5. Values represent
mean cell fluorescence normalized by the value obtained for CCR5
(100%) separately for each antibody.

Expression and Function—To investigate the possible role of
the TXP motif in CCR5 expression and function, several mu-
tants were generated in the corresponding positions. Mutant
P847%8A was built in order to completely eliminate the PK,
while mutants T82%%6S, T82256C, T822°6V, and T82%%°A were
aimed at investigating the kink modulation effects produced by
the same residues as those studied in the model peptide MD
simulations.

Cell Surface Expression of the CCR5 Mutants—Cell surface
expression of the CCR5 mutants was measured by fluores-
cence-activated cell sorting analysis using a set of monoclonal
antibodies, recognizing various epitopes of the receptor, rang-
ing from well defined linear epitopes in the NH,-terminal do-
main (MC-5) to complex conformational epitopes spanning
multiple domains (MC-6). As shown in Fig. 3, all mutants were
properly expressed at the cell surface, as compared with the
WT receptor. With the exception of P84A, the mutant receptors
were recognized as similar levels by all monoclonals, suggest-
ing that the mutations did not alter significantly the folding of
the extracellular domain.

The pattern observed for the P84A mutant seems to indicate
a deeper conformational modification for this mutant, which
could in turn cause the alteration of the extracellular domain
conformation and eventually affect conformational epitopes.
Nevertheless, the antibodies recognizing the amino-terminal
part of the receptor did detect the P84A mutant at the cell
surface at levels similar to those observed for WT CCRS5.

Chemokine Binding Properties of WT' CCR5 and Mutant
Receptors—The ability of the different CCR5 mutants to bind
the four high affinity CCR5 agonists, the chemokines RANTES,
MIP-1a, MIP-18, and MCP-2, was tested by competition bind-
ing assays, using ?’I-RANTES as tracer. Fig. 4 shows the
competition curves for the various constructs.

As shown earlier, RANTES appears as the strongest ligand
for WT CCR5 (4), with an ICg, of 0.28 nm (Table III). The ICj,
values for MIP-1« (3.7 nm), MIP-18 (1.3 nm), and MCP-2 (2.4
nM) are shifted to slightly higher values as compared with those
obtained previously with 12°I-MIP-1p as tracer, but the order of
potencies is conserved (Table III). Changes in apparent affini-
ties as a function of the tracer used have been observed previ-
ously for chemokine and other receptors (9).

P84A is able to bind RANTES with WT affinity (IC;, = 0.25
nM), while MIP-18 and MCP-2 show significantly decreased
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Fic. 4. Binding properties of the WT and mutant receptors. Competition binding assays were performed on CHO-K1 cell lines expressing
WT CCR5 and the different mutants using '*I-RANTES as tracer. The data are representative of at least two experiments. Results were analyzed
by the GraphPad Prism software, using a single-site model, and the data were normalized for nonspecific (0%) and specific binding in the absence
of competitor (100%). All points were run in triplicate (error bars represent S.E.). Unlabeled ligands are as follows: RANTES (e ), MIP-1p3 ([),

MIP-1a (A), and MCP2 (#).

TasLE IIT
Binding and functional properties of WI' CCR5 and mutant receptors
The pICj, (-log M) values were obtained from competition binding experiments, using 2*I-RANTES as a tracer (as displayed in Fig. 4). Values
represent the mean * S.E. of at least two independent determinations. The pEC,, (-log M) values were obtained from functional dose-response
curves using the aequorin assay (as displayed in Fig. 5). Values represent the mean = S.E. of at least three independent determinations.

RANTES MIP-18 MIP-1a MCP-2
pICso PECs pICso pPECs pICso pECs5o pICso PECso
CCR5 9.61 = 0.14 8.48 = 0.07 8.88 = 0.01 8.15 = 0.03 8.52 + 0.23 7.62 = 0.09 8.65 = 0.11 7.70 = 0.19
P84A 9.73 £ 0.03 7.82 = 0.02 6.61 = 0.03 <6 <6 <6 6.92 = 0.02 <6
T82S 9.79 £ 0.13 8.36 = 0.06 8.71 £ 0.16 7.54 = 0.09 8.31 £0.14 743 £0.11 8.54 = 0.01 7.47 = 0.12
T82C 9.61 = 0.20 8.14 = 0.06 8.49 = 0.03 7.38 £0.14 8.84 = 0.11 7.83 £ 0.09 8.37 = 0.05 <6
T82A 9.56 = 0.09 8.22 = 0.06 8.52 £ 0.03 7.22 £ 0.04 8.81 = 0.04 7.36 £ 0.18 8.36 = 0.22 6.84 = 0.06
T82V 9.55 + 0.10 7.76 = 0.08 8.44 + 0.01 6.36 = 0.06 8.64 = 0.31 6.87 = 0.03 8.25 * 0.06 <6

binding, with IC;, values right-shifted by 3 orders of magni-
tude (Fig. 4 and Table III). MIP-1a does not compete for the
bound tracer, even at the highest concentration tested (1 um).

RANTES displays an unaffected affinity for the CCR5 mu-
tants T82S, T82C, T82A, and T82V, with IC;, values ranging
from 0.2 to 0.3 nm. The three other ligands show affinities that
are about 10 times lower than RANTES for all Thr-82 mutants,
as already observed for WT CCR5. MIP-18, MIP-1«, and
MCP-2 display roughly WT affinities for all four Thr-82 mu-
tants, with only mild variations according to the mutant. Their
IC;, values are all in the range of 1.5-5.7 nwm, confirming that
none of the Thr-82 mutants have significantly affected binding
properties. The largest change is a 3-fold increase in average
IC;, for MIP-18 binding to T82V.

In summary, we find that all of the analyzed mutants bind
the agonists RANTES, MIP-1«, MIP-18, and MCP-2 with WT
affinities. One exception is the P84A mutant. Although it binds
RANTES as well as the WT receptor, its affinity for MIP-13
and MCP-2 is reduced, and it does not bind MIP-1a.

Functional Activation of the Mutants by CCR5 Agonists—A
third and crucial set of tests was performed in order to inves-
tigate the ability of the five CCR5 mutants to be activated by
the same four agonists. This was done using a sensitive assay
based on the use of apoaequorin as a reporter system for intra-
cellular calcium release. Activation of chemokine receptors,
including CCR5, is known to result in calcium signaling. Con-
trol stimulation of the cell lines was achieved with a saturating

concentration of ATP, which activates endogenously expressed
P,Y, receptors and generates a strong luminescent signal. We
measured the cell response to ATP in all experiments and
normalized the results as a percentage of this signal.

Fig. 5 shows typical activation curves obtained for the six WT
and mutant receptors using the four agonists. In agreement
with previous observations (4), we find that RANTES is the
most potent agonist of WT CCR5, with an EC;, of 3.5 nm (Table
III), whereas the EC5, of MIP-18 is twice as large on average
(7.2 nm), and MCP-2 and MIP-1a are somewhat less efficient
with average EC;, values of 23.4 and 25.0 nM, respectively.

However, unlike for the binding assays, in which all mutants
except P84A displayed a WT-like binding behavior, the func-
tional assay demonstrated various degrees of impairment for
the different mutants. The CCR5 mutants with the most im-
paired function are P84A and T82V. P84A is activated by
RANTES, with an average ECj, right-shifted by about 1 order
of magnitude (one log unit in Fig. 5) and an E_ _, reaching only
20% of the ATP signal. But strikingly, none of the other three
agonists elicits any detectable signal in this functional assay.
This is not too surprising for MIP-1«, considering its severely
decreased affinity for this mutant (IC;, >1000 nm). MIP-13 and
MCP-2, however, did not activate P84A, even at 300 nMm
(MCP-2) or 1000 nm (MIP-1B) concentrations (data not shown),
despite full 12°I-RANTES displacement at these concentrations
in the binding assay.

The strongly reduced functional response of the T82V mu-
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Fic. 5. Activation of the different receptors by the four CCR5 agonists. Shown is the functional response to RANTES (e ), MIP-13 ([J),
MIP-1a (A), and MCP-2 (#) of CHO-K1 cells expressing WT CCR5 or the various mutants using the aequorin assay. All points were run in
triplicate (error bars represent S.E.). The displayed curves represent a typical experiment out of at least three performed independently. Results
were analyzed by nonlinear regression using the GraphPad Prism software. Data were normalized to maximal cell line stimulation by a saturating
concentration of ATP. Note that the vertical scales of the graphs have been adapted to the maximal responses obtained for each line.

tant is somewhat surprising, especially in light of the milder
functional impairment observed for T82A (Fig. 5). Indeed, the
substitution of Thr by Val is isosteric. It preserves the
B-branched character of the side chain and hence presents a
less drastic change than a substitution by Ala, which truncates
the side chain beyond the C; atom. T82V displays a dramatic-
ally reduced response to RANTES, with the activation curve for
this ligand shifted to the right by more than 1 order of magni-
tude. With MIP-1«, high concentrations are required (EC;5, =
136 nM) to achieve moderate signals, whereas MIP-18 is unable
to elicit detectable signals from this mutant in most experi-
ments, although in some cases, a very weak response is meas-
ured at the highest concentrations. MCP-2 induces no response
in T82V, although a normal binding affinity is measured for
this chemokine, as shown above.

The T82A mutant comes next in the degree of functional
impairment. RANTES remains the best agonist for this mu-
tant, followed by MIP-1la (EC;, = 52 nwm), and both ligands
display a reduced E ., (~30% of maximum response). MIP-13
stimulates T82A with an ECy, of 63 nM and MCP-2 with an
EC;, averaging 147 nwm, both with a very low efficacy (£,
values below 15%; Fig. 5, Table III).

The mutants whose activities are least affected are T82S and
T82C. T82S is stimulated by RANTES to a similar degree as
WT CCR5, with an EC5,of 4.5 nMm and an K, of 60%. MIP-1p,
MIP-1a, and MCP-2 show similar activation profiles with this
mutant, characterized by a strong functional response, with an
EC;, moderately displaced to the right and an E,,, somewhat
lower than for WT CCR5. RANTES and MIP-1« stimulate the
T82C mutant with WT potencies but reduced E,,,.. MIP-13
elicits a poor response on this mutant, while MCP-2 is almost
inactive.

These results taken together provide evidence on the impor-
tant role played by Thr-82 and Pro-84 in CCR5 activation. The
extent to which the activation of these mutants is affected by
the series of agonists, measured under similar conditions, leads
to the following ranking in terms of impairment of receptor
activation: P84A > T82V > T82A > T82C > T82S.

DISCUSSION

In this study, we identified a sequence motif TXP, in TM2 of
chemokine receptors, which is conserved throughout this im-
portant subfamily of GPCRs. We made the hypothesis that it
plays an important role in receptor function and investigated
this putative role by using a combination of theoretical and
experimental techniques. Here, the findings from the two types
of techniques are brought together and rationalized in light of
our current knowledge of the CCR5 receptor structural and
functional properties. This leads to the proposal of a mecha-
nism for the implication of the TXP motif in CCR5 activation.

The TXP Motif Is a Structural Determinant in Chemokine
Receptors—The molecular dynamics simulations, whose aim
was to investigate how the side chain at position i-2 from the
Pro residue affects the intrinsic conformational properties of a
Pro-containing a-helix, lead to the following main conclusions:
the presence of Thr, Ser, and Cys side chains at position i-2
increases the average PK angle by about 10°, whereas Val at
that position has a negligible effect. The fact that the Val side
chain is nonpolar and the observation that the other analyzed
side chains, which were all polar, formed hydrogen bonds with
the helix backbone during the simulations suggests that the
observed effect on the bending angle arises from local deforma-
tions in helix geometry induced by these bonds.

Our modeling exercise, using the high resolution three-di-
mensional structure of rhodopsin, suggests that the presence of
the TXP motif in TM2 would require a rearrangement of the
TM helix bundle interactions in the chemokine receptors rela-
tive to rhodopsin.

In particular, Pro in position 2.58 would orient the extracel-
lular part of TM2 toward TM3 and not close to TM1 as in
rhodopsin; the addition of a Thr at i-2, as in the TXP motif,
furthermore directs this part of TM2 toward the center of the
bundle (Fig. 2, C and D). Our modeling study also suggests that
in chemokine receptors, the extracellular region of TM2 would
interact with TM3 and possibly with TM7, which is not feasible
in the rhodopsin structure.

Our results thus lead us to suggest that the TXP motif in
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TM2 is a structural determinant, in chemokine receptors, by
virtue of significant local effects on the helix conformation,
which propagate through a lever action to the extracellular
parts of the TM bundle. It is noteworthy that there is ample
experimental evidence that this region of GPCRs is involved in
their functional properties (16), which suggests in turn that
mutants modifying these local conformational effects should
also modify receptor function.

Role of the TXP Motif in Ligand-induced Activation of
CCR5—Our functional studies of TXP mutants of CCR5 were
aimed at verifying this suggestion. The P84%%5A mutant dis-
played a significantly affected pattern of binding for some
ligands. We hypothesize that the profound structural pertur-
bation in this mutant, caused by the abrogation of the PK,
might change the conformation of some part of the extracellu-
lar domain, thus modifying the interactions with ligands. In
agreement with this view, this putative conformational change
could also be responsible for the observed decrease in recogni-
tion of the P84%2A mutant by monoclonal antibodies directed
at conformational epitopes. This suggests that this PK is man-
datory for the structural integrity of the protein. Alanine re-
placement of Pro-84%%8 abolished the functional response of
CCR5 to any of its agonists with the exception of RANTES,
which induced minute activity, demonstrating the central role
of this PK in the activation process.

All tested chemokines bound the various Thr-82%-°6 mutants
with unchanged affinity, indicating that this residue is not
involved in direct interaction with the ligands. In contrast to
the binding properties, the chemokine-induced activation of
CCR5 was quite sensitive to mutations of Thr-822%%, showing a
gradation of the effects corresponding to that observed in the
simulation.

Activation profiles of T82%%°S showed mild differences with
those of WI' CCR5. However, this mutant had a reduced E
when stimulated with MIP-1a, MIP-183, and MCP-2. This be-
havior is reminiscent of that observed with partial agonists on
WT receptors and hence suggests that these chemokines can-
not fully activate this mutant.

This could occur if the equilibrium between the active and
inactive forms of T82%-%6S is somewhat shifted toward the in-
active one. The fact that RANTES activates this mutant nor-
mally could mean that it stabilizes more efficiently the active
forms. The results of our MD simulations on the SAP-contain-
ing peptide suggest a molecular explanation to this shift in
equilibrium. They show that this peptide features a similar
a-helix kink geometry as in the TAP-containing peptide when
Ser is in the g+ conformation but adopts a very different
orientation of the PK when this side chain is in g— (see Fig.
2B). This latter conformation may stabilize the inactive form of
mutant receptors. This effect of Ser might possibly also explain
the paucity of Ser residues at position 2.56 in the chemokine
receptors (only 4 of 55 members have it).

The isosteric mutant T82%%V was even more impaired in
the functional tests than T82%°6A. T82%-°6V required high che-
mokine concentrations to trigger very modest activities, al-
though the binding properties were not significantly affected
for any of the ligands tested. We cannot provide a simple
explanation for the difference of phenotype observed between
these two mutants, but considering the observations made in
the MD simulations, the hydrogen bonding capacity of the side
chain at position 2.56 seems to be a more important feature for
activation than the B-branched character of the side chain.

Our results show that, in chemokine receptors, the Pro in
TM2 is crucial for proper receptor activation and that the
conserved Thr located 2 positions before the Pro modulates the
function of the receptor. The experiments therefore confirm the

Structural Determinant in CCR5 Activation

theoretical hypothesis stating that the TXP motif plays a key
structural role in chemokine receptors, the PK constituting the
main element and the Thr acting as a modulator of this PK.
Moreover, this motif is mainly involved in receptor activation
but plays little role in ligand binding. These results also dem-
onstrate that high affinity binding of chemokines by CCR5 is
not dependent on the coupling state with G-proteins. A previ-
ous description of other non-functional CCR5 mutants charac-
terized by unimpaired affinities for their chemokine ligands
(10) supports this hypothesis. Along the same line of evidence,
it is well established that NH,-terminally truncated chemo-
kines often keep their high affinities for their cognate receptors
while becoming antagonists or weak partial agonists.

New Insights into Chemokine-induced Activation—Surpris-
ingly, although the TXP motif is present in all chemokine
receptors, functional alteration observed in the Thr-82%%° mu-
tants is strongly chemokine-dependent. RANTES is the least
affected agonist, MCP-2 being strongly sensitive to all muta-
tions, while MIP-1a and MIP-18 behave as partial agonists for
the various mutants. How can we explain these observations?

Interestingly, RANTES differs structurally from the other
CCR5 agonists in its amino terminus, with 9 residues before
the first conserved cysteine for RANTES and 10 residues for
the three other ligands. Also, the sequence of the MCP-2 NH,,
terminus is somewhat different from that of the other agonists,
whereas those of MIP-1a and MIP-1p are quite similar to each
other. Hence, there seems to be a relation between the sensi-
tivity of receptor activation by the different chemokines to the
mutations in TXP and the differences between the NH,-termi-
nal regions of these molecules. It is significant that these re-
gions were shown to be important in receptor activation by
mutation and deletion experiments (6, 7).

This leads us to formulate the hypothesis that chemokine
induced activation involves interactions of the ligand NH, ter-
minus with the portion of transmembrane domain whose con-
formation may be modulated by the TXP motif. Thus, the
differences in behavior among ligands could result from differ-
ences in these interactions. This hypothesis could be investi-
gated by testing mutant receptor activation by chimeric che-
mokines exchanging the NH, terminus or the core region.

As mentioned above, chemokines truncated in their NH,
terminus often still elicit some functional responses at high
concentrations and hence behave as partial agonists. This par-
allels the effects of full-size chemokines on our Thr-82%°¢ mu-
tant series and could result from the binding of the chemokine
core region to the extracellular loops of the receptor. It was
proposed that this interaction would induce partial signal
transduction, characterized by inhibition of cAMP, but would
not trigger calcium influx or chemotaxis (6). Thus, it does not
contradict our proposal that full activation involves interac-
tions with the NH,-terminal region of the chemokine.

Based on chimeras between CCR2b and CCRI1, it was re-
cently proposed that activation of chemokine receptors involves
the first extracellular loop ECL1 (53). Having shown here that
TM2 in this receptor family extends to position 2.67, the effects
of these chimeras are most probably due to the exchange of
variable residues at the extracellular portion of this helix,
rather than to the swap of ECL1, which is well conserved in
these receptors. Interestingly, these changes produced mutant
receptors with good ligand affinity but impaired chemokine-
induced functional response. These data parallel our present
finding and hence agree with our hypothesis on the importance
of the extracellular part of TM2 in receptor activation.

Other recent studies have described low molecular weight
chemical compounds acting as antagonists (54-56) with prom-
ising applications in inflammatory diseases and HIV infection.
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Interestingly, the binding sites of these antagonists have been
located within the transmembrane bundle of the receptors (57,
58). Insights provided here on the role of structural determi-
nants in this region may therefore be helpful in further eluci-
dating the action of these compounds and in designing effective
drugs. The availability of the high resolution structure of rho-
dopsin will greatly facilitate this task and allow more detailed
analyses of the type described here to be extended to other
rhodopsin-like GPCRs.
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