1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
FEBSJ. Author manuscript; available in PMC 2016 May 01.

-, HHS Public Access
«

Published in final edited form as:
FEBSJ. 2015 May ; 282(10): 1906-1921. doi:10.1111/febs.13243.

An extended CCR5-ECL2 peptide forms a helix that binds HIV-1
gpl120 through non-specific hydrophobic interactions

Meital Abayev#l, Adi Moseri#l, Oren Tchaicheeyan®14, Naama Kesslerl, Boris Arshava?,
Fred Naider?, Tali Scherf3, and Jacob Anglister®

1Department of Structural Biology, Weizmann Institute of Science, Rehovot 76100, Israel.

2Department of Chemistry and Macromolecular Assembly Institute, College of Staten Island of the
City University of New York, Staten Island, New York 10314, USA.

3Department of Chemical Research Support, Weizmann Institute of Science, Rehovot 76100,
Israel.

# These authors contributed equally to this work.

Abstract

The chemokine receptor CCR5 serves as a co-receptor for the Human Immunodefficiency Virus
type-1, HIV-1. The CCR5 N-terminal segment, the second extracellular loop (ECL2) and the
transmembrane helices have been implicated in binding the envelope glycoprotein gp120. Peptides
corresponding to the sequence of the putative ECL2 as well as peptides containing the ECL1 and
ECL3 were found to inhibit HIV-1 infection. The aromatic residues in the C-terminal half of an
ECL2 peptide were shown to interact with gp120. In the present study we determined that in
aqueous buffer the segment Q188-Q194 in an elongated ECL2 peptide (R168 to K197) forms an
amphiphilic helix, which corresponds to the beginning of the fifth transmembrane helix in the
crystal structure of CCR5. Two dimensional Saturation Transfer Difference NMR spectroscopy
and dynamic filtering studies revealed the involvement of Y187, F189, W190 and F193 of the
helical segment, in the interaction with gp120. The crystal structure of CCR5 shows that the
aromatic side chains of F189, W190 and F193 point away from the binding pocket and interact
with the membrane or with an adjacent CCR5 molecule and therefore, could not interact with
gp120 in the intact CCR5 receptor. We conclude that these three aromatic residues of ECL2
peptides interact with gp120 through hydrophobic interactions not representative of the
interactions of the intact CCR5 receptor. The HIV-1 inhibition by ECL2 peptides as well as by
ECL1 and ECL3 peptides and peptides corresponding to ECL2 of CXCR4, which serves as an
alternative HIV-1 co-receptor, suggests that there is a hydrophobic surface in the envelope spike
that could be a target for HIV-1 entry inhibitors.
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INTRODUCTION

Human C-C chemokine receptor 5, CCR5, is a co-receptor for HIV-1 and is a heptahelical
membrane protein that belongs to the GPCR superfamily [1]. It interacts with HIV-1 gp120
after this envelope glycoprotein binds to CD4, the primary receptor for the virus on T-cells
and macrophages. The N-terminal segment of CCR5, Nt-CCR5, and its second extra cellular
loop, ECL2, were implicated in gp120 binding [2-4]. The structure of CCR5 in complex
with a small-molecule HIV-1 entry inhibitor reveals interactions between the inhibitor and a
binding pocket formed by CCR5 transmembrane helices and by ECL2 [5]. CXCR4 is an
alternative coreceptor for X4 strains of HIV-1. Its structure, in complex with an inhibitory
peptide, suggests that the CXCR4 binding pocket is formed by the transmembrane helices
and ECL2 and that this pocket interacts with the V3 region of gp120 [6, 7].

The structure of the N-terminal segment (Nt-CCR5) encompassing the first 19 residues of
CCRS5 was not revealed in the X-ray analysis of this receptor. However, the conformation of
this segment was elucidated by NMR transferred-NOE studies on peptide surrogates [8, 9]
revealing an a-helix formed by residues P8-S17. Saturation-Transfer Difference (STD)
NMR experiments identified the Nt-CCRS residues interacting with gp120 [9]; this data
together with biochemical data regarding the gp120 residues interacting with CCR5 were
used to dock the Nt-CCRS peptide into gp120, revealing an Nt-CCRS5 orientation that differs
by 180° from that found in earlier studies [8]. According to this docking model [9] Nt-CCR5
interacts with the base of the V3 and with the fourth constant region of gp120, C4, which
has been identified previously as being involved in forming the co-receptor binding site
[10].

Alanine-scanning of charged residues showed that residues in Nt-CCRS5 and the three ECLs
are important for gp120 binding [11]. Very extensive studies of non-clade B HIV-1 strains
revealed that in addition to a large number of residues in Nt-CCRS5, residues in ECL1 and in
ECL2 contributed to viral entry [12]. In other studies of clade-B viruses, some additional
residues in ECL2 and the polar face of TM5 were found to be important [11, 13]. Lagane
and co-workers recently carried out a comprehensive site-directed mutagenesis study of
CCRS5 interactions with gp120 [7] and found residues in all three ECLs and in TM3 and
TM7 involved in gp120 binding. All these studies showed that in addition to the established
role of Nt-CCRS5, residues in the three ECLs, especially in ECL2, and in the trans-membrane
helices are important for gp120 binding.

The crystal structures of CXCR4 and CCR5 [5, 6] facilitated modeling of V3 in complex
with CCR5 [5, 7, 14]. In these models the tip of the V3 interacts with the CCR5 binding
pocket formed by the transmembrane helices and by ECL2. A detailed analysis of V3
interactions with CCR5 revealed that R315 at the tip of the V3 forms a salt bridge with E283
at the bottom of the CCR5 binding pocket and that the N-terminal strand of the V3 interacts
with ECL2 [14].
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Peptides corresponding to ECL1, ECL2 and ECL3 of CCR5 were found to inhibit infection
by different strains [15]. In that study, fusion inhibition by peptides corresponding to
sequences of CCR5-ECLs was found to be HIV-1 phenotype specific, with R5 but not X4
clades affected [15]. Specifically, peptides corresponding to residues 90-101 in CCR5
ECL1, residues 168-191 of ECL2 and residues 261-276 of ECL3, inhibited the fusion of R5
viruses with target cells, but did not inhibit fusion of X4 viruses. Among the three peptides,
the ECL2 peptide exhibited a slightly stronger fusion inhibition of the R5 virus Ba-L with
50% inhibition at 20 pug/ml concentration [15].

Recently, Bewley and co-workers[16] showed that the same ECL2 peptide (R168-K191)
used by Berger and co-workers [15], neutralized both R5 and X4 viruses in the 100 uM
range and not only R5 viruses, as previously reported by Berger and co-workers. Bewley
and co-workers found a shorter ECL2 peptide (C178-F193) that contained two more ECL2
residues at its C-terminus and was 6-fold more potent in HIV-1 neutralization which was
CD4-independent. STD NMR measurements revealed that the aromatic residues H181,
F182, Y184, Y187, F189 and W190 interact with a gp120 protein lacking the V1 and V2
loops. The free ECL2 peptide encompassing residues 168-191 was unstructured in solution
[16]. Similarly, peptides corresponding to CXCR4 ECL2 were found to inhibit HIV-1
infection by X4 viruses [17, 18].

The goals of the present study were to understand the mechanism by which HIV-1
neutralizing ECL2 peptides interact with gp120, to map the segment of elongated ECL2
involved in binding, especially at its C-terminus, and to examine whether the interactions
between ECL2 peptides and gp120 could mimic similar interactions of the intact CCR5
receptor. An ECL2 peptide that is longer by six residues from that characterized by Bewley
and co-worker [16] and by Berger and co-workers [15] was chosen for the present study.
This elongated ECL2 peptide corresponds to the entire putative ECL2 loop of CCR5 as
defined earlier by Agrawal et al. [15], Moreover, residues at the C-terminus of ECL2 and
the N-terminus of the fifth transmembrane domain of CCR5 were previously shown to be
critical for inhibition of HIV-1 fusion [7, 16]. The added six-residue segment could
potentially stabilize secondary structure as indeed was shown to be the case. Moreover, two
of the added residues, N192-F193, improved the potency of the ECL2 peptide in HIV-1
neutralization [16]. Specifically, we studied the interactions of gp120 and a peptide
containing the 18RSQKEGLHYTASSHFPYSQYQFWKNFQTLK97 sequence. C178 of
ECL2 was mutated to alanine or to serine (underlined in the above sequence), to avoid
potential complications due to disulfide bond formation. 1°N-1H-HSQC titration analysis
and dynamic filtering studies mapped the binding site for gp120 to ECL2 segment H181-
L196. The ECL2 peptide was found to interact with gp120 lacking the V3 region. The
structure of the free ECL2 peptide in aqueous buffer was determined using 3D heteronuclear
NMR experiments, revealing that part of the segment implicated in gp120 binding, Q188-
Q194, formed a two-turn helix. Examination of the CCRS5 structure[5] and results of control
experiments, suggests that elongated ECL2 peptides may interact with gp120 through non-
specific hydrophobic contacts involving aromatic residues, in a manner that likely does not
reflect the interaction of ECL2 in the intact receptor with the HIV envelope spike.
Nevertheless, the identification and targeting of an apparently exposed hydrophaobic site on
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gp120 by the ECL2 peptide could be useful in developing strategies for the design of HIV-1
entry inhibitors and/or vaccine development.

Results
Characterization of the R168-K197 ECL2 peptide

Initially a 30-residue peptide encompassing the entire putative second extracellular region of
CCR5 [15] was investigated. C178 of the peptide was mutated to alanine
(168RSQKEGLHYTASSHFPYSQYQFWKNFQTLK!97: ECL2) to avoid potential
dimerization of the peptide by disulfide bond formation. The use of reducing agent was
avoided in order to prevent possible reduction of the multiple disulfide bonds in the gp120
molecule used with the ECL2 peptide for binding studies. The ECL2 peptide was poorly
soluble, especially at the neutral pH at which the gp120 molecule was found to be most
stable. To increase the peptide solubility, GSGS linkers were added preceding the peptide N-
terminus and following the peptide's C-terminus and C178 was mutated to serine rather than
to alanine (GSGS-168RSQKEGLHYTSSSHFPYSQYQFWKNFQTLK7-GSGS; ECL2S).
A neutral rather than charged solubility tag was chosen in order not to influence possible
electrostatic interactions between the peptide and gp120. This peptide was found to be
soluble at neutral pH even at 3 mM concentration. However, comparison of the 1°N-1H-
HSQC spectra of ECL2S at 1.25 mM and 130 pM (data not shown) suggested that the
peptide oligomerizes at the higher concentration and therefore, further experiments at pH 7
were carried at concentrations only up to 130 pM. For structure determination of the free
ECL2S peptide in solution, NOESY measurements were conducted at pH 4.8. This allowed
us to use a 1.5 mM peptide concentration without any significant sign of aggregation as
assessed by comparison of HSQC spectra at 130 uM and 1.5 mM concentrations (data not
shown). To increase NOE intensities these experiments were carried out at low temperature,
4 °C (277 K).

The ECL2S peptide is helical

Sequential backbone and side-chain assignment of the 38-residue ECL2S peptide was
conducted using a standard NOE-based approach utilizing 2D and 3D 15N-separated
NOESY and TOCSY experiments recorded at pH 4.8. Backbone amide protons of all
residues (excluding the first Gly) were assigned and complete side-chain proton assignments
were obtained for the entire peptide.

Three-dimensional HNCA, HNCACB, HNCO and CBCA(CO)NH [19] spectra that were
acquired at both pH 4.8 and pH 7 were used to verify the sequential backbone assignments
and to obtain 13C chemical shifts at both pH conditions. The deviations of Ca, and CB
chemical shifts from random coil values, which provide very reliable information on the
secondary structure of peptides and proteins [20, 21] were calculated. Fig. 1A shows that at
both pH conditions, positive deviations of A(Ca-Cp) from their random coil values were
observed across the peptide sequence for most residues. In particular, the large deviations
for residues Y184-T195 suggest the existence of a helical conformation at this C-terminal
region of ECL2S. The consistently larger chemical shift deviation values found for this
segment at pH 7 suggest a more stable helical conformation in neutral pH solution. The
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helical content of each ECL2S residue represented in Fig. 1 was calculated based on the
observed deviations of Ca chemical shifts from random coil values and average values of
these deviations for each amino acid found in a helical conformation [21]. The largest
population in a helical conformation was observed for residues F189 and W190 reaching a
maximum of 70% helical conformation at pH 7 (Fig. 1B). The region between R168 to P183
appears to be mostly unstructured.

While at pH 7 and 150 uM ECL2S concentration only intra-residue and sequential NOE
cross peaks were obtained, at pH 4.8 where we were able to use 1.5 mM peptide
concentration, numerous medium-range NOEs were detected. A total of 307 NOE
connectivities were assigned from the 2D and 3D 1°N-separated NOESY spectra of ECL2S
recorded at pH 4.8 (Table 1). Of these, 131 are intra-residue NOEs, 108 sequential and 68
are medium-range NOEs. Five dn(i, i+2) and six dyn(i, i+2) connectivities were observed
in the region between S185 to L196. Two medium-range connectivities, one d,n(i, i+3) and
one dN(i, i+4) were observed between residues K191/Q194 and K191/T195, respectively.

19 ¢ and v dihedral angles constraints were obtained based on the chemical shift values of
Ha Np, Hy and C,, Cg, CO using TALOS-N [22]. Three additional ¢ dihedral angles were
constrained to —65° + 25° for residues with 3Jynn,, coupling constants smaller than 6 Hz,
which are characteristic of helical conformation.

A total of 74 acceptable structures with no violations of the NMR distance constraints larger
than 0.5 A were obtained from 120 runs. The ensemble of the 10 lowest-energy structures is
presented (Fig. 2A). An a-helix was obtained from residue Q188 to Q194 with backbone
RMSDs of 0.27 + 0.16 A. As seen in the space filling model representation, this helix is
highly amphiphilic with the side chains forming distinct polar/charged and nonpolar/
aromatic faces (Fig. 2B). The helical segment found experimentally is in good agreement
with the predicted secondary structure that we calculated for the same ECL2 peptide using
different programs, identifying a helix in the segment Q186-Q194 [23-25].

Binding of ECL2S peptide to ™Ugp120¢0re

Binding of ECL2S to MUtgp120.eye and to MUtgp120.4e(+V3) [26] in the presence or absence
of a 27-residue CD4-mimic peptide, CD4M33 [27], was measured using surface plasmon
resonance (SPR) at 25 °C. Biotin was added to the peptide's N-terminus to enable the
peptide's immobilization on a streptavidin-coated SPR chip. CD4M33 was used instead of a
soluble CD4 molecule to reduce the size of the gp120 complex for NMR studies [9, 26].
Two gp120 molecules were used in the present study, MUtgp120.0re and MUgp120cere(+V3).
Both molecules were expressed in GnTI- HEK293S cells [9, 28] and therefore were
homogenously glycosylated with MansGIcNACc, glycans at sites normally occupied by
complex or hybrid glycans. The carbohydrates were not cleaved and the glycosylated form
of the molecules were used. At 150 mM NaCl, 15 mM MgCl, and pH 7.0, a Kp of 18 £ 1.5
%1078 M was measured for MUtgp120.,e in the absence of CD4M33, (Table 2). In the
presence of CD4M33 a K of 6 + 4 x1076 M was determined, offering only a rough
estimate of the Kp. A reliable Kp for ™Utgp120.0,e(+V3) could not be determined due to
partial dimerization of the ™Ugp120.,c(+V3)/CD4M33 complex [26]. Similar Kp values for
ECL2S binding to the ™Ugp120.,,/CD4M33 were measured at pH 6 and pH 6.5 (Kp of 7 +
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3and 7.5 + 3 x107% M, respectively), suggesting that the binding of ECL2S to ™Ugp120c,e/
CD4M33 is not influenced by pH between pH 6-7.

Mapping the ECL2S region interacting with gp120

The 1H-15N HSQC spectrum of U-1°N labeled ECL2S in the presence of equimolar
concentration of MUtgp120.,,/CD4M33 or MUtgp120.4e(+V3)/CD4M33 complex (Fig. 3 A-
D) can be used to distinguish between residues located in the ECL2S segment interacting
with gp120 and residues outside this segment, similar to the dynamic-filtering approach that
we used in the past [29]. The mobility of peptide residues in the region interacting with a
large protein is very much restricted upon binding and their T, relaxation times are similar
to those of the protein residues. As a result, the cross peaks of the residues in the peptide
segment interacting with the protein undergo a large reduction in their cross peak intensity
upon protein binding and practically are not observable under the measurement conditions.
Indeed, as shown in Fig. 3B, a large number of ECL2S cross peaks exhibited pronounced
reduction in their intensities upon M{gp120.,,./CD4M33 binding. No noticeable changes in
ECL2S chemical shifts upon binding were observed, suggesting slow-exchange and no
averaging of chemical shift between the bound and free peptide.

The small remaining intensity observed after protein binding for residues exhibiting the
largest decrease in cross peak intensities is probably due to free peptide molecules found in
equilibrium with the bound peptide. For example, for a Kp of 6 uM and gp120 and ECL2S
concentration of 50 pM, the percentage of the free peptide is expected to be 29%. Reliable
quantification of the bound and free peptide concentrations is not possible.

Residues that are outside the region of a peptide interacting with a large protein exhibit
minor or no changes in chemical shift upon binding to the protein and their T, relaxation
times decreases gradually closer to the core epitope. These residues retain strong cross peak
intensities even after binding to the protein.

The diagram presented in Fig. 4 shows the residual cross peak intensity, normalized vs. the
cross peaks with the smallest reduction in intensity upon gp120/CD4M33 binding. The
HSQC measurements were carried out at 15 °C, because higher temperatures cause the
disappearance of a large number of HSQC cross peaks due to increased solvent exchange of
the amide protons (Fig. 3A). The cross peaks of S178-S180 could not be observed for the
free peptide at pH 7 even at 15 °C and therefore the effect of MUtgp120.,,./CD4M33 binding
on these residues could not be assessed. Inspection of the residual intensities indicates that
for MUtgp120.0re/CD4M33 the largest reduction in intensity occurs for the H181-L.196
segment (Fig. 4). Therefore, we conclude that this region of the peptide is interacting with
the gp120/CD4M33 complex.

Interestingly the amide cross peaks of residues S167 and G200 do not appear in the HSQC
spectrum of the free peptide measured at pH 7 and 15 °C. However, these cross peaks do
appear in the presence of MUtgp120.0re, ™Utgp120c0re(+V3) and BSA. These two residues are
part of the N- and C-terminal solubility tags. Their appearance in the presence of the
proteins but not in the spectrum of the free peptide indicates some partial solvent protection
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in the presence of the proteins. S185 contributes two cross peaks, probably due to cis-trans
isomerization of P183.

Addition of Mtgp120,,(+V3)/CD4M33 complex to the labeled ECL2S peptide resulted in
smaller changes in cross peak intensities (Fig. 3C and red bars Fig. 4). The segment Y187-
K191 underwent the most pronounced decrease in cross peak intensities, indicating that it
interacts with MUtgp120.4e(+V3)/CD4M33. The involvement of residues H181-Q186 and
N192-1.196 could not be determined with confidence, due to smaller changes in cross peak
intensities in comparison with those observed for residues Y187-K191. The higher residual
intensity of the peptide resonances in the segment interacting with ™Ugp120.0e(+V3)/
CD4M33 compared to what was found in case of MUtgp120.,,/CD4M33 binding suggests
somewhat lower affinity of MUgp120.,,/CD4M33.

The measurements were repeated at pH 6, where even at 27 °C the vast majority of the free
peptide residues could be observed (Fig. 5 A-D). These measurements enabled to define
more precisely the ECL2S segment interacting with ™U!gp120.,,/CD4M33 (Fig. 6). While
similar reduction in ECL2S cross peak intensities upon binding to MUtgp120.,,/CD4M33
was observed at pH 6, considerably smaller decrease in cross peak intensities were observed
upon Mitgp120.0.e(+V3)/CDAM33 to ECL2S at this in comparison with pH 7, suggesting
weaker binding at the lower pH (compare Fig. 4 and Fig. 6).

From the comparison of spectra of ECL2S in the presence of a 1:1 molar ratio

of MGp120.0e/CD4AM33 or MUgp120,0.(+V3)/CD4AM33 we conclude that the V3 loop
does not contribute to gp120 binding to the ECL2S peptide and in fact actually decreases
binding affinity especially below physiological pH. This is seemingly in contrast to
biochemical data which suggested that ECL2 in the intact receptor is involved in V3 binding
[7,11-13].

ECL2S Aromatic residues directly interact with gp120

Saturation transfer difference (STD) technique [30] enables identification of ligand-residues
that are interacting directly with a macromolecule. 2D-TOCSY-STD (Fig. 7 A and B and
Fig. 8) of ECL2S in the presence of ™Ugp120.,,/CD4M33 recorded at pH 5.3 reveals that
the aromatic amino acids Y187, F189, W190 and F193 in the H181-L196 segment in the
ECL2S peptide exhibit significant effects. Protons of non-aromatic amino acids exhibit
saturation transfer below the threshold level set in (Fig. 8). These results are in agreement
with those obtained by Bewley and co-workers for a shorter ECL2 peptide (C178-K191)
except for H181 and F182, which exhibited very weak saturation transfer in the previous
studies by Bewley and co-workers [16]. This minor difference could be due to the fact that
at the lower pH at which our STD measurements were carried out, histidine is positively
charged, resulting in weaker interactions of residues surrounding H181.

ECL2S binding to Bovine serum albumin

As a control experiment, binding of ECL2s to Bovine Serum Albumin (BSA) was tested.
BSA is a multi-transporter serum protein that has multiple binding sites and binds to a large
number of hydrophobic molecules including tryptophan, hormones, fatty acids, degradation
products such as bilirubin and a large number of drugs such as diazepam, ibuprofen and
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diclofenac. The affinities to these compounds vary over a wide range with Kp values
between 1 to 50 uM [31, 32].

The binding of BSA to the immobilized ECL2S peptide was too weak to be detected by
SPR. This is reasonable considering that Kp values higher than 50-100 uM are beyond the
SPR detection limit. However, the HSQC titration experiment carried out at 50 M
concentration revealed that at pH 7 and 15 °C, BSA binds the ECL2s peptide with an
affinity comparable to that of the MUgp120.,,e(+V3)/CD4M33 complex (Figs. 3-6). Stronger
binding to ECL2S, in comparison with BSA, was observed for Mitgp120.,,./CD4M33
lacking V3. The binding of ECL2S to BSA, albeit weak, is not surprising considering that
the peptide has a tryptophan and an adjacent phenylalanine residue that could present a
hydrophobic surface for BSA binding. The weak ECL2S binding to BSA demonstrates that
this peptide is capable of binding to other proteins due to the large hydrophobic surface
presented by its amphiphilic helical structure (Fig. 2).

DISCUSSION

The C-terminal segment of ECL2S adopts a helical conformation that binds to gp120 via
nonpolar interactions

In the present investigation we set out to further investigate the conformation of a CCR5
ECL2 peptide and its interactions with gp120. For that purpose we used the peptide ECL2S
containing CCR5 residues R168-K197, corresponding to the entire putative ECL2. Similar
peptides were found to be HIV-1 entry inhibitors [15]. Originally, residues N192-K197 were
predicted to be part of ECL2 [15] but the recent CCR5 crystal structure showed that these
residues correspond to the N-terminal residues of the 5! transmembrane helix of CCR5,
TM5 [5]. Two of these residues, namely N192 and F193, increased the neutralization
potency of ECL2 peptides [16]. Here we found that the segment Q188-Q194 of ECL2S folds
into a helical structure, both at pH 4.8 and pH 7 (Fig. 2A). The structure of the peptide
segment Q188-Q194 is in excellent agreement with that of the same region in the CCR5
crystal structure [5] with a backbone RMSD of 0.29 A. The remaining residues of the
ECL2S peptide are mostly unstructured. The ECL2S helical region is amphiphilic with a
predominantly polar, uncharged surface opposing one that is predominantly apolar and
aromatic (Fig. 2B). Thus, it is reasonable to conjecture that the interaction of the ECL2S
peptide with gp120 is strengthened by this helical tendency and that the aromatic residues,
previously found by STD measurements to interact with YU2gp120 [16], form a large
continuous surface that can bind to a hydrophobic region of this envelope protein.

ECL2S binding to gp120 is due to non-specific hydrophobic interactions involving helical
residues near the C-terminus of the peptide

The binding of ECL2S to two gp120 (R5) constructs was investigated in the present study.
Both constructs lack the V1/VV2 loop. Gp120.4re(+V3) contains the V3 loop while gp120¢4re
does not [26]. Using STD and dynamic filtering analyses, the interacting sequence of
ECL2S with both gp120.gre(+V3) and gp120.0re Was mapped to the CCR5 segment H181-
L.196 that contains the helix (Figs. 3-8). Within this segment, the aromatic residues Y187,
F189, W190 and F193 directly interact with gp120, in good agreement with a previous study
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by Bewley and co-workers [16]. Strikingly, the inhibition results on ECL2 peptides showed
that removal of W190-K191 from the peptide (#3 in [16]) resulted in nearly an order of
magnitude decrease in HIV-1 inhibition, and removal of Q188FWK191 apolished the
inhibitory activity. Addition of N192-F193 improved HIV-1 inhibition by 2-fold [16]. It is
reasonable to conclude that the residues found in the present study to be part of the
amphiphilic helix in ECL2S are critical for the previously observed antiviral activities.

To probe whether the interactions of ECL2S with gp120 represent those of this region in the
intact CCRS5 receptor, we examined the recently published crystal structure of CCRS5 in
complex with Maraviroc [5]. According to this structure, Y184 and Y187 point towards the
CCR5 binding pocket while the side chains of F189, W190 and F193 point away from the
binding pocket and most probably interact with the hydrophobic alkyl chain of the cell
membrane phospholipids (Fig. 9) [5]. In the NMR structure of the ECL2S peptide (Fig. 2)
the side chains of F189, W190 and F193 are located in a mostly hydrophobic surface in the
amphiphilic helix formed by the C-terminal segment (Fig. 2B), and are at the center of the
ECL2S segment that we found to interact with gp120 (Figs. 3 and 4). In view of the
orientation of the side chains of F189, W190 and F193 in the CCRS5 crystal structure, as
shown in Fig. 9 A and B, we conclude that in the intact receptor F189, W190 and F193
cannot interact with gp120. However, in our ECL2S peptide, these three residues clearly
interact with gp120 (Figs. 3-8). The fact that similar interactions were found with BSA (Fig.
3 and 4) suggests that the ECL2S peptide, which contains residues from TM5 at its carboxyl
terminus, interacts with gp120/CD4M33 through non-specific hydrophabic interactions,
which are not representative of the native interactions of ECL2 in the cellular CCR5
receptor with gp120.

The presence of V3 is detrimental to the binding of elongated ECL2 peptides to gp120

Unexpectedly, in the present study we found that the V3 region is not necessary for the
interaction of MUgp120.0re(+V3) and MUtgp120.0re With the ECL2S peptide, and was even
detrimental to binding at acidic pH (below pH 7). This conclusion is seemingly in contrast to
previous biochemical studies, which suggested that the V3 crown interacts with ECL2 in the
intact receptor [4], and to models of V3-CCRS5 interactions based on the crystal structure [5,
14]. According to the HSQC-titration measurements, the binding of Mtgp120..e(+V3) to
ECL2S was comparable to BSA binding to ECL2S while the binding of ™Ugp120.e to the
peptide was much stronger as judged by the dynamic filtering experiments (Figs. 3 and 4).
We suggest that the absence of a V3 contribution to the binding of our elongated ECL2
peptide is consistent with the report that interaction of ECL2 peptide R178-K191 with
HIV-1 is CD4 independent [16]. Interaction of gp120 with CD4 is understood to trigger a
conformational change that uncovers the V3 loop for further interaction with its co-
receptors. Therefore, the CD4 independence reported for R178-K191 in a standard
neutralization assay with HIV-1 YU2 suggests this peptide does not interact with V3. This
would support our conjecture above that elongated ECL2 peptide surrogates interact
primarily through non-polar contacts with the gp120 core.
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How V3-independent ECL2S-gp120 interactions can be explained

Peptide surrogates have been widely used to understand the interaction of regions of proteins
with receptors and other protein partners. We have published extensively on the use of
peptides to provide information on the structure of antigenic regions in proteins. In
particular, we used V3 peptides and HIV-1 neutralizing antibodies to determine that this
loop assumed a B-hairpin structure [33-35]. This was later confirmed by X-ray studies [8,

36, 37]. Despite the successes in the literature, caution should be applied when results with
peptides are applied to these same sequences in the intact protein.

In the present investigation we have concluded that the elongated ECL2 peptides examined
by us and others [15, 16], likely interact with a different region of gp120 than does the ECL2
loop in the intact receptor. Models of the V3 in complex with CCR5 and CXCR4 (Fig. 9B)
[14] show that the primary interactions involve polar or charged residues located in the
CCR5 TMS5 helix (Y187, Q188 and K191), in the V3 B-hairpin (S306, N308) and to a lesser
degree in the B-hairpin region of the ECL2 loop [5, 14]. Almost no interactions involving the
hydrophaobic residues in the ECL2 peptides (CSSHFPY SQFWKNFQTLK) were found in
these models [5], in contrast to the ECL2S interaction with gp120.

The solvent exposure of hydrophobic aromatic TM5 residues in the ECL2S peptide, in
contrast to the protection of these same TM5 residues in CCR5 by burial in the cell
membrane, provides an entropic driving force leading to non-specific interactions of the
ECL2S peptide with hydrophobic surfaces on gp120. These hydrophobic interactions, which
are responsible for an affinity in the 10 uM range to gp120, compete with and appear to
prevent the more specific interactions found in CCR5-V3 models for the ECL2 loop
segment preceding the TM5 residues [5, 14].

It is known that the V3 region is highly positively charged and therefore is expected to repel
the positively charged ECL2S peptide. This electrostatic repulsion would be increased by
the presence of the positively charged gp120 fourth constant region, C4, an important
component of the co-receptor binding site. Such electrostatic repulsion would explain

why Mtgp120.0c(+V3) binds much more weakly at pH lower than 6 while ™Ugp120.0e
lacking the V3 is considerably less pH dependent. By comparison, the native gp120 contains
the V1/V2 loops and sialic acid moieties in its glycosyl groups that add negative charges in
native gp120. The negative charges contributed by V1/V2 and by the sialic acid may
neutralize the positive regions in gp120, such as the V3 and the C4, and thereby weaken the
repulsion between the ECL2S peptide and the native envelope spike on virions. This may
enable the ECL2S peptide to interact more strongly with the HIV-1 envelope spike and to
serve as an HIV-1 entry inhibitor due to the hydrophobic interactions with the native virion.

Implications for R5 and X4 HIV-1 inhibition by ECL peptides

ECL1 (YAAAQWDFGNTMC01) and ECL3 (20FQEFFGLNNCSSSNRLD?76) peptides
were found to inhibit HIV with a potency comparable to that of the ECL2 peptide [15].
While PL2 (ECL2 peptide) was found to be specific for R5 strains, PL1 (ECL1 peptide) and
PL3 (ECL3 peptide) neutralized also the R5/X4 strain 89.6. None of these peptides
neutralized the X4 strain LAV[15]. According to the CCR5 crystal structure, ECL1 and
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ECL3 are outside the receptor surfaces predicted to be involved in co-receptor binding. The
ECL1 and ECL3 peptides contain segments of TM2 and TM3 in case of PL1 and TM7 in
case of PL3 (residues underlined above) and the loops connecting the TMs contain
hydrophobic residues (residues in italic). Thus, the free peptides have a high hydrophobic
content that could be involved in non-specific interactions with gp120. These hydrophobic
residues are buried or partially buried in the structure of CCR5 due to interactions with other
receptor regions. We suggest that similarly to the extended ECL2 peptides, the extended
ECL1 and ECL3 peptides may be important for HIV-1 inhibition but would carry out this
inhibition through interactions that are different from those of these same regions in intact
CCR5 with gp120.

Scrutiny of the literature also shows that peptides corresponding to ECL1
(VANWYFGNFLSKA!1Y) and ECL2

(1’SANVSEADDRY ISDRFYPNDLWVVVFQFQH?293) of CXCR4 were found to inhibit
infection by X4 HIV viruses [18]. The ECL1 peptide used in the Hashimoto study [18]
contained segments of TM2 and TM3 while ECL2 peptide contained a long TM5
hydrophobic segment (underlined in the given sequences). Similarly to the CCR5 ECL
peptides, these two CXCR4 peptides could inhibit X4 HIV-1 strains due to non-specific
hydrophobic interactions of the ECL peptides with gp120 and the envelope spike. Based on
this conclusion we suggest that peptides containing sequences from CCR5 and CXCR4
loops overlapping the contiguous transmembrane regions may prevent viral infection by
binding to hydrophobic patches on gp120 from both R5 and X4 viruses.

In summary, we have solved the solution structure for a peptide corresponding to the entire
ECL2 loop and part of TM5 of CCR5. This peptide interacts with gp120 through a primarily
hydrophobic surface that is presented on the amphiphilic helix at the carboxyl end. The
binding of the ECL2 peptides with gp120 is different from the native binding of the ECL2
loop of CCR5 with the HIV-1 envelope glycoprotein. Specifically, the ECL2 peptide-gp120
interaction is judged by NMR not to involve the V3 region. Comparisons with previous
results and crystal structures help to explain the reason CCR5 ECL2 peptides inhibit HIV-1
entry across X4 and R5 strains and in a CD4 independent manner. The finding of a
hydrophobic exposed “hot spot” on HIV-1 may prove useful in drug and vaccine design.
The low efficacy and the specificity of the ECL2 peptide could be improved by linkage to a
moiety targeting other regions of gp120 such as the binding surface for the N-terminal
segment of CCR5 which is involved in the first step of CCR5 binding to gp120 [38, 39].

Experimental procedures

Peptide chemical synthesis

The 30-residue ECL2 peptide R168-K197 with a C178A mutation
(RI68SQKEGLHYTASSHFPYSQYQFWKNFQTLK197) and a biotinylated ECL2S used in
the SPR studies (Biotin-GSGS-
R168SQKEGLHYTSSSHFPYSQYQFWKNFQTLK®?GSGS) were chemically synthesized
by automated solid phase peptide synthesis using Fmoc protection, and HBTU/HOBt
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activation. Biotin was attached directly using a single coupling cycle. Both peptides were
cleaved from the resin using a mixture of 95% trifluoroacetic acid (TFA), 2.5% water and
2.5% triisopropilsilane at room temperature for 2 hours. For the ECL2 peptide the cleavage
yield was 89% and the target peptide content in the crude material was estimated to be 30%
by HPLC. ECL2 was purified on a Waters DeltaPak C-18 column (19 x 300 mm) using a 25
to 50% gradient of acetonitrile (+0.1% TFA)/water (+0.1% TFA) per 90 min with flow rate
5 mL/min at room temperature. Peptide with 96% purity and MW 3707.83 (Calculated
3708.14) was obtained. Yield of pure ECL2 peptide after preparative HPLC purification was
23% relative to crude peptide weight. The longer biotinylated-ECL2S peptide, with 95%
purity, MW 4526.40 (Calculated 4526.97) and 40% yield relative to crude weight, was
obtained similarly.

Expression and purification of recombinant ECL2S

The CCR5 ECL2S peptide (R1gg-K197) with a C178S mutation, including N- and C-terminal
4 amino-acid long solubility tags (Gly-Ser-Gly-Ser), was expressed in E. coli as a TrpALE
fusion protein [40]. Expression was induced by 1 mM isopropyl B-D-thiogalactopyranoside
(IPTG, Fermentas Ontario, Canada), followed by incubation for 18 hours at 37 °C. The
plasmid coding for the TrpALE-ECL2S fusion protein was transformed into BL21 (DE3)
pLysS (Novagen) cells which were subsequently grown in LB medium +100pg/ml Kan. For
uniform labeling the cells were grown in M9 minimal media containing 15NH,4CI for 15N
labeling or 13C glucose and ®NH,CI for 15N and 13C labeling. The cells were induced at
Asgs = 0.7 by adding IPTG to 1 mM. After overnight growth at 37 °C the cells were
harvested by centrifugation. The cell pellet was resuspended in 20 ml Lysis Buffer (100 mM
Tris 8, 5mM EDTA, and 5 mM DTT) + 0.05% Triton X-100. The suspended cells were
passed through a French Press, two times and the resulting mixture was sonicated six times
using a 10 sec pulse followed by a 30 sec pulse off interval and then centrifuged at 20,000g
for 40 minutes to isolate inclusion bodies.

Dissolving buffer (6 M Guanidine HCI, 10 mM Imidazole, 50 mM Nap; HPO,4 pH 7.4) was
added to the isolated inclusion bodies and the resulting mixture was incubated overnight at
room temperature and centrifuged for 30 minutes at 13,000 rpm.

The supernatant was removed and incubated with Ni-NTA beads for 30 minutes. The beads
were loaded on a column, washed with at least 200 mL of dissolving buffer and eluted with
elution buffer (6 M Guanidine HCI, 0.8 M imidazole, 0.5 M NaCl, 50 mM Buffer acetate pH
5.9). The eluted protein was dialyzed twice against 5 L of H,O +50 mM EDTA with 3500
Da SnakeSkin and the protein was lyophilized. Generally, ~150 mg of lyophilized crude
protein were recovered per liter of growth culture.

The crude ECL2S fusion protein was dissolved in 70% TFA to a concentration of 10 mg/ml.
3M CNBr was prepared in 70% TFA and added at time 0 in an amount to give a 400:1 molar
ratio to the fusion protein and again after 4 h for a total 8 h cleavage reaction. Rotary
evaporation was used to remove most of the TFA, after which the peptide was dissolved in
an organic/aqueous mixture (~85% water: 15% acetonitrile : 0.1% TFA) and lyophilized.
The peptide was purified by high pressure liquid chromatography (HPLC) (Thermo
Separation Products, NJ, USA) using a C4 reverse-phase preparative column (Grace Vydac).
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With the following eluents (buffer A: 99.9% H,0, 0.1% TFA,; buffer B: 75% acetonitrile,
24.9% H»0, 0.1% TFA) and a linear gradient form 21% B to 29% B in 50 min. 10-15 mg of
purified ECL2S was recovered per 1L of culture. Molecular weight was verified by
electrospray ionization (ESI) mass spectrometry. The final peptide was >95% homogeneous
by analytical HPLC.

gp120 constructs used in the study

A truncated 88-492gp120;., lacking the V1 and V2 variable loops was expressed in human
embryonic kidney (HEK) 293 cells. To increase the affinity of the modified gp120;r.FL
molecule to CD4, two glycosylation sites were mutated and removed, N301Q and T388A
(88-492gp120AV1/V2(N301Q; T388A)) [41]. Additionally, 4 residues in the first a- helix
(N99, E106, D107 and D113) were mutated to glutamine to create non-aggregating gp120,
termed MUtgp120.0re(+V3) [26]. A second construct, MUgp120..re, in Which residues R298-
A330 of the V3 loop of Mitgp120.,.c(+V3) were replaced by a GAG sequence, was also
used. Mtgp120.0e(+V3) and MUtgp120,,,e Were expressed in HEK293 cells lacking N-acetyl
glucosaminyl transferase | enzymatic activity (GnTI- HEK293S cells [9, 28]). Proteins
expressed in cells lacking this enzyme are homogenously glycosylated with MansGIcNAc;
glycans at sites normally occupied by complex or hybrid glycans. The carbohydrate chains
were not removed in the gp120 molecules used in the present study. Expression and
purification of the gp120 molecules was done as described previously [26].

Surface Plasmon Resonance (SPR) studies of ECL2S

Dissociation constants (Kp) were determined by SPR using a ProteOn XPR36 Protein
Interaction Array System (Bio-Rad, Haifa, Israel). All experiments were carried out at 25 °C
using SPR buffer: 20 mM Tris-HCI, 0.05% NaNs3, 0.005% Tween, 15 mM MgCl, with 150
mM NacCl. Binding was measured at different pH values of 6.0, 6.5 and 7.0. Biotinylated
long-ECL2S was immobilized on modified alginate polymer layer pre-coated with
NeutrAvidin® (ProteOn NLC sensor chip). The immobilization level for ligand peptides
was within the following ranges of RU (response units; 1 RU = change of surface
concentration ~1 pg of peptide/mm?): 240 RU up to 1000 RU. Two blank sensor surfaces,
i.e., without an immobilized peptide, served as a ‘control’ and as a reference for the binding
interaction. Binding was then measured using serial dilutions of glycosylated gp120 both
complexed with CD4M33 or by itself in SPR buffer (concentration ranging from few
hundreds of nM to few puM,), which were simultaneously injected (analyte) over the peptide-
immobilized (ligand) surface at a flow rate of 70 pl/min. The surface regeneration step
consisted of an 18 sec pulse of 10 mM NaOH. Regeneration steps were followed by two
running buffer washes. Sensograms were analyzed with the ProteOn Manager software after
subtraction of a blank channel (“inter-spots™). Analysis type was either ‘equilibrium’ or
‘kinetic’ Langmuir 1:1 model.

NMR sample preparation and measurements

NMR samples of ECL2S were dissolved in 350 pL of a 90% H,0/10% D,0O mixture,
containing 150 mM NacCl, 0.05% NaN3, 1 mM D44-EDTA, 10 mM D;g-HEPES buffer.
NMR spectra were recorded at different pH and temperatures. Free peptide sample
contained 130 uM ECL2S. Sample for studying the interaction of ECL2S with the envelope
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glycoprotein contained 140 pM of ECL2S:gp120:CD4M33 in 1:1:1 concentration ratio. For
dynamic filtering experiments, 1H-1°N-HSQC spectra of ECL2S were recorded in the
presence or absence of gp120/CD4M33 complex at 1:1:1 molar ratio. Experiments were
carried out at 50 mM sodium acetate pH 6, 50 mM NaCl, 5% D0, 0.05% NaN3 with 38-48
UM ECL2S and measured at 27°C or at 50 mM d-Tris HCI pH 7, 50 mM NacCl, 5% D-0,
0.05% NaN3 with 50 pM ECL2S measured at 15 °C.

All spectra were recorded using a Bruker AV111-800 spectrometer equipped with a 5 mm
inverse triple-resonance TCI CryoProbe with z gradients, and a Bruker DMX-500
spectrometer equipped with a 5 mm z gradient inverse triple-resonance TXI CryoProbe.
3D 15N-separated HSQC-TOCSY and 3D 1°N-separated HSQC-NOESY spectra were
measured on [1°N]-ECL2S using mixing times of 90 ms and 150 ms, respectively, for
sequential and side chain assignment, at 4 °C, pH 4.8. For completing the assignment,
HNCA, HN(CO)CA,HNCACB and CBCA(CO)NH spectra were measured on a sample of
[13C,15N]-ECL2S. The data were processed and analyzed using nmrDraw/nmrPipe [42],
Bruker’s TopSpin and nmrView [43].

Structure determination

The structure of ECL2S was calculated using XPLOR-NIH [44] in the simulated-annealing
protocol. The calculation started from an extended strand conformation. The distance-
constraints were obtained from NOESY experiments and the dihedral angles constraints
were generated by TALOS-N according to the Ha, and Ca and CB chemical shifts input or
determined using the 3JnHe coupling constants During the refinement process, hydrogen
bond constraints were gradually introduced into the calculation if a hydrogen bond was
present in 50% or more of the calculated structures as analyzed by MOLMOL [45]. The
secondary structure elements and RMSD values were calculated with the MOLMOL
program. Validation of the structures was carried on the 10 lowest-energy averaged
structure, after carrying out a minimization step with Procheck-NMR[46].

2D Saturation transfer difference

2D-TOCSY-STD was acquired on the AVI111800 spectrometer using irradiation power of 1.2
kHz for 2 seconds at —0.65 ppm (or at 30 ppm for the control experiment). The sample
contained 30 pM MUtgp120,,,./CD4M33 with a 20-fold excess of the ECL2S peptide. The
experiment was carried out at 27 °C, pH 5.3.
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Abbreviations

AIDS acquired immune deficiency syndrome
CCR5 human C-C chemokine receptor 5
CD4 cluster of differentiation 4
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CD4m 33 a peptide mimic of CD4 used in this study

dnn(iLi+x) distance connectivities between HN of residues at position i and i+X along
the protein sequence

dgn(i,i+x) distance connectivities between H® of residue at position i and HN of
residue at position i+x along the protein sequence

ECL2S peptide constituting residues R168-K197 of the extracellular loop 2 of
human CCR5 receptor with a C178S mutation and flanked N- and C-
terminally by a GSGS solubility tag

3JHNH the three-bond coupling-constant between the amide and the a proton of

a

the same amino acid

EDTA ethylene diamine tetraacetic acid

gp120 the extra cellular subunit of the HIV-1 envelope protein

GSGS Gly-Ser-Gly-Ser tag

HIV-1 human immuno-deficiency virus type 1

HPLC high pressure liquid chromatography

HSQC hetero-nuclear single quantum coherence

MUtgn120c0re a gp120 core molecule lacking V1, V2 and V3 containing four mutations
that alleviated the aggregation problem

NMR nuclear magnetic resonance

NOE Nuclear Overhauser effect

Nt-CCR5 N-terminal part of CCRS5 receptor (from M1 to R30)

STD NMR Saturation Transfer difference NMR

SPR surface plasmon resonance

V3 variable loop number 3 of HIV-1 gp120
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Chemical shift deviations from random coil values (CSD) and helical conformation
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percentage of each residue. (A) ECL2S A(13Ca-13CB) deviations from random coil values at
pH 4.8 (blue) and 7 (dark-blue) are presented. The solid line represents a cut-off value for

which higher values are indicative of a helical conformation. (B) Percentage of helical
conformation of each residue: the percentage of the molecules found in a helical

conformation for each residue was calculated using the equation: (Spmeasured = ORandom)/

(8 Ave.-Helix - Orandom)- The averaged chemical shift value of each residue in a helical

conformation, Saye -Helix, IS according to Wishart et al. (1994, Chemical shifts as a tool for

structure determination, Methods Enzymoal. 239, 363-392).
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Fig. 2.
The structure of the helical segment of ECL2S. A) Ensemble of the 10 lowest-energy

structures for residues Y187-T195. B) Space filling model of the energy-minimized average
structure for residues Y187-T195. The amino acids are colored according to their polarity:
Green: hydrophobic amino acids Y187, F189, W190 and F193. Dark orange: polar
uncharged amino acids Q188, N192, Q194 and T195. Blue: charged amino acid K191.
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Fig. 3.

1H-15N-HSQC spectra of 1°N-labeled ECL2S: free (A) and in the presence of a 1:1 molar
ratio of MUtgp120.0re/CD4M33 (B), MUgp120,0,./CD4M33(+V3) (C) and BSA (D), at pH 7,
50 mM NacCl, 15 °C.
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Fig. 4.

Dynamic-filtering mapping of the ECL2S determinant interacting with gp120 at neutral pH.
Plot of the intensities of the TH-15N HSQC cross peaks in the presence of a 1:1 molar ratio
of the different proteins divided by the intensity of the corresponding cross peak of the free
ECL2S peptide obtained at the same peptide concentration. Intensity ratios are shown for
ECL2S cross peaks after titration with a 1:1 molar ratio of BSA (blue), ™!(gp1200re(+V3)/
CD4M33 (red) or MUtgp120.,,/CD4M33 (green). The intensities ratios were normalized
against the residue exhibiting the lowest reduction in intensity (G198 or K191) upon protein
binding. The HSQC spectra were recorded at pH 7 and 15° C. The estimated error in these
measurements is * 15%.
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Fig. 5.

1H-15N-HSQC spectra of 1°N-labeled ECL2S: free (A) and in the presence of a 1:1 molar
ratio of MUtgp120.,e/CD4M33 (B), MUtgp120.0.e(+V3)/CD4M33 (C) and BSA (D), at pH 6,
50 mM NacCl, 27 °C.
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gp120 at pH 6. Plot

of the intensities of the 1H-15N HSQC cross peaks in the presence of a 1:1 molar ratio of the
different proteins, divided by the intensity of the corresponding cross peak of the free
ECL2S peptide measured at the same peptide concentration. Intensity ratios are shown for

ECL2S cross peaks after titration with a 1:1 molar ratio of BSA (blue),
CD4M33 (red) or MUtgp120.,,/CD4M33 (green). The residual intensiti

MUtgp120¢ore(+V3)/
es were normalized

against the residue exhibiting the lowest reduction in intensity (H175 or S169) upon protein
binding. The HSQC spectra were recorded at pH 6 and 27°C. The estimated error in these

measurements is + 15%.
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Fig. 7.

2D-Saturation Transfer Difference (STD) of ECL2S in the presence of MUtgp120.0ye/
CD4M33. Overlay of 2D TOCSY (black) and 2D-STD TOCSY (red) of the aromatic region
(A). Expansion of 2D-STD TOCSY of this aromatic region (B). The experiments were
recorded for a sample containing 30 uM MUtgp120.0,e/CD4M33 with 600 uM ECL2S (1:20
molar ratio), 50 mM deuterated acetate pH 5.3, 50 mM NaCl, 1 mM d-EDTA, 1:1000
protease inhibitors cocktail and 0.05% NaNj3 at 27 °C.
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STD enhancements of ECL2S in the presence of Mitgp120.,,/CD4M33. 2D-STD TOCSY
enhancements calculated by dividing the peak intensities in the 2D-STD TOCSY by the
corresponding peak intensities in a TOCSY spectrum. Cross-peaks intensities were
normalized relative to the cross peak that exhibited the largest enhancement. Sample of 30
UM MUtgn120,0,e/CD4AM33 with 600 pM ECL2S (1:20 molar ratio), 50 mM deuterated
acetate pH 5.3, 50 mM NaCl, 1 mM deuterated-EDTA, 1:1000 Protease inhibitors cocktail
and 0.05% NaN3 measured at 27 °C.
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Fig. 9.
The orientation of the side chains of Y187, F189, W190 and F193 in the crystal structure of

CCRS. (A) Structure of the CCR5 chemokine receptor-HIV entry inhibitor maraviroc
complex (Tan, Q. et al. (2013) Structure of the CCR5 chemokine receptor-HIV entry
inhibitor maraviroc complex, Science 341, 1387-1390.). The CCR5 N-terminus (residues
20-27) is colored in blue. ECL1 (P)AAAQWDFGNTMIOC) is presented in green, ECL2
region, residues R168-K197, is colored in red and ECL3 (250FQEFFGLNNCSSSNRLZ276D)
is presented in magenta. (B) A model of CCR5 in complex with gp120 V3 region (Tamamis
& Floudas (2014) Molecular Recognition of CCR5 by an HIV-1 gp120 V3 Loop, PlosOne
9, €95767). Color code as in (A), with the V3 region presented in light-pink spheres. F189,
W190 and F193 are presented in sticks in (A) and (B) revealing that in the crystal structure
these hydrophobic amino acids point away from the receptor binding pocket and towards the
putative location of the cell membrane.
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NMR constrains and structural statistic of the 10 lowest-energy calculated structures of ECL2S, residues

Q188-Q194.

Table 1

NMR constrains and statistics

Total distance constraints 307
Intra-residue NOE constrains 131
Sequential NOE constrains 108
Medium NOE constrains 68
Long NOE constrains -
Hydrogen bond constrains 6
® dihedral angle constrain 12
¥ dihedral angle constrain 10
Maximum individual NOE violation 050 A
rmsd of NOE violation 0.02 +0.001 A
Mean rmsd value of the 10 lowest- energy structures residues 0188-0194
back bone 0.27+0.16 A
Heavy 1.78 +0.53 A
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Dissociation constants of ECL2S bound to ™Utgp120.,ye and Mtgp120.0,/CD4M33 at different pH. The Kp
values were determined by Surface Plasmon Resonance (SPR) at 20 mM Tris-HCI, 0.05% NaN3, 0.005%

Tween, 15 mM MgCl, with 150 mM NaCl at 25 °C and at the indicated pH.

Ligand pH Binding affinity (Kp)
MUtgR12000re 7.0 18+ 1.5uM
Mutgn120.0/CDAM33 7.0 6+4 M
mutgn120,,,/CDAM33 6.5 75+£3uM
mutgn120.,,/CDAM33 6.0 7+3uM
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