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C-C chemokine receptor 5 (CCR5) is a major co-receptor molecule used by

HIV-1 to enter cells. This led to the hypothesis that stimulating an antibody

response would block HIV with minimal toxicity. Here, X-ray crystallographic

studies of the anti-CCR5 antibody RoAb13 together with two peptides were

undertaken: one peptide is a 31-residue peptide containing the PIYDIN

sequence and the other is the PIDYIN peptide alone, where PIYDIN is part of

the N-terminal region of CCR5 previously shown to be important for HIV entry.

In the presence of the longer peptide (the complete N-terminal domain),

difference electron density was observed at a site within a hypervariable CDR3

binding region. In the presence of the shorter core peptide PIYDIN, difference

electron density is again observed at this CDR3 site, confirming consistent

binding for both peptides. This may be useful in the design of a new biomimetic

to stimulate an antibody response to CCR5 in order to block HIV infection.

1. Introduction

HIV is a major health problem throughout the world. In 2019,

an estimated 38 million people were living with HIV and

690 000 people died of AIDS-related illnesses (with >32.5

million having died since the start of the epidemic). Tradi-

tional vaccine approaches continue to be challenging, and the

remarkable ability of the virus to mutate may thwart such

conventional approaches. In contrast, host-directed therapies

may be more robust in the face of viral evolution.

C-C chemokine receptor 5 (CCR5), a G-protein-coupled

seven-transmembrane protein, is one of the main entry co-

receptors for HIV and blocking it can prevent infection.

Individuals who lack CCR5 are resistant to HIV (Gupta et al.,

2019). It is thus an important therapeutic target. The drug

maraviroc is used to block the binding of HIV to CCR5. Like

all antiretroviral drugs, however, it faces problems of toxicity,

drug resistance and the need for long-term administration.

CCR5 has also been considered as a potential target for (auto)

vaccination, by inhibiting the binding of ligands or by inducing

down-regulation of the receptor from the cell surface.

However, CCR5 is of course a self-protein, posing significant

challenges for vaccine strategies.

http://crossmark.crossref.org/dialog/?doi=10.1107/S2052252521005340&domain=pdf&date_stamp=2021-07-01


An approach to circumventing self-intolerance is to use

synthetic peptides mimicking the N-terminal domain of CCR5

together with universal T-cell epitopes to stimulate antibodies

against CCR5 (Chain et al., 2008, 2015). Although these

studies demonstrated that the antipeptide antibody could

cross-react with native CCR5 on the cell surface and inhibit

viral entry, high concentrations of antibody were required. We

hypothesized that this was because the native structure of the

CCR5 N-terminal domain was poorly captured by short

peptide analogues and that more efficient synthetic immuno-

gens could be designed if the native three-dimensional struc-

ture of the N-terminal domain of CCR5 was known. The

structure of the N-terminal domain of CCR5 has recently been

published by Shaik et al. (2019). We have demonstrated that

the monoclonal antibody RoAb13 binds both native CCR5

and a free peptide corresponding to a short sequence of the

CCR5 N-terminal domain, and that binding to the receptor

blocks HIV replication (Ji et al., 2007; Chain et al., 2015). The

work presented here reports the conformation of the PIYDIN

sequence in the 31-residue peptide analogue of the CCR5

epitope (hereafter referred to more simply as the ‘31 peptide’)

bound to RoAb13 by co-crystallizing this synthetic peptide

containing the core epitope sequence with the monoclonal

antibody RoAb13. The PIYDIN core peptide bound at the

same location but with slightly less well formed electron

density.

Competitive ELISA testing RoAb13 binding against a

synthetic peptide corresponding to the entire N-terminal

domain of human CCR5 (hCCR51–31; see Section 2 for the full

sequence), as well as against a panel of truncated peptides

spanning smaller regions within this domain, showed that the

core linear epitope (the minimal sequence required for

recognition) spanned the sequence between Pro8 and Asn13,

i.e. PIYDIN. Further truncation of the first isoleucine and the

last asparagine of this sequence completely inhibited binding,

whereas truncation of the initial proline inhibited it to an

extent (Chain et al., 2015). It must be noted, however, that

PIYDIN (residues 8–13) is only the core epitope for RoAb13

and not generally. For example, for antibody 1801, another

anti-CCR5 antibody tested by Chain et al. (2015), the core

sequence is the partly overlapping YDINYYT (residues 10–

16). For HIV entry, the crucial sequence seems to be YDINYY

(residues 10–15, and more specifically YD and YY), but there

are some further crucial residues, namely Glu18, Lys21, Gln22

and Gln280 (Farzan et al., 1998).

The insights gained into the three-dimensional structure of

the CCR5 N-terminal domain bound to an anti-CCR5 anti-

body may inform the design of better peptide analogues for

use as immunogens in vivo. These analogues may ultimately

provide the basis for active immunization vaccines to stimu-

late an antibody response to native CCR5 that will block HIV

infection.

2. Methods

The Fab fragment of RoAb13 and two peptides of lengths 31

residues (the full N-terminal hCCR51–31 loop) and six residues

(the core epitope sequence for RoAb13), listed below, were

obtained as described by Chain et al. (2015). The peptides

were synthesized by Peptide Synthetics (Fareham): MDYQ

VSSPIYDINYYTSEPCQKINVKQIAAI (31 residues) and

PIYDIN. All other reagents and chemicals were of analytical

grade and were obtained from Sigma–Aldrich, UK.

2.1. Crystallization

To create complexes of RoAb13 with each peptide, RoAb13

at 5, 8 and 10 mg ml�1 in 20 mM HEPES pH 7.0, 0.1 M NaCl

was incubated with 8 mM peptide in 0.1 M NaOH to give a

final peptide concentration of �660 mM. Each peptide was

incubated with RoAb13 for varying periods between 24 h and

seven days before setting up crystallization trials.

RoAb13 complexed with each peptide was screened with

Crystal Screen HT and Index (Hampton Research) in sitting-

drop vapor-diffusion format using a Mosquito robot (TTP

Labtech, UK). All screening trials used 400 nl drops

comprised of a 1:1 ratio of protein solution and screen solu-

tion. The crystallization trials were incubated at 293 K.

Optimization trials with the 31-peptide complex at 5, 8 and

10 mg ml�1 RoAb13 were set up at ammonium sulfate

concentrations ranging between 1.5 and 3.0 M in increments of

0.5 M using both the hanging-drop vapor-diffusion and

microbatch methods (Chayen et al., 1992; Chayen, 1997b) at

293 K. The hanging-drop vapor-diffusion trials were carried

out using 15-well EasyXtal plates and EasyXtal X-seal screw

lids (Qiagen, UK) inverted over 300 ml reservoir solution.

Trials with the microbatch method were carried out by mixing

equal volumes of the RoAb13–peptide complex and precipi-

tant solutions in 72-well HLA plates from Douglas Instru-

ments (UK) incubated under a layer of paraffin oil (VWR

International).

Further fine-tuning of the conditions was performed for the

31-peptide complex with 8 and 10 mg ml–1 RoAb13 and 1.5–

2.0 M ammonium sulfate in increments of 0.1 M using the

hanging-drop method. 10 mM nickel chloride was used as an

additive in further optimization experiments using 1.8–2.0 M

ammonium sulfate in steps of 0.05 M. In addition, a 200 ml oil

barrier consisting of a 1:1 ratio of paraffin and silicone oils was

introduced over the reservoir solution in the abovementioned

conditions (Chayen, 1997a). A range of heterogeneous

nucleants such as Naomi’s nucleant (Khurshid et al., 2014),

Chayen Reddy MIP (Saridakis & Chayen, 2013) and PEGy-

lated Carbon Black (Govada et al., 2016) were also introduced

in trials with the 31-peptide complex at 8 and 10 mg ml�1 and

1.8 M ammonium sulfate. A single grain was introduced in the

case of a solid nucleant and a tenth of the total drop volume

was used in the case of a liquid nucleant (i.e. 0.2 ml of the

nucleant in a 2 ml drop).

Trials with the 31-peptide complex were also optimized with

5 mg ml�1 RoAb13 and 1.8–2.0 M ammonium sulfate in

increments of 0.05 M by inducing nucleation in a controlled

manner and arresting it before excess nucleation occurred

(Govada & Chayen, 2009). 24 h after setting up the experi-

ments, the screw caps of the 15-well EasyXtal plates were
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loosened for two hours by rotating them by 90� and were then

resealed.

In the case of the short peptide (PIYDIN), 10 mg ml�1

RoAb13 was incubated for 24 h with peptide stock and the

optimization trials for this complex were set up with 1.8–2.0 M

ammonium sulfate in increments of 0.05 M with and without

10 mM nickel chloride.

All optimization trials were performed manually and were

observed over a four-week period.

Several soaking experiments were also performed with

crystals obtained using 8–10 mg ml–1 RoAb13 and 1.8–2.0 M

ammonium sulfate. These crystals failed to diffract satisfac-

torily.

2.2. Data availability

RoAb13 co-crystallized with the 31 peptide (with the

PIYDIN residues of the 31 peptide included in the model) was

deposited in the Protein Data Bank (PDB) as entry 7njz.

RoAb13 co-crystallized with PIYDIN was also deposited in

the PDB as entry 7nw3. The diffraction images are available at

Zenodo as run DLS i04 MX12579-11 Sample 4 (https://doi.org/

10.5281/zenodo.4912886) and run DLS i04 MX17221-38

Sample 7 (https://doi.org/0.5281/zenodo.4916326).

3. Results

3.1. Crystallization

Initial crystallization hits were produced with 2.0 M

ammonium sulfate (Hampton Research Crystal Screen HT

condition C8). Both RoAb13–peptide complexes, at an anti-

body concentration of 10 mg ml�1, produced crystals one

week after setting up the trials.

Conventional optimization produced crystals of RoAb13

complexed with the 31 peptide that diffracted to 7 Å resolu-

tion at 10 mg ml�1 antibody, 2.0 M ammonium sulfate, 10 mM

nickel chloride [Fig. 1(a)]. Crystals were obtained using both

the hanging-drop and microbatch methods.

A portfolio of crystallization methods of optimization, such

as slowing down vapor diffusion with an oil barrier (Chayen,

1997a) and the use of Naomi’s nucleant (Khurshid et al., 2014),

Chayen Reddy MIP (Saridakis & Chayen, 2013) and PEGy-

lated Carbon Black (Govada et al., 2016), showed consider-

able improvement in crystal diffraction from 7 to 4 Å for

RoAb13 complexed with the 31 peptide. The best diffracting

crystals (to �3.2 Å resolution) of the above complex at an

initial concentration of 5 mg ml�1 were obtained with 1.85 M

ammonium sulfate after one week. This was achieved by the

induction of nucleation and its subsequent arrest (Govada &

Chayen, 2009).

In the case of RoAb13 complexed with PIYDIN at an initial

concentration of 10 mg ml�1, the best diffracting crystals (to

3.3 Å resolution) were produced with 1.8 M ammonium

sulfate after four days in a hanging-drop vapor-diffusion setup

[Fig. 1(b)].

3.2. X-ray crystallography

The crystals were cryoprotected with 20% glycerol and data

were collected at 100 K on the I04 beamline at the Diamond

Light Source (DLS) using a Dectris PILATUS 6M-F detector.

X-ray diffraction data sets were collected from crystals of

the antibody co-crystallized with both the 31-residue (long)

and the PIYDIN (short) peptides. Two crystals of the 31-

peptide complex showed acceptable diffraction and the

diffraction images were processed using iMosflm (Battye et al.,

2011). The diffraction data were merged with POINTLESS

and SCALA (Evans, 2006). An attempt was made to combine

the data from the two best diffracting crystals, but an Rmerge

value in the strongest intensity bin of 11% was obtained,

which is of course too large, even though the unit-cell para-

meters were quite similar (a = 76.44, b = 76.44, c = 268.64 and

a = 76.53, b = 76.53, c = 269.07 Å). The Rmerge values in the

strongest intensity bin for each crystal individually were 4%

and 6%. Keeping the two crystals separate proved an effective

approach as comparisons of their omit electron-density maps

showed reproducible extended electron density in the same

location. (By ‘omit map’, here and subsequently, we mean that

the PIYDIN has not been included at this stage of each

analysis.) Both crystals show some anisotropic diffraction,

which was checked with the UCLA web server (Strong et al.,

2006) and STARANISO (Tickle et al., 2018. Both analyses

showed the diffraction resolution to be 3.5 � 3.5 � 2.7 Å with
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Figure 1
Crystals of RoAb13 complexed with (a) the 31 peptide and (b) the PIYDIN peptide.



an hI/�(I)i value of 1.5. Amongst many tests, an isotropic

resolution cutoff of 3.2 Å proved to be optimal for model

refinement. Based on the systematic absences, the space-group

symmetry was determined as either P41212 or P43212. In the

following, we describe structure solution and refinement using

the data set from the slightly better diffracting crystal (Sample

4), which corresponds to the structure deposited in the PDB.

In molecular replacement using Phaser (McCoy et al., 2007),

early attempts to place the heavy (H) and light (L) chains of

the antibody using the RoAb13 model with PDB code 4s2s

(Chain et al., 2015) did not lead to a satisfactory solution.

However, when each of these chains was split into its variable

(V) and constant (C) parts (leading to four chains for place-

ment: HV, HC, LV and LC), Phaser yielded one clear solution

with one copy of each chain in the asymmetric unit. REFMAC

(Murshudov et al., 2011) and phenix.re-

fine (Afonine et al., 2012) were used for

restrained protein model refinement.

Refinement with phenix.refine led to an

R and Rfree of 26.9% and 29.2%,

respectively. We have deposited the

refined structure in the PDB as entry

7njz (see Table 1). In the PDB valida-

tion report, several C-terminal residues

have high RSRZ values, which is due to

the intrinsic flexibility of this end of the

polypeptide chains: 11.8 for Ile223H,

11.3 for Thr222H and 11.1 for Cys220L.

An X-ray diffraction data set for the

PIYDIN co-crystallization was also

collected at DLS and evaluated via its

pipeline of data-processing software

options. The data, collected to 3.2 Å

resolution, were processed with XDS

(Kabsch, 2010) and scaled with SCALA

(Evans, 2006). Again, the crystal

belonged to space group P41212, with

very similar unit-cell parameters a = b =

76.6, c = 270.1 Å.

Molecular replacement was

attempted with both MOLREP and

Phaser, again using PDB entry 4s2s as

an initial model. Attempts to separately place the heavy and

light chains of the antibody again did not lead to a satisfactory

solution, but when each of these chains was split into its

variable and constant parts Phaser yielded one clear solution

with one copy of each chain in the asymmetric unit. Model

refinement was undertaken with both REFMAC and

phenix.refine for comparison purposes. Refinement with

phenix.refine led to an R and Rfree of 26.8% and 29.3%,

respectively. We have deposited the refined structure in the

PDB as entry 7nw3 (see Table 1).

Omit electron-density maps are shown in Fig. 2 for crystals

from both the 31-peptide study and the PIYDIN study.

These show the top difference peaks in the peaks list at 6�,

which are in the same location on the antibody surface (see

Table 2). The binding site of PIYDIN also forms a crystal

lattice contact with a neighboring protein molecule. The

resolution of the data does not permit the accurate reporting

of ligand–antibody interactions. However, we observe that in

the case of the PIYDIN part of the 31 peptide, Pro8 of the

ligand is near (approximately within 3.5 Å of) Tyr98 and

Tyr100, Ile9 is near Gly218, and Ile12 is near Tyr98 of the light

chain. Tyr10 of the ligand comes near Asp61 and Arg64 of the

heavy chain. Asp11 is only engaged in intra-peptide inter

actions with Ile12 and Asn13. In the PIYDIN-only study, Ile9

additionally comes near Thr99 of the light chain (the corre-

sponding distance is �5 Å for the 31-peptide structure). The

ligand also approaches symmetry-related residues within the

crystal lattice; however, as these belong to the flexible C-

terminal tails of the heavy and light chains, which have a poor

fit to the map, precision is largely lost (Table 2).
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Table 1
X-ray diffraction data and model-refinement statistics.

Complex with PIYDIN
(in the 31 peptide)
(PDB entry 7njz)

Complex with
PIYDIN alone
(PDB entry 7nw3)

Wavelength (Å) 0.97949 0.97949
Crystal-to-detector distance (mm) 590.64 525.90
Crystal angular range (�) 118 180
Angular increment per image (�) 0.1 0.2
No. of images 1180 900
Processing program iMosflm XDS
Data-collection temperature (K) 100 100
Space group P41212 P41212
Unit-cell parameters (Å) a = b = 76.44, c = 268.64 a = b = 76.61, c = 270.06
Resolution in last shell (Å) 2.7 3.2
Observed reflections 158879 350702
Unique reflections 22645 14151
Completeness (%) 100.0 (99.9) 99.9 (99.8)
Rmerge 0.116 (173.8) 0.179 (6.2)
hI/�(I)i 7.6 (0.8) 14.3 (0.5)
Multiplicity 7.0 (5.7) 24.8 (26.4)
CC1/2 0.998 (0.067) 0.999 (0.529)
Model-refinement resolution (Å) 3.2 3.2
No. of reflections used 13940 14087
Wilson B factor (Å2) 122.0 98.2
R factor/Rfree, REFMAC (%) 21.6/26.7
R factor/Rfree, phenix.refine† (%) 26.9/29.2 26.8/29.3
Ramachandran outliers (%) 2.8 0.9
Clashscore 8 14

† phenix.refine gave a better rotamer distribution than REFMAC, which gave a better R and Rfree. The PDB deposition
was based on the former, albeit with a worse Rfree.

Table 2
Amino-acid interactions of PIYDIN in the 31-peptide complex (PDB
entry 7njz) with RoAb13.

These were very similar in the PIYDIN-only study (see footnote).

Amino acid
in PIYDIN Nearest-neighbor amino acids of RoAb13 (within 3.5 Å)

P Tyr98L, Tyr100L; Ile223H of symmetry equivalent
I Thr99L†, Gly218L; Gly220H, Pro221H of symmetry

equivalent
Y Asp61H, Arg64H; Cys220L of symmetry equivalent
D Ile12C, Asn13C
I Tyr98L
N Asp11C

† This distance was 5 Å in PDB entry 7njz but was 3.5 Å in the PIYDIN-only study (PDB
entry 7nw3).



4. Discussion

From amino-acid sequence comparisons

of several hundred different variable

domains, the hypervariable antigen-

binding regions have been defined as

amino acids 24–34 (CDR1), 50–56

(CDR2) and 89–97 (CDR3) in the light

chains and 31–35 (CDR1), 50–65

(CDR2) and 95–102 (CDR3) in the

heavy chains. These residues occur in

the loop regions that connect �-strands.

These loop regions are clustered toge-

ther at one end of the �-sheets. PIYDIN

bound to the protein surface near to

CDR3 is therefore biologically consis-

tent. The placement of PIYDIN in the

two studies is very similar although not

identical.

For the remainder of the 31 peptide,

at both ends beyond the PIYDIN

portion, within this discussion the

question arises as to ‘where does the full

length go?’. We simply note that

PIYDIN binds adjacent to the crystal

solvent channels, which could neatly

accommodate the remaining portions of

the full-length 31 peptide.

5. Conclusions

We have undertaken X-ray crystal

structure studies of the antibody

RoAb13 with two peptides from the

HIV receptor C-C chemokine receptor

5 (CCR5). Co-crystallization of

RoAb13 with both peptides was used,

rather then the method of soaking a

RoAb13 crystal with peptide, which is

thus obviously the preferred protocol

for the 31 peptide. The key aspects in

the 31-peptide study were as follows.

Firstly, the REFMAC difference omit

map showed clear omit electron density.

The placement is consistent with trun-

cation experiments showing that

removing the PI or the N of PIYDIN

abolished binding of the peptide.

Indeed, this formed the rationale for

choosing PIYDIN rather than any other

part of the 31 peptide. Secondly, there is

the immunological result that the

complementarity-determining CDR3

binding region is known, which is where

the omit map density consistent with

PIYDIN occurs. Thirdly, for the 31

peptide the answer to ‘where does the
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Figure 2
Omit electron-density maps are shown for (a) the PIYDIN residues of the 31-peptide study and (b)
the PIYDIN-only study; orthogonal views are contoured at 2� in (a) and 2.7� in (b). (c) shows the
overlay of both with the 31-peptide omit map at 2�; the peptide does not have exactly the same
placement but is very similar.



full length go?’ is that the PIYDIN binds adjacent to the

crystal solvent channels in order for the remaining portions of

the full-length 31 peptide to be accommodated. In the sister

study, co-crystallization with PIYDIN alone, the largest omit

electron density coincides with the PIYDIN placement of the

31 peptide. The pure PIYDIN co-crystallization experiment

offers not only reproducibility of the omit map from the 31-

peptide experiment and model but also confirmation of the

choice of PIYDIN as being the binding portion of the 31

peptide. The binding poses of the two are not identical but are

very similar.

These results should be useful in the design of a new

biomimetic to stimulate an antibody response to CCR5 in

order to block HIV infection.
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