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part of an alpha helix (Figure 2), but is not conserved in
other A3 domains (Figure 1). In A3A, this region is
completely missing, while in A3C, A3G-CTD, and A3F-
CTD, there is a loss of four (A3C, A3G-CTD) or two
(A3F-CTD) basic residues. Deletion of A3H residues
R20, R21, and P22 (the del(20-22) mutant) results in
significant loss, but not complete abolition of deaminase
activity (Figure 4C), possibly due to perturbation of the
local structure in the mutant protein. Although this mu-
tant is efficiently packaged into virions (Figure 5A), it
cannot restrict HIV-1 (Figure 5B).

Residues in A3H that are unique to its Z3 domain e.g,,
T81 and V135 are replaced in other active deaminase
domains by S and I respectively, which are chemically
similar (Figure 1 and Additional file 1: Figure S1). This
implies similarity in function and is consistent with our
finding that the A3H mutants T81S and V135l retain
enzymatic (Figure 4B and E, respectively) as well as re-
striction activity (Figure 5C). However, the T81A mutant
in which the hydroxyl group common to T and S, is re-
moved, has only background levels of deaminase activity
(Figure 4B). This suggests an important structural role
for the hydroxyl group at this position, possibly partici-
pation in hydrogen bonding interactions with a nearby
side chain. In fact, the Oy atom of 5284, the correspond-
ing residue in A3G, is within hydrogen bonding distance
to the Y219 Hy backbone atom and is also observed in
other A3 proteins [41,43,49,54]. It is interesting that des-
pite lacking enzymatic activity, the T81A mutant exhibits
significant antiviral activity (Figure 5D).

Although the loop 7 element of A3 proteins plays an
essential role in determining deaminase specificity, each
protein possesses a unique sequence (Figure 1) and is
affected differently when subjected to mutation. For
example, as indicated by modeling the A3A/ssDNA
complex, the A3A loop 7 cluster of residues (127-ARIY-
DYDPL-135) interacts with the T (D133) and A (D131,
Y132, and D133) nucleotides in the TCA motif, while
D131 makes contacts with the central C [41]. Substitu-
tions in all four cluster residues lead to complete loss of
A3A deaminase activity [42]. In the case of the A3G-
CTD loop 7 (313-RIYDDQGR-320), mutation of the
only aromatic residue, Y315, negatively impacts deami-
nase activity [43]. Additionally, changing both D316 and
D317 to R [43] or replacing D317 with the correspon-
ding A3A residue (Y132) [46] results in altered deami-
nase substrate specificity, as manifested by preferential
deamination of the central C in the motif CCC ins-
tead of the 3° C (CCC). Exchanging the A3H loop 7
(109-SRLYYHWCK-118) cluster residues YHW with
the corresponding A3G-CTD residues, DDQ (YYHW—
YDDQ), abrogates deamination activity (Figure 4E). This
could reflect a change in substrate specificity or in the de-
tails of the nucleic acid binding mode due to a protein
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conformational change. Interestingly, a similar switch in
sequence in the case of A3A (YDYD—YDDD) also re-
duces activity to background levels [42].

The importance of the ASH W115 residue in loop 7 is
underscored by our finding that mutation of W115 to A
results in low cellular protein levels (Figures 4D and
5A), blocks packaging into virions (Figure 5A), and elim-
inates deaminase (Figure 4F) and antiviral (Figure 5B)
activities. Wang et al. [29] were unable to detect expres-
sion of (Hap VII) W115A in 293T cells, while Zhen et al.
[57] reported that (Hap II) W115A is present at low
levels in cell lysates. However, even when expression is
equivalent to that of WT (by transfecting cells with a
high amount of the Hap II mutant plasmid), W115A is
barely detectable in viral lysates, does not restrict HIV-1,
and binds cellular RNAs with greatly reduced efficiency
[57]. Collectively, these results lend further support to
the conclusion that the identity of loop 7 residues is crit-
ical for enzyme function.

Surprisingly, although A3H is highly basic and has
only one domain, it more closely resembles the double-
domain proteins A3D, A3F, and A3G than the single-
domain A3A and A3C proteins with respect to several
important biological properties. For example, like A3D,
A3FE and A3G [53,64,82-92], A3H associates in solution
in the absence of nucleic acid [93] and forms multimers
and high molecular weight ribonucleoprotein complexes
in cells [92,94]. In addition, it restricts the infectivity of
HIV-1vif (=) virions (Figure 5) [26,27,62,80,94]. The anti-
HIV-1 activity of A3 proteins A3D, A3E A3G, and A3H
involves (i) packaging of the proteins into the cores of
nascent virions in the producer cell [28,36,95,96]; and
(ii) inhibition of viral replication in the target cell
(reviewed in ref. [9]). These parameters are linked to
subcellular localization, which varies among the A3
proteins. However, in this case too, just as A3D, A3F,
and A3G are located in the cytoplasm [82-84,86,92,97-99],
A3H haplotypes that have antiviral activity (e.g., Hap II)
are predominantly cytoplasmic [28,100].

The packaging of antiviral A3 proteins inside the HIV-1
core allows them to interact directly with viral nucleic
acids (genomic RNA and nascent DNA synthesized dur-
ing reverse transcription) in the presence of nucleocapsid
protein and reverse transcriptase (RT). Here we show
that A3H inhibits viral infectivity by both deaminase-
dependent and -independent mechanisms (Figure 5),
although it is likely that deaminase-dependent activity
is dominant (compare data for WT and the catalytic
mutant E56A in Figure 5D, Figure 6, Additional file 4:
Figure S4). For A3G, we have proposed a “roadblock”
mechanism that is based on its tight nucleic acid bind-
ing [61,101] and that is independent of catalytic activity
[69,74]. We reasoned that since A3G displays slow on-
off binding kinetics [69,79], RT is unable to traverse the
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template when A3G is bound and consequently, RT-
catalyzed polymerization is blocked. Recent single mol-
ecule stretching studies in support of this mechanism
showed that A3G can transform from a fast enzyme (re-
quired for deamination) to a slow enzyme (causing a road-
block) during the course of protein oligomerization [79].

The highly basic character of the A3H protein (Figure 2B,
Table 1) (like the NTDs of A3D, A3F, and A3G) strongly
suggests that it also binds tightly to viral RNA and DNA,
in agreement with studies of A3H binding to cellular RNA
[57]. Moreover, the observed reduction in minus- and
plus-strand DNA synthesis by RT, even in the absence of
deaminase activity (Figure 6) and the fact that A3H can
multimerize [92,93] suggest that a roadblock mechanism
might also be relevant to A3H deaminase-independent
HIV-1 restriction (Figure 6). Interestingly, although A3H
mediates hypermutation of HIV-1 [27,48,62] and HBV [17]
DNA, the antiviral activity of A3H against HTLV-1 does
not involve editing [15].

In summary, A3H as well as A3D, A3F, and A3G con-
stitute a group of A3 proteins used by the human innate
immune system in its arsenal against HIV-1. The select-
ive pressure to maintain expression of antiviral haplo-
types of A3H in certain populations warrants greater
understanding of this protein in terms of its molecular
properties. Here, we present such an analysis and correl-
ate enzyme function and antiviral activity. Although
A3H is a single-domain protein and the most divergent
member of the A3 family, we show that it utilizes strat-
egies similar to those used by other antiviral double-
domain A3 proteins (A3D, A3E, and A3G) to counteract
HIV-1 infectivity. Knowledge of A3H structure-function
relationships should be invaluable for the design of
drugs to modulate A3H deaminase activity and augment
its anti-HIV effect. Furthermore, since A3H is a single-
domain protein and contains a unique Z3 domain, it
may present a more specific target than the double-
domain antiviral A3 proteins. Thus, taken together, A3H
clearly provides a molecular paradigm to explore the
~ antiviral response of A3 proteins to retroviral pathogens.

Conclusions

Based on a homology model of ASH Hap II and the results
of extensive mutagenesis, we have identified structural ele-
ments and key residues associated with A3H deaminase
and anti-HIV-1 activities. In addition, we provide evidence
that A3H restriction of HIV-1 replication and inhibition
of reverse transcription occur by deaminase-dependent
and -independent mechanisms.

Methods

Materials

DNA oligonucleotides labeled with AlexaFluor 488° were
obtained from Integrated DNA Technologies (Coralville,
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IA). The concentration of each oligonucleotide was de-
termined by measuring its absorbance at 260 nm, using
the extinction coefficients provided by the manufacturer.
RNase A (endonuclease-free) was purchased from Qiagen
Inc. (Germantown, MD). Escherichia coli uracil DNA gly-
cosylase (UDG) was obtained from New England Biolabs
(Beverly, MA). Gel loading buffer and nuclease-free
water were purchased from Ambion® (Life Technologies,
Grand Island, NY). Anti-A3H sera (p3A3 or pl1HS6), anti-
HIV-1 CA sera (for ERT experiments), and TZM-bl cells
(from John C. Kappes, Xiaoyun Wu, and Tranzyme Inc.)
[102-104] were obtained from the AIDS Research and Ref-
erence Reagent Program (Division of AIDS, NIAID, NIH).
An anti-HIV-1 p24 monoclonal antibody was purchased
from ZeptoMetrix (Franklin, MA) and was used for detec-
tion of CA and Pr55%* in virions and cell lysates, respect-
ively (see Figure 5). A monoclonal antibody (Anti-FLAG
M2) against a FLAG tag was obtained from Sigma-
Aldrich (St. Louis, MO). Anti-tubulin antibody was pur-
chased from Abcam (Cambridge, MA).

Construction of the A3H Hapll homology model

The initial A3H Hap II homology model was construc-
ted without a Zn atom and was based on the A3G-CTD
crystal structure (PDB: 3IR2) [53] by using MODELLER
version 9v8 [56] and the sequence alignment shown in
Figure 1. The Zn atom was subsequently added to the
structure at a position equivalent to that in the structure
of A3G-CTD. This was followed by energy minimization
where only the Zn ion and the H54, C85, C88 side-chains
were allowed to move. During the energy minimization,
the lengths of the coordination bonds were kept as fol-
lows: 1.90 A for the bond between the Zn ion and the
H54 N, atom; and 2.25 A for the bond between the Zn
ion and the C85 or C88 S, atom. The charge of individual
atoms and their radius parameters based on an amber
force field [105] were generated by the pdb2pqr program
[106]. Partial charges of atoms within the Zn coordination
site were manually adjusted to +1e for the Zn ion, -0.6e
for the S, atom and +0.1e for the Cg atom of the cyste-
ines to account for the approximate redistribution of
the charges between the two reduced cysteines and Zn
ion through the coordination bonds. All structure and
electrostatic potential map figures were generated with
MOLMOL [107]. Sequence identity was determined with
DNAStar (http://www.dnastar.com/megalign_help/index.
html#Documents/calculationofpercent.htm).

Construction of A3H mutants

pTR600 mammalian expression plasmids without an in-
sert [108] or containing the A3H HaplI coding sequence
[27] were a generous gift from Viviana Simon (Mount
Sinai School of Medicine, New York, NY) and had either
no tag or an N-terminal Flag tag. A3H mutants were all
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constructed in the pTR600 A3H-Flag vector using the
QuikChange Lightning Site-Directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA) or the Tagmaster
Site-Directed Mutagenesis Kit (GM Biosciences, Rockville,
MD). For primer design, the on-line QuikChange Primer
Design Program provided by the manufacturer or the de-
sign guidelines provided with the Tagmaster kit were used.
Large-scale plasmid preparations were obtained using the
HiSpeed Plasmid Maxi Prep kit (Qiagen, Inc.). The A3H
sequence in each plasmid was verified by DNA sequen-
cing performed by ACGT (Wheeling, IL).

Preparation of mammalian cell extracts

Propagation of 293T cells, transfection procedure, prep-
aration of cell extracts, and determination of protein
concentration were performed as detailed in Mitra et al.
[42]. The expression levels of A3H were estimated by
subjecting ~20 pg of total protein in the extract to Western
blot analysis using the Western Breeze chemiluminescent
Western blot kit (Life Technologies). The primary anti-
bodies used for this analysis were anti-A3H or anti-tubulin
(loading control).

Deaminase assay

Prior to performing the deaminase assay, the 293T cell
extract (20 pg) was treated with RNase A (Qiagen, final
concentration 1 pg/ul) in a 20-pl reaction volume and
incubated at 37°C for 15 min, unless indicated otherwise.
Details of the deaminase assays and polyacrylamide gel
analysis are described in Mitra et al. [42]. A list of oligo-
nucleotides used for the deaminase assays is given in
Additional file 5: Table S1. Throughout the text, the dC
residue that is deaminated is highlighted in bold (C). A
40-nt Alexa-Fluor 488-labeled ssDNA (J1.913) containing
the TTCA deaminase motif was used as the substrate, un-
less specified otherwise. To calculate the percent deami-
nase product, the product signal intensity for each lane
was divided by total signal intensity and multiplied by 100.
The data presented represent the average of two determi-
nations from two independent transfections. Note that the
FLAG tag did not interfere with deaminase activity, as
untagged and tagged WT A3H showed similar levels of
activity (Figure 4C).

HIV-1 infectivity assay :

To assay the effect of expressing ASH WT or mutant
proteins on HIV-1 infectivity, 293T cells were cotransfected
with 1.0 pg of pNL4-3vif (—), which was kindly provided by
Klaus Strebel (National Institute of Allergy and Infectious
Diseases, National Institutes of Health, Bethesda, MD) and
1.0 or 0.1 pg of the pTR600 A3H Hapll plasmid (WT or
mutant) or pTR600 empty vector (control), using the
FuGENE HD transfection agent (Promega, Madison, W)
as previously described [49]. Virus-containing supernatants
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were collected 48 h after transfection and filtered. The
amount of CA protein (i.e,, p24 antigen) in the supernatant
was determined by ELISA assay (ZeptoMetrix, Buffalo,
NY). TZM-bl indicator cells were infected with viral
supernatant containing 10 ng of CA. Relative infectivity
expressed as relative light units (RLU) was measured using
the Bright-Glo luciferase assay system kit (Promega)
and an ARVO MX luminescence counter (PerkinElmer,
Waltham, MA). The data represent the results of three
independent experiments.

ERT assay

The following plasmids were used: pTR600, empty vector;
WT A3H Hapll expressed as an N-terminal FLAG-tagged
protein in pTR600 (pA3H WT); A3H E56A active site
mutant expressed as an N-terminal FLAG-tagged protein
in pTR600 (pA3H E56A); and pNL4A-3vif (-).

Transfections were performed as described previously
[109], except that TransIT-293 from Mirus Bio LLC
(Madison, WI) was used, according to the manufac-
turer’s instructions. Briefly, 100-mm cell culture dishes
were seeded with 3 x 10° 293T cells in Dulbecco’s modi-
fied Eagle’s Medium with 10% fetal bovine serum. Two
days later, the cells were transfected in duplicate with
15 pg of pNL4-3vif (-) and 0, 1.5, or 5 ug of pASH WT
or pA3H E56A plasmid; the molar ratios of pNL4-3vif
() to ASH plasmid were therefore 10:1 or 3:1, respect-
ively. The pTR600 plasmid was the negative control and
was also used to generate a constant level (5 pg) of trans-
fected pTR600 DNA, with or without the A3H insert. Cul-
ture fluids were changed 24 h after transfection, then
harvested after two consecutive 24-h periods, and passed
through 0.22 pm filters. Samples from each culture were
pooled and were treated sequentially with DNase I and
subtilisin, as described [109,110].

ERT reactions were performed without Triton X-100
pretreatment and nucleic acids were isolated as detailed in
Thomas et al. [109]. Real-time PCR for the detection of
R-U5 and R-5'UTR was performed in duplicate as described
previously [111]. The kinetics of DNA synthesis were plot-
ted and the data were normalized relative to maximal
R-U5 copies at 240 min for pNL4-3vif (-) in the absence
of A3H cotransfected plasmid. Each data point was the
result of two independent transfections, each measured
in duplicate. Error bars represent the standard error of
the mean.

Additional files

Additional file 1: Figure S1. Sequence alignment of residues in the
Zn-binding (Z) domains of the seven A3 proteins (A to H). The
Zn-coordinating (H and C) and active site () residues are highlighted in
light blue. A3H residues that differ from highly conserved residues at the
corresponding positions in the other A3 proteins are shown in lavender.
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1 The residues in loop 7 are bracketed. The numbers at the end of each W
line represent the position in the full-length protein. The percent

sequence identity of each Z domain relative to that of A3H (defined as
100%) is indicated. The sequence alignment was performed using
Lasergene software (DNASTAR, Inc, Madison, WI).

Additional file 2: Figure S2. Superposition of the structures of the
current A3H maodel and ather A3 proteins in ribbon representation. The
backbone traces are colored gray (A3H) and green (other A3 proteins).
The Zn ions are shown in brown (A3H) and in coral (other A3 proteins).
(A) A3H and A3G-CTD. (B) A3H and A3A. (C) A3H and A3C. (D) A3H
and A3F-CTD.

Additional file 3: Figure S3. Electrostatic surface potential maps of
A3H and other A3 proteins. {A) A3H. (B) A3G-CTD. (C) A3A. (D) A3C.
(E) A3F-CTD. Regions with positive and negative electrostatic potentials
are highlighted in blue and red, respectively.

Additional file 4: Figure S4. Comparison of antiviral activities of A3H
and A3G WT and catalytic mutants. Virions produced from 293T cells
transfected with HIV-1vif(=) (1 ug) and either 0.1 (gray bars) or 1 ug
(black bars) of the indicated A3H or A3G WT or mutant plasmids.
Infectivity was assayed as described in Methods. The catalytic mutants
are E56A (A3H) and E259Q (A3G). A vector control (100% infectivity)
was also included.

Additional file 5: Table S1. Oligonucleotides used for deaminase
assays.
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ABSTRACT Humanized monoclonal antibody KD-247
targets the Gly*'*-Pro®'>-Gly**-Arg®'® arch of the third
hypervariable (V3) loop of the HIV-1 surface glycopro-
tein. It potently neutralizes many HIV-1 clade B isolates,
but not of other clades. To understand the molecular basis
of this specificity, we solved a high-resolution (1.55 A)
crystal structure of the KD-247 antigen binding fragment
and examined the potential interactions with various V3
loop targets. Unlike most antibodies, KD-247 appears to
interact with its target primarily through light chain re-
sidues. Several of these interactions involve Arg®'® of
the V3 loop. To evaluate the role of light chain residues
in the recognition of the V3 loop, we generated 20
variants of KD-247 single-chain variable fragments
with mutations in the antigen-binding site. Purified pro-
teins were assessed for V3 loop binding using Alpha-
Screen technology and for HIV-1 neutralization. Our
data revealed that recognition of the clade-specificity
defining residue Arg?’15 of the V3 loop is based on a
network of interactions that involve %fr[‘”, Tyrl‘92, and
Asn™* that directly interact with Arg”", thus elucidating
the molecular interactions of KD-247 with its V3 loop
target.—Kirby, K. A., Ong, Y. T., Hachiya, A., Laughlin,
T. G., Chiang, L. A., Pan, Y., Moran, J. L., Marchand, B.,
Singh, K., Gallazzi, F., Quinn, T. P., Yoshimura, K.,
Murakami, T., Matsushita, S., Sarafianos, S. G. Structural
basis of clade-specific HIV-1 neutralization by human-
ized anti-V3 monoclonal antibody KD-247. FASEB ].
29, 70-80 (2015). www.fasebj.org
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ALTHOUGH THE AVAILABILITY of highly active antiretroviral
therapy (HAART) has significantly reduced the rate of

Abbreviations: CD, circular dichroism; CDR, complemen-
tarity determining region; Env, enveloge glgcoprotein; Fab,
antigen-binding fragment; GPGR, Gly**Pro®'*-Gly*'“Arg*'?;
mAb, monoclonal antibody; scFv, single-chain variable frag-

ment; V3 loop, third hypervariable loop
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HIV-1-related deaths (1), the development of a vaccine
against multiple HIV-1 clades remains a challenge. The
extensive glycosylation of the envelope glycoprotein (Env)
(2) and the shedding of Env from the virus surface (3) are
two of several mechanisms by which HIV-1 escapes the
host immune system. Although most of the neutralizing
antibodies elicited after HIV-1 infection are clade spe-
cific (4), some are broadly neutralizing, including b12
(5), 2G12 (6), 4E10 (7), 2F5 (8), PG9 and PG16 (9),
VRCO1 and VRCO2 (10), PGT121-145 (11), NIH45-46
(12), and 10E8 (13).

HIV-1 Env comprises the noncovalently associated
gpl20 and gp4l, which are proteolytic cleavage prod-
ucts of the gpl60 precursor (14). The third hyper-
variable (V3) loop of gpl20 that interacts with the
CCR5 or CXCR4 coreceptor during HIV-1 entry (15) is
one of the most immunodominant regions of HIV-1
(16-18). V3 loops of different HIV-1 strains and clades
are highly variable in sequence and structural confor-
mation (19). Anti-V3 antibodies elicited from animal
immunization studies are generally clade-specific and
show little or no cross-reactivity (19). Nevertheless, sev-
eral anti-V3 antibodies, such as 447-52D, 2219, F425-
B4e8, 2557, and 3074, have been reported to show
cross-reactivity against a panel of HIV-1 isolates from
various clades (20-25). The recent discovery of broadly
neutralizing V3-targeting PGT121 and PGT128 anti-
bodies continues to shed light on V3 loop immunogen
design (26).

KD-247 is a humanized version of the C25 murine
monoclonal antibody (mAb), which was isolated from
the sequential immunization of mice with clade B HIV-1
V3 loop peptides (27). KD-247 can neutralize a broad
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spectrum of CCR5- and CXCR4-tropic viruses and HIV-1
quasi-species from patient plasma and peripheral blood
mononuclear cells (27, 28). Passive transfer of KD-247 in
simian/human immunodeficiency virus-infected mon-
keys protected the animals against CD4" T cell loss and
increase of virus load (29, 30). This suggests that KD-247
can serve as a potential immunotherapy component in
treating HIV-1-infected patients. Therefore, a structural
understanding of the KD-247-V3 interactions should
help us design strategies for expanding the clade spe-
cificity of this antibody.

The minimum V3 sequence required for KD-247
binding was mapped to [le**-Gly*'%Pro®>.Gly* “Arg®'®
(IGPGR) at the V3 arch, and Argg 15 is crucial for the in-
teraction with KD-247 (27). We hypothesized that the in-
teractions of KD-247 with residue 315 of the V3 loop
strongly affect the clade specificity of KD-247, which can
efficiently neutralize clade B viruses with Arg?’l” at the
V3 arch, but not viruses from other clades that have
a GIn*'% (e.g., Gly*'%Pro®"*-Gly*'“-GIn®'® in most non-
clade B viruses).

To understand the molecular basis of KD-247 clade
specificity, we have solved the crystal structure of its un-
liganded antigen binding fragment (Fab) and used it in
molecular modeling studies with V3 peptides to obtain
insights into possible binding interactions between the
Fab and the target V3 loop. The proposed interactions
were validated by site-specific mutagenesis of single-
chain variable fragment (scFv) KD-247 variants, peptide
binding assays, and cell-based HIV-1 neutralization assays.

MATERIALS AND METHODS
Fab production and purification

KD-247 was obtained from the Chemo-Sero-Therapeutic Re-
search Institute (27). Fab was prepared by digesting KD-247
(34°C, 7 h) with 0.2 mg of papain agarose (Sigma-Aldrich, St.
Louis, MO, USA) per milligram of antibody at 2 mg/ml in
sodium acetate pH 5.5, 50 mM L-cysteine and 1 mM EDTA.
The reaction was stopped by removing the papain agarose
using a 0.22 um filter. Digested Fab was purified with
a HiTrap SP HP 5 ml column (GE Healthcare, Piscataway,
NJ, USA) using sodium acetate pH 5.5 as the binding buffer
and sodium acetate pH 5.5, 1 M NaCl, as the elution buffer.

Crystallization and data collection

KD-247 Fab crystals were grown in sitting drop trays. Drops
containing 1 ul Fab (10 mg/ml) and 1 ul well solution were
allowed to equilibrate with 0.5 ml 1.9 M ammonium sulfate/
0.05 M sodium acetate pH 4.4 at 21°C. Octahedralshaped
crystals appeared after 3 d and cryoprotected with 20% glyc-
erol. Data were processed to 1.55 A using d*TREK (31), and
indexed in P2:2:2, (a=61.1A, 5=69.2 A, and c=111.8 A)
with one Fab per asymmetric unit. The Matthews coefficient
(32) was 2.5 A%/Da (solvent content ~51%).

Structure determination and refinement

The structure was determined by molecular replacement
MOLREP (33). The Fab variable and constant domains of
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1T3F from the Protein Data Bank (PDB) were treated as sep-
arate search models. After initial rigid-body and restrained re-
finement in Phenix (34), Ry dropped to 0.3377, with an Rgee
of 0.3560. Simulated annealing was used to remove model bias.
An initial model was built using ARP/WARP (35) with re-
finement using Refmac (36). Several cycles of model building
and refinement were carried out using Coot (37) and Phenix
(Table 1). Final atomic coordinates and structure factors have
been deposited (PDB ID: 3NTC).

Superposition analysis

The coordinates of several Fab-V3 peptide complexes were
downloaded from the PDB: 1ACY, 1AIl, 1F58, 1GGI, 1NAK,
1Q1J, 2B0S, 2QSC, and 3MLW. These complexes were chosen
specifically because all have V3 peptides based on the HIV-
1y sequence, which is efficiently neutralized by KD-247. The
Fab portions were aligned with the KD-247 Fab in Coot using
the light chain for alignment. Upon each alignment, the
position of the V3 peptide with respect to the KD-247 com-
plementarity determining region (CDR) was visually inspected.
The V3 peptide that fit best in the KD-247 binding pocket

TABLE 1. Data collection and refinement statistics

Data collection Value
Wavelength QA) 1.07
Resolution (A) 1.55 (1.61-1.55)¢
Space group P2:2,2,
Cell dimensions
a (A) 61.1
b (A) 69.2
¢ (A) 111.8
Observed reflections 448,730
Unique reflections 68,709
Redundancy 6.5 (4.4)
Completeness (%) 99.0 (92.0)
Ry 0.068 (0.595)
Avgl/o 10.2 (1.6)
Refinement statistics for all
reflections >0.0 o F
Resolution (A) 19.75-1.55
No. of reflections (working) 68,481
No. of reflections (test) 2,748
Ruork” 0.1901
Reree® 0.2099
No. of Fab atoms 3365
No. of water molecules 575
No. of solvent molecules 30
Overall B value (A%
Fab 26.28
Solvents . 39.54
Wilson B value (A?) 24.16
Ramachandran plot (%)°
Favored 98.2
Allowed 1.8
Disallowed . 0.0
RMSD bond length (A) 0.004
RMSD angle (°) 0.992

“Values in parentheses are for the outer resolution shell. bRsym =
Shia 1= < T >1/ Zpga 1M Reryse = it Fobs = Featel / i Fopsl: “Reree =
Reyysir except 4% of the data excluded from the refinement. ‘Evaluated
by MolProbity (48).
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was from 20QSC (RP142 V3). The V3 peptide from the aligned
20QSC coordinates was removed and loaded with KD-247
into SYBYL (7.3.5; Tripos, St. Louis, MO, USA) and taken
through a slight minimization procedure to reduce minor
steric interactions.

Modeling of G314E and R315K KD-247-resistant V3
peptides with KD-247

Models of the G314E and R315K V3 peptides were generated
by performing a simple mutation of the aligned and min-
imized RP142 peptide used in the superposition analysis at the
314 and 315 positions. All possible rotamers of Glu™ and
Lys®"® demonstrated steric clashes with KD-247 CDR resiclues.

Preparation of KD-247 scFv variants

Single amino acid substitutions of Asn™#7 Ty and Ty
in the background pET28a8c-KD247 scFv (38) were generated
by site-directed mutagenesis and verified by DNA sequencing.
scFv variants were expressed in BL21(DE3) Escherichia coli and
purified as previously described (88). scFv in the inclusion
bodies was denatured and refolded before purification on
HisTrap and HiPrep 26/60 Sephacryl S200 HR columns (GE
Healthcare, Piscataway, NJ, USA). The secondary structure of
the refolded scFv was examined using far-UV circular di-
chroism (CD) spectroscopy as previously described (38). Data
were collected on a J-815 CD Spectrometer (JASCO, Easton,
MD, USA) at 0.2 mg/ml from 190 to 240 nm. CD spectra were
plotted using GraphPad Prism 5 (GraphPad Software Inc., La
Jolla, CA, USA). CD spectra were analyzed by the SELCON3
(39, 40) and K2D3 (41) methods using the DichroWeb online
analysis software (42, 43). Reference data sets 4 and 7 (range
190~240 nm) were used in the analyses (44).

V3 peptide binding assay

Biotinylated clade B V3 peptide was synthesized at the Struc-
tural Biology Core (University of Missouri, Columbia, MO,
USA). The sequence (Biotin-GCRKRIHIGPGRAFYTC) was de-
rived from MN V3 loop sequence (304-309, 312-319 based
on HXB2 numbering). Peptide binding assays were performed
in 96-well ¥4 area white plates (Perkin Elmer, Waltham, MA,
USA) using a 40 ul reaction volume containing donor and
acceptor beads (final concentration 20 ug/ml), 1X phosphate-
buffered saline (PBS) pH 7.4, 0.01% Tween-20, and 0.1 mg/ml
bovine serum albumin. A total of 200 nM N-terminal 6X
histidine (Hisg)-tagged scFv variants (50 nM final) were
incubated with 400 nM biotinylated V3 peptide (100 nM final)
for 1 h at room temperature. A total of 80 pg/ml of nickel
chelated acceptor beads (Perkin Elmer, Waltham, MA, USA)
were added to the wells and allowed to incubate for another
hour in the dark before adding 80 ug/ml of streptavidin-
coated donor beads (Perkin Elmer, Waltham, MA, USA).
After 30 min incubation in the dark, the plates were analyzed
using an EnSpire Plate Reader (Perkin Elmer, Waltham, MA,
USA). Parental KD-247 scFv (wild-type, WT) was the positive
control that gives high signal counts because of its strong
binding to the clade B V3 peptide. A reaction containing
only the peptide but no scFv served as the negative control.
The signals of all the scFv variants were compared to the
WT scFv signal. Statistical analyses were performed using
2-tailed l-sample ¢ test and Wilcoxon signed rank test at
95% confidence.
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HIV-1 neutralization assay

Maraviroc, TZM-bl cells (from Dr. John C. Kappes, Dr. Xiaoyun
Wu, and Tranzyme Inc., Durham, NC, USA), pSG3AEnv (from
Drs. John C. Kappes and Xiaoyun Wu), pWT/BaL plasmid
(Dr. Bryan Cullen), and H9/HTLV-IIyy NIH 1984 (Dr. Robert
Gallo) were obtained through the U.S, NIH AIDS Reagent
Program. The plasmid for expression of JR-FL Env (pCXN-JR-
FL-Env) was from Dr. Shuzo Matsushita. TZM-bl cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 100 units/ml penicillin, and 100 ug/ml streptomycin.
The 293T cells were maintained in DMEM supplemented with
10% FBS, and penicillin/streptomycin. H9/HTLV-Iyy NIH
1984 was passaged in RPMI 1640 supplemented with 1-glutamine
and 10% FBS.

Replication-competent HIV-1y,; and replication-deficient
pseudotyped HIV-1 were produced by 293T transfection with
pWT/BaL or pSG3AEnv and pCXN-JR-FL-Env plasmids (38).
Replication-competent HIV-1y was obtained from superna-
tant of H9/HTLV-IILyn NIH 1984 culture (45, 46). Virus titers
were determined using the previously described 50% tissue
culture infectious dose (TCIDj5) assay (47). The ability of KD-247
sckv variants to neutralize JR-FL Env pseudotyped HIV-1 was
first evaluated. A total of 100 TCID3, pseudotyped virus was
preincubated with sckFv variants (5 uM final concentration)
(37°C) for 1 h before infecting TZM-bl cells (preseeded 1 X
10* cells/well). A total of 10 nM maraviroc (targets CCR5) was used
as a positive control. Luciferase activity of infected TZM-bl cells
was determined at 48 h postinfection using Bright-Glo Reagent
(Promega, Madison, WI, USA). The relative infectivity was de-
termined as ratio of the relative light units in the presence of
scFv to virus control (PBS treated). The percentage of neu-
tralization was calculated as 100 X (1 — relative infectivity). scFy
variants that showed more than 50% neutralization were fur-
ther studied as described above using HIV-1p,;, or HIV-1yy in
the presence of scFv at various concentrations to determine
50% neutralization concentration (ECsg). Data from at least
three independent experiments were plotted using nonlinear
regression equations in GraphPad Prism 5 software to obtain
EC;5 values.

RESULTS
KD-247 Fab crystal structure

The KD-247 Fab structure was determined to 1.55 A, the
highest resolution reported for any apo humanized an-
tibody (Fig. 14). It was refined to an Rfactor of 19%
and an Rge. of 21%. More than 98% of the KD-247 Fab
residues had main chain torsion angles in the energet-
ically favored regions of the Ramachandran plot (48),
with no residues in disallowed regions (49) (Table 1).
Using RBOW, the elbow angle of the KD-247 Fab was
determined to be 127°, which falls within the range
commonly observed for Fabs with « light chains (50).

KD-247 is the first humanized anti-V3 mAb to be
structurally characterized. The heavy and light chains
were numbered using the Kabat numbering system
(51, 52). The heavy and light chains are designated with
an “H” and an “L”, respectively. The CDR loops L1, L2,
L3, H1, and H2 belong to canonical classes k-3, 1, k-1, 1,
and 1 (53). The CDR H3 loop exhibits a kinked base
conformation with the observation of the conserved
hydrogen bond between the ring nitrogen of Trp™'%®
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Figure 1. Crystal structure of KD-247 Fab. (A) Stereo view of
the Fab including CDR regions (L1, cyan; L2, green; L3, blue;
H1, red; H2, orange; H3, purple). Light and heavy chains are
shown in light and dark gray. (B) 3Fo—2Fc electron density
map of light chain residues (o = 2.0). All structural images
were generated using PyMOL (Attp://www.pymol.org/).

and the carbonyl oxygen of Met™%%; there is no salt
2

bridge between Arg™®* and Asp™" (54). Excellent elec-
tron density was continuous almost throughout the entire
molecule (Fig. 1B), allowing assignment of partial oc-
cupancy and alternate conformations. Slightly disor-
dered loops were observed for residues 42-43, 6466,
and 101-102 in the heavy chain but were included in
the model.

The KD-247 Fab CDR L1 loop is very similar to the
L1l loop from other Fabs, including the Fab of
nonneutralizing HIV-1 antibody 13H11 (PDB ID:
3MNV; light chain RMSD compared to KD-247 light
chain [RMSD; ] determined by PDBeFold = 0.62 A),
the Fab of a mAb that neutralizes human rhinovirus
serotype 2 (PDB ID: 1BBD; RMSDy = 0.73 A), an
antitumor CH2-domain-deleted humanized antibody
(PDB ID: 1ZA6; RMSDy, = 0.55 A), the Fab of human
germ-line antibody 1-69/B3 (PDB ID: 3QOT; RMSD,, =
0.44 A), and the Fab of Mus musculus germ-line
antibody S25-2 (PDB ID: 1Q9K; RMSDy, = 0.65 A)
(Fig. 24). The CDR L1 loop is considerably longer in
the KD-247 Fab (17 residues long) than what is
observed for other anti-V3 loop antibodies, including
murine antibody 83.1 (PDB ID: 1NAK) and human
antibodies F425-B4e8 (2QSC), 2219 (2B0S), and 1006-
15D (3MLW) (Fig. 2B). The CDR L1 loop of anti-V3
loop murine antibody 83.1 (PDB ID: 1NAK) is 16
residues long but is bent in the crystal structure to avoid
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crystal packing clashes with residues from the variable
heavy chain of a symmetry-related molecule (55).

We pursued cocrystallization of the KD-247 Fab in
complex with various V3 peptides of different sequen-
ces and lengths, which resulted in many beautiful crystals
but poor X-ray diffraction or internal lattice problems
that could not be resolved. The crystal packing of the
apo Fab does not allow room for the peptide to bind
through soaking experiments. Thus, we constructed
a molecular model of the KD-247 Fab in complex with
the V3 loop in order to understand the molecular de-
tails of HIV-1 clade B V3 loop recognition by KD-247.

Superposition of the V3 loop

In our model of the KD-247 Fab crystal structure in com-
plex with a clade B V8 Gly*'2Pro™3.Gly*“Arg®'® (GPGR)-
containing peptide, the V3 residues are designated with
a “P” and numbered according to the HXB2 sequence
(66). We aligned previously determined Fab-V3 com-
plexes to KD-247 Fab. The V3 peptides of many Fab-V3
complexes that aligned with the KD-247 Fab did not fit
well after superposition with the KD-247 binding pocket.
One exception was the V3 peptide from 2QSC, derived
from MN and called RP142 (YP3'NKRKRIHI®®%°
GP2PGRAFYTTRNIIGCT®2%) (57, 58).

The RP142 peptide fits nicely into the binding pocket,
with only minor obstructions. The side chains of Ile***
and Tyr"*® and the main chain of Phef®7in V3 were in
close contact (<2.0 A) with the TrpHSg, Asn™® and
Terg4 side chains of KD-247 Fab. After minimization,
the positions of the important GPGR residues were
virtually unchanged. The primary interactions between
the RP142 peptide and the KD-247 Fab involve the V3
arch of the loop and the CDR L1 and L3 regions (Fig.
2C). Previous studies have shown that the characteristic
observed interactions between anti-V3 Fabs with the V3
peptides occur in the long extended CDR H3 (59-61).
In our case and in the 2QSC structure, Arg®' of the V3
loop interacts with light chain Fab residues. The most
interesting interaction occurs between Arg®'® of the
RP142 peptide and KD-247 Tyr™? and Tyr™* (Fig. 2D).
Arg®® appears to be stabilized by van der Waals in-
teractions with the side chains of the two tyrosines and
additionally by a hydrogen bond with the phenoxy group
of Tyr"*%. The arginine is also further stabilized by a
hydrogen bond with Asn™?”?. An intricate hydrogen
bond network between CDR L1 loop residues Tyr™>?,
Asp™®®, and Asn™*"? helps to stabilize Tyr™*? and
Asn™*"4 in positions to interact with Arg®'® (Fig. 2D).

G314E and R315K KD-247-resistant V3 peptides
with KD-247

Two mutations in the V3 arch confer KD-247 resistance.
HIV-ljr . with G314E was neutralized 16-fold less effi-
ciently by KD-247 than HIV-1jr g without this mutation
(62). An HIV-1g,;, variant containing a potential N-
linked glycosylation site (PNGS) insertion in V2 and
an R315K mutation in the V3 arch provided a very high
resistance phenotype to KD-247 (63). The long Glu
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Figure 2. Structural compari-
son of KD-247 with other Fabs
and potential interactions with
a V3 peptide. (A) Similarities
of the KD-247 CDR L1 loop
(cyan) to other Fabs (PDB ID:
3MNV, red; 1BBD, orange;
1ZA6, green; 3QOT, magenta;
1Q9K, blue). The RMSD be-
tween the light chain of all
Fabs and KD-247 is <0.75 A.
(B) The KD-247 CDR L1 loop
(cyan) is unique from other
anti-V3 mAbs (PDB ID: INAK,
yellow; 2QSC, gray; 2B0S, pink;
SMLW, brown). (C) Stereo
view of KD-247 (surface repre-
sentation, colors as in Fig. 1)
with the RP142 peptide (white
cartoon/yellowsticks) modeled
in the binding pocket. (D) In-
teractions betwcen Ar 5 oof
the RP142 peptide, Tyr? and
Asn™™ of CDR L1 (cyan) and

Tyr*20fCDRL3 (blue; dashed
lines are H bonds). Tyx
stabilized by an H-bond nct—
work that_includes Asp™*®
and Asn™?"* of CDR L1.

chain in G314E V3 causes steric clashes with KD-247
CDR L1, L2, and H3 (data not shown). Similarly, R315K
also creates steric clashes with CDR L1 and L3 of KD-247.

KD-247 scFv variants

On the basis of our KD-247 structure-guided model, we
designed KD-247 variants in a smaller size 30 kDa scFv
antlbody format. scFy variants with single or double Ala
substitutions at Asn™*’®, Tyr™**, and/or Tyr"*® were gen-
erated to disrupt the plOpOSCd interactions. To under-
stand the ;aroposed interactions of Tyr™** and Tyr™
with Arg®'®, we generated scFv variants with Phe sub-
stitutions at these posmons Additional substitutions at
Asn™™ , Tyr™2, and Tyr™*? were generated to further un-
derstand the effects of side chains on the KD-247 in-
teractions with the GPGR V3 arch. We proposed that
substitution with golar side chain of Asn or Gln at Asn™*",
Tyr™2, and Tyr™? will maintain affinity for Arg®'®. Su b
stitution with the long basic side chain of Arg and L s Or
the short acidic 81de chain of Asp and Glu at Asn™®
Tyr™®2, and Tyr™®® of KD-247 may provide additional
1n51ghts into the interactions with the GPGR V3 arch.
All scFv variants were expressed and purified by a
stepwise refolding process (38) (Supplemental Fig. 1A4)
that overcomes the previously reported challenge of
obtaining anti-V3 loop scFvs (64). Despite the low recov-
ery of refolded monomeric scFvs, we were able to obtain
sufficient quantities for the subsequent analyses. A cor-
rectly folded scFv should retain an immunoglobulin-like
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structure with each variable domain consisting of nine
antiparallel B-sheets (65). We previously used CD
spectroscopy to confirm efficient refolding of WI' KD-
247 scFv (38). Here, we used far-UV CD spectroscopy
to analyze the folding of mutant KD-247 scFv variants
(Supplemental Fig. 15-F). Protein folding can be as-
sessed from the CD ellipticity value (y axis intercept):
unordered protein structure increases with decreasing
ellipticity value at short wavelength (200 nm) (66).
Overall, the scFvs were better folded in the presence
of a 16mer HIV-1yn-derived V3 peptide (Supplemental
Fig. 1B-F; cf. right vs. left panels). Folding was further
confirmed by analyzing the CD data using the SELCON3
(39, 40) and K2D3 (41) methods in the DichroWeb online
analysis software (data not shown) (42, 43). Generally,
the quantification of the CD data by SELCON3 and
K2D$ confirm that the secondary structure of the Asn™*"
scFv variants had a comparable B-sheet content to that of
WT scFv (Supplemental Fig. 1B). Of the Tyr™®® variants,
results from the K2D3 method demonstrated that PheL92
GIn"*?, and Arg™* showed the most comparable B-sheet
content to WT scFy, which is again consistent with the CD
spectra (Supplemental Fig. 1B). The results from the
SELCON3 and K2D3 methods showed that Tyr'®?
variants and the double mutants Y32A/Y92A and
N27dA/Y32A exhibited lower B-sheet contents com-
pared with WT scFv, which demonstrates poor folding
in agreement with the CD spectra (Supplemental
Fig. 1D, E). This observation indicated that the Tyr™*?

aromatic ring is required for proper conformation of
KD-247 when purified in vitro. We selected scFv variants
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that showed a proper B-sheet profile for further in- HIV-1 (HIV-ljr., Table 2) that contains a V3 loop
vestigation of the KD-247 scFv-V3 loop interactions. similar to the one used in the modeling studies (HIV-
1vn-derived RP142 peptide). Only WT KD-247 Fab and
scFv, as well as N27dD and Y92F scFvs, could neutralize
scFv-V3 loop interactions by at least 80% pseudotyped clade B HIV-1 using 5 uM
sckv (Fig. 3C). Other scFv variants, which initially showed
To compare binding of KD-247 scFv variants to GPGR  binding to the clade B GPGR V3 loop peptide (Fig. 3B),
V3 loop peptides, we performed a protein—protein in-  neutralized less than 30% of pseudotyped HIV-1 under
teraction assay using the AlphaScreen technology (67).  the same conditions (Fig. 3C).
The streptavidin-coated donor beads and the nickel- We also determined the ECj5q of the most potent scFvs
chelate acceptor beads bind to the biotinylated V3  in TZM-bl neutralization assays using fully infectious
peptides and the purified Hisg-tagged scFvs, respectively. CCRb5-tropic HIV-1g,;, and CXCR4-tropic HIV-Iyn
A favorable interaction between the V3 loop peptide and ~ (Table 3). Similarly, the refolded WT scFv neutralized
the scFv variant brings the 2 types of fluorophore-coated the replication-competent HIV-1ypy and HIV-1g,; at com-
beads into proximity, and an amplified light signal is  parable ECsq values (0.7 and 0.6 uM, respectively). YO2F
generated upon excitation (Fig. 34). Our results showed scFv showed similar ECsq values compared to WT sckv
that similar to WT scFv, several scFv variants, including (0.8 uM for HIV-1yy and 0.5 uM for HIV-1g,1), sug-
N27dD, N27dE, N27dK, N27dR, Y924, YO2F, YO2R, and  gesting that the aromatic interaction with this residue is
Y32F, interact with the clade B V3 loop peptide, and the crucial. A slight increase in the ECzq of N27dD scFv
signals measured were significantly different from the (2.1 pM for HIV-lyy and 1.2 uM for HIV-1p,y),
no-scFv negative control (Fig. 3B). indicated that Asn'*’® is better at stabilizing the
In addition to measuring the binding interactions of  interaction with Arg®'®. These results provided insights
scFyv with cyclic V8 loop peptides, we also determined  into the interactions of Arg®'® with side chains at the
their ability to neutralize the infectivity of pseudotyped  interface of the KD-247 light chain.
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Figure 3. Interactions of scFv variants with V3 loop. (A) Schematic representation of KD-247 scFv interactions with a V3 peptide
using AlphaScreen technology. His-tagged scFvs were allowed to interact with biotinylated V3 peptide. The interaction was
detected using nickel (Ni**)-chelated AlphaScreen acceptor beads and streptavidin (SA)-coated AlphaScreen donor beads. (B)
Interaction of scFy variants with cyclic clade B V3 peptide. Results are expressed as the means of signal-to-background ratio from
3 independent experiments. Error bars indicate SEM. Statistically significant differences compared to WT scFv are represented by
an asterisk (*P < 0.05). (C) Neutralization assay of HIV-1 Env pseudotyped virus on TZM-bl cells. A total of 10 nM maraviroc
(CCR5 antagonist) or 5 uM KD-247 Fab or His-tagged scFv variants were preincubated with HIV-1jp.rr. Env pseudotyped HIV-1
before infection of TZM-bl. Luminescence was measured 48 h after infection to determine scFv variants that result in >50%
neutralization of pseudotyped virus. Results are represented as the average of percentage neutralization relative to virus control
from at least three experiments; error bars indicate SEM.

INTERACTION OF HIV-1 V3 LOOP WITH KD-247 75



192

TABLE 2. V3 loop sequences of clade B HIV-1 strains

HIV-1 strain Tropism V3 loop sequence

MN X4 CTRPNYNKRKRIHIGPGRAFYTTKNIKGTIRQAHC
Bal. RS ———m- N-T==§===mm = L-==GE-I-D-==-—-
JRFL RS~ —m—- N=T==§== == mmmm = GE-T-D—-===~

Dashes indicate identical amino acid residue.

DISCUSSION

The V3 loop of HIV-1 gpl20 is flexible and structurally
diverse, as evidenced by the wide range of different
conformations of Arg”'” observed in gp120 and Fab/
V3 complexes (aligned GPGR arches shown in Fig. 44).
This diverse loop, and specifically Arg™?, which cor-
relates with genotypic specificity, is also recognized in
a variety of ways by anti-V3 mAbs. Although most mAbs
interact with their respective antigen through heavy
chain interactions (68), several anti-V3 mAbs interact
with Arg”"® through residues of their light chains. For
example, murine Fab 83.1 interacts with Arg®"® through
hydrogen bond between the main and side chains of
Thrwv (65) (Fig. 4B). Human Fab 2219 recognizes
Arg®? through a hydrogen bond with Asn™*' (69) (Fig.
4C). In the human F425-B4e8 Fab/V3 complex, Arg®'
is sandwiched between residues Tyr™?* and Asp™®* and
is stabilized by a salt bridge with Asp"%%, as well as hgf‘—
drogen bonds with the main and side chains of Asp™®?
(68) (Fig. 4D). Additionally, Argm interacts with the
human 1006-15D Fab through hydrogen bonds with the
side chains of Asn™" and Asp™® (60) (Fig. 4E). KD-247
also uses its light chain to recognize Argg 5, but in what
appears to be a different manner than other anti-V3
mAbs: in addition to hydrogen bond interactions with
Ter92 and van der Waals interactions with Tyr'** and
Tyr-%, Asn™*" also forms a hydrogen bond with the
Arg®" side chain, providing additional stability. Asn™*"
and Tyr™** are held in place by an elaborate hydrogen
bond network also involving Asp'®® (Fig. 2D). These
distinct interactions involve the unique CDR L1 insertion
of KD-247 and provide a plausible answer for why Arg®"®
is needed for HIV-1 neutralization by KD-247.

The interactions between mAbs and the V3 loop are
also affected by the use of different CDRs. For example,
the human mAb 537-10D recognizes the same IGPGR
epitope as KD-247, yet it uses a long insertion in the
CDR H3 loop to make nonspecific interactions with the
V3 loop in the form of a 4stranded antiparallel B-sheet

TABLE 3. Fifly percent neutralization concentration (ECsg) (1.M)
against clade B HIV-1

Assay HIV-1n(CXCR4-tropic) HIV-1g.. (CCR5-tropic)
Maraviroc >0.1 0.002 = 0.001
KD-247 Fab 0.2 = 0.06 0.1 = 0.02
KD-247 scFv 07 02 0.6 = 0.1
N27dD scFv 2.1 0.7 1.2 £ 0.2

YO2F scEv 0.8 = 0.08 0.5 £ 0.09

Data represent the mean * sp from the results of three inde-
pendent experiments.
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(Fig. 5A4), in comparison to KD-247, which primarily
uses CDR L1 for V3 loop interactions (Fig. 5B, C).
Although they recognize the same epitope, 537-10D
demonstrates a narrow HIV-1 neutralization profile

Figure 4. Structural variability of Arg**® and recognition by anti-

V3 mAb light chains. (A) Stereo view of “GPGR”-containing V3
loops in the following: 58.2 Fab complexes (PDB ID: 1F58, red;
2F58, green; 3F58, magenta), 83.1 Fab complex (1INAK, yellow);
447-52D (1Q1], orange); 2219 Fab complex (2B0S, pink); F425-
B4e8 Fab complex (20QSC, dark gray); 268-D Fab complex
(3GO1, gray); 1006-15D Fab complex (3MLW, brown); 3074 Fab
complex (3MLX, blue); 2557 Fab complexes (3MLR, light green;
SMLT, cyan); 2558 Fab complex (3UJI, mauve); 537-10D Fab
complex (3GHE, hot pink); the V3 loop from the X5 Ab
complex with JR-FL gp120 and CD4 (2B4C, dark green); and the
V3 loop from the sulfated-tyrosine 412d Ab complex with YU2
gpl20 and CD4 (2QAD, light blue). Arrow indicates the space
occupied by Arg®*® conformations in the various structures. Arg™'®
is also stabilized by interactions with light chain residues in some
mAbs, including 83.1 (B), 2219 (C), F425-B4e8 (D), and 1006-15D
(E). H bonds and salt bridges are shown as black and red dashed Iines.
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compared to KD-247 (70). This is likely due in part to
the more restricted antigen binding site of 537-10D, in
which the TrpHgg,_ Glu™, and TyrHlOOJ residues that
interact with Arg®® of the V3 loop are buried in a deep
pocket (~6A) that requires a close fit to bind the V3
loop. The CDR region of KD-247 demonstrates a shallow
binding pocket that may be able to better tolerate
flexibility of the V3 arch (59).

Resistance mutations at gpl20 affect interactions
between mAb and V3 loop and help HIV-1 escape neu-
tralizing antibodies. Two mutations in the V3 arch re-
gion of gpl20 cause resistance to KD-247. KD-247
neutralizes HIV-Ijrpr, with a G314E mutation ~20-fold
less efficiently than WT (62), and also binds 100X weaker
than WT to HIV-1g, with a V2 PNGS insertion in ad-
dition to the V3 R315K mutation (63). Our modeling
studies suggest that mutation from Gly to Glu at 314 and
from Arg to Lys at 315 creates steric interactions with the
binding pocket of KD-247 (data not shown). These steric
contacts likely affect KD-247 binding to V3 loops con-
taining these mutations and may explain the reported
differences in KD-247 binding and HIV-1 neutralization.

Our proposed interactions were validated by the
generated scFv variants and the results of our binding
and neutralization assays. The data suggest that KD-247
uses an elaborate network of interactions that are based
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Figure 5. The 537-10D and KD-
247 target the same IGPGR
epitope using different modes of
V3 binding. (A) 537-10D Fab
(heavy and light chains in dark
and light gray) in complex with
an MN V3 peptide (yellow, PDB
ID: 3GHE). The primary binding
interactions occur in the CDR H3
loop (purple). (B) KD-247 Fab
bound to the RP142 V3 peptide
(same colors as in (A)). Most of the
binding interactions occur in the
CDR L1 loop (cyan). (C) Sequence
alignment of the KD-247 and
537-10D variable regions (CDR
regions in red). Identical resi-
dues are highlighted in blue and
similar residues in yellow. Aster-
isks mark the residues making
interactions with Arg™ of the RP142
V3 peptide. Sequence alignment
was performed by the Sequence
Manipulation Suite (hitp://www.
bioinformatics.org/sms2/index.himl) .
CDRs were labeled on the basis
of previously published sequences
(27, 59).

on the long insertion in CDR L1 and involve residues
AsnL27d, AspL28, Tergg, and Terg2 (Fig. 2D). Impor-
tantly, one of these residues (Tyr>?) appears to be im-
portant for proper scFv folding, as almost all of the
mutants at this position were inactive in neutralization
assays (Fig. 3C) and poorly folded (CD spectra in
Supplemental Fig. 1D). Phe™*? was the only mutant at
position 32 that demonstrated proper scFv folding.
Although variant Phe™? demonstrated some binding
activity to the V3 loop peptide (Fig. 3B), it did not
neutralize pseudotyped clade B HIV-1 (Fig. 3C). Hence,
an aromatic residue at position 32 in the light chain is
important for proper scFv folding but not necessarily
for neutralization, where it seems that the phenoxy
group is critical. Changes at position 27d do not affect
sckv folding (Supplemental Fig. 1B) and appear to
either have limited effect (with the exception of Ala™%7
and GIn*?7%) or even enhance binding to the V3 loop
(Fig. 3B). The loss of V3 loop binding and neutraliza-
tion ability of the Ala™*’d KD-247 scFy variant is con-
sistent with the proposed role of Asn™’ in interacting
with Arg®'®. However, the only variant that was able to
efficiently neutralize pseudotyped clade B HIV-1 was
Asp™?" (Fig. 30). It is likely that the Glu*"® and GIn"*7
variants are not as efficient in neutralization of
pseudotyped virus because of their longer side chains
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(as compared to Asp™*’"® and Asn"*’"). Similarly, the
even longer side chains of Arg"#™® and Ly(s?'?m are likely
to negatively affect interactions with Arg”"® because of
steric constraints. The ability of the N27dD variant to
neutralize clade B HIV-1 suggests that KD-247 may be
substituted with Asp"*™ to retain activity against clade B
HIV. This substitution would still be able to participate
in the intricate network of hydrogen bond interactions
proposed in our model for recognition of Arg”'”.
Although many of the scFv variants at position 92 of
the light chain demonstrated proper folding (Supple-
mental Fig. 1€), Phe"” demonstrated enhanced bind-
ing to the clade B V3 loop peptide while Ala'?? and
Arg™® had similar binding compared to the WT scFy
(Fig. 3B), but only Phe™* showed effective neutraliza-
tion of clade B HIV-1 Env pseudotyped virus (Fig. 3C).
These results establish that the aromatic ring at Tyr**? is
essential for clade B V3 loop recognition. Overall, these
observations highlight the importance of Asn"*",
Tyr™2, and Tyr'?? in neutralizing clade B HIV-1 con-
taining a GPGR V3 loop arch. Importantly, these results
reveal that binding of scFv variants to clade B V3 loop
peptides does not necessarily correlate with efficient
HIV-1 clade B neutralization. It is possible that other
factors may affect binding of the antibody in the con-
text of the full Env glycoprotein that do not factor in to
V3 peptide binding. The recent crystal structure of the
native Env trimer by Julien et al. (71) revealed that the
gpl20 subunits are stabilized by B-hairpin interactions
of the V3 loop and the V1/V2 strands B and C near the
top of the trimer. The arch of the V3 loop is hidden by
an N-acetyl glucosamine from the Asn'®” glycan at the
C-terminal region of V2 strand D from a neighboring
protomer. This glycan blocks access to the V3 arch and
may affect mAb binding.

Our findings are in agreement with previous work
highlighting the dramatic flexibility of V3 loop and un-
derscore the challenges in engineering antibodies that
will be useful for treatment and vaccine design. Anti-
body engineering based on the interactions reported in
our and other structures may lead to enhanced in-
teractions with both Arg and GIn residues at position
315 of the V3 loop. For examl}:zle, we expect that mu-
tations of KD-247 residue Asn™*"® to longer polar re-
sidues (N27dQ, N27dK, and N27dR) should maintain
the hydrogen bond interaction with clade B Arg®'® and
also be able to hydrogen bond with the shorter non—clade
B GIn®"°. Additionally, mutations of KD-247 residue
Asp™®® to long polar residues (D28K, D28R, and D28E)
should reach and interact with both clade B Arg®® and
non—clade B GIn®'®. Similarly, the Y82R mutant should
maintain van der Waals interactions with clade B Arg®"®
and also make hydrogen bond interactions with non-
clade B GIn®". Combinations of the above mutations in
the 27d, 28, 32, and 92 positions of the light chain of
KD-247 may also help to maintain interactions with
Arg®?® and improve interactions with GIn®'?. Additional
approaches may include mutations of other KD-247
residues that do not interact directly with residue 315 of
the V3 loop. Such interactions are observed in the
structures of the 2557 and 3074 Fabs (22, 60) in complex
with the V3 loop. Finally, extended CDR H3 loops may be
designed to make nonspecific main chain interactions
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with the V3 loop, as is the case with 447-52D (61) and
537-10D (59), which form three-stranded and four-
stranded antiparallel B-sheets with the V3 loop target.
Although the propensity of V3 loop to serve as an im-
munogen to elicit broadly neutralizing antibodies against
HIV-1 of multiple clades has been challenging, the ex-
tensive studies performed by the Zolla-Pazner, Gorny,
Wilson, and Kong groups suggest that this strategy may
be achievable (22, 25, 55, 58~61, 69, 70, 72).
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The aim of this study was to generate maraviroc (MVC)-resistant viruses in vitro using a human
immunodeficiency virus type 1 subtype B clinical isolate (HIV-1yp_s) to understand the
mechanism(s) of resistance to MVC. To select HIV-1 variants resistant to MVC in vitro, we
exposed high-chemokine (C-C motif) receptor 5 (CCR5)-expressing PM1/CCR5 cells to HIV-
1kp.s followed by serial passage in the presence of MVC. We also passaged HIV-1yp.5 in PM1
cells, which were low CCR5 expressing to determine low-CCR5-adapted substitutions and
compared the Env sequences of the MVC-selected variants. Following 48 passages with MVC
(10 pM), HIV-1¢p_5 acquired a resistant phenotype [maximal per cent inhibition (MPI) 24 %], whilst
the low-CCR5-adapted variant had low sensitivity to MVC (ICso ~200 nM), but not reduction of
the MPL. The common substitutions observed in both the MVC-selected and low-CCR5-adapted
variants were selected from the quasi-species, in V1, V3 and V5. After 14 passages, the MVC-
selected variants harboured substitutions around the CCR5 N-terminal-binding site and V3
(v200l, T2971, K305R and M434I). The low-CCR5-adapted infectious clone became sensitive to
anti-CD4bs and CD4i mAbs, but not to anti-V3 mAb and autologous plasma IgGs. Conversely,
the MVC-selected clone became highly sensitive to the anti-envelope (Env) mAbs tested and the
autologous plasma IgGs. These findings suggest that the four MVC-resistant mutations required
for entry using MVC-bound CCR5 result in a conformational change of Env that is associated with
a phenotype sensitive to anti-Env neutralizing antibodies.

of CCRS5 at the cell surface, thereby disrupting its interac-

tion with HIV gp120 (Berger et al, 1999; Dorr et al., 2005).

Human immunodeficiency virus type 1 (HIV-1) entry
into target cells is triggered by the interaction of the viral
envelope glycoproteins (Env) with its receptor CD4 and
one or two major coreceptors, chemokine (C-C motif)
receptor 5 (CCR5) or chemokine (C-X-C motif) receptor 4
(CXCR4), and culminates in fusion of the viral and cell
membranes. Env is organized into trimers on virions, and
consists of the gpl20 surface and gp4l transmembrane
subunits (Wyatt & Sodroski, 1998). The small-molecule
CCR5 antagonist maraviroc (MVC) was the first CCR5
inhibitor licensed for clinical use (Gulick et al., 2008). CCR5
inhibitors work by allosterically altering the conformation

tThese authors contributed equally to this work.

The GenBank/EMBL/DDBJ accession numbers for the envelope
sequences of KP-b are AB742145-AB7421567.

Three supplementary figures are available with the online version of this
paper.

Although MVC and another CCRS5 inhibitor, vicriviroc
(VCV), can efficiently suppress HIV-1 replication, resistant
variants can arise both in vifro and in vivo, and these
resistant viruses are adapted to use drug-bound CCRS5 for
entry (Berro et al., 2009; Kuhmann et al., 2004; Marozsan
et al., 2005; Ogert et al, 2009, 2010; Ratcliff et al, 2013;
Roche et al., 2011b; Tilton et al., 2010; Tsibris et al., 2008;
Westby et al., 2007; Yuan et al., 2011; Yusa et al, 2005).
Current models of gp120 binding to a coreceptor suggest
that the crown of the gp120 V3 loop interacts principally
with the second extracellular loop region of the coreceptor,
whilst the gp120 bridging sheet, which is formed after CD4
binding, and the stem of the V3 loop interact with the N
terminus of the coreceptor (Brelot et al., 1999; Cormier &
Dragic, 2002; Farzan et al, 1999; Huang et al, 2005). The
development of resistance is an important issue for HIV
treatment regimens incorporating MVC, as is the case for
any antimicrobial agent.
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HIV-1 can develop clinical resistance to CCR5 antagonists
by two routes. The first pathway is through emergence
of pre-existing CXCR4-using viruses (Fitkenheuer et al,
2008; Landovitz et al., 2008; Westby et al, 2006). CCR5
inhibitor evasion can also occur by the accumulation of
multiple mutations in gp120 and/or gp41 without a switch
in coreceptor usage (Dragic et al., 2000; Maeda et al., 2006,
2008a; Roche et al., 2011b; Tsamis ef al., 2003). The resistant
pathway is characterized not by shifts in ICs;, (a competitive
inhibitor), but rather by reductions in the maximal per cent
inhibition (MPI). Reductions in MPI are due to the resistant
virus developing the ability to bind to the antagonist-
modified form of CCR5 (Westby et al., 2007). However, one
study reported that chimeric clones bearing the N425K
mutation in C4 replicated at high MVC concentrations
and displayed significant shifts in ICsps, characteristic of
resistance to all other antiretroviral drugs, but not MVC
(Ratcliff et al., 2013).

Escape mutants to the CCR5 inhibitor, AD101 (SCH-
350581), have been found to be more sensitive than the
parental isolate to a subset of neutralizing mAbs against V3
and a CD4-induced (CD4i) epitope (Pugach et al., 2007;
Berro et al., 2009). To date, however, it is not clear which
mutation(s) induced by MVC affect the accessibility of
neutralizing mAbs to the epitopes in Env.

Therefore, to determine the resistance mechanisms to
MVC, we passaged a primary CCR5-tropic (R5) subtype B
isolate in the high-CCR5-expressing T-cell line PM1/CCR5
in the presence of MVC (Fig. S1, available in the online
Supplementary Material) and compared the Env sequences
of varjants with those cultured in the low-CCR5-expressing
parental PMI cell line (Fig. S1). We also investigated the
phenotypic change in the MV C-resistant clone against anti-
Env antibodies, especially for anti-V3 neutralizing mAbs and
autologous plasma IgGs, and compared the results with the
low-CCR5-adapted clone to determine the key mutations
for accessibility of neutralizing mAbs to the epitopes in Env.

RESULTS

Anti-HIV-1 activities of MVC toward laboratory
strains and primary HIV-1 isolates

Initially, we determined the MPI and the ICsq values of
MVC against different laboratory-adapted and primary
HIV-1 isolates, including both CXCR4-tropic (X4) and R5
viruses. MVC inhibited the laboratory-adapted HIV-1 R5
strains HIV-1p,;, and HIV-1jg g with MPIs of 98 and 97 %,
respectively, but did not inhibit the X4 virus HIV-1p or
dual-tropic virus HIV-1g9 ¢ (MPI <20 %, Table 1). We also
tested MVC against 14 R5 primary isolates, including
subtypes B, C and G, and the circulating recombinant form
CRF08_BC. MVC effectively inhibited all of these primary
isolates at concentrations of 1.2-26 nM (MPI 92-100 %),
but did not inhibit three primary X4 isolates (two
CRF01_AE and one subtype B) with MPI <20 % (Table 1).

Table 1. Inhibitory activities of MVC toward infection by
laboratory-adapted and primary strains of HIV-1

Virus Subtype 1Cs56* (nM) MPI (%)
Laboratory

adapted

R5

HIV-134. B 26 98
HIV-Tjp.p. B 6.9 97
Dual

HIV-1404 B >1000 <20
X4
HIV-1ys B >1000 <20
Primary
R5
HIV-1gp_s B 26 92
HIV-1gp.s CRF08_BC 24 95
HIV-Tgpog G 20 95
HIV-1gp.; B 18 95
HIV-1gp.g B 14 97
HIV-1gp.o B 13 96
HIV-1gp.10 B 9.2 98
HIV-1gp.yy C 8.6 96
HIV-1gp.12 B 5.1 98
HIV-1gp.3 B 4.0 96
HIV-1gp.14 B 3.0 95
HIV-1gp.1s B 3.0 94
HIV-1kp.16 B 2.2 100
HIV-1gp.17 B 1.2 98
X4/mix
HIV-1¢p.1s CRFO1_AE >1000 <20
HIV-Igp.1o CRFO1_AE >1000 <20
HIV-1xp.ao B >1000 <20

*PM1/CCRS cells (2 x 10%) were exposed to 100 TCIDs, of each virus
and then cultured in the presence of various concentrations of MVC.
The ICsy values were determined by the WST-8 assay using a Cell
Counting kit-8 on day 7 of culture. All assays were conducted in
duplicate or triplicate.

Selection of MVC-resistant variants

To select MVC-resistant HIV-1 variants in vitro, we exposed
PMI/CCR5 cells to HIV-1gp_s, which had the highest ICs,
value (26 nM) and lowest MPI (92 %) among the primary
isolates tested, and serially passaged the viruses in the presence
of increasing concentrations of MVC. As a control, HIV-1kp. 5
was passaged under the same conditions without MVC in
PM1/CCRS5 cells (designated the passage control). Moreover,
to compare the differences between the MVC-resistant variant
and low-CCR5-expressing-cell-adapted variant, we passaged
HIV-1gps in low-CCR5-expressing parental PMI1 cells
(designated low-CCR5-adapted). The selected virus was
initially propagated in the presence of 1 nM MVC and
during the course of the selection procedure the concentration
of MVC was increased to 10 pM over 48 passages (Fig. 1a).

Resistance to small-molecule CCR5 inhibitors is known
to- vary according to the cell type used (Anastassopoulou
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et al., 2009; Ogert et al., 2008; Pugach et al, 2007; Westby
et al., 2007). To characterize the resistance profiles of
the passaged variants, we tested the sensitivities of the
three variants and HIV-1p,, to MVC in phytohaemag-
glutinin (PHA)-activated PBMCs (Fig. 1b). The MPI of
the MVC-resistant variant was lower than the MPIs of
the passage control, low-CCR5-adapted variant and
HIV-1g,; (MPI 80.3 versus 92.3, 94.5 and 95.7 %,
respectively).

The MVC-selected variant became highly resistant to MVC
(Fig. 2), with an MPI of 24 % at 48 passages. However, the
low-CCR5-adapted variant, which was passaged in PM1
cells, became low sensitive to MVC compared with the
passage control (ICsq 279 versus 26.3 nM), but we did not
find a reduction in the MPL

We also determined the sequential MPIs and ICs, values
of each passaged variant to MVC (Fig. 2). From passages
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—o— MVC-selected
—ae | ow-CCR5-adapted
-0~ Passage control

T—rrTTIm

1000

TTTTTT

100

T

10

TTTTT

MVC concentration (nM)

—
TTTIT

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

(b) 100
90

MVC (p24)

80
70
60
50
40

Inhibition (%)

30
20
10

Passage no.

95.7%
5%
<7 L MPI

80.3%

—®- MVC-selected
2~ | ow-CCR5-adapted

—O- Passage control
- Bal

0.01 0.1 1 10
Concentration (nM)

100 1000

Fig. 1. Selection of MVC-resistant and low-CCR5-adapted virus variants. (a) The selection was carried out in PM1/CCR5 and
PM1 cells as described in Methods. (b) Sensitivities of the MVC-selected (48 passages), low-CCR5-adapted (48 passages),
passage control (48 passages) variants and HIV-1g, (Bal) to MVC as determined by p24 antigen measurement. PHA-
activated PBMCs (1x10° cells mI™") were exposed to 100 TCIDsq of each variant and cultured in the presence or absence of
various concentrations of the drug in 96-well microculture plates. The amounts of p24 antigen produced by the cells were

determined on day 7. All assays were performed in triplicate.
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