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MD Simulation of HIV-1 gp120 Outer Domain with V3

Figure 1. MD simulation of the identical gp120 outer domain carrying a V3 loop with net charge of +7 or +3. (A) Schematic
representation of the gp120 open reading frame along with the amino acid sequences. The net charge indicates the number of positively charged
amino acids (R, K, and H) minus the number of negatively charged amino acids (D and E) in the V3 loop. A light blue box indicates the outer domain
used for the MD simulations. A pink box indicates the V3 loop. The numbers indicate amino acid positions at the outer domain (amino acids 1 to 233
in Figure 1A correspond to amino acids 256 to 489 in the gp120 of HIV-1.,)) or the V3 loop. An open black box in the V3 loop sequence indicates a
potential site for the N-linked glycosylation. (B-D) Left panels: Gp120,a..nm1va; Right panels: Gp120 a.thoovs. +7 and +3 indicate the net charges of V3
loops of the recombinant proteins. (B) Time course of RMSD during MD simulations. The RMSD values indicate the structural fluctuations of the outer
domain in aqueous solution. The numbers in the horizontal axes indicate the time of MD simulation. (C) Distribution of RMSF in the gp120 outer
domain. The RMSF values indicate the atomic fluctuations of the main chains of individual amino acids during 10-30 ns of MD simulations. The
numbers in the horizontal axes indicate amino acid positions at the outer domain. (D) Superimposition of Gp120 models at 10, 15, 20, 25, and 30 ns
of MD simulation. A green asterisk indicates approximate position of a potential N-glycosylation site at the V3 stem. A green arrow indicates the site

of the disulfide bond at the V3 base.
doi:10.1371/journal.pone.0037530.g001

previous [12,13,14,15,16] neutralization studies raised the possi-
bility that the gp120 surface might be less heterogeneous in gp120
subpopulations that have a less positively charged V3 loop, due to
greater magnitudes of resistance to the antibody neutralization, To
address this possibility, we performed an information entropy
study using sequences in the public database. We extracted full-
length gp120 amino acid sequences of HIV-1 subtype CRFO1_AE
that has the same evolutionary origin and is spread throughout
southeast Asia [42]), and divided them into subgroups on the basis
of the net charge of V3 loop (+2, +3, +4, +5, 46, +7, and +8). The
sequences were used to calculate the Shannon entropy scores, H(1)
[1], to denote the diversity of individual amino acids within each
subpopulation.

Figure 3 shows the 3-D distribution of the H(z) scores of
individual amino acids plotted on the HIV-1 gpl20 crystal
structure (PDB code: 2B4C [1]), where the green to orange regions
were suggested to have more variable amino acids than the blue
ones. In the gpl20 subpopulation that has +7 V3 loop, the H(7)
scores often exceeded 2.0 bits at many residues, reaching close to
the maximum value of 4.4, i.e., the diversity was maximal, at the
V5 region (Fig. 3A, left pancl). Regions with high H(i) scores
included the functional sites, such as the V3 loop and the regions
around the CD4 binding site. In marked contrast, in the gp120
subpopulation carrying the +3 V3 loop, the H(Z) scores were
almost zero, i.e., the diversity was minimal, at many amino acids,
but not at those in the V4, V5, and LE regions (Fig. 3A, right
panel). Importantly, relatively high levels of conservation were also
detected with amino acids in the otherwise highly variable V3
loop. Moreover, a region adjacent to the CD4 binding loop was
also less heterogencous compared with those of the gpl20
subpopulation carrying +7 V3 loop (Figs. 3B). In the gpl20
subpopulations carrying the +2, +3, 4, and +5 V3 loops, the H(i)
scores were indistinguishable from each other: they were less
heterogeneous than the subpopulations carrying the +6, +7, and
+8 V3 loops. Similar results were obtained with HIV-1 subtype C
that represents the most predominated HIV-1 in the world (data
not shown).

Discussion

The ability of HIV-1 to rapidly change its phenotype greatly
complicates our efforts to eradicate this virus. Elucidation of
structural principles for the phenotypic change may provide a clue
to control HIV-1. In this study, by combining MD simulations
with antibody neutralization experiments and diversity analysis of
the viral protein sequences, we studied a structural basis for the
phenotypic change of HIV-1 by V3 mutations. To address this
issue, we used a V3 recombinant system; we performed a
computer-assisted structural study and an infection-based neutral-
ization assay using gp120 proteins whose amino acid sequences are
identical except for V3 loop. In combination with an informatics
study, we obtained evidence that the HIV-1 V3 loop acts as an
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clectrostatic modulator that influences the global structure and
diversity of the interaction surface of the gp120 outer domain.

Using MD simulation, we first examined whether the V3 net
charge could affect the structural dynamics of the HIV-1 gpl120
outer domain surface. Initial structures of the outer domain of the
two gplQOS, GPI2OLA]-NHIV3 and GplQOLA].TH()gvg, were identi-
cal before MD simulations, because the domains were both
derived from HIV-1p,; strain. Remarkably, however, the two
molecules with distinct V3 loop exhibited markedly distinct
structural dynamics following MD simulations (Figs. 1 and 2).
These data strongly suggest that the V3 net charge can act as an
intrinsic modulator that influences the structural dynamics of the
interaction surface of the gp120 outer domain. Such a global effect
on structure by a local electrostatic change has been reported with
bacteriorhodopsin [43]. In general, the long-range effects of non-
electrostatic contributions are negligible, whereas those of the
electrostatic contributions are not [34]. Therefore, it is reasonable
that the changes in overall charge of the V3 loop element caused
the global effects on the gpl20 structure via alteration of the
clectrostatic potentials of the gp120 surface.

We next studied biological impact of the structural changes
predicted by MD simulations. The MD simulations suggested that
the CD4 binding loop was less exposed in the Gpl20pa1Nm1vs
than the Gpl20parnmivs (Fig. 2). The finding predicted that
reduction in V3 net charge could cause reduction in neutralization
sensitivity to the anti-CD4 binding site antibodies. This possibility
was assessed by neutralization assay. We used infectious HIV-1p41
clones having the GplQOm]_Nﬂlv3 or the GPIQOLAI-THDQVS to
assess their neutralization sensitivities to the anti-CD4 binding site
MADs. Notably, we indeed observed marked reduction in the
neutralization sensitivity in HIV-1y4; having Gpl120pa1THoovs
(Table 1). The results are consistent with the structural changes
predicted by MD simulations, as well as previous findings on
neutralization sensitivity of HIV-1s to soluble CD4 [14,15,16].

We further studied evolutionary impact predicted by MD
simulations and the neutralization studies. These studies predicted
that reduction in V3 net charge could cause reduction in sequence
diversity around the CD4 binding site due to reduced sensitivity to
positive selection pressures of antibodies. Notably, we indeed
observed marked reduction in the gpl20 diversity: our Shannon
entropy data show that otherwise variable surfaces of gp120, such
as V3 and a region around the CD4 binding loop, are less
heterogeneous in the gpl120 subgroups carrying a V3 loop with a
+3 charge (Fig. 3).

Previous cryo-electron microscopy studies have indicated that
gp120 forms a trimer on an HIV-1 virion, where the CD4 binding
sites are exposed on the outside surface in the solution [44,45,46].
Therefore, it is reasonable that gpl20 with +3 V3 with less
exposed CD4 binding loop is less sensitive to neutralization by
anti-CD4 binding site antibodies (Table 1) and less heterogeneous
around the CD4 binding site (Fig. 3). Collectively, our results
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Figure 2. Comparison of the averaged 3-D models during MD simulation. (A) Superposition of the averaged structures obtained with the
40,000 snapshots obtained from 10-30 ns of MD simulations using ptraj module in Amber 9. Red and Blue ribbons: loops of Gp120,a.nH1vs and
Gp120,a1.THoovs With V3 net charges of +7 and +3, respectively. (B-D) Configuration and structural dynamics of the CD4 binding loop. The distance
between the Ca of Gly115 and the Ca of Gly221 in the CD4 binding loop was calculated to monitor configurational changes (B). The distance was
monitored during the 10-30 ns of MD simulation (C) and the average distance with variance was plotted (D). +7: Gp120,a.nH1vss +3: GP120,a1THoova-

doi:10.1371/journal.pone.0037530.g002

obtained with all three approaches agree with each other and
suggest that V3 net charge is an intrinsic factor that influences
structural property, antibody sensitivity, and sequence diversity of
CD4 binding site.

The HIV-1 gpl20 outer domain has several functional or
immunogenic loops involved in binding to CD4, coreceptor and
antibodies. Our MD simulations predicted that V3 net charge
influences fluctuation and conformation of these loops (Figs. 1 and
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2). The V3-based structural modulation of the gp120 surface loops
may be an effective mechanism to alter effectively the phenotype
and relative fitness of HIV-1. For example, a change in the V3 net
charge by mutations may induce changes in V3 conformation
(Figs. 1D and 2A) [13], which in turn may influence intra- or inter-
molecular interactions among gpl20 monomers and thus global
structure of gp120 trimer on a virion. Generation of a swarm of
structural variants by V3 mutations could help generating the best-
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Table 1. Neutralization sensitivity of the isogenic V3 recombinant HIV-1 to anti-gp120 monoclonal antibodies.

NDso (ug/mh®

Antibody ID Ig subtype Epitopes on Gp120

'HO9V3

CD4 binding site?

49G2 human IgG1

ars ~ human gGT i Cooe
0.53 [59] human 1gG1 CD4 binding site? o44s
aciie) o humanlgG2 4 induced structure®  >20.

4301 mouse 1gG 0.59
o1 humanigot § =)

#Neutralization epitope in the Gp120 outer domain before CD4 binding.
$Neutralization epitope induced in Gp120 after CD4 binding.

*Epitopes outside of the CD4 binding site [37].

®The effect of each antibody on viral infectivity was tested in duplicate.
doi:10.1371/journal.pone.0037530.t001

CD4-binding
loop

CD4-binding
loop

V3 +3

LF V3 +7

0 4.4 bits

Figure 3. Diversity of the gp120 subpopulations carrying a V3 loop with net charge of +7 or +3. Full-length gp120 sequences of the HIV-1
CRFO1_AE [42] were extracted from a public database, and divided into subgroups on the basis of the net charge of the V3 loop (+2~+8). The divided
sequences were used to calculate the Shannon entropy, H(i) [63], within each subpopulation, and the H(i) values were plotted on the 3-D structure of
gp120 (PDB code: 2B4C [1]). The results for the gp120 subgroups that have V3 loops with +7 (left panel) and +3 (right panel) charges are shown as
representative. The numbers of sequences used to calculate the H(i) were 9 and 81 for +7 and +3, respectively. (A) Distribution of H(i) in the gp120
monomer. (B) Distribution of H(i) around the CD4 binding site.

doi:10.1371/journal.pone.0037530.g003
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fit variants under changing environments during persistent
infection of HIV-1 in vive. Further study is necessary to address
above issue.

Thus far fine structures of neither the intact gpl20 monomer
nor trimer are available. However, recent crystal structure study
disclosed a structure of V1/V2 domain [47], which had been the
major gpl20 region lacking structural information. The V1/V2
domain is located on the outer surface of gpl20, as is V3, and can
participate in phenotypic changes of HIV-1 [48,49]. In this regard,
Kwon et al [50] have found an intriguing role of gp120 variable
loops; gpl20 core has an intrinsic preference to form the CD4-
bound conformation, whereas the variable loops, such as V1/V2
and V3 loops, play key roles in preventing conformational
transitions into the CD4-bound state that is sensitive to
neutralization. Thus it is conceivable that configurational changes
of V3 loop by V3 mutations play roles in modulating structural
dynamics of the unliganded gpl120 core and neutralization
sensitivity of HIV-1. Availability of the V1/V2 loop structure will
promote structural study of the whole gp120 monomer containing
V3 loop, V1/V2 domain, and glycans. Our findings will provide a
structural basis to clucidate intra-molecular interactions of these
elements, which in turn will allow the study of structure, function,
and evolution of gpl20 trimer. Incorporation of MD simulation
into these studies will help understanding structural dynamics with
which HIV-1 adjusts its relative replication fitness in nature.

Materials and Methods

Characteristics of the gp120 proteins and HIV-1s used

We used two isogenic recombinant gpl20 proteins, termed
Gpl20parNmivs and Gpl20partrHoovs [35], for the present
structural and neutralization studies. They differ only in their
V3 lOOpS. The GPIQOLAI—NHIVB and Gpl?olm_'ruogvg have the
35-amino-acid-length V3 loops from HIV-1-infected individuals in
the gpl120 backbone of the HIV-1y 4y strain [35]. The net charges
of the V3 loops are 47 and +3 for the Gpl20pa1nmivs and
Gp120par-THo09v3s Tespectively (the V3 net charge represents the
number of positively charged amino acids (R, K, and H) minus the
number of negatively charged amino acids (D and E) in the V3
loop). The HIV-1p4; carrying the Gpl20parnmivs (HIV-Ipan
nH1vs) is the CXCR4 tropic virus, whereas that carrying the
GplQOM]_mog\/g (HIV‘ILAI-THOQVB) is the CCR5 monotropic
virus [35]. The HIV-1pa1.nmivs is sensitive to neutralization by
antibodies with the ability to bind to the peptides containing the
autologous V3 tip sequences, whereas HIV-Ipar-Troovs is highly
resistant to antibodies targeting the autologous V3 tip sequences
[13].

MD simulation

As the initial structures for the MD simulation, we first
constructed three-dimensional (3-D) models of the outer domains
of the Gp120par-nm1vs and Gpl20payTHoeovs by the comparative
(homology) modeling method (reviewed in [33,51,52]), as
described previously [13]. We used the crystal structure of HIV-
1 gp120 containing an entire V3 region at a resolution of 3.30 A
(PDB code: 2B4C [1]) as the modeling template. The gp120 core is
in complex with the CD4 receptor and the CD4 induced structure
(CD4i) antibody X5 [1]: it represents the structure after the CD4
binding. We deleted the structures of the CD4 receptor and the
X5 antibody from the 2B4C complex structure to construct the
free gpl20 outer domain models of HIV-1141 V3 recombinant
viruses by homology modeling. Then the models were subjected to
the MD simulations to analyze structure and dynamics of the
gp120 outer domain in the absence of the CD4 receptor and the
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X5 antibody interactions. The homology modeling was performed
using tools available in the Molecular Operating Environment
(MOE) program (MOE 2008.10; Chemical Computing Group
Inc., Montreal, Quebec, Canada). The 186 amino-terminal and
27 carboxyl-terminal residues were deleted to construct the gp120
outer domain structure. We optimized the 3-D structure
thermodynamically via energy minimization using an MOE and
an AMBER99 force field [53]. We further refined the physically
unacceptable local structure of the models based on a Ramachan-
dran plot evaluation using MOE. MD simulations were performed
as described previously [13] using the Sander module in the
Amber 9 program package [54] and the AMBER99SB force field
[55] with the TIP3P water model [56]. Bond lengths involving
hydrogen were constrained with the SHAKE algorithm [57], and
the time step for all MD simulations was set to 2 fs. A nonbonded
cutoff of 12 A was used. After heating calculations for 20 ps to
310 K using the NVT ensemble, the simulations were executed
using the NPT ensemble at 1 atm at 310 K for 30 ns.
Superimpositions of the GPIQOLAI-NHIV3 and GPXQOLAI—THOQV?»
structures were done by coordinating atoms of amino acids along
the P-sheet at the gpl20 outer domain. We performed two
independent MD simulations with distinct MD codes and
obtained similar results. Therefore, we present here the data set
from one of the MD simulations as a representation.

Calculation of the root mean square deviation (RMSD)

and root mean square fluctuation (RMSF)

The RMSD values between the heavy atoms of the two
superposed proteins were used to measure the overall structural
differences between the two proteins [34]. We also calculated the
RMSF to provide information about the atomic fluctuations
during MD simulations [34]. In this study, we calculated the
RMSF of the main chains of individual amino acids using the
40,000 snapshots obtained from MD simulations of 10-30 ns. The
average structures during the last 20 ns of MD simulations were
used as reference structures for the calculation of the RMSF. Both
the RMSD and RMSF were calculated using the ptraj module in
Amber 9 [34].

Monoclonal antibodies (MAbs)

The 49G2, 42F9, 0.58 and 4Cl11 antibodies used for the
neutralization assay were the human MAbs established from an
HIV-l-infected patient with long-term non-progressive illness.
Human blood samples were collected after signed informed
consent in accordance with study protocol and informed consent
reviewed and approved by Ethics committee for clinical research
& advanced medical technology at the Faculty of Life Science
Kumamoto University. B cells from the patient’s peripheral blood
mononuclear cells were transformed by EBV, followed by cloning
as described previously [58]. The culture supernatant from an
individual clone was screened for the reactivity to gp120ggs by an
enzyme-linked immunosorbent assay (ELISA). The specificity of
antibodies was determined by gpl120 capture ELISA and FACS
analysis as described previously [59]. Briefly, reactivity of the
mAbs against monomeric gpl20 of HIV-1gpy was measured with a
gp120 capture assay in the absence or presence of soluble CD4
(0.5 pug/ml). Decrease in the binding activity was observed for the
mAbs 0.58, 49G2, and 42F9 in the presence of soluble CD4,
whereas enhancement in the reactivity was detected for the mAb
4C11. Reactivity of the mAbs against envelope protein on the cell
surface was measured with a FACS analysis of PMI1 cells
chronically infected with JR-FL in the absence or presence of
soluble CD4 (0.5 pug/ml). No significant difference was observed
for the binding profiles of 0.58, 49G2, and 42F9 in the presence of
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soluble CD4, whereas marked enhancement of binding was
observed for the 4C11 in the presence of soluble CD4. Based on
these binding data, we classified 49G2, 42F9, and 0.58 as CD4
binding site Mabs, and 4C11 as a CD4-induced epitope. All MAbs
used in this study were purified by affinity chromatography on
Protein A Sepharose. A human MADb 8D 11 was used as a negative
control for the neutralization assay. Mouse MAb 4301 was
purchased from Advanced BioScience Laboratories, Inc. (Ken-
sington, MD). The 4301 was raised with a mixture of purified
gp120 of HIV-1j1g and HIV-1yy and broadly reactive with the
gp120 of different HIV-1 isolates [37].

Neutralization assay

We used the two above-described V3 recombinant HIV-Is,
HIV-1parna1vs and HIV-11arTH09vS [35], for the neutralization
study. The HIV-1 cell-free viruses were prepared by transfection
of the plasmid DNAs into HeLa cells as described previously
[24,35,60]. The neutralization activities of antibodies were
measured in a single-round viral infectivity assay using
CD4"CXCR4"CCR5* Hela cells [36] as described previously
[13]. Briefly, equal infectious titers of viruses (300 blue-cell-
forming units) were incubated with serially diluted MAb prepa-
rations (0.03-10 pg/ml) for I hour at 37°C. The cells were
infected with the virus-antibody mixture for 48 hours at 37°C,
fixed, and stained with 5-bromo-4-chloro-3-indolyl-B-D-galacto-
pyranoside. Each antibody dilution was tested in duplicate, and
the means of the positive blue cell numbers were used to calculate
the 50% inhibition dose of viral infectivity (NDsg).

Analysis of amino acid diversity

Amino acid diversity at individual sites of the HIV-1 gpl20
sequences was analyzed with Shannon entropy scores as described
previously [13,61,62]. Full-length gp120 amino acid sequences of
the HIV-1 subtypes CRFO1_AE and C were obtained from the
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+4, +5, +6, +7, and +8, respectively. The amino acid diversity
within each V3 subpopulation of the same HIV-1 subtype was
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Hi)=— px)logp(x) {x=G,A LV, ...... %

i

where H(i), p(x;), and 1 indicate the amino acid entropy score of a
given position, the probability of occurrence of a given amino acid
at the position, and the number of the position, respectively. An
H({1) score of zero indicates absolute conservation, whereas 4.4 bits
indicates complete randomness. The H(i) scores were displayed on
the 3-D structure of an HIV-1 gpl120 (PDB code: 2B4C [1]).
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Abstract

KD-247 is a humanized monoclonal antibody that targets the third hypervariable (V3) loop of
gp120. It can efficiently neutralize a broad panel of clade B, but not non-clade B, HIV-1 isolates.
To overcome this limitation, we are seeking to prepare genetically-engineered single-chain
variable fragments (scFvs) of KD-247 that will have broader neutralizing activity against both
clade B and non-clade B HIV-1 isolates. Initial attempts of optimizing the expression of KD-247
scFv have resulted in the formation of insoluble protein. Therefore, we have established
purification protocols to recover, purify, and refold the KD-247 scFv from inclusion bodies. The
protocol involved step-wise refolding of denatured scFv by dilution, dialysis, and on-column
nickel-affinity purification. Monomeric scFv was further purified by size-exclusion
chromatography. Using far UV circular dichroism (CD) spectroscopy we confirmed the expected
beta-sheet profile of the refolded KD-247 scFv. Importantly, the refolded KD-247 scFv showed
neutralizing activity against replication-competent HIV-1 Bal. and JR-FL Env pseudotyped
HIV-1, at potency comparable to that of the native full-size KD-247 antibody. Ongoing studies
focus on the application of this system in generating KD-247 scFv variants with the ability to
neutralize clade B and non-clade B HIV-1 isolates.
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INTRODUCTION

The replication life-cycle of human immunodeficiency virus type 1 (HIV-1) begins with the
cell-free virus attachment to the host cell, either a CD4-positive T lymphocyte or
macrophage, through the interaction of HIV-1 glycoprotein 120 (gp120) with the host CD4
receptor (6,21). Conformational changes in the HIV-1 envelope glycoprotein (Env) trimer
trigger the formation of the bridging sheet and the exposure of the third hypervariable (V3)
loop, which are responsible for the binding to CCR5 or CXCR-4 co-receptor on the host cell
(9.,24,35,36,37,38,40,47). This is followed by additional conformational changes in the
gp120/gp41 complex that eventually lead to fusion of the viral envelope with the cellular
membrane to allow release of the viral contents into the host cell for viral replication
(10,29,44 46). HIV-1 entry is a critical step to target in order to prevent infection and block
viral replication.

For more than two decades since the discovery of HIV-1, exhaustive efforts have been put
into the discovery of a vaccine against this devastating human pathogen. However, HIV-1
has evolved multiple mechanisms to evade the host antibody response, making the ideal
mission of finding a cure against HIV-1 extremely challenging (23,32,43). Despite the
failure of developing a successful HIV-1 vaccine, Highly Active Anti-Retroviral Therapy
(HAART) has proven to be a highly effective treatment regimen against HIV-1 infection
(33). HAART involves the administration of a combination of at least three antiretroviral
drugs to overcome the ability of HIV-1 to become resistant against a particular drug. Among
the 32 FDA-approved antiretroviral drugs against HIV-1, there are only two inhibitors of
viral entry. Maraviroc targets the CCRS5 co-receptor, while enfuvirtide binds to gp41 and
blocks the fusion event (7,11,25). Therefore, the development of novel therapeutics against
HIV-1 entry is still very crucial. Neutralizing antibodies discovered through the HIV-1
vaccine studies can be potential therapeutics for prophylaxis treatment (2,31,45). Although
some broadly neutralizing antibodies such as 2G12, 2F5, 4E10,b12, PG9, PG16, HJ16,
VRCO01, VRCO3 have been reported (16), there is a very large number of neutralizing
antibodies with narrow neutralization profile that still can be improved through antibody
engineering.

Development and advancement in the field of antibody engineering has enabled researchers
to improve the properties of an antibody of interest using techniques such as phage display
(34,28 41). To improve the effectiveness of clade-specific neutralizing antibodies, we have
applied structural and molecular modeling approaches to help us engineer second-generation
antibodies based on rational structure-based design. In this study, we are interested in
investigating KD-247, a humanized monoclonal antibody (mAb) currently in clinical trials
that binds the conserved V3 loop of gp120 and efficiently neutralizes many clade B HIV-1
isolates, which possess V3 loop with Glycine?!2-Proline®!3-Glycine314-Arginine3!5 (GPGR)
motif (12,27). Similar to other anti-V3 mAbs, KDD-247 cannot neutralize non-clade B HIV-1
isolates, which are the predominant HIV-1 infection cases arising today. Interestingly,
Glycine?!2-Proline313-Glycine314-Glutamine?!5 (GPGQ) motif is highly conserved among
non-clade B HIV-1. To better understand the molecular interaction of KD-247 with its
epitope, Isoleucine-Glycine-Proline-Glycine-Arginine (IGPGR) at positions 311 to 315,
which is located at the tip region of HIV-1 V3 loop (12,27), we have constructed KD-247 in
the form of a single-chain variable fragment (scFv).

scFvs are antibody fragments containing a single variable heavy (Vi) domain and a single
variable light (V1) domain connected by a flexible amino acid linker (4,5,13,17,18,22,28).
scFvs have been widely applied in the field of antibody engineering, especially in phage
display for the discovery of antibodies specific for the antigen of interest and for the affinity
maturation of the existing antibodies (28,41). Expression of scFv in the periplasmic space of
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Escherichia coli (E. coli) has been described (18,20). Alternatively, scFvs can be obtained
by overexpression in the cytoplasm of E. colf using pET system with the caveat that they are
usually expressed in inclusion bodies (14,15,26,39,42). Nonetheless, many studies have
shown that the purification of scFvs from inclusion bodies is an obstacle that can be
overcome through in vitro refolding (14,15,26,39,42). Here, we have established a system to
obtain soluble, active KD-247 scFv, which we are now applying in our ongoing study to
generate KD-247 variants to confirm the V3 loop binding site and to evaluate their
neutralization profiles. This protocol can be useful for the successful purification of other
scFvs that are expressed as inclusion bodies in bacterial systems.

MATERIALS AND METHODS

Construction of KD-247 scFv Expression Vector

The amino acid sequences of the variable domains of the heavy (Vi) and the light (V)
chains of the KD-247 antigen binding fragment (F,;,) were obtained from the Protein Data
Bank (PDB: 3ANTC_H and 3NTC_L). The KD-247 scFv was designed in the order of the Vy
sequence, a (Glycine-Glycine-Glycine-Glycine-Serine)4 linker, and the V, sequence. The
gene of KD-247 scFv was optimized for protein expression in E. coli and synthesized by
Epoch Life Science, Inc. Using Bam HI and Hind I restriction sites, the KD-247 scFv gene
was subcloned into a pET28a3c¢ plasmid, which was modified from pET28a(+) (Novagen,
EMD4Biosciences) with insertion of the Rhinovirus 3C protease cleavage site downstream
of a 6X Histidine tag. The ligated product was transformed in Escherichia coli (E. coli)
strain DHS5a.. The gene sequence of the pET28a3¢c-KD247-scFv construct was confirmed by
sequencing using T7 promoter and T7 terminator primers (Novagen, EMD4Biosciences).

Optimization of KD-247 scFv Expression in E. coli

The KID-247 scFv expression vector (pET28a3c-KD247-scFv) was transformed into E. colf
expression strain Origami 2 (DE3) pLysS (Novagen) by heat-shock. A single colony of
transformed cell was inoculated in 10 ml Luria-Bertani broth (LB) containing 50 pg/ml
kanamycin, 34 pg/ml chloramphenicol, and 10 pg/ml tetracycline at 37 °C with shaking at
225 rpm for overnight. 2 ml of the overnight culture was transferred into 200 ml LB
containing the antibiotics and continue shaking at 37 °C until optical density at 600 nm
(ODggonm) reaches mid-log phase (0.6 - 0.8). 50 ml of culture was transferred into three
other sterile flasks. The remaining culture was incubated at 37 °C with shaking for three
hours without addition of Isopropyl 3-D-1-thiogalactopyranoside (IPTG). Cultures in the
three other flasks were induced with IPTG at final concentration of 0.25 mM, 0.5 mM, and 1
mM respectively and continue shaking at 37 °C for three hours. Cells were harvested by
centrifugation at 4,200 x g for 15 min at 4 °C and pellets were stored at -20 °C. The same
protocol was used for growing and inducing cultures at 30 °C. To optimize scFv expression
in various E. coli expression strains, including BL21 (DE3), Rosetta 2 (DE3) (Novagen),
BL21 Gold (DE3) pLysS (Stratagene), and BL21 Star (DE3) (Invitrogen), a similar protocol
is used with modifications of the growing culture (in LB with the appropriate antibiotics) at
37 °C and inducing expression with 0.5 mM IPTG.

Each frozen cell pellet was thawed on ice and resuspended in 5 ml lysis buffer containing 50
mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 250 pg/ml lysozyme. 10 pg/ml DNAse and 20
mM MgSO4 were added to cell suspension and incubated on ice for 30 min before
centrifugation at 13,000 x g for 20 min at 4 °C. Cell lysates in the supernatant were
collected in new tubes. The pellets and lysates of both non-induced and induced samples
were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
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Purification of KD-247 scFv from Inclusion Bodies

KD-247 scFv was expressed in E. coli BL21 (DE3) competent cells as described above with
some modifications. 10 ml of overnight culture grown in the presence of kanamycin was
transferred to 500 ml of LB containing kanamycin. Protein expression was induced at
ODgponm = 1.0 with addition of IPTG (0.5 mM) and incubation at 37 °C for three hours.
Harvested cells in the pellet form were stored at -20 °C overnight. The cell pellet was
resuspended in 25 ml Lysis Buffer (Table 1). The cell resuspension was then sonicated on
ice with 30 seconds on-off cycle for 10 min. The cell lysate was centrifuged at 13,000 x g
for 15 min at 4 °C. The pellet was first washed with 25 ml Wash Buffer A (Table 1) with
gentle shaking at 4 °C overnight. After centrifugation at 13,000 x g for 15 min at 4 °C, the
pellet was washed with 25 ml Wash Buffer B (Table 1) using the same procedure. The pellet
containing inclusion bodies was solubilized in 10 ml Denaturing Buffer (Table 1) using the
previous procedure. Finally, the denatured protein was collected from the supernatant after
centrifugation and kept at 4 °C until use. Concentration of the denatured KD-247 scFv
protein was estimated using a Nanodrop with the calculated extinction coefficient (62.3 x
103 M-lecm 1) and molecular weight (30.2 kDa).

Refolding of KD-247 scFv

The denatured KD-247 scFv protein was diluted in 100 ml Refolding Buffer A (Table 1).
The diluted KD-247 scFv sample was dialyzed in Spectra/Por® Dialysis Membrane MWCO
3500 (Spectrum Laboratories, Inc.) against Refolding Buffer B (Table 1) at 4°C overnight.
These refolding steps were repeated four times using the same Refolding Buffer B. Partially
refolded scFv was loaded onto a 5 ml HisTrap column (GE Healthcare) using an
AKTAprime plus FPLC system. Next, the column was washed with a gradient of Refolding
Buffer B against Refolding Buffer C (Table 1). Column-bound refolded protein was eluted
using a gradient of Refolding Buffer C against Elution Buffer (Table 1). Elution fractions
corresponding to ~30 kDa protein were pooled and buffer exchanged against 1X phosphate-
buffered saline (PBS) pH 7.6 using PD-10 desalting columns. Refolded KD-247 scFv was
further separated by gel filtration on a HiPrep 26/60 Sephacryl S200 HR column (GE
Healthcare) equilibrated with 1X PBS pH 7.6. Elution fractions corresponding to monomer
(~30 kDa) were pooled and concentrated using Amicon Ultra Centrifugal Filters MWCO
10,000 (Millipore). The concentrated protein was filtered through a 0.22 pm filter before
aliquoting for storage at -80 °C.

Polyacrylamide Gel Electrophoresis

Aliquots of protein samples collected at various purification steps were analyzed by 15%
SDS-PAGE. Concentrated scFv was also analyzed by 6% Native-PAGE. Gels were stained
using Coomassie-Blue Stain. After destaining with 40% methanol and 10% acetic acid, gel
images were taken using the Fotodyne Imaging system (Fotodyne Inc.).

Circular Dichroism (CD) Spectroscopy

To confirm the secondary structure of refolded KD-247 scFv in comparison to KD-247 Fy,,
we used far-UV CD, which measures the ellipticity (8) of the protein sample from 200 to
240 nm wavelength. KD-247 F,;, and refolded scFv were diluted with 1X PBS to 200 pg/ml.
250 pl of each sample was analyzed at 25 °C or 37 °C using a 1 mm quartz cuvette in a
J-815 CD Spectrometer (JASCO). For interaction with V3 peptide, 300 pl of 200 pg/ml
sample was mixed with 6 pl of 1 mM V3 peptide (KRKRIHIGPGRAFYTT) derived from
HIV-1 MN and incubated on ice overnight before analysis. Circular dichroism spectra were
plotted using GraphPad Prism 5 (GraphPad Software Inc.).
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Preparation of HIV-1 Virus and HIV-1 Env Pseudotyped Virus

pWT/BaL plasmid was obtained through the NIH AIDS Research and Reference Reagent
Program (NIH ARRRP) from B.R. Cullen (Duke University). In a 75 cm? flask, 1.8 x 10°
293T cells were transfected with 8 g pWT/BaL using FuGENE 6 (Roche) in a 3:1 ratio.
Supernatant containing virions was collected at 72 hours after transfection. After
centrifugation at 1,100 rpm for 5 minutes at 4 °C, the supernatant was subsequently filtered
through a 0.45 pm filter before storage at -80 °C. The same protocol was used for the
production of HIV-1 Env pseudotyped virus. HIV-1 backbone plasmid with Env deletion,
pSG3AEnv, was obtained through the NIH ARRRP from Drs. John C. Kappes and Xiaoyun
Wu (University of Alabama at Birmingham). Plasmid for expression of JR-FL. Env
(pEnvig_pr) was provided by Dr. Shuzo Matsushita (Kumamoto University). Plasmid for
ZM53M.PB12 Env (pEnvyzysam pei2) was obtained through NIH ARRRP from Drs C.A.
Derdeyn and E. Hunter (Emory University). 293T cells were co-transfected with 5.3 pg
pSG3AEnv and 2.7 pg pEnvig_gp, (2:1 ratio). The amount of infectious virus in the
supernatant was quantified using the TCIDs assay as previously described (30).

TZM-bl Cell-Based Neutralization Assay

The ability of KD-247 scFv to neutralize HIV-1 virions was tested in a TZM-bl cell-based
neutralization assay as previously described with some modifications (30). TZM-bl cells
were obtained through the NIH ARRRP from Dr. John C. Kappes, Dr. Xiaoyun Wu and
Tranzyme Inc. Maraviroc (obtained through NIH ARRRP), KD-247 Fy;, and scFv were
diluted to various concentrations in PBS. HIV-1 BaL virus or JR-FL Env pseudotyped virus
(final: 50 TCIDsg) was diluted in infection medium (DMEM, 10% FBS, 1X Penicillin/
Streptomycin, 20 pg/ml DEAE-Dextran). 50 11 of sample dilutions and virus or
pseudotyped virus were pre-incubated at 37 °C for 1 hour prior to infection of TZM-bl cells
(pre-seeded in 96-well plate with 100 w1 of 1 x 104 cells per well). Luciferase activity of
infected TZM-bl cells was determined at 48 hours post-infection using Bright-Glo Reagent
(Promega) according to the manufacturer's instructions. Luminescence was measured using
an EnSpire Plate Reader (Perkin Elmer). Neutralization assays were carried out at least two
times with duplicates each time. The relative light unit (RLU) was adjusted based on
luminescence reading of the cell control (non-infected cells). The mean RLU was used to
calculate percent infection relative to the mean RLU of virus control (infected cells only).
Percent infection was plotted as a function of sample concentration (in logarithmic scale)
using GraphPad Prism 5 to determine 50% inhibitory or neutralizing concentration (ICsg).

RESULTS

Construction of KD-247 scFv

To better understand the molecular interaction of KD-247 with its epitope, Isoleucine3! -
Glycine3!2-Proline?13-Glycine?!4-Arginine®!3 (IGPGRY), which is located at the tip of HIV-1
V3 loop, we have constructed KD-247 in the form of a single-chain variable fragment
(scFv). The Vy and Vi of KD-247 scFv are linked with a 20 amino acid-long linker, which
consists of four repeats of the Glycine-Glycine-Glycine-Glycine-Serine sequence (Fig. 1A),
to enable expression of monomeric scFv (18). The gene of KD-247 scFv optimized for E.
coli expression was subcloned into the pET28a3c vector (Fig. 1B) for the overexpression of
scFv with an N-terminal 6X Histidine (HIS¢) tag (Fig. 1A). In addition to the thrombin
cleavage site, pET28a3c contains a 3C protease cleavage site for cleavage of the HIS¢ tag
when necessary (Fig. 1B).
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Optimization of KD-247 scFv Expression

To purify KD-247 scFv using an E. coli expression system, our first attempt was to express
KD-247 scFv in Origami 2 (DE3) pLysS, which was engineered for the cytoplasmic
expression of the recombinant protein with proper protein folding. When the scFv was
expressed and induced at 37 °C using various IPTG concentrations, a distinct protein band
of size approximately 30 kDa could be identified in the pellet fractions of cell lysates with
the exception of the non-induced cells (Fig. 2A). This observation indicated that the
overexpression of KD-247 scFvs in the cytoplasm had resulted in the aggregation of
improperly folded protein in a form commonly known as inclusion bodies. Despite many
efforts of optimizing the expression of KD-247 scFv, including inducing at 30 °C (Fig. 2B)
and expressing in different E. coli strains (Fig. 2C), KD-247 scFv remained insoluble.

Purification of KD-247 scFv from Inclusion Bodies

Although the overexpression of KD-247 scFv failed to yield soluble protein, we were able to
establish a system to recover and purify KD-247 scFv from the inclusion bodies (Fig. 3).
Briefly, inclusion bodies isolated from cell lysate after sonication were washed extensively
to eliminate the majority of cellular debris before denaturation using 6 M guanidine-
hydrochloride (Gu-HC]) in the presence of B-mercaptoethanol. Denatured scFv was
dissolved using buffer containing 6 M urea. Next, dialysis of denatured scFv against buffer
containing 0.8 M urea enabled gradual refolding of denatured scFv to partially folded
intermediates with the assistance of a cysteine-cystine redox reagent to help with disulfide
bond formation. Finally, partially folded intermediates were immobilized on a nickel column
for gradient wash to remove excess denaturing reagent. SDS-PAGE shows that scFv of ~ 30
kDa can be detected in the pellet of cell lysate, supernatant of denaturation (Fig. 4A), and
the elution from nickel column (Fig. 4B). The refolded scFvs consist of multiple folded
species and can be separated using size-exclusion chromatography (Fig.4C). The monomeric
scFv was collected and concentrated for downstream assays. On native-PAGE, the
concentrated KD-247 scFv appeared as a distinct band and migrated faster than the KD-247
Fap, confirming that its native form is a monomer.

Far-UV Circular Dichroism Spectroscopy

To confirm the proper folding of scFv into the immunoglobulin structure which consists
primarily of B-sheets (1,18), we performed far-UV circular dichroism (CD) spectroscopy
(19). CD spectra of refolded KD-247 scFv with and without V3 peptide are very similar to
that of KDD-247 Fy, (Figs. SA &B). This indicates that the bacterially expressed KD-247
scFv can be refolded into a form that is comparable to KD-247 F,,, which is obtained from a
eukaryotic expression system. Furthermore, the B-sheet profiles of KD-247 scFv do not
show significant differences when incubated at 37 °C for 1 hour and overnight (Fig. 5C).

Neutralization Assay

To further evaluate the biological activity of KD-247 scFv, we performed an HIV-1
neutralization assay using TZM-bl cells. As shown in Table 2, the refolded KD-247 scFv is
able to neutralize clade B HIV-1 or pseudotyped HIV-1 (with GPGR V3 loop), but not clade
C pseudotyped HIV-1 (with GPGQ V3 loop). KD-247 scFv neutralizes HIV-1 Bal. and JR-
FL Env pseudotyped HIV-1 with 50% neutralizing concentration (ICsg) comparable to the
KD-247 Fy,. As expected, both KD-247 scFv and Fyy, cannot neutralize ZM53M.PB12
(Clade C) Env pseudotyped HIV-1. Maraviroc, which targets the CCR5 coreceptor, is able
to inhibit the entry of the HIV-1 and pseudotyped HIV-1 viruses examined in this assay.
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DISCUSSION

In human adaptive immune system, B lymphocytes play the role of producing antibodies
that are specific to a foreign antigen, such as virus, microbes and parasites (1). Human
neutralizing antibody produced in nature are consist of a pair of identical heavy and light
chains with three constant domains on the heavy chain and one constant domain on the light
chain. Each variable domain on the heavy and light chains contains the complementarity
determining regions (CDRs) that are responsible for the binding to the antigen (1,4,28).
Innovative recombinant DNA technologies have made possible the modification of an
antibody into smaller binding fragments such as scFv, in which the antigen binding sites can
be retained (1,17,18,22,28,34). scFv format has been widely used in the phage display
system because of its relatively small size to allow genetic engineering in the bacterial
system (1,45,18,22,28 41). In this study, we have shown that KD-247 scFv, which was
expressed in a bacterial system, can be successfully recovered from inclusion bodies through
refolding. The refolded KD-247 scFv showed secondary structure and neutralizing activity
comparable to KD-247 F,;,, which was obtained from the eukaryotic expression system.

To date, several refolding systems from insoluble scFv have been reported (15,26,39.42).
Tsumoto K. and colleagues have described the use of glutathione and the addition of L-
arginine in the refolding process of scFv (42). The on-column refolding approach based on
the nickel-affinity chromatography has been described by other groups (15,26). Our system
reported here is based on a combination of these protocols performed in a step-wise fashion
with the addition of the redox reagents cysteine and cystine. The presence of disulfide bonds
in the scFv can be a challenge in the proper expression of recombinant protein in the
reducing environment of the E. coli cytoplasm (14). To address the issue of obtaining
soluble scFv, we are still investigating the use of other protein expression vectors containing
fusion tags that may help with the expression of soluble recombinant protein.

Using the purification protocol described here, we have purified KD-247 scFv from
inclusion bodies and refolded the protein in vitro under the artificial control of cysteine and
cystine to enable formation of intradomain disulfide bonds. The yield of purified, refolded
scFv was comparably lower than the yield of soluble protein obtained from overexpression.
This is possibly due to the loss of protein at each step of purification and during
concentration. Although the yield is sufficient for subsequent assays such as far-UV CD and
HIV-1 neutralization assay, optimization of this system will be needed to obtain sufficiently
large quantity of protein for X-ray crystallography studies.

The refolded KD-247 scFv showed comparable neutralization profile compared to KD-247
F,p. Their abilities to neutralize only clade B HIV-1 (GPGR V3 loop) but not clade C HIV-1
(GPGQ V3 loop), also further confirm the neutralization studies as previously described
using KD-247 mAb (12,27). Using this system, we are currently engineering KD-247 scFv
variants, which are designed based on our molecular modeling studies to alter the binding
site of KD-247 and which we expect to exhibit improved neutralizing profiles in future
studies.
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ABBREVIATIONS
e ellipticity
ARRRP AIDS Research and Reference Reagent Program
CCRS C-C chemokine receptor type 5
CD circular dichroism
CDh4 cluster of differentiation 4
CDR complementarity determining region
CXCR-4 C-X-C chemokine receptor type 4
DMEM Dulbecco's Modified Eagle's Medium
E. coli Escherichia coli
Env envelope glycoprotein
Fap antigen binding fragment
FBS fetal bovine serum
FDA Food and Drug Administration
gpl120 glycoprotein 120
gp4l glycoprotein 41
GPGR Glycine®2-Proline®!3-Glycine314-Arginine313
GPGQ Glycine312-Proline®!3-Glycine3!4-Arginine31
Gu-HCl guanidine-hydrochloride
HAART Highly Active Anti-Retroviral Therapy
HISg 6x-histidine tag
HIV-1 Human Immunodeficiency Virus Type 1
ICs59 50% inhibitory or neutralizing concentration
IGPGR Isoleucine-Glycine-Proline-Glycine-Arginine
IPTG isopropyl-p-D-thiogalactopyranoside
LB Luria-Bertani broth
mAb monoclonal antibody
MWCO molecular weight cut-off
NIH National Institutes of Health
OD¢oonm optical density at 600 nm
PAGE polyacrylamide gel electrophoresis
PBS phosphate buffered saline
PMSF phenylmethylsulfonyl fluoride
RLU relative light unit
rpm revolutions per minute
scFv single-chain variable fragments

Cell Mol Biol (Noisy-le-grand). Author manuscript; available in PMC 2013 March 30.

- 133 —



Ong et al. Page 9

SDS sodium dodecyl sulfate

TCIDsy 50% tissue culture infectious dose

Uv ultraviolet

V3 third hypervariable

Vg heavy chain variable domain

Vi, light chain variable domain
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Figure 1.
Schematic diagram of pET28a3c-KD247-scFv. (A) The crystal structure of KD-247 Fy, (1.5

A resolution, PDB: 3NTC) is shown with the complementarity determining regions (CDRs)
highlighted in different colors. [Red: CDR 1 heavy chain (H1); Orange: CDR 2 heavy chain
(H2); Purple: CDR 3 heavy chain (H3); Yellow: CDR 1 light chain (L1); Green: CDR 2
light chain (L2); Dark blue: CDR3 light chain (L3)]. The expected structure of KD-247 scFv
was illustrated as a model. Figures were generated using PyMOL (8). (B) The variable
domains of the heavy chain (V) and light chain (V1) of KD-247 are connected with a
peptide linker (L) to form the scFv. The twenty amino acid long peptide linker consists of
four repeats of Glycine-Glycine-Glycine-Glycine-Serine, (GGGGS),. The scFv construct
was subcloned at the N-terminal 6X Histidine tag (HIS¢) of the pET28a3c vector.
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Figure 2.

SDS-PAGE showing the optimization of KD-247 scFv overexpression in E. coli. (A)
Overexpression of KD-247 scFv in Origami 2 (DE3) pLysS at various IPTG concentrations
(0.25 mM, 0.5 mM, and 1 mM) were examined. (B) KD-247 scFv expression was induced at
37 °C or 30 °C. (C) Overexpression of KD-247 scFv in various E. coli strains was
compared. As shown by the arrows, KD-247 scFv was expressed as inclusion bodies in E.
coli. [Std: Protein standards; P: Pellet; S: Supernatant; B: Lysis Buffer]
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