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FIG. 4. HIV-1 particle production and Gag plasma membrane tar-
geting. (A) Effects on HIV-1 particle production. 293FT cells were
transfected with pHXB2 and incubated at 37°C with 0 to 50 uM
BMMP. Two days posttransfection, cells were collected and culture
media were subjected to purification of viral particles by ultracentrif-
ugation. Equivalent volumes of samples were subjected to SDS-PAGE
followed by Western blotting using anti-HIV-1 p24CA antibody. Rep-
resentative blots were shown. HIV-1 particle yields in culture media
were quantified by p24CA antigen capture ELISA. (B) Intracellular
localization of Gag. HeLa cells were transfected with a pNLA3 deriv-
ative in which Gag was fused with GFP and incubated at 37°C for 1.5
days with 30 pM BMMP. Nuclei were stained with TO-PRO-3, and
cells were observed by confocal microscopy. Representative images
were shown at the same magnification. Bar = 10 um.

sion (Fig. 5B). No reduction in luciferase expression was
also observed when luciferase-expressing pseudotyped MLV
was used (data not shown). These data suggest that BMMP
specifically inhibits HIV replication postentry but not those
of other retroviruses, such as SIV and MLV.

To confirm the postentry block prior to particle production,
we isolated cellular DNA from MT-4 cells infected with HIV-1
(HXB?2 strain) that were treated with BMMP. Then, we quan-
tified early reverse transcripts of HIV (corresponding to the
strong-stop DNA), late reverse transcripts of HIV, and inte-
grated HIV DNA by PCR. When normalized to the level of
B-globin DNA (internal control), the levels of the early and
late reverse transcripts and of the integrated proviral DNA
were reduced, as observed for cells treated with 200 nM
efavirenz controls (Fig. 5C). However, RT enzymatic activity was
not affected by BMMP when examined in in vifro assays (data
not shown). Together, these data indicate that BMMP blocks
the early stage of the HIV-1 life cycle, preventing the comple-
tion of reverse transcription.

Mapping of Gag domain targeted by BMMP. To map the
HIV Gag domain responsible for the postentry block by
BMMP, a series of chimeric Gag constructs between HIV-1
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and SIVmac239 were made in the context of pHIVgag-pol.
HIV-1 MA, MACA, and CA were replaced by SIV MA,
MACA, and CA, respectively (referred to as sMA, sMACA,
and sCA, respectively). These Gag/Gag-Pol expression plas-
mids were cotransfected with pRevpac and pLenti-luciferase
vector, and viruses were pseudotyped with VSV-G protein.
Western blotting using anti-HIV-1 pl7MA and p24CA and
anti-SIVmac p27CA antibodies revealed that, although the
anti-HIV-1 p24CA antibody that we used was cross-reactive
with SIV CA, each domain of Gag was replaced in the chimeric
constructs and virus particles were produced at levels largely
similar to that of the wild type of HIV-1 Gag construct (Fig.
6A). Single-round infection assays with these Gag chimeras
revealed that BMMP inhibited viral infection postentry only
when HIV-1 CA was present in the constructs (Fig. 6B). Thus,
our data indicated that BMMP inhibited the early stage of
HIV-1 replication in a CA-specific and species-specific man-
ner. These phenotypes resemble those observed for the CA-
specific retroviral restriction imposed by a host factor, tripar-
tite motif protein 5 (TRIMS) (30). HIV-1 CA is known to bind
a host factor, CypA, likely through amino acids G89 and P90 in
the exposed loop of CA (15, 16). This binding facilitates the
early stage of HIV-1 replication prior to reverse transcription
(9). Interestingly, HIV/SIV chimera studies have shown that
the CypA-binding site overlaps with the determinants for spe-
cies-specific restriction (30, 34). Thus, we made an HIV-1 Gag
construct containing amino acid substitutions G89A and P90A
in the CypA-binding loop of CA (referred to as CypA mt) and
tested the sensitivity to BMMP. The CypA mt did not display
the resistance to BMMP (Fig. 6B), suggesting that HIV-1 in-
hibition by BMMP was not linked to the CypA binding or
TRIMS. No firm conclusions were drawn from mapping exper-
iments using Gag chimeras within CA, i.e., N- and C-terminal
domains (NTD and CTD), since the CTD mutant showed a
lower yield of particle production (data not shown).

Disassembly of HIV capsid core by BMMP. The chimera
experiments showed that the CA domain is critical for the
inhibitory effect of BMMP on the early stage of HIV-1 repli-
cation. Thus, we examined whether BMMP affects CA-CA
interaction using purified CA. An in vitro assembly reaction
with purified HIV-1 CA was employed to test if BMMP dis-
rupted CA-CA interactions. In vitro assembly reaction of CA
has shown it to produce tubular structures representing the
mature CA capsid structure (17, 36). We added BMMP to the
in vitro assembly reaction with 100 uM HIV-1 CA, and resul-
tant CA assembly products were observed by electron micros-
copy (Fig. 7A). For quantitative analysis, the resultant CA
assembly products were recovered by ultracentrifugation and
subjected to SDS-PAGE. The levels of the CA assembly prod-
ucts were reduced when BMMP was added at a concentration
higher than 30 wM, corresponding to approximately a 1:3 mo-
lar ratio to CA (Fig. 7A). These data suggest that BMMP
targets HIV-1 CA and leads to the destabilization of the viral
capsid core, since our previous findings indicated that BMMP
did not block particle release (Fig. 4) but did block the HIV-1
infection postentry (Fig. 5).

To test this possibility in a more relevant assay, we adopted
cell-free disassembly assays using purified HIV-1 mature cap-
sid core. To this end, we isolated HIV-1 capsid cores by ultra-
centrifugation through a Triton X-100 layer, as described pre-
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FIG. 5. Inhibition of HIV-1 replication postentry. (A) Single-round
pHIVgag-pol (derived from HXB2 strain), pLenti-luciferase, pRevpac,

infection assays in MT-4 cells. 293FT cells were cotransfected with
and either a plasmid expressing HIV-1 Env (middle) or a plasmid

expressing VSV-G (top). HIV-1 (NLA3 strain) expressing luciferase was similarly pseudotyped with VSV-G protein (bottom). Following incuba-
tion, the culture supernatants were recovered and were subsequently inoculated into MT-4 cells with increasing doses of BMMP. (B) Single-round
infection assays in 293FT and 293FT-CD4 cells. HIV-1 vectors containing the luciferase gene were similarly pseudotyped with HIV-1 Env (middle)
or VSV-G protein (top). Luciferase-expressing SIVmac was pseudotyped with VSV-G protein by cotransfection (bottom). Viruses produced were
subsequently inoculated into 293FT (top and bottom) or 293FT-CD4 (middle) cells with 5 and 25 pM BMMP. Viral infectivity was assessed by

luciferase reporter assays. Data were shown as means with standard deviations from 3 to 6 independent experiments in panels A and B. *, P <
0.05; =, P < 0.01. (C) Quantitative PCR. MT-4 cells were infected with HIV-1 (HXB2 strain) and incubated in the presence of BMMP. DNA
was isolated at 4 or 24 h postinfection and subjected to quantitative PCR for HIV cDNA. Reverse transcripts generated at the early and late phases
of HIV reverse transcription were amplified from the DNA isolated at 4 and 24 h postinfection, respectively. The integrated viral genome was
amplified as Alu-LTR transcripts from the DNA isolated at 24 h postinfection. EFV (200 nM) was used as positive controls. Three independent
infections were performed, and quantitative PCR was carried out in triplicate with each infection sample. Representative data were shown with

the means and standard deviations. *, P < 0.05; #*, P < 0.01.

viously (3). HIV-1 cores are known to disassemble when
incubated at 37°C. We examined if BMMP accelerated the rate
of core disassembly. The HIV-1 cores were incubated with
BMMP at 37°C up to 120 min, and residual intact cores were
recovered by centrifugation. When quantified by p24CA anti-
gen capture ELISA, intact cores were found to be reduced in
a time-dependent manner in the presence of DMSO (as con-
trol), consistent with previous reports (3). A similar level of
reduction was observed in the presence of AZT. However,
addition of BMMP accelerated a reduction in intact cores in a
dose-dependent manner (Fig. 7B). Altogether, our data indi-
cated that BMMP disrupted HIV-1 capsid cores through tar-
geting CA.

DISCUSSION

In this study, we employed a yeast membrane-associated
two-hybrid assay to monitor the HIV Gag-Gag interactions
and established cell-based screening assays for drugs targeting
Gag assembly. We screened a commercially available chemical

library and found BMMP, which inhibits HIV-1 replication in
PBMC culture. Our single-round infection analysis indicated
that BMMP primarily targets HIV-1 CA and inhibits HIV
infection postentry but not particle production (Fig. 4 to 6). In
vitro CA assembly/disassembly assays showed that BMMP fa-
cilitated HIV-1 core disassembly (Fig. 7). Collectively, it is
conceivable that BMMP may bind to mature capsid structure
and facilitate disassembly of the capsid, leading to premature
earlier uncoating and failure of postentry events (e.g., reverse
transcription and integration). The mechanism of action may
be akin to the block of HIV-1 entry by rTRIMSa (30).
Previous studies have reported inhibitors that target HIV-1
Gag assembly and/or Gag processing. 3-0-(3',3'-Dimethylsuc-
cinyl)betulinic acid, known as PA-457 or Bevirimat (molecular
weight, 584), binds to the Gag CA-SP1 cleavage site and in-
hibits proteolytic conversion of Gag precursors to the mature
form of p24CA (50% inhibitory concentration [ICs,] = 10 nM)
(1, 2, 21). Inhibition of Gag processing has also been observed
with a distinct chemical class of compound, 1-[2-(4-tert-butyl-
phenyl)—Z-(2,3—dihydro-1H-inden-2-ylamino)ethyl]—3-(triﬁu0ro-
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FIG. 6. Mapping of Gag domain responsible for inhibition. (A) Intracellular Gag expression and particle production. 293FT cells were
cotransfected with pHIVgag-pol expressing chimeric Gag, pLenti-luciferase, pRevpac, and a plasmid expressing VSV-G, and virus particles
produced were purified by ultracentrifugation. Cells and particles were analyzed by Western blotting using anti-HIV-1 p24CA and pl7MA and
anti-SIVmac p27CA antibodies. (B) Single-round infection assays with the Gag domain chimeras and Gag mutants with amino acid substitutions.
The corresponding domain of SIVmac Gag (black) was introduced into HIV-1 Gag background (gray), and the resultant chimera was referred to
as “s” plus the name of the corresponding domain of SIVmac. WT, wild type; sMA, HIV containing replacement of MA with SIV MA; sMACA,
HIV containing replacement of MACA with SIV MACA; sCA, HIV containing replacement of CA with SIV CA. CypA mt represents HIV with
amino acid substitutions G89A and P90A in the CypA-binding loop of CA NTD (denoted by asterisks). Following infection, the cell culture was
incubated in the presence of 5 and 25 .M BMMP. Viral infectivity was monitored by luciferase reporter assays. Data were shown as means with

standard deviations from 4 to 6 independent experiments. #, P < 0.05; #*, P < 0.01.

methyl)pyridin-2(1H)-one (molecular weight, 454) (7). The
hallmark of these inhibitors is incomplete Gag processing and
accumulation of processing intermediates (e.g., CA-SP1) in
virions, resulting in the loss of viral infectivity. These com-
pounds do not inhibit Gag assembly. Since our BMMP did not
show alteration in overall patterns of Gag processing (Fig. 4A),
it is unlikely that BMMP shares the inhibition mechanisms
with above inhibitors.

Inhibitors of HIV capsid assembly have been extensively
screened by several approaches. In silico screening from public
chemical libraries has identified N-(3-chloro-4-methylphenyl)-
N'-{2-[({5-[(dimethylamino)-methyl]-2-furyl}-methyl)-sulfanyl]
ethyl}-urea, termed CAP-1 (32), which binds to HIV-1 CA
NTD (K, [dissociation constant] = 800 pM), resulting in the
inhibition of the correct interaction of hexameric units of CA
NTD with dimeric units of CA CTD, essential for a high order
of CA assembly (20). CAP-1 reduced the infectivity of progeny
HIV but did not inhibit viral entry or particle production (32).
Phage display biopanning has also been employed and has
isolated a 12-mer peptide, termed CAI, which binds to HIV-1
CA CTD (50% inhibitory concentration [ICs,] = 3 to 4 pM)
and inhibits CA capsid formation irn vitro (K; = 15 pM) (5, 29,
33). However, CAI did not inhibit HIV replication in cell
culture because of the lack of cell permeability. In a subse-
quent study, CAI has been converted to a cell-penetrating
peptide (termed NYAD-1) by stabilizing the «-helical struc-
ture of CAI with a hydrocarbon staple, leading to a marked
improvement of K, (<1 pM) (38). Surprisingly, the study re-
vealed that, besides inhibiting the particle production,
NYAD-1 disrupted the mature core formation and inhibited
the early stage of HIV-1 in single-round infection assays, sug-

gesting that NYAD-1 may affect the uncoating stage of the
HIV life cycle through a mechanism similar to that of BMMP,

The difference between BMMP and CAI/NYAD-1 is that
BMMP does not affect HIV-1 particle production or matura-
tion steps. This is possibly because BMMP inhibits CA-CA
interactions more efficiently than Gag-Gag interactions. Im-
portantly, BMMP is not a peptide but a low-molecular-weight
compound (molecular weight, 273.38), which is chemically and
physically stable. It should be possible to chemically modify the
BMMP structure to potentiate its biochemical and biological
activities. The advantage of BMMP is that, due to its low
molecular weight, the derivatives could retain cell membrane
permeability unless large chemical groups are attached to the
core structure.

A low-molecular-weight Gag inhibitor, PF74, previously
screened from a chemical library by a high-throughput single-
round infection assay (6), has been characterized by a more
recent study, in which PF74 selectively inhibited HIV-1 (27).
PF74 destabilized HIV-1 capsids and inhibited the postentry
events, similarly to BMMP, but at low-micromolar concentra-
tions. However, BMMP is distinct from PF74 in that the CypA-
binding loop is not involved in the viral susceptibility to BMMP
(Fig. 6B). Also, BMMP did not reduce the viral infectivity
when the virion was exposed to BMMP (data not shown).
Therefore, BMMP may have a potential to serve as a lead
compound for the development of anti-HIV drugs bearing a
novel mechanism of action.

Although BMMP showed anti-HIV activity, it still needs to
be improved to lower the IC;,. We suggest that comprehensive
studies on structural analogues of BMMP would be informa-
tive to understand the structure-function relationship of

SV3SIA SNOILO34NI 40 LSNI T1LYN Ad 102 ‘61 Atenuer uo /Bio" wse oee//:dijy Wwoly papeojumod



VoL. 55, 2011 POSTENTRY INHIBITOR OF HIV-1 SCREENED IN YEAST 4259

A BMMP B

(1) 0 1 3 10 30100

P24CA »
Relative
intensity 100104 95 97 79 83 6,000 O DMSO 25000 1 0DMSO
~ e BMMP 25 UM = § AZT 50 M
140 F &= * § BMMP 50 uM =]
B 50001 = W BMMP 100 4M G
® 120 ¢ 2 & 20,000
~ X <
g g A0 £ 15000
3 80t = ,000 b
g o 2
s Sor E 30001 &
i 40t e g 10,000
20| 8 2000} 3
< <
0 N ]
3 1,000 s 5,000
o U D X (R B
0 30 60 120 0 30 60 120

Incubation time (min) Incubation time {min)

FIG. 7. HIV-1 mature capsid disassembly and in vitro assembly assays. (A) In vitro assembly reaction with purified HIV-1 CA. Purified HIV-1
CA protein (100 pM) was incubated with various doses of BMMP at 37°C for 60 min in buffer at high salt concentration. All samples included
1% DMSO. Assembly products were recovered by centrifugation and subjected to SDS-PAGE followed by Coomassie brilliant blue staining. The
band intensities were semiquantified by ImageJ software. For quantification, the pelleted products were subjected to p24CA antigen capture
ELISA. Data were shown as means with standard deviations from 3 independent experiments. %, P < 0.05. Assembly products were also negatively
stained and examined by electron microscopy. Micrographs were shown at the same magnification. Bar = 100 nm. (B) Cell-frec assays for HIV-1
uncoating. HIV-1 mature capsids were isolated through a 1% Triton X-100 layer as described previously (3). The HIV-1 cores were incubated with
various doses of BMMP at 37°C up to 120 min. For comparison, the cores were similarly incubated with 50 WM AZT. All samples included 1%
DMSO. Residual intact cores were recovered by ultracentrifugation and quantified by p24CA antigen capture ELISA. Data were shown as means
with standard deviations from 4 independent experiments. #, P < 0.05; #*, P < 001
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SHORT COMMUNICATION

Protein transduction by pseudotyped lentivirus-like

nanoparticles

T Aokil2, K Miyauchi'?, E Uranol, R Ichikawa! and ] Komano'

A simple, efficient and reproducible method to transduce proteins into mammalian cells has not been established. Here we
describe a novel protein transduction method based on a lentiviral vector. We have developed a method to package several
thousand foreign protein molecules into a lentivirus-like nanoparticle (LENA) and deliver them into mammalian cells. In this
proof-of-concept study, we used p-lactamase (BlaM) as a reporter molecule. The amino-terminus of BlaM was fused to the

myristoylation signal of lyn, which was placed upstream of the am

ino-terminus of Gag (BlaM-gag-pol). By co-transfection of

plasmids encoding BlaM-gag-pol and vesicular stomatitis virus-G (VSV-G) into 293T cells, LENA were produced containing
BlaM enzyme molecules as many as Gag per capsid, which has been reported to be ~ 5000 molecules, but lacking the viral
genome. Infection of 293T and MT-4 cells by VSV-G-pseudotyped BlaM-containing LENA led to successful transduction of BlaM
molecules into the cell cytoplasm, as detected by cleavage of the fluorescent BlaM substrate CCF2-AM. LENA-mediated
transient protein transduction does not damage cellular DNA, and the preparation of highly purified protein is not necessary.
This technology is potentially useful in various pasic and clinical applications.
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INTRODUCTION

When viruses infect cells the viral contents are released. A virus can,
therefore, be considered as a protein transduction vehicle into a target
cell if a large number of foreign proteins are packaged per virion.
A lentiviral vector, approved for human gene therapy,! has been
produced by transfecting 293T cells with four plasmids: the gene
transfer vector that provides the viral genome packaged into
the virion, and three plasmid vectors, each expressing gag—pol, rev or
the vesicular stomatitis virus-G (VSV-G) genome.*™ The gag-pol
expression vector produces Gag and Gag-pol in a ratio of ~20:1
because of the frameshift signal positioned between the gag and pol
open reading frames.” Gag (Pr55528) is a viral structural protein that
traffics to the plasma membrane aided by its amino-terminal myr-
istoyl group, and self-oligomerizes at the plasma membrane to form
a spherical structure.® The expression of Gag alone leads to the
production of an enveloped virus-like particle (VLP) of ~100nm
in diameter, consisting of ~ 5000 Gag molecules.”

When the gag—pol expression vector is used to produce VLP, both
Gag and Gag-pol proteins, a total of 5000 molecules,” form the
lentiviral nanoparticles in which approximately one-twentieth of the
VLP-forming protein is Gag-pol.> The VLP produced by the gag—pol
expression vector undergoes maturation whereby Gag is processed by
the protease made from Pol. Gag is cleaved into p17M#, p24CA and
other smaller fragments. This changes the shape of the VLP core from
doughnut shape to bullet shape, as visualized by electron microscopy.
Mediated by VSV-G, the mature VLP envelope fuses to the cell
membrane more efficiently than the immature VLP3 In accordance
with this process, if a foreign protein is fused to lentiviral Gag, a large
number of foreign proteins should be transduced into mammalian

cells. In this work, the lentiviral vector has been engineered to achieve
this goal.

By co-transfecting two plasmid vectors, each expressing gag—pol or
VSV-G, the lentivirus-like nanoparticles (LENA) can be produced
with a VSV-G envelope (Figure 1a). These particles undergo matura-
tion, and should be highly competent for promoting fusion of LENA
envelope to the cell membrane. The VSV-G-pseudotyped LENA
should be capable of releasing viral content into the target cells. We
have named this process ‘pseudoinfection’ because it mimics viral
infection, but is not accompanied by integration of the viral genome
into chromosomal DNA.

We have previously shown that substitution of the human immu-
nodeficiency virus type 1 (HIV-1) Gag myristoylation signal with the
phospholipase C-8 1 pleckstrin homology (PH) domain, or attach-
ment of heterologous myristoylation signals to the amino-terminus of
Gag, increases the production of lentiviral vector! In these studies
we used the human codon-optimized gag-pol to maximize viral
protein synthesis. The infectivity of these pseudovirions was compar-
able with that of the wild-type (WT) counterpart. This is noteworthy
because modification of Gag often results in reduction of viral
productivity and infectivity.!""'? It has been reported recently that 2
protein transduction using murine leukemia virus is achievable by
embedding a foreign gene in gag. However, the viral productivity and
infectivity need to be improved by WT Gag-pol provided in trans
upon viral production. These data suggest that by fusing a foreign protein
to the amino-terminus of Gag and providing a membrane-targeting
signal, it is possible to produce a high-titer, uniform, foreign protein-
containing LENA without the need to co-transfect the WT Gag-pol
expression plasmid. We tested whether the VSV-G-pseudotyped
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Figure 1 Production of a BlaM-containing LENA pseudotyped with VSV-G. (a) Schematic representation of production of VSV-G-pseudotyped LENA.
Two plasmids are transfected into 293T cells, and LENA is recovered from the culture supernatant at 48 h post-transfection. The viral protease is activated
after the VLP is released from the cell, and it mediates the maturation of the particles. (b) The structure of WT gag-pol, a mutant bearing the myristoylation
signal of lyn (myr"-gag-pol), and blaM-gag-pol. Gag is cleaved into p17MA (MA), p24CA (CA), nucleocapsid (NC) and other domains by the viral protease
encoded in pol. In the myr¥-gag-pol and blaM-gag-pol constructs, the Gag translational initiation site and the myristoylation target residues were mutated to
leucine and alanine to minimize internal translational initiation and myristoylation. (c) Verification of protein expression and VLP production of BlaM-gag-pol
construct in 2937 cells by western blot analysis using anti-p24°* and anti-p17MA antibodies. Shown are the analyses of cell lysates (Cell) transfected with
pgag-pol (WT) or pblaM-gag-pol (BlaM), and the viral particles (VLP) collected from the culture supermatant of transfected cells. Pr55%28 (~55kDa, Gag),
the Gag proteolytic cleavage intermediate MA-CA (~40kDa) and the complete proteolytic cleavage product p24©* (~24kDa, CA) and p17MA (~17 kDa,
MA) are indicated by arrowheads. BlaM-Gag, BlaM-MA-CA and BlaM-MA have higher molecular weights because of the attachment of BlaM (~30kDa) to
the MA domain. (d) Immunofluorescence assay showing the distribution of WT Gag (WT) or BlaM-Gag (BlaM) in 293T cells transfected with pgag-pol or
pblaM-gag-pol. Green and blue represent the anti-p24°* monocional antibody-stained signal and the Hoechst 33258-stained nucleus, respectively.
Magnification x400; scale bar, 10 um. (e) BlaM enzyme activity was tested by nitrocefin. Lysates from 293T cells transfected with pblaM, pblaM-gag-pol,
or pgag-pol or untransfected cells (MOCK) were incubated with nitrocefin for 30 min at 37 °C.

LENA could serve as a protein transduction vehicle for mammalian
cells using B-lactamase (BlaM) as a reporter.

Gag-pol ratio. The BlaM-gag-pol protein was produced in 293T cells
as expected (Figure 1c). The BlaM construct produced VLP from the
transfected cells, although the efficiency was less than with WT gag—pol

RESULTS AND DISCUSSION (Figure 1c). The processing efficacy of Gag in BlaM VLP was less

BlaM was chosen as reporter molecule because mammalian cells
do not have BlaM activity. Also, a cell-membrane-permeable BlaM
substrate is available, which can distinguish LENA content release
from cellular endocytosis of LENA that can occur without membrane
fusion.!® BlaM was fused to the amino-terminus of gag—pol, and the
Iyn myristoylation signal was attached to the amino-terminus of BlaM
(BlaM-gag-pol; Figure 1b). The codon usage of gag—pol has been
human codon optimized, but bearing the natural —1 frameshift signal
at the gag—pol junction.!* Thus, the vector provides the natural Gag to

efficient compared with the WT as highlighted by the absence of free
matrix domain (MA) signal in BlaM VLP, which was because of the
lack of HIV-1 protease recognition motif between BlaM and MA
(right panel, Figure 1c¢). In 293T cells transiently transfected with this
plasmid, the BlaM-gag-pol fusion protein distribution was similar to
that of the WT, although with some aggregation in the cytoplasm
(Figure 1d). The BlaM-gag-pol fusion protein retained enzyme activity
as demonstrated by its reaction with the BlaM substrate nitrocefin,
which changed from a straw color to brown when incubated with
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Figure 2 Flow cytometric analysis to measure the BlaM transduction into 293T cells by VSV-G-pseudotyped BlaM-LENA. The 293T cells were grown in
24-well plates and either transfected or pseudoinfected with LENA preparations. (a) Unstained 293T cells. (b) 293T cells loaded with CCF2-AM. (c, d) 293T
cells were transfected with pBlaM (c) or pBlaM-gag-pol (d), and loaded with CCF2-AM at 48h post-transfection before the flow cytometric analysis. (e-h)
2937 cells were exposed to unenveloped BlaM-LENA (e) or VSV-G-pseudotyped BlaM-LENA (f-h). Cells were loaded with CCF2-AM at 2h post-LENA
exposure. (g, h) The VSV-G-dependent BlaM transduction was verified by exposing 293T cells with VSV-G-pseudotyped BlaM-LENA in the presence of
bafilomycin Al (BAF) at a concentration of 10 ug ml-! (h). Dimethylsulfoxide (DMSO) was used as a control (g). The percentage of the gated population is
noted in each panel. The x axis represents the blue fluorescence, reflecting the BlaM activity (relative fluorescent unit (RFU)). The y axis represents the green
fluorescence, reflecting the substrate loading onto the cells. (i, j) Microscopic detection of BlaM transduction in 293T cells (i) or MT-4 cells (j) by VSV-G-
pseudotyped BlaM-LENA. Cells were exposed to BlaM-LENA for 3h, and loaded with CCF2-AM overnight at room temperature in the presence (10 pgmi~Y) or
absence of BAF (W/BAF or wio BAF, respectively). The bar represents 50 um, magnification x200.

lysates from 293T cells transfected with the BlaM-gag-pol expression
vector (Pigure le). The BlaM enzyme activity of BlaM-gag-pol was
indistinguishable from that of WT BlaM (Figure le). BlaM enzyme
activity was not detected in MOCK or pgag-pol-transfected cell lysates
(Figure le).

Protein transduction into 293T cells was conducted by exposing
target cells to VSV-G-pseudotyped BlaM-LENA, which mimics viral
infection. The success of BlaM transduction into the target cell
cytoplasm was judged by using the cytoplasm-retained BlaM substrate,
CCF2-AM, which yields blue fluorescence upon cleavage by BlaM
enzyme activity.

The 293T cells emitted green fluorescence when they were loaded
with CCF2-AM (Figure 2, compare a vs b). When 293T cells were
transfected with expression vectors for BlaM or the BlaM-gag-pol,
substrate cleavage, as demonstrated by a shift to blue fluorescence, was
detected in a discrete population of cells, representing a transfection
efficiency of ~45% (Figures 2c and d). These data suggest that
transduced BlaM-gag-pol has BlaM activity, consistent with the results
of the nitrocefin assay (Figure le). When BlaM was transduced into
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293T cells by VSV-G-pseudotyped BlaM-LENA, a significant shift
from green to blue fluorescence was detected (63.9%, Figure 2f). The
rightward shift of the signal along the x axis suggests that almost all
the cells were transduced with BlaM by BlaM-LENA. BlaM transduc-
tion was dependent on VSV-G function as CCF2-AM cleavage was not
detected by LENA lacking VSV-G (Figure 2¢), and BlaM transduction
was inhibited by bafilomycin Al that blocks VSV-G-mediated mem-
brane fusion (Figure 2, compare g vs h). The catalytic activity was
visualized under the fluorescent microscopy. In agreement with the
flow cytometric analysis, almost all the substrate-loaded 293T cells
exposed to BlaM-LENA became blue fluorescent in experimental
conditions comparable with the above experiments, and the catalytic
activity was not detected when cells were treated with bafilomycin Al
(Figure 2i). The blue fluorescence was detected homogenously in the
cell cytoplasm (Figure 2i). These data were reproduced in human
T-cell line MT-4 (Figure 2j). Considering the critical dependence to
VSV-G, it is highly unlikely that the BlaM activity was derived
from the residual DNA/lipid mixture in the LENA preparation. The
BlaM-transducing unit into 293T cells was ~0.8 +0.01x 10° ml~! as
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Figure 3 Production of a GFP-containing lentivirus-like nanoparticle for physical counting. (a) The structure of PH-gag-po/ and GFP-PH-gag-pol.
(b) The distribution of Gag-GFP and GFP-PH-gag-pol in transiently transfected 293T cells examined by confocal microscopy. The images were taken at 24 h
post-transfection. The bar represents 10 um, magnification x630. (c) Verification of protein expression and VLP production of GFP-PH-gag-pol construct in
293T cells by western blot analysis using anti-p24©*, anti-p17MA and anti-GFP antibodies. Shown are the analyses of cell lysates (Cell) transfected with
pGFP-PH-gag-pol and the viral particles (VLP) collected from the culture supernatant of transfected cells. The numbers represent the proteolytic products as
illustrated in the right panel estimated from the western blot analysis. (d) Confocal image of the GFP-PH-LENA on the slide glass. The bar represents 1 ym,

magnification x630.

estimated by the BlaM-LENA serial dilution (data not shown). Thus,
293T cells were exposed to ~ 1000-fold excess of BlaM-LENA.

We constructed GFP-PH-LENA to visualize the LENA particles
(Figure 3a). In this construct, the PH domain from phospholipase C-§
1 functions as the membrane targeting motif.>!® The GFP-PH-gag-pol
was distributed at cell periphery, similar to Gag-GFP (Figure 3b).
The VLP production by GFP-PH-gag-pol was verified in western blot
analysis (Figure 3c). According to the estimated molecular weight
of protease-mediated cleavage products, we speculate the possible
protease recognition sites within green fluorescent protein (GFP),
GFP-PH junction and PH-MA junction, although we did not inten-
tionally reconstitute the HIV-1 protease recognition sites in these
positions (Figure 3c). The GFP-encapsidated LENA preparations were
spotted onto the poly-1-lysine-coated slide glass, and the captured LENA
was imaged by the confocal microscopy. By counting the green fluor-
escent dot signals per unit area, we estimated the number of GFP-PH-
LENA particles as 1.4 £ 0.2x10° ml~! (Figure 3d), which was similar to
the BlaM-transduction unit of VSV-G-pseudotyped BlaM-LENA.

To test whether the lentivirus vector used to produce BlaM-LENA
retained any viral infectivity, a lentivirus vector was produced
carrying the luciferase gene, using the four plasmid system®!? with
the BlaM-gag-pol construct, and then viral infectivity was assessed.
Gene transduction by this lentiviral vector was undetectable. These
data indicate that transfer to target cells by BlaM-LENA of an
expressed, endogenous retroviral element from 293T cells is unlikely
to occur. These data show that a protein transduction system based on
LENA would have an extra level of safety compared with the protein
transduction system based on a retroviral vector system.!!

Protein transduction in a broad sense, referring to the transport of
protein across the cell membrane, is a useful technique in experi-
mental molecular biology. It does not require de novo transcription
and translation, and the transferred protein functions immediately

after the transduction. Proteins, however, do not easily pass through
the plasma membrane. Historically, microinjection, electroporation
and cell-permeable peptide motifs were used to introduce proteins
into cells.!>!7 These methods, however, demand a highly purified
protein, technical skill or specialized, costly equipment. Also, variable
results have been obtained using different proteins and target cells.
The need of a highly purified protein applies to protein lipofection to
yield the reproducible results. A convenient, fast, highly efficient and
reproducible protein transduction method has so far remained unde-
veloped. Such a technique would greatly help the generation of safe,
induced pluripotent stem cells. LENA production is as straightforward
as co-transfecting two plasmids into 293T cells without trans-com-
plementing the WT gag—pol expression vector, and furthermore the
therapeutic protein is protected from plasma proteases by a lipid
bilayer. The target cell tropism can be controlled by well-established
viral pseudotype techniques. Using LENA, a substantial number of
protein molecules can be packaged into the nanoparticles, and the
transduction procedure is as easy as exposing mammalian cells with
LENA. There is no need to prepare highly purified proteins for the
LENA system. Also, target proteins are post-translationally modified
in human cells, which should be better than the protein modification
in non-human organisms. It should also be possible to increase the
amount of protein that can be delivered into cells by concentrating the
LENA preparation. Physical counting of GFP-encapsidated LENA
shows that a high-titer LENA preparation was casually produced. In
this study, we did not introduce protease recognition sites into
myristoylation signal-BlaM or -BlaM-MA junctions. By doing so, we
would have possibly liberated the foreign protein from the precursor.
This could result in infectious LENA particles as the free MA is in part
important for the viral infectivity.®

Currently, few approaches are available for the incorporation of a
foreign protein into retro- or lenti-viral VLP. The protein of interest
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can be fused to the C-terminus of Gag or inserted into the middle of
the Gag protein (for example, between the MA and CA).!1'2 Foreign
protein fusion to the C-terminus of Gag would destroy the frameshift
signal required to produce Gag-pol. Thus, Pol would no longer be
produced. To maintain efficient pseudoinfection, the gag—pol expres-
sion vector must be provided in trans when the VLP is produced.
The latter approach often results in reduced VLP yield. Thus, again,
to increase the VLP yield, the gag—pol expression vector has to be
co-transfected with the plasmid encoding Gag fused to the foreign
protein. Co-transfection of the gag—pol expression vector is likely to
reduce the amount of foreign protein per VLP, and lower its
uniformity. It is, therefore, desirable not to co-transfect with the
WT gag-pol expression plasmid. Alternatively, Vpr can be used to
incorporate foreign proteins into lentiviral particles.'® Only a few
dozen protein molecules, however, are packed per particle, rendering
this approach of little use in protein transduction. In summary, fusion
of a foreign protein to the N-terminus of Gag has the advantages of
producing uniform, high-titer and membrane fusion-competent VLP
without trans-complementation by WT Gag-pol.

The disadvantages of the LENA system are the susceptibility of
foreign proteins to viral protease and the restriction in the molecular
sizes of foreign proteins. We have succeeded in generating Gag-LacZ
VLP, suggesting that the production of LENA carrying a foreign
protein with a molecular weight of ~100kDa is feasible. The yield,
however, of LENA gradually decreases as the molecular weight of the
foreign protein increases. We did not detect proteolytic cleavage of
BlaM by viral protease in LENA particles; however, when we tested the
transcriptional regulator of HTLV-1 (human T-cell leukemia virus
type 1), Tax, it was degraded by viral protease. To overcome these
potential disadvantages, it is worth considering the use of only the
minimal functional domain of a foreign protein and the destruction of
potential protease recognition sites in the foreign protein without
losing its function.

Lentiviral vectors have been approved for human gene therapy.'
LENA does not contain a viral genome, and is unlikely to support the
transfer of endogenous retrovirus-like elements; thus, the cellular
genome is not threatened by LENA-mediated protein transduction.
Thus, a major safety concern associated with retroviral or lentiviral
vectors is alleviated, making LENA applicable for in vivo studies.
Retroviral vectors are often used for induced pluripotent stem cell
genesis.!® However, they can damage the cellular genome, and
transduced gene expression is difficult to shut off, which can lead to
malignant transformation of induced pluripotent stem cells. To over-
come this problem, a transient and efficient protein transduction
method is needed. We believe that LENA addresses these issues.
Altogether, our system has many advantages over currently available
protein transduction protocols, suggesting that it should be considered
for basic and clinical applications.

MATERIALS AND METHODS

Plasmids

The following oligonucleotides were annealed, and cloned into the Afel-Agel
sites of pEGFP-C2 (Clontech, Palo Alto, CA, USA) to generate the plyn-
MyEGFP-C2: 5'-GCTACCGGACTCAGATCTCGAGCTCAAGCTTCGAATTGC
CACCATGGGATGTATTAAATCAAAAAGGAAAGACGATCCA-3" and 5'-CCG
GTGGATCGTCTTTCCTTTTTGATTTAATACATCCCATGGTGGCAATTCGA
AGCTTGAGCTCGAGATCTGAGTCCGGTAGC-3". The SnaBl-EcoRI fragment
from plynMyEGFP-C2 was cloned into the corresponding sites of pPH-gag-
pol,? generating plynMyGFP-gag-pol. The B-lactamase gene from pUCI9 was
amplified by the following primers: 5’-ACCGGTCAATCCAGAAACGCTGGTG
AAAG-3’ and 5-CAATTGCCAATGCTTAATCAGTGAGGC-3". The Agel-Mfel
fragment of the PCR fragment was cloned into the Agel-EcoRI sites of
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plynMyGFP-gag-pol, generating the pblaM-gag-pol. The expression vector
for VSV-G was described previously.?® The original codon-optimized HIV-1
gag-pol expression vector was described previously.'* The Gag-GFP expression
vector was described previously.!” The pGFP-PH-gag-pol was constructed by
inserting the Ndel-PshAl fragment from pEGFP-PLCd1 PH?! into the
corresponding sites of pPH-gag-pol.” pcDNA3 was obtained from Invitrogen
(Tokyo, Japan).

Cells and transfection

The 293T cells, obtained from Invitrogen as 293FT cells (Invitrogen), were
maintained in RPMI-1640 medium (Sigma, St Louis, MA, USA) supplemented
with 10% fetal bovine serum (Japan Bioserum, Tokyo, Japan), 50 Uml™!
penicillin and 50 pgml™ streptomycin (Invitrogen), at 37 °C in a humidified
5% CO, atmosphere. Cells were transfected with DNA using Lipofectamine
2000 according to the manufacturer’s protocol (Invitrogen), or calcium
phosphate precipitation. To produce VSV-G-pseudotyped BlaM-LENA, equal
amounts of pVSV-G and phlaM-gag-pol were transfected into 293T cells.
Unenveloped BlaM-LENA was produced using pcDNA3 in place of pVSV-G.

Immunological detection

The detection of viral gene products by western blot analysis was performed as
described previously,?? except that the anti-p24©A monoclonal antibody clone
183-H12-5C and the anti-p17MA rabbit antiserum (NIH AIDS Research and
Reference Reagent Program) were used. The immunofluorescent analysis was
performed as described previously,?? except that cells were fixed at 24h post-
transfection, and the following reagents were used: anti-p24“* monoclonal
antibody (clone 183-H12-5C), anti-mouse antibody conjugated with biotin
(Invitrogen) and streptavidin conjugated with Alexa488 (Invitrogen).

Microscopy
Cells and GFP-encapsidated LENA were imaged by confocal fluorescence
microscopy (LSM510 Meta 40x NA 1.4 lens; Carl Zeiss Microlmaging Inc,,
Tokyo, Japan).

Colorimetric detection of BlaM activity

Transfected 293T cells grown in 6 cm dishes were lysed in 500 ul of buffer A
(10 mm HEPES, 1.5 muM MgCly, 10 mm KCl and 0.05% IGEPAL CA-630), and
then 1yl of nitrocefin (10 pgml™; Calbiochem, San Diego, CA, USA) was
added to the cell lysate. The mixture was incubated for 20 min at 37 °C.

Protein transduction

The pseudoinfection was performed as infecting cells with retroviral vectors?
by incubating ~ 1x10° cells with 1ml LENA-containing culture medium at
37°C for 1-3h in the presence of dextran (final concentration 16.25 g ml™Y
DEAE-Dextran chloride, molecular weight ~500kDa; ICN Biomedicals Inc.,
Aurora, OH, USA). The cells were assayed by flow cytometry or fluorescent
microscopy after the LENA exposure. Bafilomycin Al was purchased from
Sigma.

Fluorescent detection of BlaM activity

A fluorescence-activated cell sorter Aria (Becton Dickinson, San Jose, CA, USA)
was used to detect the CCF2-AM (Invitrogen) signals from 293T cells. A violet
407 nm laser was used for fluorescence activation, and BP450/40 nm and LP502
in conjunction with BP530/30 filters were used for the fluorescent signal
detection of cleaved and uncleaved substrates, respectively. The CCF2-AM
signals from 293T and MT-4 cells were imaged by Biorevo (BZ-9000, Keyence,
Osaka, Japan) using the blue filter set (excitation, band pass filters 377/50 nm
wavelength; emission, band pass 447/60nm wavelength; dichroic mirror,
409nm wavelength) and the green filter set (excitation, band pass filters
377/50 nm wavelength; emission, band pass 520/35nm wavelength; dichroic
mirror, 495 nm wavelength).
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Regulation of the susceptibility of HIV-1 to a
neutralizing antibody KD-247 by nonepitope
mutations distant from its epitope

Mari Takizawa?, Kosuke Miyauchi?®, Emiko Urano?, Shigeru Kusagawa®,
Katsuhiko Kitamura®, Satoshi Naganawa®, Toshio Murakami?,
Mitsuo Honda®, Naoki Yamamoto' and Jun Komano?®

Objective: A humanized neutralizing antibody, KD-247, targets the V3 loop of HIV-1
Env. HIV-1 bearing the GPGR sequence at the V3 loop is potentially susceptible to
KD-247. However, not all GPGR-positive HIV-1 isolates are neutralized by KD-247.
We examined the potential mechanism by which the susceptibility of HIV-1 to KD-247-
mediated neutralization is regulated.

Design: We searched for nonepitope neutralization regulatory (NNR) mutations that
sensitize GPGR-bearing HIV-Tapg to KD-247 and mapped the locations of such
mutations relative to the V3 loop.

Methods: We generated a functional HIV-1apg Env library, and evaluated the viral
susceptibility to KD-247 by measuring the half-inhibitory concentration (ICs) to KD-
247 on TZM-bl cell assay.

Results: We identified nine KD-247-sensitizing NNR mutations from 30 mutations in
various regions of gp120, including the V1/V2 loop, C2, V3 loop, C4, and C5. They
specifically affected KD-247-mediated neutralization, as they did not affect the b12-
mediated neutralization. When combined, the KD-247-sensitizing NNR mutations
additively sensitized the virus to KD-247 by up to 10000 folds. The KD-247-sensitizing
NNR mutations increased KD-247 binding to the virion. Notably, the NNR mutation in
C4 coincides with the CD4-binding site of gp120.

Conclusion: Given that most of the KD-247-sensitizing NNR mutations are remote
from V3 loop, it is reasonable to hypothesize that the steady-state, local conformation of
the V3 loop is regulated by the interdomain contact of gp120. Our mutational analysis
complements crystallographic studies by helping provide a better understanding of the
steady-state conformation and the functional geometry of Env.
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Introduction escape from the host humoral immunity. The study on HIV-

1-neutralizing antibodies (Nabs) and the viral escape from
HIV-1 is a highly mutagenic virus. The viral envelope Nab gives us insights into viral pathogenesis, structure—
glycoprotein gp120/41 (Env) accumulates mutations to function relationship of Env, and AIDS vaccine design [1-8].
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A humanized monoclonal Nab, KD-247, which is
effective against half of clade B primary HIV-1 isolates,
targets the third hypervariable (V3) loop, is an attractive
AIDS vaccine target [1-3]. The epitope essential for
KD-247-mediated neutralization is the conserved
tetrapeptide sequence GPGR (HXB2 coordinate 312~
315). A human monoclonal Nab 447-52D targets this
same epitope [4]. Mutations in the GPGR sequence
confer viral resistance to KD-247 [3,5,6]. Moreover,
amino acid changes adjacent to the GPGR motif have
also conferred viral resistance to KD-247 (e.g. H, R,
and K at 311 position, or P at 316 position) [3].
Such mutations physically interfere with binding to the
KD-247 epitope [3]. In the absence of such mutations,
HIV-1 bearing the GPGR sequence at the V3 loop
is potentially susceptible to KD-247. However, not all
GPGR -positive HIV-1 isolates are neutralized by KD-247.
The mechanism by which some of the GPGR-bearing
viruses are resistant to KD-247 is not fully understood.

We addressed this sequence-neutralization susceptibility
discordance by comparing the amino acid sequences
of various HIV-1 primary isolates. We defined a virus
as resistant to KD-247-mediated neutralization when
the half-inhibitory concentration (ICsq) was higher than
100 pg/ml. We analyzed V3 loop amino acid sequences
from 25 viruses positive for the GPGR epitope, including
11 KD-247-sensitive and 14 KD-247-resistant viruses.
Along with the ELISA data in our previous report [3],
we found that H304R contributes to KD-247 resistance.
The H304R polymorphism accounted for 35.7% (five
of 14 isolates) of the examples of sequence-neutralization
susceptibility discordance, but all the viruses carrying
H304R were CRFO1_AE. We failed to identify any
neutalization regulatory mutations in the clade B isolates.
Additionally, the KD-247 prototype mouse monoclonal
antibody C25 was unable to neutralize 17 GPGR-
positive HIV-1 clade B primary isolates, even though
C25 was able to bind their synthetic V3 loop peptides
(unpublished observation). From these data, we postu-
lated that the sequence-neutralization susceptibility
discordance is due to non-epitope neutralization
regulatory (NNR) mutations, especially remote from
the V3 loop. Such NNR mutations would be positioned
at certain key sites within the Env domains and
regulate the steady-state conformation. NNR mutations
have been predicted for 447-52D and other cross-
reactive Nab [6—11]. To test this hypothesis, we examined
15 entire Env amino acid sequences of KD-247-sensitive
and KD-247-resistant viruses. However, we were unable
to identify amino acids associated with susceptibility
to KD-247. This suggests that the heterologous virus
approach is not sensitive enough to identify NNR
mutations because the diversity of Env amino acid
sequences is beyond the level of detection.

Here we employed a genetic approach to identify NNR
mutations using the HIV-1apg/apa (AD8 hereafter),

which displays the sequence-neutralization susceptibility
discordance. The ADS8 strain has been reported to be
sensitive to 447-52D, which targets the same neutral-
ization epitope as KD-247 within the V3 loop [10],
suggesting that the GPGR epitope of the V3 loop is
open to antibodies. We thought that this should help
understand how the NNR mutations work. It does
not contain insertions adjacent to the GPGR. motif, as
HIV-1gxge or HIV-114-3 do (QR insertion before
[ and G) nor H304R.. Only a few NNR mutations that
make HIV-1 resistant to KD-247 have been reported
in the V1/V2 loop [6]. In this work, we generated
a functional AD8 Env library to identify many NNR
mutations simultaneously that cause HIV-1 to become
susceptible to KD-247. Through KD-247-sensitizing
NNR mutations, we tried to understand the regulatory
mechanism of the viral susceptibility to KD-247-
mediated neutralization.

Materials and methods

Cells, viruses, and transfection

Cells were maintained in RPMI-1640 Medium (Sigma,
St Louis, Missouri, USA) supplemented with 10% fetal
bovine serum (FBS) (Japan Bioserum, Tokyo, Japan),
50 U/ml penicillin, and 50 pg/ml streptomycin (Invitro-
gen, Tokyo, Japan), at 37°C in a humidified 5% CO,
atmosphere. Cells were transfected with Lipofectamine
2000 according to the manufacturer’s protocol (Invitro-
gen). The other viruses and TZM-bl cells were obtained
from the NIH AIDS Research and Reference Reagent
Program.

Antibodies

KD-247 was provided by the Chemo-Sero-Therapeutic
Research Institute, and bl2 is a generous gift from
Dr Burton (The Scripps Research Institute).

Cloning

ADS8 Env was amplified by nested reverse-transcriptase-
PCR using RNA extracted from the culture supernatant
as a template (RNeasy mini kit; Qiagen, Hilden,
Germany). The primers used were as follows. For the
first PCR, the sense primer was 5'-ATG AAA CTTACG
GGG ATA CTT GGG-3' (HXB2 nucleotide coordinates
5698—-5721) and the antisense primer was 5'-GGT ACT
AGC TTG AAG CAC CAT CC-3 (HXB2 nucleotide
coordinates 9236-9214); and for the nested PCR,, the
sense primer was 5'-ATA AGA ATT CTG CAA CAA
CTG CTG-3' (HXB2 nucleotide coordinates 5739—
5762) and the antisense primer was 5'-TTC CAG GTC
TCG AGATGC TGC-3' (HXB2 nucleotide coordinates
8910-8890). EcoRI-Xhol fragments of the PCR
products were cloned into the corresponding restriction
sites of pNL4~3. The env gene was sequenced using the
following primers: 3479a, 5-CTT GGG ATG TTG
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ATG ATC TGTAGT GCT GTA GA-3'; 003A, 5'-AGC
AGA AGA CAG TGG CAATG-3'; 106A, 5'-CAT ACA
TTA TTG TGC CCC GGC TGG-3'; 545A, 5'-GAC
AAT TGG AGA AGT GAA TT-3'; and 5700, 5'-AGC
CTG TGC CTC TTC AGC TAC CAC CGC TTG-3".

Neutralization assay

To produce virus from proviral DNA, 293FT cells (Cat#
R700—007; Invitrogen) grown in six-well plates were
transfected with proviral DNA-encoding plasmid (1 j.g)
using Lipofectamine 2000, and replated into a six-well
plate at 4—6h posttransfection. At 48 h posttransfection,
the cell culture medium was collected and mixed
with dextran (final concentration 16.25 pg/ml, DEAE-
Dextran chloride, molecular weight ~500kDa; ICN
Biomedicals Inc., Aurora, Ohio, USA). The TZM-bl
cells were plated in 96-well plates at 500 cells per well in
a volume of 100wl a day before infection. The virus
and KD-247 were mixed in a volume of 50wl and
incubated at 37°C for 30 min. Then, the TZM-bl cells
were exposed to the virus-KD-247 mixture. At 3 days
postinfection, luciferase activity was measured using the
Steady-Glo Luciferase Assay system (Promega, Madison,
Wisconsin, USA). The ICs, was defined as the Nab
concentration that yielded a half-reduction in luciferase
activity compared with the control wells after subtracting
background signals as previously described [12]. Lumi-
nescence was detected using a Veritas Microplate
Luminometer (Promega). The GHOST cell-based and
peripheral blood mononuclear cell-based neutralization
assays were performed as described previously [3].

Virus capture ELISA

The ELISA plate (Nunclon, Roskilde, Denmark) was
coated by KD-247 with incubating plates with 100 pl of
KD-247 preparation (10 pg/ml) in a carbonate buffer
(15 mmol/l Na,COj, 35 mmol/l NaHCO;3, pH 9.6) at
4°C overnight. Plates were washed five times with Plate
Wash Buffer (Zeptometrics, Buffalo, New York, USA),
and blocked with PBS containing 20% FBS (Nalgene,
Rochester, New York) at 37°C for 1 h. After washing the
plates for five times with Plate Wash Buffer and once with
PBS, virus was captured by KD-247 by incubatin%
plates with viral preparations containing 50 ng of p24C
resuspended in a volume of 100 pl PBS. After washing
PBS with 10% EBS, captured virus was lysed in a buffer
and a p24“" ELISA was conducted according to the
manufacturer’s protocol (Zeptometrics).

Results

Construction of a functional Env library based on
the ADS8 strain

In theory, it is possible to identify NNR mutations
conferring viral resistance to the Nab by selecting
Nab-resistant mutants from a Nab-sensitive virus in

culture. However, this approach is not ideal for the
identification of many NNR mutations at the same
time because it primarily selects epitope mutants and
only a few dominant NNR mutants. To overcome this
problem, we tried to identify NNR mutations that
sensitize HIV-1 to KD-247. To achieve this goal, we
generated a functional Env library and tried to
identify KD-247-sensitizing NNR mutations by corre-
lating mutations with viral susceptibility to KD-247-
mediated neutralization. We chose a KD-247-resistant
strain, ADS, that shows sequence-neutralization suscepti-
bility discordance, and its [Cso to KD-247, when the
virus is produced in 293T cells from a proviral DNA,
was 354.9 wg/ml by TZM-bl assay (average of five
independent experiments). Interestingly, this strain has
been reported to be sensitive to 447~52D, which targets
the same neutralization epitope within the V3 loop [10].
This suggests that the GPGR epitope of the V3 loop is
open to antibodies, and the hindrance of KD-247 epitope
is unlikely.

An Env mutant library can be produced by genetic
engineering (e.g., PCR-based random mutagenesis).
However, such an approach does not always produce
functional Env. In contrast, Env mutants generated by
viral diversification in tissue culture should be functional
unless sporadic mutations that interfere with Env function
are introduced. We took the latter approach to generate
a functional Env library. We diversified ADS viruses
by approximately 100 passages in MOLT-4 cells. This was
a simple bulk passage of virus, whereby tissue culture
supernatant was transferred to fresh cells, likely conferring
the survival of random mutations. We examined
the diversity by sequencing 56 env clones. Of these 56
clones, 54 env clones were independent, suggesting
that the diversification of env was successful. The ICsq of
diversified ADS8 to KD-247 was 334.6 pg/ml by TZM-bl
assay (average of three independent experiments),
suggesting that the diversified AD8 is resistant to KDD-
247 when scored in bulk. Our data indicate that long-
term viral selection in tissue culture does not necessarily
select a few dominant mutants; various mutants of
independent origins can be maintained. We expected that
most of the amino acid substitution mutations should
not damage Env function; otherwise, they should not
have been selected in culture. The average number of
mutations was 3.0 per clone, including the frameshift and
stop codon mutations, and, importantly, every virus
retained the GPGR epitope in the V3 loop. These viruses
were distinct from each other but not as divergent as
a panel of field isolates, making them suitable for the
identification of KD-247-sensitizing NINR. mutations.
Our diversification protocol does not necessarily
select Env mutants with higher or lower susceptibility
to KD-247. We expect that some (but not all) mutations
may increase the susceptibility to KD-247. We next
evaluated whether any mutations could confer the
increased susceptibility of the AD8 strain to KD-247.
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Identification of nonepitope neutralization
regulatory mutations in various domains of
gp120

In our viral diversification protocol, mutations can occur
in any region of the viral genome. We are concerned
that non-Env mutations could affect neutralization
susceptibility to KD-247. For example, the ICsq could
be scored lower if the viral fitness is poor and higher if
viral fitness is high. To avoid these possibilities, we cloned
diversified Env into the same viral genetic background.
We chose HIV-1x4-3 because it is one of the standard
molecular clones of HIV-1, and the proviral DNA
is relatively stable and, thus, suitable for such cloning.
The ADS8 env cloned HIV-1yg4_3 was named NL/ADS.
At first, we verified that the susceptibility of viral isolates
to KD-247-mediated neutralization could be reproduced
on the HIV-1y14-3 genetic background. For this purpose,
we used HIV-1ngy and AD8 Env, which are highly
susceptible and resistant to KD-247, respectively. Cloning
env from KD-247-sensitive HIV-1py into HIV-Tnp4es
reproduced neutralization susceptibility (ICsy 0.07 g/
ml). Similarly, the KD-247 resistance seen in the ADS
strain was reproduced in the NL/ADS8 viruses (ICsq
357.5 wg/ml, Table 1). Env mutants with no stop codon or
frameshift were tested on the HIV-1yp4_3 background.

Chimeric viruses carrying AD8 Env mutants that did not
yield and infectivity index in TZM-bl cells comparable
to that of viruses carrying NL4—3/ADS8 were not tested
further. Viruses bearing combinations of mutations
were generated by positioning mutations between useful
restriction enzyme recognition sites in the viral genome.
Finally, we examined 27 molecular clones by substituting
HIV-1Nr4-3 env with the diversified ADS env clones or
ADS env with a point mutation found in the diversified
pool (Table 1) Mutations causing Env amino acid
changes did not comutate the viral proteins encoded in
the Env-overlapping frames including vpu, tat, and rev.

We determined the ICsy of KD-247 on these viruses
using TZM-bl cells. Out of 27 viruses, 19 increased
their susceptibility to KD-247-mediated neutralization
to more than two-fold that of NL/ADS8 (19 of 27
clones, 70.4%; Table 1), consistent with previous reports
suggesting that the long-term passages in witro select
Nab-susceptible HIV-1 [13,14]. Comparing the ICs,
for each of the mutations, we identified nine NNR
mutations that sensitized viruses to KD-247 by more
than two-fold (nine of 30 mutations, 30.0%:; Table 2).
A mutation that altered the ICsy no more than two-
fold was defined as a non-NNR. mutation. Seventeen

Table 1. Summary of half-inhibitory concentration of mutant viruses against KD-247 and b12.

KD-247 b-12
Mutations® 1Csq (p,g/m)b Fold sensitization® 1Csq (p,g/m)b Fold sensitization®
NL/AD8 357.5+121.8 1 24+£1.0 1
T48A, D163N, R248M, N297S, S370N, A721T 0.03+0.02 12342.2 0.2+0.1 12.6
T48A, S186R, S302G S370N, F7645% 7.0£5.5 50.8 0.7+0.2 33
S370N, K428E, Q504R, A509T, G689S 39.8+259 9.0 1.0+£0.3 2.3
D163G, R300G, S370N, S760G 44+39 82.1 0.44+0.1 6.0
K285R, N298Y, 1488T, E506K 480.9+27.1 0.7 1.8+£1.1 1.3
E31G, T48A, N279T 141.4 £53.1 2.5 1.0+£0.2 2.5
D181G, N298Y, S760G 350.0£173.2 1.0 1.8+£0.9 1.3
S186R, S370N, S760G 102.8+8.1 3.5 NT
N298Y, S370N, S760G 380.9+70.7 0.9 1.9+£1.0 1.3
V178A, N298Y 89.04+29.3 4.0 8.7+0.9 0.3
N191D, N298Y 157.2+76.8 2.3 1.5+£09 1.6
1280M, S370N 284.6+34.3 1.3 6.4+0.5 0.4
N297S, S370N 24+1.8 149.0 0.84+0.2 3.0
N298Y, E655G* 428.1+£47.5 0.8 1.1+0.0 2.3
S370N, N391S 280.5£29.6 1.3 25+19 1.0
S370N, 1546V 303.6+£60.8 1.2 2.0+0.2 1.2
S370N, A580T 81.3+18.0 4.4 2.6+0.7 0.9
D163G 6.0£3.5 59.4 1.3+£0.0 1.9
D163N 4.8+2.4 74.3 09+0.4 2.6
S186R 46.7 £24.4 7.7 1.0£0.3 2.4
R248M 59.7£35.8 6.0 2.6£0.7 0.9
N297S 3.0£1.4 119.2 1.2+£0.5 2.1
R300G 68.8 £28.1 5.2 22+1.2 1.1
$302G 6.6+3.4 54.4 22411 1.1
S370N 211.5+92.1 1.7 1.2+£0.5 2.0
K428E 39.3+35.0 9.1 2.1+£0.1 1.2
Q504R 121.6+38.5 2.9 2.7+1.0 0.9

ICsp, half-inhibitory concentration; NT, not tested.

*NL/AD8 was used as a reference. The amino acid numbering is according to HIV-1AD8 Env. The virus without an asterisk was subjected to virus—

antibody binding experiment shown in Fig. 1.

PThe average and SD from two to 13 independent experiments are shown.

“The ICsq of the control virus was divided by 1Cs, of each mutant.
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Table 2. Summary of mutations characterized in this study.

HXB2 Location Fold
Mutations” coordinate in Env® sensitization
NNR
D163G G167 V1/NV2 59.4
D163N G167 V1/V2 74.3
S186R K192 V1/V2 7.7
R248N R252 Cc2 7.0
N297S N301 V3 119.2
R300G R304 V3 52
$302G R306 V3 54.4
K428E K432 C4 9.1
Q504R Q507 C5 2.9
Non-NNR
E31G* E32 C1 -
T48AC T49 C1 -
V178A° 1181 Vi/NV2
D181G D185 VN2 -
N191D* S$195 ViN2 -
K285R N289 V3 -
N298Y N302 V3 -
S370N S375 C3 -
N391S X396 V4 -
1488T 1491 C5 -
E506K E509 C5 -
A509T¢ A512 gp4 -
1546V 1548 gp41 -
A580T" A582 gp4l -
£655G E657 gp41 -
G6895°¢ G691 gp41 -
$760G 5762 gp4l -

NNR, nonepitope neutralization regulatory.

The gp120 was subdivided into C1, V1/V2, C3, V3, C4, V4, and C5.
5NNR mutations conferring a change in neutralization susceptibility
of more than two-fold. Non-NNR mutations are defined as mutations
conferring a change in neutralization susceptibility of no more than
two-fold.

“Estimated from the fold sensitization of a mutant carrying multiple
mutations.

non-NNR_ mutations were also found (Table 2). The
magnitude of sensitization by NINR mutations ranged
from 2.9 to 119.2. These NNR mutations were present
in a broad range of gp120 sites, including V1/V2 loop,
C2, V3 loop, C4, and C5. When combined, the NINR
mutations additively sensitized the virus to KD-247 by
up to 10000-fold, suggesting an independent structural
cross-talk between the V3 loop and each NNR mutation.
Such a drastic effect was not observed against b12
Nab targeting the CD4-binding site of gp120 (Table 1).
The effect of these NNR mutations appeared to be
specific to KD-247, as evidenced by the statistically
insignificant correlation between ICs( values for KD-247
and b12 (Supplementary Information S1, http://links.
Iww.com/QAD/A180). This is probably due to the
conserved nature of the b12 epitope structure and
function. It should be noted that infection with mutant
viruses yielded similar levels of luciferase signal from
TZM-bl cells when comparable amounts of viruses were
used. Also, the viruses bearing six mutations (T48A,
D163N, R248M, N297S, S370N, and A721T) replicated
in MOLT-4/CCRS5 cells with similar efficiency to the no
mutation control (NL/ADS), suggesting that replication

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

competency can not account for the change in
neutralization susceptibility (data not shown).

Correlation between neutralization susceptibility
and KD-247 binding affinity to the virion

We investigated how NNR mutations could sensitize
a virus to KD-247-mediated neutralization. We tested
whether the KD-247-sensitizing NNR. mutation could
induce a conformational change in gp120 in such a way
that KD-247 became able to bind to gpl20 with
higher efficiency. To address this question, we performed
a capture ELISA in which ELISA plates were precoated
with KD-247 and blocked, followed by incubation of
virions bearing NNR mutations in the wells of the
ELISA plate. The amount of KD-247 captured virus was
quantified by ELISA detecting the viral core antigen
(Fig. 1). If the latter model is correct, KD-247 captures
every mutant with similar efficiencies. As a result, viral
binding to KD-247 was significantly correlated with
neutralization susceptibility (P < 0.01, n= 26, two-tailed
Student’s t-test; Fig. 1). These data support a model in
which KD-247-sensitizing NNR mutations alter the
steady-state structure of gp120 into a conformation
such that KD-247 is able to bind to its target with
higher efficiencies.

Structural analysis of nonepitope neutralization
regulatory mutations

To gain insight into the potential mechanisms whereby
KD-247-sensitizing mutations enable neutralization
of virions, we used the three-dimensional structural
model described by Blay et al. [15]. We used an X-ray
crystallographic structure with variable loops [15], which
was aligned in a trimeric form in accordance with a model
developed by Pancera et al. [16].

250 -
A2 =0.653 (N = 26), P<0.001
250 -

150 |

100

50 A

KD-247 - virus binding (p24, pg)

© LR’
-2 -1 0 1 2

IC5 on TZM-bl assay (mg/ml, logso)

Fig. 1. Analysis of neutralization susceptibility of HIV-1 to
KD-247. The half-inhibitory concentration (ICsq) for each
virus for KD-247 is plotted against the virus capture ELISA
data using KD-247 as summarized in Table 1. A significant
correlation between the two parameters was detected
(P<0.01, two-tailed Student’s t-test). HIV-Tpn, HIV-TjrrL,
and HIV-Tnaps are shown as M, J, and A, respectively.
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Fig. 2. The three-dimensional mapping of KD-247-sensitizing
non-epitope neutralization regulatory mutations based on the
Env structure aligned in a trimeric form. The view angle is
indicated on the left (arrows) where the gp120 and gp41 are
shown in sphere (purple) and rectangle (red), respectively.
The gp120 core was shown in blue and red, and the variable
loops are shown in yellow. KD-247-sensitizing non-epitope
neutralization regulatory (NNR) mutations are indicated by
their amino acid numbers. The NNR mutations on the V1/V2
loop, V3 loop, and gp120 core are shown in blue, red, and
green, respectively. The GPGR on the V3 loop is shown as a
letter code in yellow. The approximate CD4-binding site
(CD4BS) is indicated by a white line. The original structural
image was developed by Blay et al. [15]

The R248N in the C2 region is placed on the gp41
side of the gp120 surface and is not facing the trimeric
interface of gpl20 (Fig. 2, green) [15]. It has been
reported that the H66N, positioned near the trimeric
interface of gp120, induces a conformational change of
gp120 [17,18]. It has been proposed that H66N alters
the quaternary Env structure by acting intermolecularly
rather than intramolecularly. In contrast to H66N,
the R248N is not positioned at or close to the trimeric
surface of gp120. It is likely that R248N induces
a different conformational change of the gp120 from
H66N, one that does not affect the neutralization
susceptibility to b12. It is of interest that the remote

KD-247-sensitizing NNR mutation of the gp120 core
can specifically affect the conformation of the V3 loop
positioned on the gp120 surface.

K428E in the C4 region was mapped in the CD4-binding
site close to the so-called bridging sheet (Fig. 2, green),
suggesting that the V3 loop and CD4-binding site
neutralization epitopes can influence each other’s con-
formation under steady-state conditions. Like R248N,
K428E is not positioned at or close to the gp120 trimeric
interface. Thus, we speculate that K428E induces a local,
not global, Env conformational change. The amino acid
corresponding to K428 has been implicated previously in
b12 binding through its side-chain as well as through CD4,
using HXBc2 Env as a model [19,20]. K428E induces a
drastic change in side-chain properties. However, K428E
did not significantly affect the viral susceptibility to b12
and the replication efficiency of the NL/ADS backbone,
suggesting that this amino acid may not play a significant
role in AD8 Env—b12 interaction. K428 is positioned at
the edge of the b12—Env or CD4—~Env contact region
and, thus, may not contribute significantly to b12—Env
or CD4—Env interaction in the context of AD8 Env.
Structural cross-talk between the V3 loop and the C4
region under steady-state conditions has been suggested
by two studies using monoclonal antibodies. Our approach
pinpointed the amino acids responsible for this inter-
domain cross-talk.

In contrast to the above two mutations, the precise
positioning of KD-247-sensitizing NNR mutations in
the V1/V2 and V3 loop is unclear because structural
information for them are lacking in the original
crystallographic data. According to the molecular
dynamics modeling [15], the KD-247-sensitizing
NNR mutations in the V1/V2 and V3 loop may not
be positioned at or close to the trimeric surface of
gp120 (Fig. 2). Instead, they function intramolecularly to
affect the conformation of the KD-247 epitope. The
Q504R is also lacking in the X-ray crystal structures.
However, Q504R is next to the gp120/41 cleavage site
and should be close to gp41. The gp41 is relatively
proximal to the CD4-binding site of gp120. Some of
the mutations in gp41, including T569A and 1675V,
have been reported to influence the viral susceptibility
to Nabs, including b12 [21]. It is conceivable that
these mutations in gp41 affect the conformation of
gp120. In contrast to T569A and 1675V, Q504R is not a
b12-sensitizing NNR mutation. Therefore, the confor-
mational change of gp120 induced by Q504R should be
distinct from the gp41 mutations.

The structural approach has a potential limitation because
the molecular model of Env does not represent the
native structure but the liganded structure (Fig. 2). In fact,
almost all of the deposited X-ray crystallographic
structures are devoid of V1/V2 and/or V3 loops and
do not represent the native Env structure, including
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the model that our figure is built upon [4,8,15,16,19,22—~
24].

Discussion

In this work, we identified a number of KD-247-
sensitizing NNR mutations using a functional Env
library. We re-examined KD-247-sensitive or KDD-247-
resistant GPGR-positive HIV-1 isolates for NNR
mutations and found that KID-247-sensitive viruses,
MN (a tissue culture adapted strain of MN) and MNp
(a primary HIV-1 isolate), had the mutation equivalent
to N301S [25,26]. The predictive value for KD-247
susceptibility due to this mutation was high in the clade B
population. However, this does not apply to CRFO1_AE,
suggesting that this mutation is a clade B-specific
predictor of viral susceptibility to KD-247. The other
KD-247-sensitizing NNR mutations identified in AD8
did not fully account for the neutralization susceptibility
of all of the HIV-1 primary isolates. This suggested that
additional NNR. mutations should be present, and/or
NNR mutations in a given individual virus may function
differently than in the other viruses.

How do these mutations alter the conformation of Env
to increase the susceptibility of virus to KDD-247-
mediated neutralization? AD8 is originally resistant to
KD-247. One of the molecular mechanisms of ADS8
resistance to KD-247 is an epitope-masking by other
gp120 domains, possibly the V1/V2 loop or poly-
saccharides attached to the gp120 [6,27]. Recently,
however, Gorny et al. [28] reported that the V3 loop of
ADS Env is accessible to KD-247, as AD8 is susceptible to
447-52D-mediated neutralization. This clearly suggests
that the sensitization of AD8 strain to KD-247 by the
NNR. mutations we identified is unlikely due to the
removal of the Env domains that physically block
antibody access to GPGR. epitope. We assume that the
V3 loop forms a local conformation in which the
neutralization epitope of KD-247 is buried or cannot
be recognized by a Nab (local epitope conformation
model). When the KD-247-sensitizing NNR mutation
occurs, it induces a local, not a global, conformational
change of the V3 loop that exposes the neutralization
epitope of KD-247. Most of the KD-247-sensitizing
NNR. mutations are remote from V3 loop. Thus, we
assume that KD-247-sensitizing NNR mutations may be
located at or close to the interdomain contact regions, and
regulate the local conformation of the V3 loop indirectly.
Although proven by X-ray crystallographic studies, we
propose that the steady-state Env structure is regulated
such a way that the domain-independent structural
Auctuation is limited. This model predicts that the steady-
state structure of the V3 loop is relatively rigid and
that its local conformational fluctuation is restricted. This

model is relevant to understand the mechanism of action
of other NNR. mutations against array of Nabs [6—11].

Much attention has been paid to the structural dynamics
of HIV-1 Env on CD4 and/or Nab binding. In contrast,
not as much attention has been paid to the steady-
state conformational dynamics of Env. Unlike previous
studies, ours focuses on the steady-state conformational
regulation of Env. X-ray crystallography is the best
approach to solve a high-resolution native Env structure.
However, technical hurdles prevent us from doing so
for HIV-1 Env. We examined the mechanism by which
the Bnv conformation is regulated by utilizing Nab
KD-247 as a probe. Our approach to identify NNR
mutations should complement the crystallization
approach in achieving a better understanding of the
steady-state structure of HIV-1 Env. Revealing the native
structure of Env is critical to the design of an immunogen

for the AIDS vaccine and to an understanding of

how Env supports virus—cell membrane fusion from the
receptor-unbound state.
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A Synthetic C34 Trimer of HIV-1 gp41 Shows Significant Increase in

Inhibition Potency

Wataru Nomura,® Chie Hashimoto,® Aki Ohya,? Kosuke Miyauchi,® Emiko Urano,” Tomohiro Tanaka,
Tetsuo Narumi® Toru Nakahara,? Jun A. Komano,” Naoki Yamamoto,'” and Hirokazu Tamamura

The development of new anti-HIV-1 drugs such as inhibitors of
protease and integrase has been contributed to highly active
anti-retroviral therapy (HAART) for the treatment of AIDS." The
entry of human immunodeficiency virus type 1 (HIV-1) into
target cells is mediated by its envelope glycoprotein (Env), a
type | transmembrane protein that consists of surface subunit
gp120 and noncovalently associated transmembrane subunit
gp41.? Sequential binding of HIV-1 gp120 to its cell receptor
CD4 and a co-receptor (CCR5 or CXCR4) can trigger a series of
conformational rearrangements in gp41 to mediate fusion be-
tween viral and cellular membranes.®® The protein gp41 is
hidden beneath gp120, and its ectodomain contains helical N-
and C-terminal leucine/isoleucine heptad repeat domains, N-
HR and C-HR. Particular regions of N-HR and C-HR are involved
in membrane fusion, and 36-mer and 34-mer peptides, which
are derived from N-HR and C-HR, have been designated as the
N-terminal helix (N36) and C-terminal helix (C34), respectively.
In the membrane fusion of HIV-1, these helices assemble to
form a six-helical bundle (6-HB) consisting of a central parallel
trimer of N36 surrounded by C34 in an antiparallel hairpin
fashion. Synthetic peptides derived from these helices have
potent antiviral activity against both laboratory-adapted strains
and primary isolates of HIV-1."! They inhibit the membrane
fusion stage of HIV-1 infection in a dominant-negative manner
by binding to the counterpart regions of gp41 (N-HR or C-HR),
blocking formation of the viral gp41 core.

Several potent anti-HIV-1 peptides based on the C-HR region
have been discovered,”® and T20 was subsequently devel-
oped as the clinical anti-HIV-1 drug enfuvirtide (Roche/Trime-
ris) B It is a 36-mer peptide derived from the gp41 C-HR
sequence and can bind to the N-HR to prevent formation of
the 6-HB in a dominant-negative fashion."” T20 therapy has
brought safety, potent antiretroviral activity, and immunologi-
cal benefit to patients, but its clinical application is limited by
the development of resistance. The C-terminal helix C34 is also
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a C-HR-derived peptide, and contains the amino acid residues
required for docking into the hydrophobic pocket, termed the
“deep pocket”, of the trimer of the N-HR region. This peptide
potently inhibits HIV-1 fusion in vitro." To date, several gp41
mimetics, especially those of N36 regions, which assemble
these helical peptides with branched peptide linkers, have
been synthesized as antigens.*™'”

Recently, by using a novel template with C3-symmetric link-
ers of equal length, we synthesized a three-helix bundle mim-
etic that corresponds to the trimeric form of N36.*” The anti-
sera obtained from mice immunized by the peptide antigen
showed strong recognition against the N36 trimer peptide
with structural preference. At the same time, the trimer pep-
tide was also investigated as a fusion inhibitor. However, the
trimer N36 showed only a threefold increase in inhibition of
HIV-1 fusion relative to the N36 monomer.?” In terms of N36
content, the trimer and monomer have nearly the same inhibi-
tory potency. This phenomenon is consistent with the results
from other studies.?'? The multimerization of the functional
unit, such as synthetic ligands against receptors, show syner-
gistic binding and strong binding activity. Thus, we hypothe-
sized that our strategy using C3-symmetric linkers in the
design of trimer mimics of gp41 could be applied to the C34
peptide, which shows significant inhibition potency in the
monomeric form. In the present study, we designed and syn-
thesized a novel three-helical bundle structure of the trimeric
form of C34. This equivalent mimic of the trimeric form of C34
was evaluated as a novel form of fusion inhibitor.

The C-terminal region of gp41 is known to be an assembly
site involving a trimeric coiled-coil conformation. In the design
of the C34-derived peptides C34REG-thioester (Figure 1A) and
C34REG (Figure 1B), the triplet repeat of arginine and glutamic
acid (RERERE) was added to the C-terminal end of the (34 se-
quence (residues 628-661) to increase aqueous solubility, and
for C34REG-thioester, a glycine thioester was fused to the
C terminus. To form a triple helix corresponding precisely to
the gp41 pre-fusion form, we designed the novel C3-symmet-
ric template depicted in Figure 1C. This designed template
linker has three branches of equal length, a hydrophilic struc-
ture, and a ligation site for coupling with C34REG-thioester.
The template was synthesized as shown in Scheme 1. This ap-
proach uses native chemical ligation for chemoselective cou-
pling of unprotected C34REG-thioester with a three-armed cys-
teine scaffold to produce triC34e (Figure 2).%%*

Circular dichroism (CD) spectra of C34REG and triC34e are
shown in Figure 3A. The peptides were dissolved in 50 mm
sodium phosphate buffer with 150 mm NaCl, pH7.2. Both
spectra display minima at ~200 nm, indicating that these pep-
tides form random structures. We previously reported that the
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