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first CCR5 inhibitor (Gulick et al, 2008). One important
advantage associated with this drug is the absence of
cross-resistance with previously available ARV com-
pounds (Gulick et al, 2008; Steigbigel et al, 2008).
However, as is usual with anti-HIV drugs, resistant
variants with mutations in the Env, gpl20 and gp4l
sequences are induced both in wvivo and in vitro
(Anastassopoulou et al., 2009; Berro et al., 2009; Tilton
et al., 2010; Yoshimura et al, 2009, 2010a). As shown in
the present study, distinct Env sequences from each quasi-
species might be selected by the different anti-HIV drugs
(e.g. length of the V1/2 and/or V4 regions, V3 region
depletion and the number of PNGs). Moreover, many of
the novel anti-retroviral drugs in pre-clinical trials are
viral entry inhibitors (e.g. PRO140, ibalizumab, BMS-
663068 and PF-232798; Jacobson et al., 2010; McNicholas
et al., 2010; Nettles et al., 2011; Stupple et al., 2011; Toma
et al., 2011). Therefore, it is necessary to examine whether
such entry inhibitors are effective when used alongside
conventional drugs.

In conclusion, we studied the genetic bottleneck in bulk
primary HIV-1 isolates from untreated patients and drugs
targeting the Env (and other) regions. The results showed,
for the first time, the presence of drug-selected Env
sequences in these isolates. Although our observations were
based on a limited number of HIV-1 isolates and need to
be confirmed by independent studies, we believe that they

provide a new paradigm for HIV-1 evolution in the new
combination ARV therapy era.

METHODS

Patients and isolates. Primary HIV-1 isolates were isolated from
four drug-naive patients in our laboratory (KP-1-4) and passaged in
phytohaemagglutinin-activated PBMCs. Infected PBMCs were then
co-cultured for 5 days with PM1/CCR5 cells (a kind gift from Dr Y.
Maeda; Maeda et al, 2008; Yusa et al, 2005) and the culture
supernatants were stored at —150 °C (Hatada et al, 2010; Shibata
et al., 2007; Yoshimura et al., 2006, 2010b).

After isolation of the primary viruses, we checked the sensitivity of
each primary isolate to MVC, The KP-1 isolate was relatively MVC-
resistant compared with KP-2 and KP-3 (54 vs 5.9 and 8.7 nM,
respectively). KP-1 became MVC sensitive after eight passages in
PMI1/CCR5 cells [ICsy, 3.4 nM; Geno2pheno value (see below),
41.2 %], whilst under the pressure of MVC, KP-1 became highly
resistant to MVC after eight passages (ICsg, >1000 nM; Geno2pheno
value, 1.7 %). These results indicated that the bulk KP-1 isolate used
in this study harboured primarily R5 viruses with X4- or dual-tropic
viruses as a minor population.

Cells, culture conditions and reagents. PM1/CCR5 cells were
maintained in RPMI 1640 (Sigma) supplemented with 10% heat-
inactivated FCS (HyClone Laboratories), 50 U penicillin ml™", 50 pg
streptomycin ml~! and 0.1 mg G418 (Nacalai Tesque) ml™'. MVC,
RAL and SQV were kindly provided by Pfizer, Merck & Co. and
Roche Products, respectively. 3TC was purchased from Wako Pure
Chemical Industries.
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The laboratory-adapted HIV-1 strain 89.6, which was obtained
through the NIH AIDS Research and Reference Reagent Program, was
propagated in phytohaemagglutinin-activated PBMCs. The viral-
competent library pJR-FL-V3Lib, which contains 176 bp V3-loop
DNA fragments with 0-10 random combinations of amino acid
substitutions, was introduced into pJR-FL, as described previously
(Yusa et al., 2005).

In vitro selection of HIV-1 variants using anti-HIV drugs. The
four primary HIV isolates (KP-1-4), strain 89.6 and JR-FL-V3Lib
were treated with various concentrations of RAL and used to infect
PM1/CCR5 cells to induce the production of RAL-selected HIV-1
variants, as described previously, with minor modifications (Hatada
et al, 2010; Shibata et al, 2007; Yoshimura et al, 2006, 2010b).
Briefly, PM1/CCRS cells (4 x 10* cells) were exposed to 500 TCIDs,
HIV-1 isolates and cultured in the presence of RAL. Virus replication
in PM1/CCRS5 cells was monitored by observing the cytopathic effects.
The culture supernatant was harvested on day 7 and used to infect
fresh PM1/CCRS5 cells for the next round of culture in the presence of
increasing concentrations of RAL. When the virus began to propagate
in the presence of the drug, the compound concentration was
increased further. Proviral DNA was extracted from lysates of infected
cells at different passages using a QlAamp DNA Blood Mini kit
(Qiagen). The proviral DNAs obtained were then subjected to
nucleotide sequencing. In vitro selection of the KP-1 isolate using
SQV, 3TC and MVC was also performed using the procedure
described above.

Amplification of proviral DNA and nucleotide sequencing.
Proviral DNA was subjected to PCR amplification using
PrimeSTAR GXL DNA polymerase and Ex-Tag polymerase
(Takara), as described previously (Hatada et al,, 2010; Shibata et al.,
2007; Yoshimura et al., 2006, 2010b). The primers used were 1B and
H for the gpl20 region (Hatada et al, 2010; Shibata et al, 2007;
Yoshimura et al, 2006, 2010b), IN 1F (5'-CAGACTCACAATAT-
GCATTAGG-3') and IN 1R (5'-CCTGTATGCAGACCCCAATATG-
3') for the IN region, and IN 1F and H for the IN-gp120 region. The
first-round PCR products were used directly in a second round of
PCR using primers 2B and F (Hatada et al., 2010; Shibata et al., 2007;
Yoshimura et al., 2006, 2010b) for gp120, IN 2F (5'-CTGGCATGG-
GTACCAGCACACAA-3") and IN 2R (3'-CCTAGTGGGATGTGT-
ACTTCTGAACTTA-3’) for IN, and IN 2F and F for IN-gp120. The
PCR conditions used were as described above. The second-round
PCR products were purified and cloned into a pGEM-T Easy
Vector (Promega) or pCR-XL-TOPO Vector (Invitrogen), and the
env and IN regions in both the passaged and selected viruses were
sequenced using an Applied Biosystems 3500xL Genetic Analyzer
and a BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems). Phylogenetic reconstructions were generated using
the neighbour-joining method embedded in the MEGA software
(http://www.megasoftware.net) (Tamura et al, 2007). Overall,
mean distances for viral diversity were also calculated using MEGA
software. The number and location of putative PNGs were
estimated using N-GlycoSite (http://www.hiv.lanl.gov/content/
sequence/GLYCOSITE/glycosite.html) from the Los Alamos
National Laboratory database.

Susceptibility assay. The sensitivity of the passaged viruses to
various drugs was determined as described previously with minor
modifications (Hatada et al., 2010; Shibata et al, 2007; Yoshimura
et al., 2006, 2010b). Briefly, PM1/CCR5 cells (2 x 10% cells per well) in
96-well round-bottomed plates were exposed to 100 TCIDs, of the
viruses in the presence of various concentrations of drugs and
incubated at 37 °C for 7 days. The ICs, values were then determined
using a Cell Counting Kit-8 assay (Dojindo Laboratories). All assays
were performed in duplicate or triplicate.

Predicting co-receptor usage by the V3 sequence. HIV-1
tropism was inferred using Geno2pheno [coreceptor] program, with
a false rate positive (FPR) value of 5.0 %, which is freely available
(http://coreceptor.bioinf.mpi-inf. mpg.de/index.php). This genotyp-
ing tool more accurately predicts virological responses to the CCR5
antagonist MVC in ARV-naive patients than a reference phenotypic
tropism test (Sing et al, 2007).

Statistical analyses. Pairwise comparisons of the different param-
eters between variants in the two groups was calculated using the
homoscedastic t-test. A P value of <0.05 was considered statistically
significant.
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INTRODUCTION

The role of antibodies in protecting the host from human immunodeficiency virus type
1 (HIV-1) infection is of considerable interest, particularly because the RV144 trial results
suggest that antibodies contribute to protection. Although infection of non-human primates
with simian immunodeficiency virus (SIV) is commonly used as an animal model of HIV-1
infection, the viral epitopes that elicit potent and broad neutralizing antibodies to SIV have
not been identified. We isolated a monoclonal antibody (MAb) B404 that potently and
broadly neutralizes various SIV strains. B404 targets a conformational epitope comprising
the V3 and V4 loops of Env that intensely exposed when Env binds CD4. B404-resistant
variants were obtained by passaging viruses in the presence of increasing concentration of
B404 in PM1/CCRS5 cells. Genetic analysis revealed that the Q733stop mutation, which
truncates the cytoplasmic tail of gp41, was the first major substitution in Env during
passage. The maximal inhibition by B404 and other MAbs were significantly decreased
against a recombinant virus with a gp41 truncation compared with the parental SIVmac316.
This indicates that the gp41 truncation was associated with resistance to antibody-mediated
neutralization. The infectivities of the recombinant virus with the gp41 truncation were
7900-, 1,000-, and 140-fold higher than those of SIVmac316 in PM1, PM1/CCRS5, and
TZM-bl cells, respectively. Immuncblotting analysis revealed that the gp41 truncation
enhanced the incorporation of Env into virions. The effect of the gp41 truncation on
infectivity was not obvious in the HSC-F macaque cell line, although the resistance of
viruses harboring the gp41 truncation to neutralization was maintained. These results
suggest that viruses with a truncated gp41 cytoplasmic tail were selected by increased
infectivity in human cells and by acquiring resistance to neutralizing antibody.

Keywords: SIV, gp41, truncation, infectivity, resistance, neutralization, antibody

neutralization-resistant SIVmac239 (Kuwata etal.,, 2011). The

The RV144 trial demonstrated 31% vaccine efficacy for preventing
human immunodeficiency virus type 1 (HIV-1) infection (Rerks-
Ngarm etal., 2009). Antibodies against the HIV-1, particularly
against the V1/V2 loops, correlate inversely with infection risk
(Haynes et al., 2012). Further recent isolation of monoclonal anti-
bodies (MAbs) that neutralize a broad range of HIV-1 strains
suggest the possibility for developing a vaccine that can induce
cross-neutralizing antibodies effective for various HIV-1 strains
(Kwong and Mascola, 2012). Although non-human primate mod-
els of simian immunodeficiency virus (SIV) infection can facilitate
the evaluation of immunogens, epitopes and immune correlates,
no potent and broad neutralizing MAb against SIV had been
available.

To understand the mechanisms involved in neutralization
of infectivity by antibodies in an SIV model, we recently iso-
lated MAb B404 from a SIVsmH635FC-infected rhesus macaque,
which potently and broadly neutralizes various SIV strains,
such as SIVsmE543-3, SIVsmE660 and the neutralization-
resistant variants, genetically diverse SIVmac316, and highly

B404 epitope, which comprises the V3 and V4 loops of Env and is
intensely exposed by ligation of Env to CD4, is the target for potent
and broad neutralization of SIV (Kuwata etal., 2013). Vigorous
induction of B404-like neutralizing antibodies using the specific
VH3 gene with a long complementarity-determining region 3 loop
and X light chain was observed in four SIVsmH635FC-infected
macaques. The B404-resistant variants were induced by passag-
ing viruses in the presence of increasing concentrations of B404,
Genetical analysis of the gp120 region of B404-resistant variants
revealed that the mutations in the C2 region of Env were important
for the resistance to antibody-mediated neutralization (Kuwata
etal, 2013).

In the present study, we further analyzed B404-resistant vari-
ants and determined the precise region responsible for the
resistance to antibody-mediated neutralization. Genetic analysis
of viruses during passage in the presence of B404 as well as pheno-
typic analysis using recombinant viruses revealed that a truncation
of the gp41 cytoplasmic tail was the primary step leading to escape
from neutralization.
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MATERIALS AND METHODS

CELLS

PMI1 (Lusso etal, 1995), PM1/CCR5 (Yusa etal, 2005), and
HSC-F (Akari etal., 1999) cells were maintained in Roswell Park
Memorial Institute (RPMI) 1640 medium containing 10% fetal
bovine serum (FBS). TZM-bl (Platt etal., 1998; Derdeyn etal.,
2000; Wei et al., 2002; Takeuchi et al., 2008) and 293T (DuBridge
etal., 1987) cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% FBS.

GENETIC ANALYSIS OF B404-RESISTANT VARIANTS

The induction of variants resistant to Fab-B404 (Kuwata etal,,
2011) from SIVmac316 (Mori etal., 1992) harboring full-length
gp41 was performed as described previously (Yoshimura etal,
2006; Hatada etal, 2010; Kuwata etal.,, 2013). Briefly, 5,000
TCIDsq (50% tissue culture infectious dose) SIVmac316 was incu-
bated with 5 ng/ml Fab-B404 for 30 min at 37°C. Then, 5 x 10*
PM1/CCRS cells were added to the virus—Fab mixture. After incu-
bation for 5 h, cells were washed with phosphate-buffered saline
(PBS) and resuspended in RPMI 1640 supplemented with 10%
FBS without Fab-B404. The culture supernatant was harvested 7
days later and used to infect fresh PM1/CCRS5 cells for the next
round of culture in the presence of increasing concentrations of
Fab-B404. Proviral DNA samples were extracted from cells using
a QlAamp DNA Blood Mini Kit (QIAGEN, Hilden, Germany)
after 8, 17, 20, 23, and 26 passages as well as from P26C cells
obtained after 26 passages in the absence of Fab-B404. The gp120
region was amplified using Platinum Taq DNA Polymerase High
Fidelity (Invitrogen, Carlsbad, CA, USA) with primers SEnv-F
(5'-ATG GGA TGT CTT GGG AAT CAG C-3') and SER1 (5'-
CCA AGA ACC CTA GCA CAA AGA CCC-3'). The whole env
gene was amplified with primers SRev-F (5-GGT TTG GGA
ATA TGC TAT GAG-3') and SEnv-R (5-CCT ACT AAG TCA
TCA TCT T-3’). The polymerase chain reaction (PCR) products
were cloned using a TA cloning kit (Invitrogen), and subjected
to sequencing. Nucleotide sequences were aligned and analyzed
phylogenetically using Molecular Evolutionary Genetics Analysis
version 5 (MEGAS5) (Tamura et al., 2011).

CONSTRUCTION OF INFECTIOUS MOLECULAR CLONES WITH THE Env
REGION FROM B404-RESISTANT VARIANTS

One of the clones from passage 26, P26B404 clone 26, was selected
for construction of recombinant viruses, because this clone had
mutations typical of the major population of P26B404 variants.
Infectious molecular clones SS, SN, and NS were generated by
replacing fragments Sphl-Sacl [nucleotides (nt) 6,446-9,226],
Sphl-Nhel (nt 6,446-8,742), and Nhel-Sacl (nt 8,742-9,226) with
the corresponding regions of SIVmac316, respectively. Mutants
F277V and N295S, which have point mutations at amino acid
residues 277 and 295 of Env, respectively, were constructed by
PCR mutagenesis using the SIVmac316 plasmid as template. The
changes from phenylalanine (TTC) to valine (GTC) in F277V and
asparagine (AAT) to serine (AGT) in N295S were introduced using
primers F277VFw (5'-TTG GTT TGG CGT CAA TGG TAC TAG
GGC-3'), F277VRy (5'-GTA CCA TTG ACG CCA AAC CAA G-
3’),N295SFw (5'-GGC AAT AGT AGT AGAACCATA ATT AG-3'),
and N295SRv (5'-AAT TAT GGT TCT ACT ACT ATT GCC-3').

Mutant and parental SIVmac316 plasmids were transfected into
293T cells using X-tremeGENE 9 DNA Transfection Reagent
(Roche Molecular Biochemicals, Mannheim, Germany). After 2
days, the supernatants containing viruses were filtered (0.45 pum)
and stored at —80°C.

ANALYSIS OF VIRAL INFECTIVITY

For determination of TCIDsg in PM1 and PMI1/CCR5 cells,
5 x 10% cells in 50 L1 were inoculated with 50 pl serially diluted
virus stocks in a 96-well plate and cultured for 2 weeks. Virus
replication was judged by observation of cytopathic effects (CPE)
by light microscopy. The TCIDsg in TZM-bl cells was determined
by measuring luciferase activities. Briefly, 100 pl medium, 50 pl
serially diluted virus stock, and 50 ul 1 x 10* cells containing
37.5 pg/ml diethylaminoethyl (DEAE) dextran were added to the
wells of a 96-well plate. The plate was then incubated at 37°C
for 2 days. After washing with PBS, cells were lysed with 30 ul
cell lysing buffer (Promega, Madison, W1, USA) for 15 min at
room temperature (RT) and then 10 pl of cell lysate was trans-
ferred to a 96-well white solid plate (Coster, Cambridge, MA,
USA). Luciferase activity was measured using a Centro XS3 LB960
microplate luminometer (Berthold Technologies, Bad Wildbad,
Germany) and a luciferase assay system (Promega). The TCIDs
was calculated according to the formula of Reed and Muench
(1938).

Infectivity of viruses in PM1, PM1/CCRS5, and HSC-F cells
was evaluated by detecting infected cells using flow cytometry
as described previously (Kuwata etal., 2011). Briefly, PM1 and
PM1/CCRS5 cells were adjusted to 1 x 10° cells/ml and HSC-F
cells were adjusted to 5 x 10° cells/ml. Aliquots of 100 ul cells
per well in a 24-well plate were inoculated with 100 pl of diluted
virus stocks. After incubation for 6 h, 800 wl fresh medium was
added to wells. One-half of the cells in each well were collected
at 4,7, and 10 days post-inoculation. Cells were washed with PBS
and fixed with IC Fixation Buffer (eBioscience, San Diego, CA,
USA). After washing with Permeabilization Buffer (eBioscience)
twice, the cells were intracellularly stained with 4 pwg/ml (50 pl)
anti-p27 Fab, B450 (Kuwata etal., 2011) by incubation for 20 min
at RT. The cells were then incubated with 50 pl anti-HA antibody
(1:200; 3F10, Roche Molecular Biochemicals) for 20 min at RT
followed by incubation with 50 pl of anti-rat-FITC (1:500; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) for 20 min at RT. The
stained cells were analyzed using a FACSCalibur (BD Biosciences,
Franklin Lakes, NJ, USA). Frequencies of infected cells were deter-
mined by comparison with an uninfected control. Data analysis
was performed using FlowJo (TreeStar, San Carlos, CA, USA).

All infectivity experiments were performed at least twice and
the representative results are shown.

ANALYSIS OF NEUTRALIZING ACTIVITIES

The Fab clones B404 and K8, isolated from an SIV-infected
macaque (Kowata etal., 2011), and murine MAb M318T (Mat-
sumi etal., 1995) were used to examine the sensitivity of viruses
to antibody-mediated neutralization in TZM-bl cells as described
previously (Kuwata etal., 2011). Briefly, 100 pl serially diluted
antibodies in duplicate were incubated with 200 TCIDs (50 nl)
of virus in a 96-well plate. After incubation for 1 h at 37°C, 100 pl
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of 1 x 10° TZM-bl cells/ml containing 37.5 pg/ml DEAE dextran
were added. After incubation for 2 days, luciferase activities were
measured as described above for the analysis of viral infectivity.
The 50% inhibitory concentrations (ICsg ) and maximal percent of
inhibition (MPI) were calculated from the average values by non-
linear regression using Prism5 (GraphPad Software, San Diego,
CA, USA).

Sensitivity to neutralization by B404 in macaque cells was
analyzed using HSC-F cells, a cynomolgus macaque cell line
immortalized by infection with Herpesvirus saimiri (Akari etal.,
1999). Fab-B404 was serially diluted and 50 pl aliquots were mixed
with 50 pl undiluted or 10-fold diluted virus in a 96-well plate.
After 1 h incubation at 37°C, 2 x 10° cells in 100 !l were added
to each well and cultured for 1 day. The infected cells were washed
twice with PBS, resuspended in 200 pl fresh medium, and cultured
in a new 96-well plate. Viral infection was examined 4 days post-
inoculation by intracellular staining of p27, as described above
for the analysis of viral infectivity. Infectivity was determined
in duplicate and the average value was used for the analysis of
neutralization.

All neutralizing assays were performed at least twice and the
representative results are shown.

WESTERN BLOTTING ANALYSIS OF VIRAL PROTEINS

Cells and supernatants were collected from six-well plate 2 days
after transfection of 293T cells with infectious molecular clones, as
previously described (Yuste et al., 2005). Supernatants were filtered
(0.45 wm) and clarified by centrifugation for 10 min at 3,000 rpm.
The clarified supernatants were centrifuged at 13,200 rpm for
90 min at 4°C, and the viral pellets were resuspended in 1 ml
PBS and centrifuged again. Pellets were then dissolved in 80 pl
sample buffer [62.5 mM Tris—=HCl, pH 6.8, 2% sodium dodecyl
sulfate (SDS), 25% glycerol, 5% 2-mercaptoethanol, 0.01% bro-
mophenol blue]. Cells were washed with PBS and lysed in 300 .l
sample buffer. Samples of virions and cell lysates were boiled for
5 min, and the proteins were separated by SDS-polyacrylamide gel
electrophoresis using SuperSep Ace 5-20% (Wako Pure Chem-
ical Industries, Osaka, Japan). Proteins were transferred to an
Immun-Blot PVDF Membrane (Bio-Rad Laboratories, Hercules,
CA, USA). The membrane was blocked with 5% skim milk TBS-T
(Tris-buffered saline containing 0.1% Tween 20) for 1 h at RT, and
then washed three times with TBS-T. For the detection of gp120,
the membrane was incubated overnight at 4°C with 1 pg/ml
M318T (Matsumi et al., 1995) in 5% skim milk TBS-T. After wash-
ing three times with TBS-T, the membrane was incubated with
anti-mouse immunoglobulin G (IgG) peroxidase (1:4,000, Santa
Cruz Biotechnology) for 1 h at RT. The membrane was washed
three times with TBS-T and once with TBS, and then TMB solu-
tion (KPL, Gaithersburg, MD, USA) was added to develop color.
Viral proteins gp41 and p26 were similarly examined using crude
supernatants from bacterial culture producing B408 and B450
(Kuwata etal,, 2011), which were mixed with the same amount
of 5% skim milk TBS-T. The membrane was incubated with anti-
HA-HRP antibody (1:1,000; Roche Molecular Biochemicals) and
Chemi-Lumi One L (Nacalai Tesque, Kyoto, Japan), and viral pro-
teins were visualized using ImageQuant LAS 4000 (GE Healthcare,
Piscataway, NJ, USA)

RESULTS

EVOLUTION OF VIRUSES DURING PASSAGE UNDER THE PRESSURE OF
Fab-B404

To select for variants resistant to MAb B404, an antibody that tar-
gets a conformational epitope comprising the gp120 V3 and V4
loops, we passaged SIVmac316 that possesses a full-length gp41
in PM1/CCRS5 cells in the presence of increasing concentrations
of Fab-B404. The virus recovered at passage 26 (P26B404) was
resistant to neutralization by B404 (V3/V4) and other antibodies,
MAbs K8 (CD4i) and M318T (V2), that target epitopes other than
that recognized by B404 (Kuwata et al., 2013). The region covering
the whole env gene were amplified by PCR and cloned from viruses
at passage 8, 17, 20, 23, and 26. The nucleotide sequences were
phylogenetically analyzed to show the evolution of B404-resistant
variants (Figure 1). The first major mutation was a change from
glutamine (CAG) to a stop codon (TAG) at 733rd amino acid
residue of Env. The Q733stop substitution in the gp41 cytoplas-
mic domain was observed in 12 of 14 clones at passage 8 and in all
clones thereafter. Another stop codon (W782stop) was the second
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FIGURE 1 | Evolution of B404-resistant variants. Nucleotide sequences
of the env gene, which were derived from proviruses at passages 8, 17, 20,
23, and 26, were phylogenetically analyzed using MEGAS. Arrows indicate
major substitutions as follows: Q733stop, W782stop, V17L, and E176K.
Clones with representative amino acid substitutions were separated into
groups, which are shown on the right side along with the corresponding
substitutions.
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major mutation, which was detected after 17 passages. Substitu-
tions V17L in the signal peptide and E176K in the V2 loop emerged
after 20 and 23 passages, respectively, although the E176K substi-
tution was also observed in P26C, control viruses after 26 passages
in the absence of B404 (Table 1). In addition to these substitu-
tions, most of clones acquired the F277V substitution in the late
stage of evolution, except for one group at passage 26 which has
the N295S substitution (see Figure 1, group 261I). Group 261 was
clearly distinguished from group 26l by amino acid substitutions,
such as T136M, N295S, and D571M/E (Table 1), suggesting two
lineages of variants in P26B404.

These results demonstrated that the first step in acquiring resis-
tance to B404 was the truncation of gp41. Although substitutions

Table 1 | Frequency* of amino acid substitutions in Env clones from
B404-resistant variants after 26 passages.

Substitution Region P26B404 P26C
1 n

gp120 (n=22) (n=8) {n = 14)
V17L Signal peptide 100% 100% 0.0%
G62S C1 0.0% 0.0% 21.4%
M67V/LT C1 4.5% 0.0% 21.4%
A68T C1 0.0% 0.0% 92.9%
T136M \%! 45% 875% 0.0%
T1371 Vi 0.0% 0.0% 14.3%
K141E/R \ 0.0% 12.5% 71%
E176K V2 90.9% 12.5% 35.7%
F277v Cc2 100% 0.0% 0.0%
N295S C2 0.0% 100% 0.0%
Q341H V3 13.6% 12.5% 14.3%
D374N C3 0.0% 0.0% 28.6%
K403R V4 0.0% 12.5% 71%
W441R C4 45% 0.0% 71%

gp41 {n=10) (n=2) (n=7)
FB28S/L Extracellular 20.0% 0.0% 0.0%
D571M/E Extracellular 10.0% 100% 0.0%
Q733stop Cytoplasmic 100% 100% 0.0%
W762stop Cytoplasmic 100% 0.0% 0.0%
W782stop Cytoplasmic 100% 0.0% 0.0%
AB33T Cytoplasmic 90.0% 0.0% 0.0%
R839K Cytoplasmic 0.0% 0.0% 57.1%
R861K Cytoplasmic 100% 100% 0.0%

*Percentages of substitutions in populations P268404 and P26C, which were
obtained after 26 passages in the presence and absence of B404, respectively, are
shown. The P26B404 population is separated into two subpopulations according
to the phylogenetic analysis in Figure 1. All the substitutions that are observed in
more than one clone are shown here. Boldface indicates substitutions dominant
(>50%) in each population. The numbers of clones analyzed for the gp120 and
gp41 regions are shown in parentheses.

in gp120, represented by F277V, might contribute to the resistance
to a high concentration of B404, 20 passages were required for the
emergence of these substitutions.

TRUNCATION OF gp41 CONFERRED RESISTANCE TO
ANTIBODY-MEDIATED NEUTRALIZATION

To analyze effect of substitutions in B404-resistant variants on
resistance to neutralization, recombinant viruses were constructed
(Figure 2). The env region of SIVmac316 was replaced by that
of P26B404 clone 26, which had substitutions typical to the
P26I group. The resultant molecular clones SS, SN, and NS had
substitutions in the entire env region, gpl20 and gp4l from
P26B404I, respectively. SS and NS were predicted to have a trun-
cated gp41 with no other mutation in gp41, because the Q733stop
substitution was the first substitution in gp4l. Point mutants
with substitutions F277V and N295S, which were representa-
tive mutations at late passages, were also constructed by PCR
mutagenesis.

These mutant viruses were examined for their sensitivity to
neutralization by three MAbs B404 (V3/V4 conformational), K8
(CD4i), and M318T (V2). The neutralization of SS that con-
tain the entire env region from P26B4041 was similar to those
of P26B404, indicating that the env region is responsible for the
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FIGURE 2 | Construction of infectious SIV clones with B404-resistant
mutations. The open reading frames of the SIV genome are shown along
with the Env substitutions in the B404-resistant variant typical to P26B4041.
Fulllength SIV clones were constructed from parental SIVmac316 by
replacing the env region with that of the B404-resistant variant (blue) using
Sphl, Nhel, and Sacl sites. The resultant virus SS contains all of the Env
substitutions present in P26B404!. Viruses SN and NS contain substitutions
in gp120 and gp41, respectively. Point mutants F277V and N295S were
constructed by inserting the substitutions F277V and N295S into
SIVmac3186, respectively.
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resistance to neutralization (Figure 3A). Recombinants SN and
NS, which have substitutions in gp120 and gp41 from P26B404],
respectively, showed varying degrees of resistance. The ICsp val-
ues of SN and NS against B404 were intermediates between the
parental SIVmac316 and the neutralization-resistant P26B404.
Maximal inhibition reached a plateau at 73.8, 82.3, and 81.9%
in SS, NS, and P26B404, respectively, but the MPI value of SN
(94.9%) was close to that of SIVmac316 (100%; Figure 3B). Neu-
tralization resistance to anti-CD4i MAb K8 was characterized by
decreases in the ICsq value of SN and the MPI of NS. Neutraliza-
tion by anti-V2 MAb M318T was even enhanced in SN, although
NS showed the resistance comparable to those of SS and P26B404.
The decreases in MPI values were commonly observed for the
neutralization of NS by the three MAbs (Figure 3B). Resistance to
neutralization was not significantly detected by the point mutants
F277V and N295S, except for the neutralization of F277V by K8
(4.3-fold decrease of ICsq value). These results indicated that the

entire env region, including substitutions in both gp120 and gp41,
was responsible for the full-resistance of P26B404 to neutraliza-
tion, The decrease of MPI values for NS suggested that truncation
of gp41 by the Q733stop substitution, the first major substitution
in viral evolution, was important to escape from the neutralizing
antibodies.

INCREASED INFECTIVITY FOR HUMAN CELLS BY SIVWITH A
TRUNCATED gp41

Truncation of gp41 in SIV is associated with the adaptation to
human cells (Hirsch etal., 1989; Kodama et al., 1989), which may
partially contribute to neutralization resistance (Yuste et al., 2005).
To explore the mechanism of neutralization resistance of P26B404,
the infectivity of recombinant viruses was analyzed by determining
the TCIDsq values of virus stocks prepared by transfection of 293T
cells (Table 2). The TCIDsq values in all the human cells tested were
significantly higher for SS and NS viruses with truncated gp41 than

A B404 (V3/v4) K8 (CD4i) M318T (V2)
100 e
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IE 50 / A £ + §S
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50 . — ,
6 4 2 0 26 -4 -2 0
Log Ab concentration (ug/mi)
B Neutralization profile of mutant viruses
y B404 (V3/V4) K8 (CD4iy M318T (V2)
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FIGURE 3 | Sensitivities of viruses with B404-resistant mutations to
neutralization by MAbs. (A) Sensitivities of mutant viruses SS, SN, and NS
to neutralization by MAbs Fab-B404 (anti-V3/V4), Fab-K8 (anti-CD4i), and
M318T (anti-V2) are shown. Neutralization of parental SIVmac316 and
B404-resistant P26B404 is also shown as controls sensitive and resistant to
neutralization, respectively. (B) The sensitivities to neutralization are
represented by values for ICgq (ug/ml) and MPI {%). Viruses were examined

for their sensitivities to neutralization by MAbs Fab-B404, Fab-K8, and M318T
inTZM-bl cells. The IC5q and MPI values were determined using Prism 5. The
fold-change of ICsq was calculated by dividing the ICsq value by that of the
parental SIVmac316. Percent change of MPI was calculated by subtracting
the MPI value from that of SIVmac316. These changes are shown in
parentheses and significant changes are indicated by magenta (ICsq: >10;
MPI: < —20) and orange (ICsq: 3-10; MPI: —20 to —10) highlighting.
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parental SIVmac316 and SN, in which gp41 is intact. In particu-
lar, NS showed a striking increase in TCIDsg values, which were
7,100-, 1,000-, and 140-fold higher than those of parental SIV-
mac316in PM1, PM1/CCRS5, and TZM-bl cells, respectively. These
results indicate that truncation of gp41 caused by the Q733stop
substitution increases viral infectivity for human cells.

To compare viral infectivity in human and macaque cells, viral
infection was monitored after inoculation of PM1 and PM1/CCR5
human cells and the HSC-F cynomolgus macaque cell line with
varying dilutions of virus stocks (Figure 4). Consistent with the
TCIDsg analysis, a higher frequency of infected cells was detected
earlier in PM1 and PM1/CCRS5 cells inoculated with NS than the
parental SIVmac316. In contrast, SN showed decreased infectiv-
ity in PM1 and PM1/CCRS5 cells, apparently because PM1 cells
were not infected by a 1,000-fold diluted SN stock. Although
the TCIDsg values of SS were much higher than those of SIV-
mac316, the replication kinetics of SS were similar to those of
SIVmac316 in PM1 and PM1/CCRS5 cells. These results suggest

Table 2 | Infectivity* of viruses with substitutions from P26B404.

Viruses PM1 PM1/CCR5 TZM-bl

SlVmac316  4.2E+02 (1.0) 1.4E403 (1.0) 9.6E+04 (1.0)
SS 2.9E+05 (710) 4.7E4-05 (350) 6.3E+06 (66)
SN 2.0E+03 (4.8) 8.4E+03 (6.2) 2.9E+05 (3.1)
NS 2.9E+06 (7100)  1.4E+06 (1,000)  1.4E407 {140)

*Infectivity is shown by the TCIDgp/ml values of the viruses, which were prepared
by transfection of 293T cells, in PM1, PM1/CCRS5, and TZM-bl celfs. The fold-
change, which was calculated by dividing the mutant TCIDgy/mi value by that of
the parental SIVmac316, is shown in the parentheses.

that gp41 truncation increases infectivity for human cells and that
the substitutions in gp120 of P26B404I are associated with slow
and poor replication compared with that of SIVmac316.

Infectivity for macaque cells was more significantly affected
than that for human cells by the substitutions in gp120 of P26B4041
(Figure 4, lower panels). Infected cells were detected in HSC-F
cells inoculated with 1,000-fold diluted virus stocks of SIVmac316
and NS, but viral infection in HSC-F cells was limited to a low
frequency even by inoculation with 10-fold diluted virus stocks of
$S and SN. Truncation of gp41 did not significantly affect repli-
cation in HSC-F macaque cells, although truncation of gp41 was
disadvantageous for replication in primary T cell cultures from
macaques (Hirsch etal., 1989; Kodama et al,, 1989).

These results demonstrate that gp4l truncation strikingly
increases infectivity for human cells, but not for macaque cells,
and that the substitutions in gp120 decrease infectivity in human
and macaque cells. Truncation of gp41, which conferred extremely
high infectivity for PM1/CCRS5 cells, may be the first step to escape
from neutralization and the substitutions in gp120 may be the
second step to replicate in the presence of high concentration of
B404.

INCREASED INCORPORATION OF Env INTO VIRIONS IN SIV WITH
TRUNCATED gp41

Incorporation of Env into virions was examined using these
recombinant viruses, because increased infectivity by gp41 trunca-
tion was suggested to be associated with the Env content of virions
(Manrique etal., 2001; Zhu etal.,, 2003, 2006; Yuste etal., 2004,
2005). Analysis of viral proteins in cells and supernatants from
transfected 293T cells revealed that incorporation of Env into viri-
ons was significantly high in SS and NS viruses with the Q733stop
substitution (Figure 5). MAb to gp120 showed a higher amount

FIGURE 4 | Replication of B404-resistant viruses in human and macaque
cells. Frequencies of infected cells at 4, 7 and 10 days post-infection are
shown. PM1 and PM1/CCRS human T cells and HSC-F cynomolgus macaque
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T cells were infected with the various dilutions of SIVmac316, SS, SN, and
NS. Infected cells were detected using flow cytometry after intracellular
staining by B450 (anti-p27 Fab).
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of gp120 and gp160 in virions from SS and NS than those from
SN and the parental SIVmac316, although the production of Env
proteins in the transfected cells was at the same level among all
the viruses (Figure 5A). MADb to gp41 also demonstrated that
truncated gp41 was more abundant in virions compared with
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FIGURE 5 | Effect of B404-resistant mutations on the incorporation of
Env into virions. Cell lysates (left panels) and virions (right panels) of
SIVmac316 (lane 1), SS (lane 2), SN (lane 3), NS (lane 4), and mock-infected
control (lane 5), which were prepared from transfected 293T cells, were
analyzed by Western blotting. Viral proteins gp120 (A}, gp41 (B}, and p27
(C) were detected using MAbs M318T (anti-gp120 V2), B408 (anti-gp41
cluster 1), and B450 (anti-p27), respectively.

full-length gp41 (Figure 5B). Semi-quantification by densitomet-
ric scanning of gp41 and p26 images suggested that the levels of
gp41 amount per virion in SS and NS were 12- and 44-fold higher
than that of SIVmac316, respectively, after adjusting virion num-
bers using the p26 amounts. In contrast to the increased amount of
Env proteins in virions from viruses with truncated gp41, the level
of Gag p27 in virions was low in SS and NS compared with those in
SN and SIVmac316 (Figure 5C). This indicates that the Env con-
tent per virion, which was normalized by the amount of p27, was
significantly high in viruses with truncated gp41. These results sug-
gest that truncation of gp41 by the Q733stop substitution enhances
incorporation of Env into virions.

NEUTRALIZATION RESISTANCE OF SIV WITH TRUNCATED gp41 IN
MACAQUE CELLS

The analysis of infectivity of recombinant viruses suggested that
the resistance to neutralization by truncation of gp41 might be due
to adaptation to human cells. To examine this hypothesis, sensitiv-
ity to neutralization by B404 was determined in HSC-F macaque
cells using SIVmac316 and NS, which showed similar infectivity for
HSC-F cells (Figure 4). In flow cytometric analysis, infection in the
presence or absence of B404 demonstrated that the high sensitivity
of SIVmac316 and resistance of NS to neutralization were main-
tained in HSC-F cells (Figure 6). The frequency of infected cells
decreased from 41.5% to the background level (2.03%) in inocula-
tion with the undiluted stock of SIVmac316. In contrast, infection
with NS, even with a 10-fold diluted virus stock, was significant in
HSC-F cells in the presence of B404 (Figure 6A). Neutralization
of NS in HSC-F cells was characterized by a decrease in maxi-
mal inhibition (Figure 6B), which was also observed in TZM-bl
cells (Figure 3A). The magnitude of resistance of NS to B404 was
greater when infection was performed using the undiluted stock
compared with the 10-fold diluted stock, raising the possibility
that B404 did not inhibit infection with a high titer of viruses.
However, the resistance of NS was shown by infection with a low
titer of NS, in which the frequency of infected cells in the absence
of B404 (23.8%) was lower than infection with undiluted SIV-
mac316 (41.5%). Further, immunoblotting analysis revealed that
the amount of virions was higher in the virus stock of SIVmac316
than that of NS (Figure 5).

These results indicate that gp41 truncation by the Q733stop
substitution contributes to neutralization resistance of viruses in
macaque cells. This suggests that the resistance to neutralization
by truncation of gp4l is not due to the adaptation to human
cells. The Q733stop substitution, the first major mutation during
passages in the presence of B404, might be selected because it
facilitates adaptation of virus to human cells and imparts resistance
to antibody.

DISCUSSION

In the present study, truncation of the cytoplasmic tail of gp41,
which was caused by the Q733stop substitution in Env, was the first
major mutation detected during passage of SIV in the presence of
the neutralizing antibody B404. Analysis of recombinant viruses
suggested that the gp41 truncation was selected by their resistance
to neutralizing antibody, which was characterized by the decrease
of maximal inhibition compared with viruses with intact gp41, and
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FIGURE 6 | Contribution of gp41 truncation to neutralization resistance
in infection of macaque cells. (A} Infection of HSC-F cells in the presence
{4 wg/ml) or absence of Fab-B404 is shown. HSC-F cells were inoculated with
undiluted SIVmac316 and NS, and 10-fold diluted NS. Viral infection was
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monitored 4 days post-infection using flow cytometry after intracellular
staining by B450 (anti-p27 Fab). (B} Neutralization of SIVmac316 and NS by
B404 in HSC-F cells are shown. Percent inhibition was calculated by
comparison with the infected culture in the absence of B404.

increased infectivity for human cells. The premature stop codon in
the gp41 cytoplasmic region was frequently detected in SIV strains
propagated in human cell culture in vitro, such as the original
SIVmac316 clone, SIVmaclAll and 17E-Fr (Hirsch etal., 1989;
Kodama et al., 1989; Mori et al., 1992; Bonavia et al., 2005; Vzorov
et al., 2005). The truncation of gp41 is considered as an adaptation
of SIV to replication in human cell culture, because the premature
stop codon rapidly reverted to express full-length gp41 after infec-
tion of rhesus primary cell culture in vitro and rhesus macaques
in vivo (Hirsch etal., 1989; Kodama et al., 1989). Mutant viruses
harboring the gp41 truncation showed increased infectivity for
human cells, although the effects on infectivity varied depending
on the SIV strain and the length of the gp41 truncation (Man-
rique et al., 2001; Yuste et al,, 2004, 2005; Vzorov et al., 2005, 2007).
The enhancement effect of gp41 truncation on incorporation of
Env into virions, which were demonstrated by quantification of
viral proteins in virions (Yuste etal., 2004) and electron tomog-
raphy analysis of Env trimers on virions (Zhu et al., 2003, 2006),
was partly associated with the increased infectivity caused by gp41
truncation (Manrique et al., 2001; Yuste et al., 2004, 2005). Because
expression of Env on the cell surface is regulated by the cytoplas-
mic domain of gp41, truncation of gp41 may increase Env density
on both cells and virions (LaBranche etal., 1995; Berlioz-Torrent
etal., 1999; Postler and Desrosiers, 2013). Consistent with these
studies, infectivity for human cells and Env incorporation into
virions was enhanced by gp41 truncation in the present study.
Although the mechanism responsible for increasing viral infectiv-
ity caused by gp41 truncation remains unclear, the high virion Env
content may contribute to the efficient replication of viruses with
truncated gp41 in human cells.

The effect of gp41 truncation on susceptibility to antibody-
mediated neutralization is controversial, perhaps due to the SIV
strains used for the analyses. Because most of prototypic SIV clones
with truncated gp41 were macrophage-tropic, CD4-independent,
and neutralization-sensitive (Mori etal., 1992; Bonavia etal.,
2005; Vzorov etal,, 2005), the truncation of gp4l was assumed

responsible for the high sensitivity to neutralization. However, the
resistance to neutralization by gp41 truncation was shown using
the E767stop mutant of SIVmac316 (Yuste et al., 2003). This is con-
sistent with our results using SIVmac316 harboring the Q733stop
substitution, indicating that gp41 truncation contributes to resis-
tance of SIVmac316 to neutralization. The increased infectivity
of viruses with gp41 truncation in human cells may partially
play a role in resistance by overcoming antibody-mediated neu-
tralization via efficient attachment and entry of viruses to cells.
However, we showed that gp41 truncation was also associated
with neutralization resistance in macaque cells, in which gp41
truncation did not significantly affect infectivity. This suggests
that the increased infectivity in human cells does not significantly
affect the neutralization resistance of viruses with truncated gp41.
As shown by provision of excess Env in trans, high Env content
in virions may be critical for antibody-mediated neutralization
(Yuste et al., 2005). Further studies will be required to understand
the mechanism of resistance to neutralization conferred by gp41
truncation.

In the present study, we demonstrated that truncation of the
cytoplasmic tail of gp41 contributes to resistance to antibody-
mediated neutralization. Although non-human primate models
of SIV infection are commonly used to estimate vaccine efficacy,
the lack of broadly neutralizing MAbs has hampered develop-
ment of antibody-based vaccine candidates in an SIV-macaque
model. The broadly neutralizing MAb B404, which neutralizes
multiple, diverse SIV isolates (Kuwata et al., 2013), is a useful tool
for understanding the mechanism of neutralization in an SIV-
macaque model and will contribute to the development of HIV-1
vaccines.
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A structure-activity relationship study was conducted of several CD4 mimicking small molecules which
block the interaction between HIV-1 gp120 and CD4. These CD4 mimics induce a conformational change
in gp120, exposing its co-receptor-binding site. This induces a highly synergistic interaction in the use in
combination with a co-receptor CXCR4 antagonist and reveals a pronounced effect on the dynamic supra-
molecular mechanism of HIV-1 entry.

© 2009 Elsevier Ltd. All rights reserved.

Recently, remarkable success has attended the clinical treat-
ment of HIV-infected and AIDS patients, with ‘highly active anti-
retroviral therapy (HAARTY)'. This approach involves a combination
of two or three agents from two categories: reverse transcriptase
inhibitors and protease inhibitors.! In addition, the molecular
mechanism involved in HIV-entry and -fusion into host cells has
been described in detail.? The complex interactions of surface pro-
teins on cellular and viral membranes, which are designated as a
dynamic supramolecular mechanism of HIV entry, are reported
to be crucial to the viral infection. In a first step, an HIV envelope
protein, gp120 interacts with a cell surface protein, CD4, leading
to a conformational change in gp120 followed by subsequent bind-
ing of gp120 to a co-receptor CCR53 or CXCR4.* CCR5 and CXCR4
are the major co-receptors for the entry of macrophage-tropic
(R5-) and T cell line-tropic (X4-) HIV-1, respectively. The interac-
tion of gp120 with CCR5 or CXCR4 triggers entry of another enve-
lope protein, gp41 to the cell membrane and formation of a gp41
trimer-of-hairpins structure, which causes fusion of HIV/cell-mem-
branes and completes the infection.

Informed by this mechanism, a fusion inhibitor, enfuvirtide (fuz-
eon, Trimers & Roche)® and a CCR5 antagonist, maraviroc (Pfizer)® in
addition to an integrase inhibitor, raltegravir (Merck)’ have been
used clinically. However, serious problems with chemotherapy still
persist, including the emergence of viral strains with multi-drug
resistance (MDR), considerable adverse effects and high costs. Con-
sequently, development of novel drugs possessing mechanisms of
action different from those of the above inhibitors is currently re-

* Corresponding author.
E-mail address: tamamura.mr@tmd.ac.jp (H. Tamamura).

0960-894X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2009.10.098

quired. We have previously developed selective CXCR4 antagonists®
and fusion inhibitors.® Furthermore, N-(4-Bromophenyl)-N-
(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide (1) and N-(4-chloro-
phenyl)-N'~(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide (2) were
previously found using chemical library screening to inhibit syncy-
tium formation by other researchers.'® 1 and 2 bind to gp120 with
binding affinities of Ky = 2.2 pM and 3.7 uM, respectively, blocking
the interaction of gp120 with CD4 in the first step of an HIV-1 entry.
Thus, in the present study we focus on the development of CD4 mim-
ics that can block the interaction between gp120 and CD4. We have
investigated the effect of CD4 mimics on conformational changes of
gp120 and on their use in combination use with a CXCR4 antagonist.

Initially, molecular modeling of compound 2 docked into gp120
was carried out using docking simulations performed by the Flex-
SIS module of SYBYL 7.1 (Tripos, St. Louis) (Fig. 1).!" The atomic
coordinates of the crystal structure of gp120 with soluble CD4
(sCD4) were retrieved from Protein Data Bank (PDB) (entry 1RZ])
(Fig. 1a) and it was observed that Phe*® and Arg>® of the CD4 have
multiple contacts with Asp>®%, Glu*”° and Trp*?’ of gp120, which
are all conserved residues. An inspection of the environment of
compound 2 docked in gp120 revealed the presence of a large cav-
ity around the p-position of the phenyl ring of compound 2, which
could interact with the viral surface protein gp120 (Fig. 1b and c).
Several analogs of 2 with substituents on the phenyl ring were
therefore synthesized.

All compounds except 12 were synthesized by previously
published methods (Scheme 1).1°>1273 Aniline derivatives (3) were
coupled with ethyl oxalyl chloride to yield the corresponding ethyl
oxalamates 4. Saponification of the above oxalamates to the
corresponding free acids and the subsequent coupling with 4-ami-

— 191 —



Y. Yamada et al. /Bioorg. Med. Chem. Lett. 20 (2010) 354-358 355

Figure 1. (a) The crystal structure of gp120 with soluble CD4 (sCD4) retrieved from
the PDB (entry 1RZ]); (b) docking structure of compound 2 and gp120; (c) a focused
figure of (b) shown by space-filling model.

ﬁmo%woﬁd

3 5-9 (see Table 1)

Scheme 1. Reagents and conditions: (i) ethyl oxalyl chloride, Et3N; (ii) 1 M NaOH;
4-amino-2,2,6,6-tetramethylpiperidine, 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride, 1-hydroxybenzotriazole, EtsN.

no-2,2,6,6-tetramethylpiperidine using 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide hydrochloride (EDC) and 1-hydroxybenzotri-
azole (HOBt) yielded compounds 5-9. In the case of compound 12,
whose amide bond is not stable during the reaction of the saponifica-
tion of the corresponding oxalamates, an alternative synthetic
scheme was used (Scheme 2).!* The reaction of p-nitroaniline (10)
with oxalyl chloride gave the corresponding oxoacetamide 11, which
was subsequently coupled with 4-amino-2,2,6,6-tetramethylpiperi-
dine to yield the desired compound 12.

WQWQJ%mgrﬁﬁ%

10 12 (see Table 1)

Scheme 2. Reagents and conditions: (i) oxalyl chloride, Et3N; (ii) 4-amino-2,2,6,6-
tetramethylpiperidine, Et;N.

The anti-HIV activity of the synthetic compounds was evaluated
against various viral strains including both laboratory and primary
isolates (Table 1). ICso values were determined by the 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
method'® as the concentrations of the compounds which conferred
50% protection against HIV-1-induced cytopathogenicity in PM1/
CCR5 cells. Cytotoxicity of the compounds based on the viability
of mock-infected PM1/CCR5 cells was also evaluated using the
MTT method. CCsq values were determined as the concentrations
achieving 50% reduction of the viability of mock-infected cells.
Compounds 1 and 2 showed potent anti-HIV activity against labo-
ratory isolates, IlIB (X4, Sub B) and 89.6 (dual, Sub B) strains, and
compound 2 also possessed potent activity against a primary iso-
late, an fTOI strain (R5, Sub B). All of the ICsp values were between
4 pM and 10 pM. Compound 1 was not tested against primary iso-
lates. The potencies of compounds 1 and 2 are comparable to the
reported binding affinities for gp120 (K3 = 2.2 and 3.7 pM, respec-
tively).'° Several of the new analogs of compounds 1 and 2 showed
significant anti-HIV activity. Compound 5, which has a phenyl
group in place of the p-chlorophenyl group of compound 2, did
not show significant anti-HIV activity at concentrations below
100 uM against all strains tested except for an fTOI strain (R5,
Sub B). This result suggests that a substituent at the p-position of
the phenyl ring is critical for potent activity. Compound 6, which
has a fluorine atom at the p-position of the phenyl ring, showed
moderate anti-HIV activity against laboratory isolates, IIIB (X4,
Sub B) and 89.6 (dual, Sub B) strains (ICsp = 61 and 81 uM, respec-
tively), but, at concentrations below 100 pM, failed to show signif-
icant anti-HIV activity against a primary isolate, a KYAG strain (R5,
Sub B). Among halogen atoms, fluorine is less suitable than bro-
mine or chlorine as a substituent at the p-position of the phenyl
ring, as evidenced by compound 6, which is 8-15-fold less potent
than compounds 1 and 2 against IIIB (X4, Sub B) and 89.6 (dual,
Sub B) strains. Compound 7, which has a methyl group at the p-po-
sition of the phenyl ring, showed relatively more potent activity
against IIIB (X4, Sub B) and 89.6 (dual, Sub B) strains (ICsq =
and 41 pM, respectively) than compound 6. Compound 7 also
showed significant anti-HIV activity against primary isolates, fTOI
(R5, Sub B) and KYAG (R5, Sub B) strains (ICsq=16 and 51 uM,
respectively). Compound 8, with a methoxy group at the p-position
of the phenyl ring, did not show significant anti-HIV activity
against all strains tested until a concentration of 100 uM was
reached. In the biological assays, derivatives having electron-with-
drawing substituents such as bromine, chlorine and fluorine at the
p-position of the phenyl ring are relatively potent, whereas deriv-
atives having electron-donating groups such as methoxy at this po-
sition are not potent. Furthermore, the steric effect of a substituent
at the p-position of the phenyl ring appears to be critical to anti-
HIV activity., The sum of Hammett constants (o) of benzoic acid
substituents'® shown in Table 1 can be used to evaluate the elec-
tron-withdrawing or -donating effect of the substituents on the
aromatic ring. The Taft E; values'®*17 were used as steric
parameters for substituents at the p-position of the phenyl ring.
The order of potency found for the halogen-containing derivatives
in anti-HIV activity against laboratory isolates, IlIB (X4, Sub B) and
89.6 (dual, Sub B), is: compound 1 (R=Br) (¢ =0.23, E;= -1.16), 2
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Table 1

Hammett constants (¢) and steric effects (E;) of substituted aromatic rings and anti-HIV activity and cytotoxicity of synthetic compounds
Compd R® a® ES ICs0® (UM) CCso® (M)

Lab. isolates Primary isolates
1B (X4) 89.6 (dual) fTOI (R5) KYAG (R5)

1 Br 023 -1.16 4 9 ND ) ND 150
2 cl 023 -0.97 8 10 5 >30 170
5 H 0 0 >100 >100 81 >100 350
6 F 0.06 —-0.46 61 81 ND >100 320
7 CH; -0.17 -1.24 23 41 16 51 210
8 OCH3 -0.27 -0.55 >100 >100 ND >100 340
9 CF3 0.54 -2.40 ND 27 ND ND 72
12 NO, 0.78 -1.77¢ ND 42 ND ND 230
sCD4 0.010 0.021 0.0044 ND ND

? See Schemes 1 and 2.
b &= Hammett constant of a substitutent on a benzoic acid derivative.'®
© E, = steric effect of a substituent at the para position on the aromatic ring.

16a,17

¢ The average value of —1.01 and —2.52, which are E; values of the NO, group, —1.77, was used.

¢ Values are means of at least three experiments (ND = not determined).

(R=Cl) (06 =0.23, Es= —0.97), 6 (R=F) (6 =0.06, E;= —0.46) and 5
(R=H) (6 =0, Es=0). This is the order of substituents’ electron-
withdrawing ability and also of their size. Methyl (o =-0.17,
E; = —1.24) is an electron-donating group, but is almost as bulky
as a bromine atom. Thus, the p-methyl derivative 7 has relatively
potent anti-HIV activity against laboratory isolates, IlIB (X4, Sub
B) and 89.6 (dual, Sub B), higher than that of compound 6 (R = F)
but lower than that of compound 1 (R =Br) or 2 (R =Cl). The elec-
tron-donating ability of a methoxy group is stronger (¢ = —-0.27),
but the bulk size is smaller (E; = —0.55), than that of a methyl
group. Thus, the p-methoxy derivative 8 has no significant anti-
HIV activity against all strains tested at concentrations below
100 uM. Two derivatives containing bulkier and more potent elec-
tron-withdrawing substituents such as trifluoromethy! (R = CF3)
(0 =054, Es=-2.40) and nitro (R=NO,) (¢ =0.78, E;= ~1.77) at
the p-position of the phenyl ring were evaluated. Compounds 9
(R=CF3) and 12 (R=NO;) showed significant anti-HIV activity
against an 89.6 (dual, Sub B) strain. These are less potent than com-
pounds 1 and 2 and this is perhaps due to the excessive size of the
substituents at the p-position. This suggests that a certain level of
the bulk size and a potent electron-withdrawing ability of the sub-
stituents are preferable for anti-HIV activity. It is estimated that a
cavity around the p-position of the phenyl ring of CD4 mimicking
compounds would be optimally filled by bromine (E;=—1.16) or
a methyl group (E;=~1.24) at p-position, and that an electron-
deficient aromatic ring might interact tightly with a negatively
charged group such as carboxy of Glu*’°. In isothermal titration
calorimetry (ITC) experiments reported elsewhere,’® compound
5 (R=H) does not have significant affinity for gp120, and com-
pound 6 (R=F) has less potent affinity for gp120 than compound
2, consistent with the present data. In all but one of the com-
pounds, no significant cytotoxicity was detected (CCso >150 uM,
Table 1), the exception being compound 9 (R = CF3) (CCs0 = 72 pM).
Compounds 7 and 12 have relatively low cytotoxicities, compared
to compounds 1 and 2.

Fluorescence activated cell sorting (FACS) analysis was per-
formed’” to investigate whether these synthetic compounds inter-
act with gp120 inducing the conformational change necessary for
the approach of an anti-envelope antibody or a co-receptor to
the gp120. The profile of binding of an anti-envelope CD4-induced
monoclonal antibody, 4C11, to the Env-expressing cell surface (an
R5-HIV-1 strain, JR-FL,-infected PM1 cells) pretreated with the
above CD4 mimic analogs was examined. Comparison of the bind-
ing of 4C11 to the cell surface was measured in terms of the mean
fluorescence intensity (MFI), and is shown in Figure 2. Pretreat-
ment of the Env-expressing cells with compound 2 (MFI = 38.42)

produced a remarkable increase in binding affinity for 4C11, simi-
lar to that observed in pretreatment with sCD4 (MFI = 37.90). This
is consistent with the results in the previous paper!® where it was
reported that compound 2 enhances the binding of gp120 to the
17b monoclonal antibody which recognizes the co-receptor bind-
ing site of gp120. Env-expressing cells, which were not pretreated
with sCD4 or a CD4 mimic compound, did not show significant
binding affinity for 4C11 (Fig. 2, blank). The increase in binding
affinity for monoclonal antibodies may be due to conformational
changes in gp120, which were caused by the interaction of sCD4
or a CD4 mimic with gp120. It is hypothesized that such conforma-
tional changes involve the exposure of the co-receptor binding site
of gp120 (the V3 loop), which is hidden internally, since the bind-
ing of gp120 to 17b is enhanced. Compound 5, which failed to
show significant anti-HIV activity, and compounds 7, 9 and 12,
which had significant anti-HIV activity, were assessed in the FACS
analysis. The profile of the binding of 4C11 to the Env-expressing
cell surface pretreated with compound 5 (MFI = 14.34) was similar
to that of the blank (MFI = 11.24), suggesting that compound 5 of-
fers no significant enhancement of binding affinity for 4C11. This
result is compatible with the anti-HIV activity of compound 5.
The profile of the binding of 4C11 to the Env-expressing cell sur-
face pretreated with compound 7 (MFI = 38.33) was entirely simi-
lar to that of compound 2 used as a pretreatment. Pretreatment of
the cell surface with compounds 9 and 12 (MFI = 29.09 and 30.01,
respectively) produced a slightly lower enhancement of binding
affinity for 4C11, compared to those of compounds 2 and 7 as pre-
treatments. However, in the ITC experiments reported else-
where,'® compound 9 (R=CF;) has a high affinity for gp120,
comparable to that of compound 2, but compound 12 (R=NO;)
does not have significant affinity for gp120, indicating that these
are not consistent with the current FACS studies, possibly due to
the difference in the assay systems. Although the anti-HIV activity
of 7 is weaker than that of compound 2, the level of compound 7
inducing an enhancement of binding affinity of gp120 for 4C11 is
comparable to that of compound 2. The concentration of com-
pounds used in the FACS analysis was 100 uM, much beyond the
ICs values of compounds 2 and 7. A concentration of 100 uM
would be also sufficient for the expression of anti-HIV activity
caused by compounds 2 and 7.

An effect on the use of compound 2 combined with another entry
inhibitor was investigated. Analysis of the synergistic effects of anti-
HIV agents was performed according to the median effect principle
using the CalcuSyn version 2 computer program'® to estimate ICso
values of compounds in different combinations. Combination indi-
ces (Cl) were estimated from the data evaluated using the MTT assay
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Figure 2. JR-FL (R5, Sub B) chronically infected PM1 cells were preincubated with 100 uM of a CD4 mimic or sCD4 (11 nM) for 15 min, and then incubated with an anti-HIV-1
mAb, 4C11, at 4 °C for 15 min. The cells were washed with PBS, and fluorescein isothiocyanate (FITC)-conjugated goat anti-human IgG antibody was used for antibody-
staining. Flow cytometry data for the binding of 4C11 (green lines) to the Env-expressing cell surface in the presence of sCD4 or a CD4 mimic are shown among gated PM1
cells along with a control antibody (anti-human CD19: black lines). Data are representative of the results from a minimum of two independent experiments. The number at
the top of each graph shows the mean fluorescence intensity (MFI) of the antibody 4C11.

Table 2
Combination indices (ClI) for compound 2 or sCD4 and a CXCR4 antagonist, T140,
against an HIV llIB strain

Combination HIV strain Cl values at different 1C*

[Cso IC75 ICSO
2+T140 1B 0.786 0.713 0.655
sCD4 + T140 IIIB 0.705 0.528 0.400

2 The multiple-drug effect analysis reported by Chou et al. was used to analyze
the effects of combinational uses of compounds.'® CI <0.9: synergy, 0.9 <CI<1.1:
additivity, CI >1.1: antagonism.

(Table 2).'5 Compound 2 showed a highly remarkable synergistic
anti-HIV activity with a co-receptor CXCR4 antagonist, T14052
against an X4-HIV-1 strain, llIB at various IC values (ICsg, IC75 and
ICq0). However, sCD4 exhibited a higher synergistic effect (lower CI
values) with T140 (Table 2). The interaction of sCD4 or a CD4 mimic
with gp120 would expose the co-receptor-binding site of gp120, and
the co-receptor CXCR4 could then easily approach gp120. Thus, an
inhibitory effect of a CXCR4 antagonist would be meaningful, and a
significant synergistic effect might also be brought about by a com-
bination of sCD4 or a CD4 mimic and T140.

In summary, a series of CD4 mimic compounds were synthe-
sized and evaluated for their anti-HIV activity. Several compounds
showed significant anti-HIV activity with relatively low cytotoxic-
ity. SAR studies showed that a certain level of size and electron-
withdrawing ability of the substituents at the p-position of the
phenyl ring are suitable for potent anti-HIV activity. In addition,
the treatment of Env-expressing cells with several CD4 mimicking
compounds causes a conformational change, exposing the co-
receptor-binding site of gp120 externally. Thus, a CD4 mimic
exhibited a remarkable synergistic effect with a co-receptor antag-
onist. These compounds are essential probes directed to the dy-
namic supramolecular mechanism of HIV entry, and important
leads for the cocktail therapy of AIDS.
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Remodeling of Dynamic Structures of HIV-1 Envelope Proteins Leads to
Synthetic Antigen Molecules Inducing Neutralizing Antibodies
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A synthetic antigen targeting membrane-fusion mechanism of HIV-1 has a newly designed template with C3-
symmetric linkers mimicking N36 trimeric form. The antiserum produced by immunization of the N36 trimeric
form antigen showed structural preference in binding to N36 trimer and stronger inhibitory activity against HIV-1
infection than the N36 monomer. Our results suggest an effective strategy of HIV vaccine design based on a
relationship to the native structure of proteins involved in HIV fusion mechanisms.

INTRODUCTION

Antibody-based therapy is one of the promising treatments
for AIDS. In recent years, AIDS antibodies have been produced
by immunization (/) and by de novo engineering of monoclonal
antibodies (mAb) with molecular evolution tactics such as phage
display (2). Despite enormous efforts, however, only a limited
number of highly and broadly HIV-neutralizing human mAbs
have been isolated and characterized. These antibodies include
gp41 Abs, 2F5 (3—6) and 4E10 (5—7), and gp120 Abs, 2G12
(8) and b12 (9). gp41 is a transmembrane envelope glycoprotein,
which is divided into an endodomain and an ectodomain by
the transmembrane region; the latter contains a hydrophobic
amino-terminal fusion peptide, followed by amino-terminal and
carboxy-terminal leucine/isoleucine heptad repeat domains with
helical structures (HR1 and HR2, respectively). In the membrane
fusion process of HIV-1, these subunits form a “pre-bundle”
complex. The HR1 and HR2 regions are termed the N-terminal
helix (N36) and C-terminal helix (C34), respectively. These
helices form a six-helical bundle consisting of a central parallel
trimeric coiled-coil of N36 surrounded by C34 in an antiparallel
hairpin fashion. In design of immunogens that elicit broadly
neutralizing antibodies, a useful strategy is to produce molecules
that mimic the natural trimer on the virion surface. Previous
studies show that these molecules could be proteins expressed
as a recombinant form or on the surface of particles such as
pseudovirions or proteoliposomes (/0—12). The X-ray crystal-
lographic study of gp41 shows that the distances between any
two residues at the N-terminus of N-region are almost equal at
approximately 10 A (Figure 1A). A chemically synthetic
template could be useful in connection with the design of a
peptidomimetic corresponding to the native structure of gp41.
To date, several gp4l mimetics have been synthesized as
inhibitors or antigens and subjected to inhibition or neutralization
assays (13—16). However, the templates for assembly of these
helical peptides contain branched peptide linkers, which are not
exactly equivalent in length (/4). The N-terminal peptides
constrained by another threefold linker showed high affinity for
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C-terminal peptides, although its biological advantages have not
been determined (/5). The mimicry can be estimated using the
broadly neutralizing mAbs; suitable mimetics will bind neutral-
izing mAbs efficiently, but they will bind non-neutralizing mAbs
poorly. In the present study, we designed and synthesized a
novel three-helical bundle mimetic, which corresponds to the
trimeric form of N36. We investigated whether mice immunized
with the equivalent trimeric form of N36 mimetic can produce
antibodies with stronger binding affinity for N36 trimer than
for N36 monomer. This approach demonstrates the possibility
of producing structure-specific antibodies by immunization of
synthetic antigens corresponding to the natural form of viral
proteins.

EXPERIMENTAL PROCEDURES

Conjugation of N36REGC and the Template to Pro-
duce triN36e. Compound 6 (100 ug, 0.174 umol) and N36REGC
(3.4 mg, 0.574 umol) were dissolved in a mixture of 300 uL of
200 mM acetate buffer (pH 5.2) and 300 L of TFE under a
nitrogen atmosphere, then TCEP+HCl was added. The reaction
was stirred for 72 h at room temperature and monitored by
HPLC. The ligation product (triN36e) was separated as an HPLC
peak and was characterized by ESI-TOF-MS, m/z calcd for
C69()H1160N22602()IS3 15933.1, found 15933.8. The puriﬁcation
was performed by reverse phase HPLC (YMC-Pack ODS-A
column, 10 x 250 mm). Elution was carried out with a 40—50%
linear gradient of acetonitrile (0.1% TFA) over 50 min. Purified
triN36e, obtained in 16% yield, was identified by ESI-TOF-
MS. The detailed synthesis of peptides is described in the
Supporting Information (SI).

CD Spectra. CD measurements were performed with a J-720
circular dichroism spectrolarimeter equipped with a thermoregu-
lator (JASCO). The wavelength dependence of molar ellipticity
[6] was monitored at 25 °C from 190 to 250 nm. Peptides were
dissolved in 20 mM acetate buffer (pH 4.0) containing 40%
MeOH (23, 24). The experimental helicity was calculated as
reported previously (/17—19).

Immunization and Sample Collection. Six-week-old male
BALB/c mice were purchased from Sankyo Laboratory Service
Corp. (Tokyo, Japan) and maintained under specific pathogen-
free conditions in an animal facility. The experimental protocol
was approved by the ethical review committee of Tokyo Medical
and Dental University. Freund incomplete adjuvant and PBS
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Figure 1. (A) Distances between hydrogen atoms for hydroxyl groups in N-terminal serine residues of N36 helices in trimeric form. The distances
were evaluated by PYMOL (217). (B) Cartoon presentation of each N36 derived peptide, N36REGC. (C) Design of a C3-symmetric template. The
amino acid residues are described in single letters. (D) Conjugated structure of trimeric N36 after thiazolidine ligation.

were purchased from Wako Pure Chemical Industries (Osaka,
Japan). DMSO (endotoxin free) was purchased from Sigma-
Aldrich (St. Louis, MO).

All mice were bled one week before immunization. One
hundred micrograms of antigen was dissolved in 1 4L of DMSO.
The solution was mixed with 50 4L of PBS and 50 uL of Freund
incomplete adjuvant. The mixture was injected subcutaneously
under anesthesia on days 0, 14, 28, 42, and 58. Mice were bled
on days 21, 35, 49, and 65. Serum was separated by centrifuga-
tion (15 000 rpm) at 4 °C for 15 min and inactivated at 56 °C
for 30 min. Sera were stored at —80 °C before use.

Serum Titer ELISA. Tween-20 (polyoxyethylene (20)
sorbitan monolaurate) and hydrogen peroxide (30%) were
purchased from Wako. ABTS (2,2-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid) diammonium salt) was purchased from
Sigma-Aldrich. Antimouse IgG (H+L)(goat)-HRP was pur-
chased from EMD Chemicals (San Diego, CA). Ninty-six-well
microplates were coated with 25 uL of a synthetic peptide at
10 ug/ml. in PBS at 4 °C for overnight. The coated plates were
washed 10 times with deionized water and blocked with 150
uL of blocking buffer (0.02% PBST, PBS with 0.02% Tween
20, containing 5% skim milk) at 37 °C for 1 h. The plates were
washed with deionized water 10 times. Mice sera were diluted
in 0.02% PBST with 1% skim milk, and 50 uL of 2-fold serial
dilutions of sera from 1/200 to 1/102400 were added to the wells
and allowed to incubate at 37 °C for 2 h. The plates were washed
10 times with deionized water. Twenty-five microliters of HRP-
conjugated antimouse IgG, diluted 1:2000 in 0.02% PBST, was
added to each well. After 45 min incubation, the plates were
washed 10 times and 25 uL of HRP substrate, prepared by
dissolving 10 mg ABTS to 200 uLof HRP staining buffer—a
mixture of 0.5 M citrate buffer (pH 4.0, 1 mL), H,O, (3 uL),
and H,0 (8.8 mL)—was added. After 30 min incubation, the
reaction was stopped by addition of 25 uL/well 0.5 M H,SO,,
and optical densities were measured at 405 nm.

Virus Preparation. The pNL4-3 construct (8 ug) was
transfected into 293T cells by Lipofectamine LTX (Invitrogen,

Carlsbad, CA) followed by changing medium at 12 h after
transfection. At 48 h after changing medium, the supernatant
was collected, passed through a 0.45 xm filter, and stored at
—80 °C as HIV-1y14-3 strain before use. For titration, MT-4
cells were infected with serially 3-fold diluted virus from 1/10
to 1/196830, and cultured for 7 days. HIV-1 p24 levels in
supernatants were measured, and then the titer of virus solution
was calculated.

Anti-HIV Assay. Virus was prepared as described above
except that the transfection of pNL4-3 was performed by the
calcium phosphate method. Anti-HIV-1 activity was determined
on the basis of protection against HIV-1-induced cytopathoge-
nicity in MT-4 cells. Various concentrations of AZT, N36RE,
and triN36e (The starting concentrations are 100, 10, and 1 uM,
respectively) were added to HIV-1-infected MT-4 cells (MOI
= 0.01) by 2-fold serial dilution and placed in wells of a flat-
bottomed microtiter plate (2.0 x 10* cells/well). After 5 days’
incubation at 37 °C in a CO, incubator, the number of viable
cells was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) method (ECsp). Cytotox-
icity of compounds was determined on the basis of viability of
mock-infected cells using the MTT method (CCsp). Each
experiment was performed three times independently.

Neutralizing Assay. MT4-cells (1 x 10° cells/100 uL) were
incubated in 100 4L medium containing 10 uL sera from
immunized or preimmunized mice for 1 h at 37 °C, then
pretreated MT-4 cells were infected with HIV-1y14-3 MOI =
0.05). At 3 days after infection, cells were collected by
centrifuge at 4000 rpm for 10 min at 4 °C. After discarding
supernatant, pellets were lysed with 30 uL of lysis buffer (50
mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% NP-40), then 30
uL of 2 x SDS buffer (125 mM Tris-HCI (pH 6.8), 4% SDS,
20% glycerol, 10% 2-ME, 0.004% BPB) were added and boiled
for 10 min. The samples (5 4L) were subjected to SDS-page to
perform Western blotting. The HIV-1 gag p24 was detected by
using Westem lightning ECL kit (PerkinElmer, MA) according
to manufacturer’s instruction after treatment of HIV-1 p24

— 197 —



Synthetic Antigen Inducing Structural Specific Antibody

Scheme 1. Synthesis of the Equivalently Branched Template 6
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antibody (2C2; 1:2000 dilution) (20) and anti- mouse IgG
(H+L)-HRP (Millipore, MA). The band intensity of p24 was
calculated with post/pre-immunized samples by using ImageJ
image analyzing software.

RESULTS AND DISCUSSION

The N-region of gp41 is known to be an aggregation site
involving a trimeric coiled-coil conformation. In design of an
N36-derived peptide (N36RE), the triplet repeat of arginine and
glutamic acid was fused to the N-terminus to increase the
solubility in buffer solution (Figure 1B). In order to form a triple
helix corresponding precisely to the gp41 prefusion form, we
designed the novel C3-symmetric template depicted in Figure
1C. This designed template linker has three branches of equal
length and possesses the hydrophilic structure and ligation site
for coupling with N36RE. The template was synthesized from
the commercially available 3-[bis(2-carboxyethyl)amino]pro-
panoic acid 1 as shown in Scheme 1. Coupling of 1 with
B-alanine benzyl ester 2 gave the corresponding triamide 3 in
77% yield. Cleavage of three benzyl esters by hydrogenation
and coupling with solketal 4 produced the corresponding triester
5. Deprotection of the acetonides with aqueous 80% TFA

HS
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followed by oxidative cleavage of diol group led to the desired
template 6. This approach uses thiazolidine ligation for chemose-
lective coupling of Cys-containing unprotected N36RE
(N36REGC) with a three-armed aldehyde scaffold producing
triN36e (Figure 1D). Thiazolidine ligation is a peptide segment
coupling strategy which does not require side chain protecting
groups (22—26). The reaction consists of three steps: (i) aldehyde
introduction, in which a masked glycolaldehyde ester is linked to
the carboxyl terminus of an unprotected peptide by reverse
proteolysis; (ii) ring formation, in which the unmasked aldehyde
reacts at acidic pH with the a-amino group of an N-terminal
cysteine residue of the second unprotected peptide forming a
thiazolidine ring; and (iii) rearrangement at higher pH in which
O-acyl ester linkage is converted to an N-acyl amide linkage
forming a peptide bond with a pseudoproline structure (Figure 2).

Circular dichroism (CD) spectra of triN36e and N36RE,
which is a monomer form without N-terminal Cys-Gly residues,
are shown in Figure 3A. The peptides were dissolved in 20 mM
acetate buffer with 40% MeOH, pH4.0, suitable for measure-
ment of CD spectra of membrane proteins (27, 28). Both spectra
display double minima at 208 and 222 nm and showed high
molar ellipticity as absolute values (Table 1). The results indicate
that these peptides form a highly structured a-helix and that
the helical content of the trimer triN36e is higher than that of
the monomer N36RE. Furthermore, to assess the interaction of
triN36e with C34, CD spectra of the peptide mixture with C34-
derived peptide, C34RE, were measured (Figure 3B,C). The
spectrum of triN36e and C34RE mixture showed high molecular
ellipticity as an absolute value comparable with that of triN36e
alone. This supports the conclusion that C34RE interacts with
tri36e and thereby induces a hxgher helical form as shown
previously (29).

Mice were immunized with these synthetic gp41 mimetics
and antibody production was successfully induced (the detailed
titer increase in 5 weeks’ immunization is given in the
Supporting Information). Two out of three mice showed
induction of antibodies against either antigen (N36RE or
triN36e). Antibody titers and selectivity of antisera isolated from
mice immunized with N36RE or triN36e were evaluated by
serum titer ELISA against coated synthetic antigens. The most
active antiserum for each antigen was utilized for the evaluation
of binding activity by ELISA (Figure 4). The N36RE-induced
antibody showed approximately 5 times higher affinity for
N36RE than for triN36e, as 50% bound serum dilutions are
388 x 107 and 2.14 x 1073 to N36RE and triN36e,
respectively. It is noteworthy that the triN36e-induced antibody
showed approximately 30 times higher preference in binding
affinity for triN36e antigen than for N36RE (serum dilutions at
50% bound are 3.83 x 1073 to N36RE and 1.33 x 107* to
triN36e). Although this evaluation was not determined with
purified mAbs, it is clear that the antibodies produced exploit a
structural preference for antigens. The mechanism of induction
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Figure 2. Reaction mechanisms of thiazolidine ligation utilized for assembly of N36RE helices on the template.
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