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ARTICLE INFQO ABSTRACT

Entry of human immunodeficiency virus type 1 (HIV-1) into target cells is mediated by its envelope protein
Received 12 November 2007 gp4l through membrane fusion. Interaction of two extra-virion heptad repeats (HRs) in the gp41 plays a
Accepted 5 May 2008 pivotal role in the fusion, and its inhibitor, enfuvirtide (T-20), blocks HIV-1 entry. To identify agents that

- block HIV-1 fusion, two screening methods based on detection and quantification by the enzyme-linked

Article history

Keywords; immunosarbent assay (ELISA) principle have been established. One method uses an alkaline phosphatase
oy (ALP}-conjugated antibody (Ab-ELISA) and the other uses an ALP-fused HR (F-ELISA) to derect and quantify
?:;:m the interaction of the two HRs. The F-ELISA was more simple and rapld, since no ALP-conjugated antibody

reaction was required. Both ELISAs detected all the fusion inhibitors tested except for T-20. Interaction
of the two HRs was observed in both ELISAs, even in the presence of 10% dimethy! sulfoxide. Ab-ELISA
performed best in a pH ranging from 6 to 8. while F-ELISA performed best at a pH ranging from 7 to
B. These results indicate that both established ELISAs are suitable for the identification of HIV-1 fusion

ELISA
Sereening
Alkaline phosphatase

Inhibitors,

1. Introduction

Combination chemotherapy has been widely used and reduces
the mortality caused by HIV-1 infection. During prolonged therapy,
however, in some patients, such efficacy is attenuated by the emer-
gence of drug-resistant variants (Calmy et al. 2004). Moreover,
combination chemotherapy occasionally induces various adverse
effects and may also increase the costs of the therapy. Therefore,
development of novel anti-HIV-1 drugs that suppress replication
of resistant variants, and are less toxic and less cost is urgently
needed.

There are at least two approaches to controlling replication of
resistant variants and/or to reducing unfavorable adverse effects
induced by the therapy. One approach is the development of anti-
HIV-1 drugs which inhibit new targets such as viral integrase
(Hazuda et al., 2004) or cellular receptors such as CCR5 (Tagat et
al., 2004). Actually, an integrase inhibitor, raltegravir (Grinsztejn
et al,, 2007), and a CCR5 antagonist, maraviroc (Fatkenheuer et
al., 2005) have been approved for clinical application. The other
is the development or modification of current drugs that inhibit

* Corresponding author. Tel.: <81 75 751 3986; fax: «81 75 751 3986,
E-mail address: ekodama@®virus.kyoto-w.ac,p (E. Kodama).

0166-3542/8 - see front matter © 2008 Elsevier B.V, All rights reserved.
dor 101016/L.antiviral. 2008.05.006

© 2008 Elsevier B.V, All rights reserved.

well-established targets, to make them effective against resistant
variants while reducing adverse side-effects. In this study, we focus
on the recently established and promising target of virus-cell mem-
brane fusion.

The mechanism of virus~cell membrane fusion has already been
disclosed {Eckert and Kim, 2001). Briefly, one of the HIV-1 enve-
lope glycoproteins, gp120, binds to the host cell receptor CD4 and
CXCR4 or CCR5, and then, another membrane-spanning protein
£p41 in trimer anchors itself to the host cell membrane. After
anchoring, heptad repeats 1 and 2 (HR1 and HR2), which are two
extra-virion a-helical regions in the gp41, form an anti-parallel
6-helical bundle and lead to fusion of HIV-1 with the host cell
membrane. On the basis of this molecular mechanism, compounds
which prevent 6-helical bundle formation will be potential HIV-1
fusion inhibitors. Enfuvirtide (T-20) is the first peptide approved
and used against HIV-1 variants that are refractory to the effect of
reverse transcriptase and protease inhibitors (Lalezari et al.,, 2003;
Lazzarin et al., 2003). Previously, we and others have developed
novel potent fusion inhibitors, in the form of gp41 HR2-derived
peptides (Bewley et al., 2002; Otaka et al., 2002; Root et al,
2001) (Fig. 1) and small molecules (Cai and Gochin, 2007; Frey
et al., 2006), However, no fusion inhibitors, except for T-20, have
been approved for clinical use. To screen further potential fusion
inhibitors, we have established two simple, rapid and reproducible
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Fig. 1. Schematic view of gp4l. The locations of the fusion peptide (FI'). N-terminal heptad repeat region (HR1), C-terminal heptad repear region (HR2 ), transmembrane
domain (TM} and amuno acid sequence of HR1, HRZ, T-20, C34 and its dervatives (Otaka et al, 2002 are shown. The residue numbers of each peptide correspond to their
positions in the envelope protein gp41 of HIV-1 NL4-3 clone, Representative regions of HR1 and HR2 used in this study are defined by the amino acids 18-72 and 112150,
respectively, and designated as MBP-HR1- and GST-HR2- or TRX-ALP-HR2-fused protein as descnibed in Section 2. The X in SCIAEK indicates an drtifictal amino acid norleucing

instead of methionine, to avoid oxidation of the methionine residue

in vitro screening systems using the enzyme-linked immunosor-
bent assay (ELISA).

2. Materials and methods
2.1 Antiviral agents

The peptide-based fusion inhibitors were synthesized as
described previously (Otaka et al., 2002), and their sequences
are shown in Fig. 1. CCR5 antagonist TAK-779 (Baba et al,, 1999)
was provided by Takeda Pharmaceutical Company Ltd. (Osaka,
Japan) through an AIDS research and reference reagent program.
CXCR4 antagonist AMD-3100 (De Clercq et al.. 1994) was provided
by S. Shigeta (Fukushima Medical University, Fukushima, Japan).
Adsorption inhibitor dextran sulfate MW 5000, DS-5000 (Baba et
al., 1988) was purchased from Sigma (St. Louis, MO).

2.2, Protein expression and purification

A DNA fragment of the alkaline phosphatase (ALP) coding region
without its secretory signal sequence, corresponding toamino acids
22-471(Dodtetal., 1986; Kikuchiet al., 1981), was amplified by PCR
from the E. coli IM109 genome (K12 strain; GenBank accession num-
ber: U00096). The amplified ALP region was ligated into the pET32a
vector (Novagen, Madison, W1) to create pET32-ALP, a thioredoxin
[TRX)-ALP fusion construct. A DNA fragment coding the HR1 region
of HIV-1 gp41, amino acid positions 18-73, was amplified by PCR
from an HIV-1 molecular clone pNL4-3 (GenBank accession num-
ber: AF324493). The amplified HR1 region was ligated into the
pMAL-C2 vector (New England Biolabs, Ipswich, MA) to express
HR1 with maltose-binding protein (MBP) as a tag. designated
pPMAL-HR1, The HR2 region, gp4] amino acid positions 112-150,
was also amplified and ligated into both the pGEX-5X vector (GE
Healthcare, Buckinghamshire, UK) and the pET32-ALP construct to
express HR2 fusion protein with glutathione S-transferase (GST)
and TRX-ALP, designated pGEX-HR2 and pET32-ALP-HRZ, respec-
tively. All vectors were verified by DNA sequencing and transformed
into E. coli BL21-CodenPlus (DE3)-RIL strain (Stratagene, La Jolla,
CA) for bacterial expression. The expressed MBP-HR1, GST-HR2
and TRX-ALP-HR2 proteins were purified by Amylose Resin (New
England Biolabs), Glutathione Sepharose 4B (GE Healthcare) and
Ni-NTA Agarose (Qiagen, Valencia, CA), respectively. according to
the Manufacturers’ recommended protocols. Purity was deter-
mined by SDS-PAGE and concentration by the Bradford protein
assay (Bio-Rad, Hercules, CA).

2.3 Indirect detection of interaction of HR1 and HR2 (Ab-ELISA)
(Fig. 2A)

Fifty nanomolar MBP-HR1 dissolved in 50 mM sodium carbon-
ate buffer (pH 9.4) was coated on a 96-well ELISA plate (Costar,
Cambridge, MA) by incubation at 4 °C for 8 h. After washing three
times with PBS containing 0.025% Tween 20 (T-PBS) (pH 74), the
plate was blocked using bovine serum albumin [BSA) at a concen-
tration of 1 mg/ml in T-PBS at 4 'C for 2.5 h, and then washed again
as described above, The MBP-HR1 on the plate was allowed to bind
GST-HR2 (50 nM) by incubation at 37 °C for 1.5 h in the presence or
absence af various concentrations of compounds for testing. After
washing, binding of GST-HR2 was detected by using alkaline phos-
phatase (ALP)-conjugated anti-GST antibody (Sigma) in 1:2000
dilution at 4-C for 1 h, then washed as before, prior to the addition
of phosphatase substrate 5-bromo-4-chloro-3-indolyl phosphate
{BCIP) (BluePhos Microwell Phosphatase Substrate; KPL, Gaithers-
burg, MD), After incubating at room temperature for 30 min,
absorbance at 595 nm was measured by a plate reader {model 3550,
Bio-Rad).

2.4 Direct detection of interaction of HRT and HR2 { F-ELI5A)
(Fig. 2D)

All procedures were performed as described above, except that
TRX-ALP-HR2 (50 nM) was used in place of GST-HR2, with bind-
ing directly detected by BluePhos Microwell Phosphatase Substrate
without the interaction of ALP-conjugated anti-GST antibody.

2.5. Anti-HIV activity

Anti-HIV-1 activity was determined by the multinuclear acti-
vation of a galactosidase indicator (MAGI) assay as described
previously (Kimpton and Emerman. 1992; Kodama et al., 2001).
Briefly, the MAGI cells (10% cells/well) were seeded in flat bot-
tom 96-well microtitre plates. The following day, the cells were
inoculated with HIV-1 and cultured in the presence of various con-
centrations of inhibitors in fresh medium. After 48 h incubation,
all the blue cells stained with 5-bromo-4-chlore-3-indolyl-B-n-
galactopyranoside (X-gal) in each well were counted.

3. Results
3.1. Establishment of ELISA

To establish a novel assay system representing the specific
interaction of HR1 and HR2 regions of the HIV-1 gp41 protein, a
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Fig. 2. Flow chart of the established ELISA systems (A and D) and the inhibitory effects of peptide-based fusion inhibitors determined by these systems (B, C. E and F), The
schemes of Ab-ELISA and F-ELISA are shown, In Ab-ELISA (A}, GST-HR2 interacts with MBP-HR1 on the ELISA plate, and the amounts of GST-HR2 are quantified by using
ALP-conjugated anti-GST antibody and ALP substrate. In the presence of fusion inhibitors. GST-HR2 cannot interact with MBP-HR1, resulting in no ALP activity. In F-ELISA (D),

ALP-fused HR2 protein enables the detection of the interaction of HR2 directly without ALP-

anti-GST

dy. Inhibition curves of binding by Ab-ELISA (B} and

F-ELISA (E) at peptide concentrations 10-" to 10-° M are (llustrated. The actual appearance of ELISA plates observed In Ab-ELISA (C) and F-ELISA (F) ts shown.

simple ELISA was first established with ALP-conjugated antibody
(Ab-ELISA) as shown in Fig. 2A. MBP-HR1 was coated onto a 96-
well ELISA plate. After blocking with BSA, GST-HR2 solution was
added to the MBP-HR1 coated well. Using ALP-conjugated anti-
GST antibody, the interaction of HR1 and HR2 was colorimetrically
measured by a plate reader. Agents that block the interaction of
HR2 with HR1 can reduce optical density at 595 nm (ODsgs ). The
period for efficient coating of MBP-HR1 to the plate was measured
by detection of ALP-conjugated anti-MBP antibody. After 8 h and up
to 24 hlittle increase in efficiency of MBP-HR 1 coating was observed
(data not shown). When coating and blocking were performed prior
to the assay, total time of the procedure, excluding washing, was
only 3h.

Prior to evaluation of fusion inhibitors, we examined interaction
of GST-HR2 with the MBP-HR1 coating. We first coated MBPs with
or without HR1 at a concentration of 50 nM, incubated them with
various concentrations of GST-HRZ2, and then detected bound GST-
HR2 with anti-GST antibody. GST-HR2 interacted with MBP-HR1
in a dose-dependent manner, at least up to 100 uM and provided
sufficient ODsgs values, over 1.0 (Fig. 3). Thus, 50 nM of GST-HR2
was used for further experiments.

Next, we modified the Ab-ELISA by using ALP-fused HR2 instead
of GST-HR2 in the reaction with coated MBP-HR1, as shown in
Fig. 2D (F-ELISA). The ALP-fused HR2 enabled us to directly detect
the HR1 and HR2 interaction without the antibody reaction step,
thus providing an even more rapid and simple procedure than
the Ab-ELISA which uses ALP-conjugated antibody for detection.
The total time required for the F-ELISA, excluding coating and
blocking, was approximately 2 h. These results demonstrate that
the ELISA systems detect the interaction of HR1 and HR2 interac-
tion. enables the screening of potential fusion inhibitors without
the need for infectious HIV-1 material, and is both simple and
rapid.

3.2. Inhibirory effect of HR2-derived peptides and other entry
inhibitors

The efficacy of the fusion inhibitory peptides C34, SC34EK and
SC35EK and other compounds was determined by both Ab-ELISA
(Fig. 2A) and F-ELISA (Fig. 2D). Both ELISAs only detected the activ-
ities of these three fusion inhibitory peptides, but not ol other
entry inhibitors (Table 1). The inhibitory effects of these pep-
tide fusion inhibitors were reproducible and displayed a sigmoidal
dose-dependent curve (Fig. 2B and E). These results suggested that
our established ELISAs were specific for the interaction between
HR1 and HR2 in the fusion process. Higher sensitivities for peptides
tested were obtained by F-ELISA compared with those by Ab-ELISA
(Table 1). However, compared with the MAGI assay, sensitivities
of both ELISAs were between 14- and 50-fold lower. Neither ELISA
technique was able to detect the inhibitory effect of T-20, which

151 _e-map-trt
~m-MBP
§ 10 -+ No coating
[=]
o

- #v;.'u-l'“"""."w--“-.

100 1,000 10,000

GST-HR2 concentration (nM)

1 10

]

Fig. 3. The binding efficacy of GST-HRZ. Fifty nanomaolars of MBM-HR1 [circle ) MBP
(square} and mock (triangle with broken line] were coated on the plate. Various
concentrations of GST-HR2 were added and incubated at 37 °C for 1.5 h. Bound GST-
HR2 was detected with ALP-conjugated anti-GST antibody by measuring the optical
density at 595 nm (0Dsus }.
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Table 1
The efficacy of HR2-derived peptides and other entry inhibitars as determined by
Ab-ELISA or F-ELISA and the cell-based MAGI assay

Compounds ECyq (nM)*

Ab-ELISAY F-ELISAS MAGH

NL4-3* Bal'

348 365443 50£77 4.0=086 NDY
SCI4EKE 41450 21432 164061 N.D.
SC3ISEXE 38+ 30 16£28 0.35+0.030 ND.
T-208 >10.000 >10,000 ELFS N.O.
TAK-779 =100,000 »100,000 *100.000 1852019
AMD-3100 *100,000 *100,000 039£0030 *100.000
DS-5000 *100,000 >100,000 19£60 348 £ 46

* ECso refers to the concentration of peptides which show 50% inhibition relative
to the control.

¥ The amount of binding GST-HR2 measured by ALP-conjugated anti-GST anti-
body.

" Direct detection of HR1 and HR2 interaction without antibody reaction by using
ALP-fused HR2 protein.

4 Multinuclear ac

al a galacrosid Indicator assay using Hela CD4-
LTR/B-galactosidase indicaror cells (Kimpton and Emérman, 1992)

* CXCR4 (X4) tropic HIV-1 strain.

! CCRS (R5) tropic HIV-1 strain.

¥ Pepride sequences are shown In Fig. 1.

" Not determined.

has anti-fusion activity in vitro and in vivo, even though the gp41
amino acid region 23-58, which is a predictive site for T-20 inter-
action, is included in the MBP-HR1 fusion protein (Figs. 1 and 2C
and F; Table 1). We further examined the effect on T-20 suscepti-
bility of changing the coating and interaction. In this experiment,
first GST-HR2 was coated, then exposed to MBP-HR1, and finally
detected by anti-MBP antibody. Again €34 and its derivatives were
effective, but T-20 was not (data not shown).

3.3. Effect of DMSO concentration and pH

For screening, compounds are [requently dissolved in dimethy!
sulfoxide (DMSO), However, high concentrations of DMSO (over
1%) reduced cell viability in the cell-based assay, e.g.. MAGI assay.
The ELISA systems described here do not reguire cells, thus should
be less influenced by DMSO concentration compared to the MAGI
assay. To verify this, we determined the concentration of DMSO
that affects the interaction of HR1 and HR2 in our ELISAs. In both
the Ab-ELISA and F-ELISA, DMSO concentrations up to 10% did not
influence the optical densities to any significant extent {Fig. 4A).
At these concentrations, optical densities recorded were less than
20% lower compared to those recorded in the absence of DMSO,
indicating that the sensitivities of these tests would be sufficient to
screen compounds that are dissolved in reagents containing up to
10% DMSO.

Next, we investigated the effect of pH on detection by ELISA.
High concentrations of some compounds that are highly acidic or
basic may decrease viability of the cells in cell-based assays. The pH
of the reaction buffer was modified by addition of HCl and NaOH
as control acidic or basic compounds, respectively. In the F-ELISA,
binding of HR1 and HR2 was 2-2.5-fold greater at pH less than 7
than at pH 7.4, while in the Ab-ELISA, the binding was relatively sta-
ble at pH 6 (Fig. 4B) and reduction of HR1 and HR2 binding was less
than 20%. On the other hand, at basic pH, binding of HR1 and HR2
were relatively stable up to pH 9 in both ELISAs. These results indi-
cate that both systems are less influenced by DMSQ concentrations
up to 10% and in basic reaction conditions compared to cell-based
assays. However, in acidic reaction conditions, interaction of HR1
and HR2 is likely to be overestimated in the F-ELISA.

1 10 160
DMSO concentration (%)

-8 Ab-ELISA
- F-ELISA

HR1-HR2 binding (%)
=

Fig. 4. Effects of DMSO concentration and pH, The effect of DMSO from 0.1 1o 50%
added to the reaction of HR1 and HR2 is shown (A Binding 15 expressed as a per

centage of that in the absence of DMSO. Alteration of the pH from 2 to 12 at the HR1
and HR2 reaction was performed by using HCl or NaOH (B). Binding is expressed as
A percentage of that at pH 7.4

4. Discussion

Our newly established ELISA systems successfully detected the
HIV-fusion inhibitory activities of €34, a peptide-based fusion
inhibitor {Fig. 1), and its derivatives in a dose-dependent manner.
However, T-20 lacking the N-terminal 10 amino acids of C34 but
containing an additional 12 amino acids in the C-terminal region
did not show activity in either of the ELISA systems (Fig. 2; Table 1),
T-20is believed to inhibit 6-helical bundle formation through com-
petition with the physiological HR2 region of gp41. This hypothesis
is strongly supported by the introduction of a site of mutations for
T-20 resistance in vivo. Variants isolated from T-20 treated patients
frequently display mutations in the HR1 region, especially at amino
acids 36-45, including D36G/V/(S, V38A/E and N43D (Aquaro et al.,
2006; Cabrera et al.,, 2006; Mink et al., 2005; Poveda et al., 2002;
Rimsky et al.. 1998; Wei et al., 2002) (Fig. 1). Interestingly, amino
acid positions 36-45 are also crucial for C34 binding, and some C34
resistant variants also show cross-resistance to T-20 (Nameki et al.,
2005). Moreover, our preliminary data in the time course of addi-
tion experiments showed that the profile of inhibition is identical
between C34 and T-20 (data not shown ).

Our designed MBP-HR1 contains the presumed interaction site
of T-20 (amino acid positions 23-58), as determined by crystal
structure analysis of the N36-C34 complex (Chan et al, 1997)
(Fig. 1). However, we failed to detect T-20 inhibitory activity in our
ELISA systems (Fig. 2C and F). To the best of our knowledge, there
are no reports that describe the potent activity of T-20 in protein-
or peptide-based assays (Cai and Gochin, 2007; Huang et al., 2006,
2007: Jiang et al., 1999; Liu et al,, 2007; Ryu er al., 1998; Xu et al,,
2007).

In this regard. two groups have tried to reveal the mechanism of
action of T-20 mainly through physicochemical experiments, with
both groups proposing that T-20 may act through the lipid mem-
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brane. Jianget al. has proposed that HR2 peptides have two different
functional domains, an HR1-binding domain, and a lipid-binding
domain (Liu et al.. 2007}, C34 contains an HR1-binding sequence
but not a lipid-binding domain, while T-20 has only a lipid-binding
domain, suggesting that T-20 might be functional only in the pres-
ence of lipid membrane. Wexler-Cohen and Shai (2007 ). also found
that the C-terminal region of T-20 which was not included in C34
could be replaced with fatty acid, indicating that T-20 acts through
the lipid membrane.

Itis possible that MBP hampers the proper conformation of HR1.
However, in the 6-helix bundle crystal structure of human T cell
leukemia virus type 1 gp21, MBP remained fused to the N-terminal
of HR1 (Kobe et al., 1999), Thus, it is unlikely that the inability of
HR1 to bind T-20is due to improper conformation of HR 1. Moreaver,
even synthetic peptides of HR1 and T-20 do not bind each other (Liu
et al,, 2005),

To date, several peptide-based detection systems have been
reported, although they failed to demonstrate T-20 activity. Most
of them utilize the NC-1 monoclonal antibody which recognizes
discontinuous epitopes presented on the 6-helix complex between
N36 and €34 to detect 6-helical conformations (Huang et al., 2006,
2007; Jiang et al., 1999; Liu et al, 2007). It is predicted that this
system may not detect the peptide-based fusion inhibitor C34
itself or may not detect C34 derivatives, since the antibody NC-1
was derived from the 6-helix conformation of N36 and C34 pep-
tides. Ryu et al. (1998) also reported similar ELISA systems, but
showed an inhibitory effect only for C51 with an ECsp value of
1.0 g/ml (approximately 200 nM). Other groups have reported the
development of assay systems using fluorescence resanance energy
transfer (FRET) (Cai and Gochin, 2007; Xu et al, 2007). Although
FRET requires no coating and washing steps, it seems to be less
sensitive compared to our ELISA systems. In fact, ECsg values of C34
in the FRET system were described as approximately 5 pM (Xu et
al., 2007), while those in our Ab-ELISA and F-ELISA were 365 and
59 nM, respectively (Table 1).

The sensitivities of our ELISA systems were lower than those
of the cell-based MAGI assay (Table 1). However, the ELISA sys-
tems could detect the interaction between HR1 and HR2 even
at a high concentration of DMSO, and in a relatively wide pH
range (Fig. 4), indicating their capacity for screening of highly con-
centrated compounds. Decreased concentrations of MBP-HR1 and
GST-HR2 or ALP-HR2 increased the antiviral sensitivity, although
this also reduced detection sensitivity of ALP activity. Detection
sensitivity could be increased by using a highly sensitive chemi-
luminescent probe as an alternative to the BCIP substrate we used.

At pH greater than 8, both ELISAs showed decreased optical den-
sity, while at pH less than 7, enhanced ALP activity was observed
in F-ELISA compared with the neutral pH 7.4 (Fig. 4B). Although
we could not elucidate the detailed mechanism at present, even
in Ab-ELISA, the optical density was also enhanced by using an
acidic buffer in the incubation of GST-HR2 with anti-GST antibody
{data not shown). Thus, low pH enhances ALP activity rather than
enhancing the interaction of HR1 and HR2. These results indicate
that we should take note of this artificial enhancement when acidic
compounds are screened by F-ELISA.

Major difference berween class 1 and class Il fusion is based upon
the structure of the glycoproteins involved in the fusion process.
For instance, HIV and FluV utilize alpha-helix structure domains
located in gp41 and HA2, respectively. In contrast, Flaviviruses,
which fuse through class 11, utilize beta-sheet structure domains in
E protein. Although both glycoproteins complete fusion with trimer
of hairpins (alpha-helix and beta-sheet, respectively), in the pre-
fusion state, they form trimers and dimers, for class | and class 11,
respectively. Moreover, the fusion peptide domain which is directly
inserted into target cell membrane, is located at N-terminus and

internal loop of the env-protein. for class | and class Il, respec-
tively.

At the virus-cell membrane fusion step, the interaction between
viral envelope proteins HR1 and HR2 is a common mechanism of
class | fusion (Jahn et al,, 2003; Schibli and Weissenhorn. 2004). It
is expected that establishment of a similar ELISA screening system
for other viruses using class | fusion for cell entry, such as influenza
virus (Eckert and Kim. 2001), feline immunodeficiency virus (FIV)
(Medinas et al., 2002}, severe acute respiratory syndrome coron-
avirus (SARS-CoV) (Bosch et al, 2004) and Ebola virus (Watanabe
et al., 2000) is possible. For some highly virulent agents, such as
SARS-CoV and Ebola virus, our system will be an extremely useful
tool since it does not require infectious material.

in this study, we have developed two novel in vitro assay sys-
tems for fusion inhibitors by focusing on the interaction of envelope
proteins HR1 and HR2. Hydrophobic pocket in HR1 and tryptophan
rich domain in HR2 acting as "pocket” and “knob”, respectively, play
a key role in the virus-cell membrane fusion process, indicating
that these interactions are an attractive target for small molecule
fusion inhibitors (Ferrer et al., 1999), 34, GST-HR2 and ALP-TRX-
HR2 used in this study contain “knob” region but T-20 does not.
The developed systems are also ideal for initial screenings because
of low variability and good reproducibility even at high compound
concentration, and since they allow for a non-infectious rapid and
simple procedure, These assays will be useful for the discovery of
novel fusion inhibitors not only of HIV-1, but also of other viruses
which utilize the class | fusion mechanism.
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The design and synthesis of novel non-peptide CXCR4 antagonists is described. The peptide backbone of
highly potent cyclic peptide-based CXCR4 antagonists was entirely replaced by an indole framework,
which was expected to reproduce the disposition of the key pharmacophores consistent with those of
potential bioactive conformations of the original peptides. A structure-activity relationship study on a
series of modified indoles identified novel small-molecule antagonists having three pharmacophore func-
tional groups through the appropriate linkers.
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Chemokines are a family of small proteins with chemotactic and
proactivatory effects on leukocytes, Chemokines mediate their bio-
logical effects by binding to the specific G-protein coupled receptor
subtypes that are dilferentially and widely expressed in blood cells.
Among these chemokine receptors, CXCR4 has a broad tissue dis-
tribution and the activation by its endogenous ligand CXCL12
(SDF-1, stromal cell-derived factor 1) leads to chemotaxis, immu-
nomaodulation, and other regulatory functions including progenitor
cell migration during embryologic development of the cardiovas-
cular, hematopoietic, and central nervous systems. In addition to
its physiological roles, CXCR4 also plays important roles in patho-
logical conditions. These include tumor growth and metastasis'
and rheumatoid arthritis (RA)? CXCR4 has also been reported to
act as a major co-receptor involved in the entry of T-cell-line-tropic
human immunodeficiency virus type 1 (HIV-1) strains into target
cells.? Thus, CXCR4 is considered as an important therapeutic tar-
get for multiple diseases. Inhibitory compounds of CXCL12 or
HIV-1 binding to CXCR4 could be novel classes of anti-cancer,
anti-RA, and anti-HIV-1 drugs. Previously, we found highly potent
peptide-based CXCR4 antagonists such as 1, 2, and 3 (Fig. 1)**
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H-Arg'-Arg’-NsI‘-Cys‘-‘l’yr‘-Arqs-Lysi
é D-Lys®
1 ~ |
EI; Pro®
HO-Arg'*-Cys'*-Cit'*-Arg' L Tyr'®

2 cyclo(-D-Tyr'-L-Arg®.L-Arg®-L-Nal*-L.-Gly")

3 cyclo(-D-Tyr'-D-Arg%L-Arg3-L-Nal*-L-Gly*-)

Figure 1. Structures of 1 and Its downsized peptides 2 and 3. Bold residues are the
indispensable residues for the polent CXCR4-antagonistic activity. Nal, -3+2-
naphthyllalarmine: Cit. i=citrulline,

Peptide 1 and its derivatives effectively blocked X4-HIV-1 entry
to the cell by specifically binding to CXCR4.® and also showed an
anti-metastatic effect against breast cancer” and anti-RA activity®
in mouse models.

Although peptides are excellent lead molecules for develop-
ment of pharmaceutical agents, special drug delivery systems
are usually required for their clinical use because of the poor
bioavailability and instability against enzymes. Whereas several
peptide-based CXCR4 antagonists have been repaorted, only
small numbers of small-molecule CXCR4 antagonists have been
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reported.® These prompted us to design novel non-peptide CXCR4
antagonists based on the SAR and conformational studies on pep-
tide ligands 1-3.

Cyclic pentapeptide-based CXCR4 antagonists 2 and 3 were
identified by screening of cyclic pentapeptide libraries, which were
designed based on SAR studies of peptide 1. The constrained back-
bone of the cyclic peptide was utilized as a templare for positioning
the key functional groups in space as is found in parent peptide 1.
Subsequent conformational analysis of 2 permitted us to deter-
mine the topology of the four indispensable residues, then, rational

a
H
HgNﬁ\{'"
NH
b H ®) W
R! \../ A N—-R
\]:>_< (4.5)
Iﬁ‘f) \_.,,,a

approach toward the de novo design of non-peptide antagonists
may be envisaged.!”

Our previous SAR studies on 2 and its derivatives have shown
that at least three functional groups on the peptide side-chains
are required: (1) an aromatic ring such as 2-naphthyl- or 3-indolyl
group at position 4; (2) a guanidino group at position 3: (3) a gua-
nidino group at position 2 or a phenol group at position 1."" How-
ever, it was difficult to determine the spatial relationships between
these functional groups due to the free rotation of the side-chain
torsion (z) angles, In our structural analyses, peptide 2 adopted a
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variety of global conformations, in which the distances between
indispensable functional groups were variable. On the other hand,
relatively rigid cyclic peptide backbone and fixed distances
between Cff atoms, which append key functional groups, were
observed.® Hence, we envisioned that introduction of crucial
functional moieties for receptor binding onto a bicyclic heterocydle
scaffold, which mimics the relatively fixed cyclic pentapeptide
backbane of 2, would provide non-peptide CXCR4 ligands. In this
letter, we report a part of our ongoing research to develop novel
non-peptide small molecule CXCR4 antagonists.

Among several molecular scaffold candidates, we first selected
S-aminoindole-2-carboxylic acid for the following reasons: (1)

Table 1
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molecular modeling suggested that it met the spatial requirements
for displaying the three key substituents (Fig. 2):'? (2) accessible
synthetic approaches were available for attachment of the three
substituents; (3) indoles represent an important class of bicactive
compounds and the physicochemical properties in terms of medic-
inal chemistry are well-documented.

Syntheses of indole-based compounds were achieved as
shown in Scheme 1. (4-Nitrophenylhydrazine 4 was converted
to the corresponding hydrazone, which was subjected to
Fischer ring closure reaction to produce an indole 5. Alkylation
of N' position of the indole 5 with N-Boc-3-bromopropylamine
gave 6. This was hydrolyzed using 1N agueous sodium

Inhibitory activities of indole derivatives 10a-j and 13a-b against binding of "*1-SDF-12 to CXCR4
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hydroxide in EtOH-THF and the resulting free carboxylic acid
was coupled with amines using O-{7-azabenzotriazol-1-yl}-
1,1.3 3-tetramethyluronium  hexafluorophosphate  (HATU)  as
coupling reagent to give 7. The nitro group of 7 was reduced
to amine 8 upon treatment with Pd-C and ammonium formate
in EtOH. The aminoindole 8 was then coupled with carboxylic
acids to give 9. Deprotection of Boc group(s) by 95% TFA and
guanylation of the free amino group(s) produced the target
compounds 10. Another series of compounds 13 were synthe-
sized from 5 using similar reaction sequences described for
10.

All indole-based compounds listed in Tables 1 and 2 were
purified by preparative reverse-phase HPLC (purity >95%) and
characterized by MALDI-TOF-MS. These compounds were tested
for competitive binding inhibition in human CXCR4 transfected
Chinese hamster ovary (CHO) cells using |'*I|SDF-1 as a
radioligand, with the results given as percentage inhibition
at 10 uM. 1G5y values of selected compounds are shown in
Table 2.

Compound 10d with 2-(3-indolyl)ethyl group at the R? posi-
tion showed 88% inhibition ar 10 uM (ICso=3.0 puM) and was
more potent than compounds having [4-hydroxyphenyl)-, (1-
naphthyl}- or (2-naphthyll-alkyl group at the R® position
(compounds 10a-¢, 23-63% inhibition at 10 uM). Further SAR
studies based on 10d were undertaken. Chain elongation of
the guanidinoacetyl group (R') of 10d caused slight decrease
in the affinity (10e). The use of N-amidinopiperidine-4-carbonyl
was also acceptable for high potency (ICsp (10f) = 3.0 uM|.
Introduction of an isobutyl or benzyl group into the w-carbon
of guamidinomethy!l carbony! group of 10d did not cause signif-
icant drop in binding affinity (compounds 10g and 10h), Com-
pounds with S-configuration at the chiral center showed more
potent CXCR4 antagonistic activity as compared with the corre-
spanding R-isomers. (§)-10g was identified as the most potent
compound [ICso ((§-10g) = 1.2 pM]."* Compound (§)-10g also
showed potent anti-HIV-T activity (IlIB strain, inhibition of
HIV-1 induced cytopathogenicity: ECs = 5.4 pM), The ICso value
of (5}-10g is 34-fold lower as compared with parent peptide 2,
This is probably due to the absence of phenol functionality in
(§)-10g which corresponds to o-Tyr side-chain of peptide 2. De-
creased number of amide bond in ($)-10g might also lead to
the lower affinity. We have previously showed the importance
of backbone amide functionalities of 2 for CXCR4 antagonistic
activity by using reduced-amide isosteres or (E}-alkene dipep-
tide isosteres, '

Indole-based compounds having a phenol group at R* position
showed moderate CXCR4-binding affinity (104, 10§, 13a, and
13b). Interestingly, these compounds did not show complete inhi-
bition even at higher concentrations in the binding inhibition
experiments, while compounds having a guanidino group at R po-
sition (10¢, 10d, and (5)-10g) achieved complete inhibition (Fig. 3.
These results suggest that 10c, 10d and (5)-10g are inhibitors that
competitively bind to the SDF-1 binding site of CXCR4, while 10§,
10, 13a, and 13b may bind to an allosteric site of CXCR4 and par-
tially antagonize the SDF-1 binding.

Comparison of energy-minimized structures of (§)-10g and pre-
viously reported solution conformation of 2 revealed that three
functional groups on the indole template well overlapped the three
pharmacophore residues of 2 as expected. In this model, indole
scaffold favorably mimicked the backbone of Arg-Arg-Nal se-
quence of 2 (see Fig. 4).

In summary, a series of indole-hased compounds were de-
signed, synthesized, and characterized as a novel class of CXCR4
antagonists. Although their ICso values are in the pM range, these
indole denivatives could serve as a useful lead for further medicinal
chemistry programs.

Table 2
ICso values of selected indole derivatives
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ABSTRACT

Emergence of multi-drug resistant HIV-1 is a serious problem for AIDS treatment. Recently, the virus-cell
membrane fusion process has been identified 4s a promising target for the development of novel drugs
against these resistant variants, In this study, we identified a 29-residue peptide fusion inhibitor, SC29EK,
which shows activity comparable to the previously reported inhibitor SC35EK. Some residues in SC29EK
not required for interaction with virus gp41 heptad repeat 1 (HR1) were replaced with & non-proteino-

genic amino acid, 2-amineisobutyric acid (Aib), to stabilize the a-helix structure and to provide resis-
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tance to peptidases.
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1. Introduction

Emergence of HIV-1 varants resistant to clinically approved
inhibitors such as reverse transcriptase (RT) or viral protease is a
serious problem in AIDS treatment.' Therelore, development of no-
vel anti-HIV-1 drugs suppressing such resistant variants is urgently
required. In this regard. inhibitors that target other processes,
including integration, receptor binding or fusion have been pro-
pused to suppress such resistant variants.”~® We and others have
recently focused on viral fusion to host cells for development of no-
vel anti-HIV agents that effectively inhibit HIV-1 replication with
fewer resistant variants and adverse side effects.”"? Among enve-
lope glycoproteins, gp41 in particular plays a pivotal role in the fu-
sion process. Briefly, gp4l in trimer anchors to the host cell
membrane, and two extra-virion a-helical regions, designated as
heptad repeats | and 2 {(HR1 and HR2), form an anti-parallel 6-he-
lix bundle by the interaction between HR1 and HR2, leading to fu-
sion of HIV-1 with the cell membrane.'”

Enfuvirtide (T-20) 1, which is derived from the gp41 HR2 region,
is the only clinically approved peptide fusion inhibitor."" Although
this agent is effective against variants resistant to multiple RT- and
protease-inhibitors as well as wild-type strains,'®'? T-20-resistant
HIV-1 strains have emerged after T-20-containing therapy '*'?
Thus, the development of second generation fusion inhibitors that

* Corresponding author, Tel.; +81 75 753 4551; fax; «B1 75 753 4570,
E-muctil address: nfujii@pharm kyote-uac jp (N. Fujii)

0968-0896/§ - see front matter & 2008 Elsevier Ltd, All rights reserved.
doi: 101016/} bmc 2008.09.018

suppress T-20-resistant variants is urgently needed. T-20 1 and an-
other HR2 peptide C34 2 show the anti-HIV activity by binding with
the viral gp41 HR1 to disturb the 6-helix bundle formation (Table
1).1% Previously, we developed the novel potent fusion inhibitors
T-20EK'® 3 and SC3SEK® 4, which are derived from T-20 1 and
€34 2, respectively. On the basis of the a-helical structure of these
HR2 peptides upon binding with HR1.'” we distinguished two sur-
faces: a virus HR1 interactive site and a solvent-accessible site
(Fig. 1). For the residues at the solvent-accessible site (b, ¢, f, and
g in Fig. 1), a series of systematic replacements with hydrophilic
glutamic acid (E) or lysine (K) was introduced (EK motif) to enhance
the a-helicity of the HR2 peptides by possible intrahelical salt-
bridges. On the other hand, the residues at the interactive site (a,
d, and e in Fig, 1) were retained for binding affinity, The stabilized
bioactive a-helix conformartion led to increased anti-HIV-1 activity
through higher affinity with the virus HR1 region. 2-Aminoisobu-
tyric acid (Aib), which could enhance andfor stabilize a-helicity of
the peptides,'™'® and may confer peptidase resistance®® was also
applied to the modification of a-helix inducible EK motifs.

In this study, we investigated the minimal sequence of C34 2
and SC35EK 4 for potent anti-HIV activity. In addition, modifica-
tions of each EK motif with Aib-containing motifs were examined.

2. Results and discussion

We and other groups have reported that C34 2 and its deriva-
tives interact with N36, a representative peptide of the gp41 HRI
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Table 1
Sequences and anti-HIV activities of C34 and its derivatives, and T, values of the mixture with N16
Peptide Sequence ECs (nMP Tm ("CP
T-20 1 YTSLIHELIEESQNQQEENEGRLLEL IKWASLANWY 15 ND*
034 2 WMEWDREINNTTSLIKELTEESQNQQENNEQELL .68 525
T-20EK 3 YTELIERLL LK LEXW, LE} ND*
SC35EK 4 FEEWLER[EEY TEX [ ERL | KESERGNFRNERILER 039 715
€29 5 WEVDRBINNYTELTHEL] ERSQNGUERN 46 44.5
2 6 WUEWDREIRNYTSLINALINRS *1000 385
SC29EK 7 VEEWUKE | KXY TEE ] EEL I KXSERQ QRN 0.48 65.0
SCIZEK B TRENLURE EXITRE EELLEES Bl 635

* ECso was determined as the concentration that blocked HIV-1 replication by 50%.

" T values were defined by the midpoint of the thermal unfolding transition state (Fig. 4)

' NO, not determined,

Interactive sile
Saolvant-
accessible site

Figure 1. The design concept and helical wheel representation of HIV-1 gp41 HR2
peptide analogues. In the heptad repeat of a-helix, p a.d,eand p b
¢ I, § represent the viral MR interactive and solvent-accessible sile, respectively.

region.®'2! |n these reports, N-terminal tryptophan rich domain
(WRD) containing two tryptophan residues of €34 2 is essential
for the interaction with the HR1 region,® while the C-terminal se-
quence might not be important compared to the N-terminal.'*2* In
order to identify the minimal N-terminal sequence of C34 2 and
SC35EK 4, we designed two C-terminally truncated peptides €29
5 and C22 6 as well as the EK-motif-containing congeners SC29EK
7 and SC22EK 8, respectively (Table 1). The anti-HIV activity of
these peptides was examined by MAGI assay.**5 (29 § and €22
6 showed marginal activity compared to the original C34 2,'946.27
while anti-HIV activity of SC29EK 7 possessing four EK motifs
was comparable to that of C34 2 and SC35EK 4. Further truncation
of an EK motif resulted in a significant decrease in anti-HIV activity
(SC22EK 8; ECsq =60 nM ). It is of note that SC29EK 7 and SC22FK 8
with EK motifs showed more potent activity than the original pep-
tides €29 5 and C22 6, respectively,

The potent anti-HIV activity of HR2-derived fusion inhibitors
can be rationalized by the facilitated bioactive a-helix conforma-
tion, which is favarable for binding with the gp41 HR1 region.®™
Wavelength-dependent circular dichroism (CD) spectra of SC29EK
7 at 25°C showed characteristic spectrum minima at 208 and
222 nm, which indicate the presence of a stable a-helical confor-
mation, as observed in SC35EK 4 (Fig. 2). On the other hand,

SC22EK 8 showed slightly less o-helicity compared with SC35EK
4 and SC29EK 7, indicating that the truncated sequence of 8 may
be insufficient to stabilize the a-helix structure. Native peptides,
€34 2, (29 5, and €22 6 exhibited similar spectra indicating the
random structure (Fig. 2).

The binding affinities were estimated by measuring the €D
spectra of HR2 peptides 2 and 4-8 in the presence of egquimolar
amount of N36 (HR1 region peptide). Similar spectra were ob-
served in all N36/C34 derivative complexes except for the N36/
€22 6 complex, indicating that these peptide mixtures contained
the similar stable 6-helix conformation at 25 °C (Fig. 3). Less sta-
ble coiled-coil structure of the N36/C22 6 complex was consistent
with the deficient anti-HIV activity of (22 6. Thermal stabilities of
possible G-helix bundle structures consisting of N36 and €34
derivatives were also evaluated by monitoring the CD signal at
222 nm, Melting temperature (Ty) of the complex was defined
as the midpoint of thermal unfolding transition state shown in
CD profiles (Fig. 4). T, values of N36/SC35EK 4, N36/SC29EK 7,
and N36{SC22EK 8 mixtures were 71.5, 65.0, and 63.5 °C, respec-
tively, which were higher than those of the corresponding mix-
tures of native sequences [T, (N36/C34 2)=525°C, T, (N36/
€29 5)=48.5°C, and T, (N36/C22 6)=38.5 “C| (Fig. 4). These re-
sults indicate that the introduction of EK motifs to HR2 peptides
enhances binding affinity with the HR1 region, which could pro-
vide more potept anti-HIV activity. It should be noted that
SC22ZEK 8 showed less potent anti-HIV activity compared with
the other EK motif-containing peptides, although the thermal sta-
bilities were similar. The limited coverage of the HR1 region by
the truncated sequence of 8 may be inadequate for complete inhi-
bition against folding of viral gp41 even with high binding affin-
ity, As such, the potent anti-HIV activity of SC29EK 7 is
rationalized by the presence of minimal interactive residues as
well as the stabilized bioactive =-helix conformation induced by
EK motifs.

@ |10* deg om* omel |
a

Figure 2. €U spectra of HRZ peptide analogues
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L[S Table 2
N3E-C34 2 Sequences and ann-HIV activites of SC2SEK « buryric
fg‘ . NISC20 8 acid (Aib) residue
¢ N35-C22 6 e uence ECs* (nM]
- » N35-SC3ISEK 4 e =
5 « N36-SCZ9EK 7 7 WEENIXE [EX{ TEK [ EXL [ KRSEECIRRN 046
« N35-SC22EK 8 9 ValiaK B Y TRK | ERL | KESEEUKRY 054
g A 0 TaXYTaXIEEL 115
& v "o, a ——— 1 FEEWLEE | EEYTER! afL! aKEEEQQRRS 0.57
— S 12 FEESUEE KXY TREIEXL [ KK al L ak 7.0
- . “ﬂ"ﬁ 13 W 11 Y THX | ER. T ILSERGGIRY 375
5 =t 14 NEENUEE ! a6 TGl RE| | KESERYQRES brarf1]
; - - - - 15 SEENDEE [ EEY TR 267 | aGSEEQUREN 256
WA Gl 2 a0 Mg, A e 16 EERNTK T EETTRK [ EEL T KKS aGQa0N 313
Wavelength [nm]
* ECsn was d d as the conc that blocked HIV-1 replication by

Figure 3. (D specua of HR2 peptide analogues wn the presence of equimolar
amount of N36,

[ w Mea b
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3 * M36-C27 8 g ¥ daaiif
Z | -nescweks v L FF
+ N36-SC26EK 7 & r
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Figure 4. Thermal midpaint analysis of CD signal at 222 am for HR1 (N36) and HR2
peptide complex.

Since the residues at the solvent-accessible sites of HR2 pep-
tides have no direct involvement in the interaction with the viral
HR1 region, we expected that these EK motifs could be replaced
with other a-helix-inducible units, Replacement of a part of the
EK meotifs in SC29EK 7 with a pair of Aib-containing dipeptides
such as Aib-Glu (aE) and Aib-Lys (aK) was attempted (peptides
9-12, Fig. 5 and Table 2).'"*3" Anti-HIV activities of the Aib-substi-
tuted peptides 9-12 were equipotent or lower compared with
SC29EK 7, Peptide 9, which was modified with a pair of aE and
aK dipeptides at the essential WRD aof the HR2 peptide® was the
most potent, with the bioactivity almost identical to that of the
parent SC29EK 7 (Table 2). This indicated that EK residues could
be replaced with non-proteinogenic and a-helix inducible Aib res-
idues, which may also enhance the biostability in vivo. In order to
investigate the effect of the remaining Glu-Lys pairing in the aE/akK
motif. we further substituted these residues with glycine (Gly)

o fcoin o COoH
H’"‘JJ‘N COH (3 H:Nh)k" COsH
H 4
HOLC. -
EE aE
0 l’v‘nn, o STNH,
N coH D> H;NKJLN. —
HN~F N +
KK ak

(o]
KN oo
aG

Figure 5. Substitution of an EE or KK unit with Aib-Glu (aE}, Aib-Lys (aK). or Aib-
Gly (aG).

500

(peptides 13-16) (Fig. 5 and Table 2). All substituted peptides
13-16 showed significantly less potent anti-HIV activity compared
with the corresponding peptides 9-12 containing an aE/aK motif
(Table 2), suggesting that modification of an EK motil with two
Aib-Gly (aG) is not suitable for potent anti-HIV activity.

3. Conclusions

In this study, we identified the minimal bioactive sequence of
HIV-1 fusion inhibitors and developed a novel potent fusion
inhibitory peptide SC29EK 7 based on the previously reported
SC35EK 4. SC29EK 7 reproduced potent anti-HIV-1 activity com-
parable to SC35EK 4. The introduction of a-helix-inducible EK
motifs to less potent C29 5 recovered the bivactivity of the par-
ent C34 2, indicating that binding of the C29 sequence contain-
ing essential tryptophan rich domain to the gp4l HR1 is
sufficient for anti-HIV activity. Moreover, it was also demon-
strated that some EK motifs are replaceable with other non-pro-
teinogenic amino acids such as 2-aminoisobutyric acid (Aib).
These results may lead to development of more potent HIV-1 fu-
sion inhibitors.

4. Experimental

4.1. Peptide synthesis

Protected peptide-resins were manually constructed by Fmoc-
based solid-phase peptide synthesis. r-Bu ester for Asp and Glu;
2,24.6,7-pentamethyldihydrobenzofuran-5-sulfonyl  (Pbf)  for
Arg; (-Bu for Thr; Tyr and Ser; Boc for Lys; and Trt for Gln, Asn,
and His were employed for side-chain protection. Fmoc-amino
acids were coupled using five equivalents of reagents [Fmoc-ami-
no acid, N,N'-diisopropylcarbodiimide (DIPCDI), and HOBt-H,0] in
DMEF for 1.5 h. Fmoc deprotection was performed with 20% piper-
idine in DMF (2 » 1 min, 1 = 20 min}. The resulting protected re-
sin was treated with TFA/thioanisole/m-cresol(1,2-ethandithiol/
H;0 (80:5:5:5:5) at room temperature for 2 h. After removal of
the resin by fltration, the filtrate was poured into ice-cold dry
diethyl ether. The resulting powder was collected by centrifuga-
tion and washed with ice-cold dry diethyl ether, The crude prod-
uct was purified by preparative HPLC on a Cosmosil 5C18-ARII
preparative column (Nacalai Tesque, 20 = 250 mm, flow rate
10 mL/min) to afford the expected peptides. All peptides were
characterized by an ESI-MS (Sciex APUIE. Toronto, Canada) or
MALDI-TOF-M5 (AXIMA-CFR plus, Shimadzu, Kyoto, Japan), and
the purity was calculated as >95% by HPLC on a Cosmosil 5C18-
ARIl analytical column (Nacalai Tesque, 4.6 « 250 mm, flow rate
1 mL/min) at 220 nm absorbance. The detailed MS data are shown
in Table 3.
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Tabile 3
Mass spectrum data of synthesized peptides
Peptide Calculated MW (M+H") Observed MW
1 CanahlsaaNs1Oga 44929 4492.5%
2 CrasHanaN510lS 42906 42893
3 CansHasaesOys 4626.2 46255
4 CrmHpas O 45371 45361
5 CissHyaoMasOseS 6779 3FTTT
[ CiaHimNpOwS 2808.1 2B08.1*
7 CiraHrroNaiOse 37802 3rres
& CyaaHaioMa O 28953 289524
9 CiatHzeaNaOyy 36931 I6G3.5%
10 CrarHmNuOu 3693.1 3603 5%
n CimMasNaOsy 3693.1 3692.5"
12 CharH M azDsr 36531 36635
13 CraMaaMyOs 3550.0 1550.1%
14 CruaHyeaNaOg 15500 1549 5
15 CimHizaaNyy 0w 15500 355025
16 CraoHzsaMNaiOsg 35500 3550.2"
* MALDI-TOF-MS.

¥ ESI-MS (reconstructed )

4.2. Viruses and cells

An infectious clone pNL4-3 (GenBank Accession No. AF324493)
was used for the construction and production of HIV-1 as described
previously* A wild-type HIV-1 was generated by transfection of
pNL4-3 into 293T cells. Hela-CD4-LTR-f-gal cells (MAGI cells)
were kindly provided by Dr. Emerman through the AIDS Rescarch
and Reference Reagent Program, Division of AIDS, National Insti-
tute of Allergy and Infectious Disease (NIAID] (Bethesda, MD, USA).

4.3. Anti-HIV-1 activity

Anti-HIV-1 activity was determined by the multinuclear activa-
tion of a galactosidase indicator (MAGI) assay as described previ-
ously**** Briefly, the MAGI cells (10 cells/well) were seeded in
flat bottomed 96-well microtitre plates. The following day, the
cells were inoculated with HIV-1 (60 MAGI units/well, yielding
60 blue cells after 48 h incubation) and cultured in the presence
of various concentrations of peptide inhibitors in fresh medium.
After 48 h incubation, all the blue cells stained with 5-bromo-4-
chloro-3-indolyl-fi-o-galactopyranoside (X-gal) in each well were
counted. The activity of inhibitors was determined as the concen-
tration thar blocked HIV-1 replicarion by 50% (50% effective con-
centration [ECsal).

4.4, (D measurement

An HR2 peptide (peptides 2 and 4-8) was dissolved in PBS pH
7.4 ata concentration of 10 uM. At the CD measurement of mixture
of an HR1 peptide (N36) and an HR2 peptide or its analogues, the
peptides were incubated at 37 °C for 30 min (final concentration of
both HR1 peptide and HR2 peptide was 10 uM in PBS, pH 7.4). The
wavelength-dependent of molar ellipticity [#] was monitored at
25 °C as the average of eight scans, and the thermal stability of
the HR1 and HR2 mixture was estimated by monitaring the change
in the CD signal at 222 nm in a spectropolarimeter (Model |-710;
Jasco, Tokyo, Japan) equipped with a thermoelectric temperature
controller. The midpoint of thermal unfolding transition (melting
temperature [T]) of each complex was determined as described
previously,”
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One of the formidable challenges In therapy of infections by human immunodeficiency
virus (HIV) is the emergence of drug-resistant variants that attenuate the efficacy of
highly active antiretroviral therapy (HAART). We have recently introduced 4'-ethynyl-
nucleoside analogs as nucleoside reverse transcriptase inhibitors (NRTIs) that could be
developed as therapeutics for treatment of HIV infections. In this study, we present 2'-
deoxy-4 -C-ethynyl-2-fluorcadenosine (EFdA), a second generation 4'-ethynyl inhibitor
that exerted highly potent activity against wild-type HIV-1 (ECsp ~ 0.07 nM). EFdA retains
potency toward many HIV-1 resistant strains, including the multi-drug resistant clone HIV-
VasavvTsuFrTuREyaisiM. The selectivity index of EFdA [cytotoxicity/inhibitory activity) is
more favorable than all approved NRTIs used in HIV therapy. Furthermore, EFdA efficiently
inhibited clinical isolates from patients heavily treated with multiple anti-HIV-1 drugs.
EFAA appears to be primarily phosphorylated by the cellular 2*-deoxycytidine kinase (dCK)
because: (a) the antiviral activity of EFdA was reduced by the addition of dC, which com-
petes nucleosides phosphorylated by the dCK pathway, (b) the antiviral activity of EFdA was
significantly reduced in dCK-deficient HT-1080/Ara-C" cells, but restored after dCK trans-
duction. Further, unlike other dA analogs, EFdA is completely resistant to degradation by
adenosine deaminase. Moderate decrease in susceptibility to EFdA is conferred by a combi-
nation of three RT mutations (1142V, T165R, and M184V) that result in a significant decrease
of viral fitness. Molecular modeling analysis suggests that the M184V/l substitutions may
reduce anti-HIV activity of EFdA through steric hindrance between its 4'-ethynyl moiety
and the V/1184 B-branched side chains. The present data suggest that EFdA. is a promising
candidate for developing as a therapeutic agent for the treatment of individuals harboring
multi-drug resistant HIV variants.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Highly active antiretroviral therapies (HAART), com-

* Corresponding author. TeL: +81 75 751 3986: fax: +81 75 751 3986, bining two or more reverse transcriptase i“hjbimﬁ_(msj
E-muail address: ekodama@virus.kyoto-u.ac jp (E Kodamal). and/or protease inhibitors, have been successful in sig-

1357-2725/% - see front matter © 2008 Elsevier Ltd. All rights reserved,

doi: 10,1016/ biocel 2008.04.007
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nificantly reducing viral loads and bringing about clinical
benefits to the treatment of patients infected with human
immunodeficiency virus type 1 (HIV-1). Although HAART
improves prognosis for HIV-1 infected patients (Palella et
al., 1998), drug-resistant viruses emerge during prolonged
therapy and some resistant viruses show intra-class cross
resistance. Moreover, drug-resistant variants can be trans-
mitted to other individuals as primary infections (Little
et al., 2002). Hence, there is a great need for the devel-
opment of new HIV inhibitors that retain activity against
drug-resistant HIV variants.

In this regard, we have focused on the family of nucle-
oside reverse transcriptase inhibitors (NRTIS) and have
previously reported that a series of 2'-deoxy-4'-C-ethynyl-
nucleosides (EdNs) efficiently suppress (ECsps as low as
one nanomolar) various NRTI-resistant HIV strains includ-
ing multi-drug resistant clinical isolates (Kodama et al.,
2001). Mare recently, Haraguchi and others have reported
that additional members of EdNs such as 2',3'-didehydro-
3'-deoxy-4'-C-ethynyl-thymidine (Ed4T) are also active
against wild-type and drug-resistant strains (ECsqs ranged
from 0.16 to 17 M) and less toxic than d4T (alse known as
stavudine) in vitro (Dutschman et al,, 2004; Haraguchiet al.,
2003), while 4'-Ed4T is only moderately active against (—)-
2'3'-dideoxy-3'-thiacytidine (3TC or lamivudine )-resistant
HIV-1p84v (Nitanda et al., 2005).

To further increase the antiviral activity and reduce
the cytotoxicity, we designed and synthesized a second
generation of 4'-substituted adenosine analogs with halo-
gen substitutions at their 2-position. We report here that
2'-deoxy-4'-C-ethynyl-2-fluoroadenosine (EFdA)} exhibits
the highest antiviral activity than any other NRTI when
assayed against wild-type or NRTl-resistant HIV clones
and clinical isolates from patients treated extensively with
anti-HIV agents. In addition, unlike other adenosine-based
NRTIs. EFdA showed adenosine deaminase (ADA) resis-
tance. We also show that EFdA is primarily activated
through phosphorylation by cellular deoxycytidine kinase
(dCK), Molecular modeling analysis has been used to ratio-
nalize the resistance profile of these analogs toward key
NRTI mutations.

2. Materials and methods
2.1. Compounds

3'-Azido-3'-deoxythymidine (AZT, or zidovudine),
2. ¥ -dideoxyinosine (ddl, or didanosine), and 2'3'-
dideoxycytidine (ddC, or zalcitabine) were purchased from
Sigma (St. Louis, MO.). 3TC was kindly provided from
S. Shigeta (Fukushima Medical University, Fukushima,
Japan). A set of EdN analogs were designed and synthe-
sized as described elsewhere (Ohrui, 2006). Their chemical
structures are shown in Fig. 1. 2'-Deoxycoformycin (dCF)
was synthesized in Yamasa Corporation (Choshi, Japan).

2.2. Cells and plasmids
MT-2 and MT-4 cells were grown in an RPMI 1640-based

culture medium. and 2937 cells were grown in Dulbecco's
modified Eagle medium (DMEM); each of these media was
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-H -H -0OH C=CH EdA
-F -H -OH L=CH 2F-EdA
-F -H -H L=CH 2F-EddA
-F C=C -C=CH 2F-EddA
-F -H -OH L=N 2F-CNdA
-Cl -H -OH L=CH 2C1-EdA

Fig. 1. Structures of 4 -substituted 25, All nucleoside
analegs discussed here have substitutions at the 4'-position of the sugar
ring.

supplemented with 10% fetal calf serum (FCS), 2mM L-
glutamine, 100 U{ml penicillin, and 50 pg/ml streptamycin.
HeLa-CD4-LTR/f-galactosidase (MAGI) cells were propa-
gated in DMEM supplemented with 10% FCS, 0.2 mg/ml
of hygromycin B, and 0.2mg/ml of G418 (Kimpton
and Emerman, 1992 ). HelLa-CD4/CCR5-LTR/B-galactosidase
cells were propagated in puromycin (10 pg/ml) conrain-
ing DMEM with hygromycin and G418. Peripheral blood
maononuclear cells (PBMCs) were obtained from healthy
HIV-1-seronegative donors by Ficoll-Hypaque gradient
centrifugation and stimulated for 3 days with phyto-
hemagglutinin M{PHA; 10 ug/ml; Sigma) and recombinant
human interleukin 2 (IL-2; 10U/ml; Shionogi & Co., Ltd.,
Osaka, Japan) prior to use. Human fibrosarcoma cell lines,
HT-1080 and HT-1080/Ara-C" were grown in the RPMI-
based culture medium (Obata et al, 2001). To express
HIV-1 receptors, we constructed a mammalian expression
vector pBC-CD4/CXCR4-1H, which encodes CD4, CXCR4,
and hygromycin phosphotransferase with two internal
ribosome entry sites under control of cytomegalovirus
promoter as described (Kajiwara et al. 2006). After
the rransfection into HT-1080 and HT-1080/Ara-C', cells
were selected by 0.2mg/ml hygromycin B. For the
expression of human deoxycytidine kinase (dCK), pCl-
neo (Promega, Madison, WI)-based plasmid, pCl-dCK,
was transfected into HT-1080/Ara-C" and selected with
0.2 mg/ml G418, Established cells were designated HT-
1080/Ara-C" /dCK. Puromycin resistance gene under the
control of PGK promoter was inserted into pLTR-SEAP
(Miyake et al. 2003), which encodes a secreted form
of the placental alkaline phosphatase (SEAP) gene under
control of the HIV-1 long terminal repeat (LTR) (pLTR-
SEAP-puro’). pLTR-SEAP-puro’ was transfected into the
three HT-1080 cell lines and selected with 10 pg/ml
puromycin,



