Jowmxal oF CLusicar MicrosioLoGy, Feb, 2008, p. 792-795
(NF5-1137/0RS08.00+0  doii10.1128JCM.01470-07

219

Vol 40, No. 2

Copyright © 2008, Amencan Society for Microbiology. All Rights Reserved,

Dual-Reporter Phenotypic Assay for Human Immunodeficiency Viruses’

Keiko Kajiwara, Eiichi Kodama,* Yasuko Sakagami, Takeshi Naito, and Masao Matsuoka

Labaratory of Virus Immunology, Institute for Virus Research, Kyoto University,
33 Kawaramachi, Shogotn, Sakyo-ku, Kyoto 606-8507, Japan

Received 22 July 2007/Returned for modification 27 September 2007/ Accepted 5 December 2007

tahlichad

We have ¢ a novel h

i deficiency virus (HIV) tandem-reporter assay using HIV

receptor-transduced NP-2 cells with long terminal repeat-controlled P-gulactosidase, inserted internal ribo-
some entry site, and secretary alkaline phosphatase genes. This assay allows users to detect replication of
clinical isolates, indicating its useful application as an HIV phenotypic assay.

Assays for detecting the emergence of resistant variants, as
well as evaluating chinical efficacy, provide useful information
regarding chemotherapy for human immunodeficiency virus
{HIV) infection. To date, two types of assay systems have been
developed and approved, namely, genotypic and phenotypic
assays (13, 31). Genotypic assays detect genetic mutations that
are associated with drug resistance and lead to rapid and sen-
sitive detection of the emergence of resistant variants (9),
although they only provide estimated resistance profiles (16,
30). Lists of significant resistance-associated mutations in re-
verse transcriptase (RT), protease, and envelope genes are
maintained by some organizations and Universities, such as the
International AIDS Society-USA (http:/iasusa.org/resistance
mutations); Los Alamos National Laboratory, Los Alamos,
NM (http:/resdb.lanl.gov/Resist_DB); and the Stanford Uni-
versity, Stanford, CA (http:/hivdb.stanford.cdu/index.himl).
PCR-based genotypic assays are heavily dependent on the
primers used. Therefore, some biases must unfortunately be
presumed, since most primer-matched sequences are prefer-
enually amplified, resulting in some discordance with pheno-
typic assays (21, 33) that are time-consuming and require te-
dious procedures because isolation of replication-competent
viruses is required. To date, phenotypic assays for clinical iso-
lates have been mainly performed in experiments with a p24
production assay in phytohemagglutinin-stimulated peripheral
blood mononuclear cells (27, 32, 34).

For more rapid and simple phenotypic assays, recombimant
viruses containing the region responsible for resistance have
been utilized instead of solated viruses (14, 18, 35). However,
since prolease resistance mutations are introduced simulta-
neously with gag mutations (4, 25), cloning of the entire gag
and protease coding region is occasionally required. Recently,
mutations for 3-azido-3'-deoxythymidine (AZT) resistance
have been identified in the connection and/or RNase H sub-
domain (5, 7, 26), which no commercially available genotypic
and phenotypic assays include for the analysis. Moreover, the
mechanism of resistance to a fusion inhibitor, enfuvirtide, is a
complex issue, since mutations in not only the gp4l coding
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region (6, 24) but also the V3 region (29) and the CD4-binding
site (2) of gp120 influence the susceptibility, indicating that
patient-derived viruses are ideally required for evaluation of
drug susceptibility.

Recently, Hachiya et al. established a simple and rapid phe-
notypic assay using MAGICS cells (CCRS-transduced MAGI
cells) (11). This system efficiently isolates clinical HIV variants
and has proven to be useful for evaluating drug susceptibility
(12). However, the expression of transduced receptors on
MAGICS cells declines during prolonged culture, as described
for MAGI cells (17). Therefore, in order to obtain HIV iso-
lates efficiently and perform the assay, relatively fresh cells are
required. More recently, we established a tetrazolium-based
colorimetric assay for monitoring replications of not only
CXCR4 (X4)-tropic but also CCRS (RS)-tropic HIVs and drug
susceptibilities (17). We reported that NCK45 cells stably ex-
press HIV receptors on their cell surface and provide repro-
ducible results (17). Since this assay depends on the cytopathic
effect induced by HIV, it appears to be insufficient for assessing
infections with no or a few cytopathic vanants. Furthermore, it
requires 7 days of culture to obtain the drug susceptibility. In
the present study, we have established a novel single long
terminal repeat (LTR)-driven tandem two-reporter system us-
ing the internal ribosome entry site (IRES) (15), which enables
the evaluation of drug susceptibility within 2 days for various
HIVs, including clinical isolates.

To construct an LTR-driven reporter vector, an amplified
LTR region (the —138 o +89 region of the transcriptional
start site of HIV-1 molecular clone pNL4-3) was inserted into
pBgal-Basic (Clontech Laboratonies, Inc., Palo Alto, CA) be-
tween the Nhel and HindlII sites (pLTR-Bgal). The 5° region
(HindlII to EcoRV) of the B-galactosidase gene was replaced
with the responsible B-galactosidase fragment with nuclear
localization signal sequence (MPKKKRK) amplified from
genomic DNA of MAGI cells (20). Fragments of IRES and
secretory alkaline phosphatase (SEAP) were amplified from
pIRES2-EGFP and pSEAP2-Basic (Clontech Laboratories,
Inc.), respectively. A puromycin-resistance gene (Puro®) under
the control of the phosphoglycerate kinase promoter as a se-
lection marker was inserted at the Sall site of the vector
(pLTR-B-Gal/SEAP-Puro'), as shown in Fig. 1A. All frag-
ments were verified by sequencing.

The pLTR-B-Gal/'SEAP-Puro’ plasmid was transfected into
NCKA45 cells (CD4, CXCR4, and CCRS-transduced NP-2 cells
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Fit. 1. Establishment of a cell hine wﬁh B g:llacl{mda'-: (B-Gal) and SEAP genes driven by an LTR. (A) Schematic diagram of the vector used

in the plﬂe:m study, which simult

genes for B-Gal and SEAP under the control of the HIV.1 LTR promoter (pLTR-B-Gal/

SEAP-Puro'). The enhancer region tpmmnm 13810 ~89) of the LTR, the nuclear localization signal (NLS) derived from the T-antigen of simian
virus 40, the IRES, the phosphoglycerate kinase promoter (PGK), and the polyadenylation signal (pA) are also shown. (B) Microscopic image of
X-Galstained NCK45.B-Gul/SEAP cells at 48 h after virus inoculation. (C) Correlation between B-Gal and SEAP activities in culture superni-
tants. NCK45-B-Gal/SEAP cells were infected with HIV at various infectious doses and incubated for 48 h. Culture supernatants were exammned
for their SEAP activities and expressed as relative right units (RLL). BFU, blue-cell-forming units.

derived from a glioma) (17, 36) to detect intracellular Tat
expression through the LTR-driven tandem reporter genes, At
48 h after transfection, the cells were cultured in Dulbecco
modified Bagle medium (Sigma, St. Louis, MO) supplemented
with 3% heat-inactivated fetal call serum, 0.5 mg of G418
disulfate (Nacalai Tesque, Kyoto, Japan)/ml, (0.2 mg of hygro-
mycin B (Calbiochem, La Jolla, CA)/ml, and 10 ug of puro-
mycin (Sigma)/ml and designated NCK45-B-Gal/'SEAP cells.
The expression levels of receptors on NCK4S cells confirmed
by a flow cytometer (17) were 97, 83, and 99%, while those on
H9 cells as a control were 65, 73, and 0.3% for CD4, CXCR4,
and CCRS, respectively.

To evaluate anti-HIV agents, NCK45-B-Gal'SEAP cells (5 >
107 cells/ml) in Dulbeceo modified Eagle medium-based cul-
ture medium supplemented with 5% fetal calf serum, penicil-
lin, and streptomycin were seeded onto 96-well plates. On the
following day, the cells were inoculated with sample viruses at
60 blue-cell-forming units (BFU)/well, incubated for 48 h, and
then cultured in the presence of various concentrations of
drugs. After 48 h of culure, the cells were fived with 1%
formaldehyde and 0.2% glwaraldehyde for 3 min, washed
three times with phosphate-buffered saline, and incubated with
X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside ) for
2 h (Fig. 1B). To evaluate the SEAP activities, the culture

supernatants were harvested and analyzed by using a Great
EscAl'e SEAP chemiluminescent detection kit (BD Bio-
sciences Clontech, Palo Alto, CA) according to the manufac-
turer's protocol. Samples were measured by using a Wallac
1450 MicroBeta Jet Luminometer (Perkin-Elmer, Wellesley,
MA), For comparison, MAGI-CCRS cells were analvzed us
previously described (17)

The activities of varous anu-HIV agents toward NCK45-3.
Gul/SEAP cells were compared 1o those in the MAGI assay.
The BFU and SEAP activities were well correlated with the
viral input (Fig. 1C; correlation coeflicient R® = 0.928). We
tested various anti-HIV agents (Table 1): DS5000, an adsorp-
tion inhibitor; AZT and 27,3'-dideoxycytidine (ddC), RT -
hibitors; T-140 (37), a CXCR4 antagonist; and TAK-779, a
CCRS antagonist (1). The antiviral activities of the compounds
determined by each reporter in NCK45-B-Gal/SEAP cells were
comparable to those obtained using MAGI cells, although
some were statistically significant (Table 1). Intracellular nu-
cleoside/nucleotide metabolisms, especially thymidine kinase
(10), and expression levels of receptors (19) may alter the 50%
effective concentrations of the AZT and CCRS antagomsts,
respectively.

NCK45-B-Gal/SEAT cells also supported the rephication of
various clinical isolates, as well as laboratory strains. The clin-

TABLE 1. Comparison of anti-HIV activities in MAGI and NCK45-3-Gal/SEAP cells

Mean ECy, (WM} = 5D

HIV T HIV-1p s N7
Compound  Target T e rl\'t“.lxds-ri
NAG il AT i GalSEAP)
BGal SEAP p-Gal SEAP
DSSO00 gpl20 014 = 0025 0076 = 0.026 007 = 00034 (.36 = 0.052 0.49 = 0069 0,42 = 0,15 =100
AZT RT 0.031 = 0013* 00043 = 00022 00035 = 00007 005+ 0029 00035 = 00007 00094 = 0.0063 =100
ddc RT 0.4 = 016 0.53 =012 0.42 =0.14 0.48 = 0.17 0.72 = 0067 067 = 0.2 =100
T-140 CXCRS 0006 = 00006 0,006 = 00002 0,0025 = 00008 =100 =100 =100 >100
TAK-T79  CCRS =100 =100 > 100 0003 = 0.0019% 0035 = 00088 0,027 = 00088 =100

* ECy S0% effective concentration. Data represent mean values of at least three independent experiments. HIV-1;y5 and HIV 1, wilize CXCRS (X2) and CCRS
(RS) as corecsptars, respectively. *, The ECy salues obtuined from MAGT and NCK cells (both B-galactosidase and SEAP) were staristically significant (Student £ test,

P = 00)

SOy, $0% cytatoxic concentration. The CCy, was determined by the MTT method afier 2 duys exposure of compounds as described previously (11)
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TABLE 2. Drug suscepubility against HIV clinical isolates in MAGI and NCK45-3-Gal SEAF cells
EC,, (pM)
Compound Cell line Derection
KMT/RSX4 IVRAISRIXS IVRAMREXS IVRAUERSXA IVR416REX4 VR4 T/RS
DSS000 MAGI B-Gal 0.54 n.43 018 0.51 0.16 14
NUK45-B-Gal SEAP B-Gal 0.6 0.22 0.14 046 0.22 19
SEAP 0.28 0.27 n.19 0.28 016 1.5
AZT MAGI B-Gal 00027 >1.0 0.68 0.055 0,046 (0.033
NCK45-p-Gal SEAP B-Gal 0.0038 >1.0 10 061 n.018 0004
SEAP 0.0044 =1.0 0.41 003z 0.013 0,005
ddC MAGI B-Gal 13 0.55 L4 1.2 1.0 13
NCK45-p-Gal SEAP B-Gal 1.0 0n.32 1.0 1.3 078 0,79
SEAP 20 .24 21 1.5 0.52 0.77
* ECy. 50% | eff jon. Amino acid substitutions in the RT region were as follows: pone for KMT, M4 IL/ESADVDETGVEIBLO1STMA210W!

TASY for IVRA0S, M3 IL/ESDVDSTN/VEIEUM IS 210WT2I5Y for IVRADS, MATL/EA DMLY L I0W/T215Y for IVRALG, and DETN/VIGAVMIBLV/T2ISF
for IVR07 Corsceplor usage is indicated m each subheading after the slash: RSX4, CCRS and CXCR4 dualtropic virus, RS, CCRS-tropi virus,

ical isolates used in the present study were Kindly provided
by Y. Maeda (Kumamoto University School of Medicine,
Kumamoto, Japan) and 8. Oka (AIDS Clincal Center, Inter-
national Medical Center of Japan, Tokyo, Japan). The drug
susceptibilities of not only R5-tropic isolates but also X4-tropic
and dualtropic isolates were comparable to those in the MAGI
assay (Table 2). IVR405 and [VR406 were highly resistant to
AZT, whereas IVR409 and IVR416 showed moderate resis-
tance to AZT, and KMT and IVR417 were susceptible to
AZT. These susceptibilities were confirmed by the MAG!
assay.

In the present study, we established an IRES-mediated tan-
dem-reporter assay using NCK45 cells for the rapid and simul-
taneous evaluation of the antiviral activities of compounds.
This assay enables the evaluation of various HIV strains and
clinical isolates within 3 days, including the cell preparation
procedure. Secreted SEAP from HIV-infected NCK45 cells is
also useful for monitoring the isolation of viruses without cell
destruction and enables the continuous propagation of the
wsolates during isolation. Since NCK45-B-Gal/SEAP cells are
susceptible to various viruses, including clinical strains, de-
pending on the experimental purpose any HIV variants may be
used for a reference virus, e.g., an isolate prior to the therapy.
The LTR promoter for the dual reporters used in the present
study includes four CpG methylation-sensitive sites, although
Tat can transactivate the HIV-1 LTR regardless of the meth-
ylation state (3. 28). Thus, reporter genes in NCK45 cells are
less affected by gene silencing.

Compared to the commercially available phenotypic assays,
our established system may be useful especially for inhibitors
targeting new molecules, including envelope proteins and
integrase. A fusion inhibitor T-20 can suppress variants refrac-
tory to most of approved RT and protease inhibitors (22, 23).
Both phenotypic and genotypic assays for T-20 are needed to
evaluate the clinical outcome of patients with T-20-containing
regimens. An approved CCRS antagonist, maraviroc, may also
suppress such refractory variants (8). Needless to say, to assess
the drug susceptibility experimentally and/or clinically, a com-
hination of established databases accumulated with various
assays appears 1o be useful and important,

In conclusion, the tandem reporters B-Gal and SEAP can
evaluate the exact viral infecuvity and proportional LTR acti-

vation level by repetitive analyses of culture supernatants, re-
spectively. This IRES-mediated tandem-reporter system miy
be applicable to other reporter genes, c.g., the luciferase gene.
Thus, our assay system may provide simple, rapid and stable
results for HIV phenotypic assays.
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Abstract: Reported herein are the design. biological activities, and
hiophysical properties of a novel HIV-1 brane fusion inhibitor.
a-Helix-inducible X-EE-XX-KK maotifs were applied 10 design an
enfuvirtide analogue 2 that exhibited highly potent anti-HIV activity
against wild-type HIV-1, enfuvirtide-resistant HIV-1 strains, and an
HIV-2 stran in vitro. Indispensable residues for bioscuvity of enfu-
virtide, including the residues interacting with the N-terminal heptad
repeat and the C-terminal hydrophobic residues, were identified,

The viral entry process of human immunodeficiency virus
type | (HIV-1%) into target cells is mediated by envelope
glyeoprotein gp41. Formation of a fusogenic six-helical bundle
structure consisting of a gp41 Neterminal heptad repeat (NHR)
and C-terminal heptad repeat (CHR) promotes the fusion of viral
and cellular membranes (Figure la).! Enfuvirtide 1 (T-20,
DP178) is an approved anti-HIV peptide derived from the gp4|
CHR.*" This first drug that inhibits HIV-1 entry into the cell 15
utilized as an alternative anti-HIV agent for patients with drug
resistance to reverse transcriptase and/or protease inhibitors. It
is believed thar peptide 1 interacts with the NHR of gpdl
prehairpin structure® and associates with the cell or viral
membrane through a C-terminal tryptophan-rich region,™” but
the exact action mechamsm of 1 has not been clanfied.®”

Stabilization of bioactive conformations of peptides is a
promising approach to enhance their biological potency and o
understand the bioactive conformation. Several approaches 1o
stabilize the a-helix structure of gp41 CHR have heen reported
including macrocyclization by covalent bond formation'” or salt-
bridge formation'™" " between 1wo adjacent residues and/or
inoduction of a-helix-inducible peptide sequences.'’ The
analogue of another CHR peptide €34, in which the residues
on the outer surface of the six-helical bundie were comprehen-
sively replaced with glutamates (Glu) or lysines (Lys), retained
tighly potent anti-HIV activity.'® This indicates that the
substituted residues are not associated with an NHR coiled-
coil as suggested by the crystal structure of the N36-C34
complex.™ Our expectation was that the following three
functional surfaces of 1 could be charactenized by extending
this molecular design (Figure Ih): (1) mimmal interface residues

* To whom correspondence should be addressed. Phone: +81-75-753-
4551 Fax: +R1-75-753-4570. E-mail: for 5.0, soishi@pharm. kyoto-u_ac. jp:
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" Abbreviations: HTIV-1, human immunodeficiency virus type |, NHR,
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for affinity with NHR; (2) solvent-accessible sites to be utilized
for ct-helix inducible salt bridges; (3) another functional region
outside the a-helix structure. Accordingly. efforts herein were
undertaken 1o design novel amphiphilic enfuvinide denvatves
bearing a-helix-inducible motifs.

A schematic wheel of the potential g-helix structure of peptide
1 is depicted in Figure Ic. To introduce salt bridges between
and | + 4 residues on the basis of the previous C34 modifica-
tion.'* Glu and Lys were arranged al b/c und fig positions,
respectively, so that four consecutive X-EE-XX-KK motifs
appeared in the designed peptide 2 (designated T-20EK. Figure
2). All peptides were prepared by standard Fmoc-based peptide
synthesis protocol. After final deprotection and cleavage from
the resins using a TFA/thioanisole/m-cresol/ethanedithiol/H-0
(80:5:5:5:5) cocktail, the crude peptides were purified by
reverse-phase HPLC to yield the expected peptides, which were
characterized by mass spectrometry. Anti-HIV activity of the
peptides against laboratory HIV-1 NL4-3 strain (wild-type) was
evaluated by MAGH assay (Table 1). Peptide 2 exhibited 8-fold
greater anti-HIV activity compared with the parent peptide 1
[peptide 1, ECsy =15 + 39 nM; peptide 2, ECs; = 1.8 + 0.4
nM]."* The circular dichroism (CD) specirum of 2 in phosphate
buffered saline (pH 7.4) had negative minima at 208 and 222
nm, indicating the presence of an a-helical conformution, while
that of 1 suggested a random-coil conformation (Figure 3a).
The significant increase in anti-HIV activity of 2 could be
rationalized by the preordered stable -helical structure upstream
of L158.""

Systematic substitutions of the amino acids at the b, ¢, T, und
g positions with Glu or Lys were extended (Figure 2). Peptide
3, in which L130 and N160 were substituted with Lys and Glu,
respectively. showed anti-HIV activity similar to that of peptide
2 (peptide 3, ECy = 2.8 + 0.6 nM). This is consistent with the
fact that potent T-1249 also contains these two substitutions.'”
Further replacement toward the N-terminal [ position (5129)
was again permissive of the high anti-HIV activity (peptide 4.
ECs; = 2.5 &+ 0.6 nM), On the other hand, replacement of W161
with Glu resulted in a significant decrease of anti-HIV activity
as observed in peptides 5 and 6 (ECe; = 185 and 111 aM,
respectively), indicating that Wi61 may be located outside
the amphiphilic a-helical region. This result correlates with
the reduced entry ability of W161F mutant virus.,"® Alanine
substitution of W161 also supports the relevance of this residue
in virus infectivity and in the inhibitory activity of 1. Although
peptide 7, carrying a W1S5A substitution, expressed anti-HIV
activity similar to that of peptide 2 (peptide 7, ECsy = 5.8 +
1.0 nM), WI159A. WI6IA, and FI62A substitutions showed
reduced bioactivity (peptides 8. 9, and 10, ECs, = 49, 24, and
27 nM, respectively). The observed similar CD spectra among
peptides 2 and 7-10 demonstrated that alanine substitution had
no effect on the stabilized secondary structure of the a-helix
(Figure 3b). That 15, the hydrophobic indole and phenyl groups
of these peptides may contribute (o their direet interaction with
virus components such as gp41 NHR or the virus membrane.'”

The comparative binding affinity of peptides 1 and 2 with
the gp41 NHR sequence was investigated by pull-down assay
using synthetic His-tagged CHR peptides and recombinant
MBP-fused NHR protein (Figure 4a), Pepude 2 showed higher
affinity with NHR compared with 1. Tn contrast, only weak
binding was observed in the same expeniment using all-p-T-
20EK 1-2, which consists of all p-amino acids, indicating that
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Figure 1. Design of enfuvirude analogues: (a) schematic representation of HIV-1 gpd | (FP. fusion peptide; NHR. N-terminal heptad repeat; CHR,
C-terminal heptad repeat; T™, transmembrane domain); (b) estimated preordered o-helix structure of CHR peptide by potential sali-bridge formation;
(c) helical-wheel representation of peptides 1 and 2. For peptide 2, Glu residues are in b and ¢ positions and Lys residues in { and g positions.
Residues are numbered starting ai the first amino acid of the NL4-3 gpd1

:’t_:f_‘-"i-i:if-7253‘0‘3:"”?"—‘-%‘5;."“‘—:’""' ; (enfuvirticie) the binding between 2 and NHR s specific. In addiuon, peptide
A e N M KE ER = K mm - B m K=K = — K= = == 3 2 inhibited the interaction between | and NHR in lower
A== K- BB~ K -EE--K- - B~ ~KK-EE~ -KK-£- -~ 4 concentration in the inhibition experiment (Figure 4b),*
Acs s« Ko BE -~ KK~ BB K-~ - B 5
Ao K EE- - KK BE- K- 6 We next evaluated the anti-HIV activity of peptide 2 against
: enfuvirtide-resistant variants HIV-1ywa and HIV=-1x410, which
9 were mainly isolated from patients resistant to eafuvirtide (Table
ac-:.um-rx-L--a-;-----m:::::-;?:«;. 2 2).’_' ‘Bccal.m: of the dci?ci:nl rcplin:ali_nn of these variants.™ an
A= NOEWEQR-TA-L-QA=T-===== Yo e F-—CONH.  T-1248 additional D36G mutation was experimentally added to these
_ vananis and to the wild-type virus, The D36G mutation is not
Fig!:l‘t 2. Peptide sequences of enfuviride, enfuvirude analogues, and mvolved in enfuviride resistance, but it did mprove the
T=1249. sensitivity against 1 [ECso(HIV-1p3556) = 2.3 nM] compared
with wild-type HIV-1. As reported previously,” V38A und
Table 1. Anti-HIV Activity of Synthetic Enfuvirtide Analogues N43D mutations significantly reduced the potency ol 1 [ECs,
peptide ECx (nM)* peplide ECsq: (nM)" tlﬂ\’-[\'mu = 22 nM; F.l:slﬂ'rw-lmm'_l = 46 nM]. Un the other
1 lenfavirtide) 15210 7 SRL10 lumd._pcpl.!dn 2 retuined slmlula: anti-HIV activily against N43D
2 18404 8 W86 and slightly less potent activity toward VI8A vanants |ECs(HTV-
a 2R+ 06 9 24438 Tysea) = 3.3 nM; ECw(HIV-1x430) = 1.7 nM]. 1t is ol interest
4 25406 10 27 +64 S . : : 2 :
5 S i x e Is<os u,.n l!lt anti H_I\ir activity was restored by lndﬂcu?n of a
6 1+ 25 bioactive e-helix structure using X-EE-XX-KK motfs on a

CHR peptide. This implies that the stable a-helical structure of

*ECs; was determined as the concentration that blocked HIV-) replica- = i .
"" e i e 2 can overcome the reduced affinity derived from the mis-

tion by 50% in MAGI assay " The enantiomer of peptide 2 (1-2) didd not

show anti-HIV etivity w10 gM, matched interaction between mutated NHR sequences and
peptide 1.
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Figure 3. Circular dichroism spectrn of (1) peptides 1 and 2 and (b} Ala-substituted peplides 7-10.
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Figure 4, Interaction of His-agged CHR peptides with MBP-NHR
protein by pull-down assay and SDS—PAGE: (a) NHR protein binding
with several His-tagged CHR peptides; (b) inhibition of interaction
between His-tagged enfuviride and NHR protein by nontagged peptides
land 2

Table 2, Anti-HIV Activity of Peptides 1 and 2 ngainst
Enfuvirtide-Resistant Variant and HIV-2 Strains

ECq (nM)*

struns pepude 1 peptide 2
HIV-1

NL4-3 15+39 1.8 £04

D3i6G 23405 09402

D3IGG VIRA 2176 33410

136G N43D 46+ 9.0 17403
HIV-2

EHO" 3710 1505

“ ECy was determined as the con that blocked HIV.1 repli
tion by 50% In MAGI assay. ® The antiviral acuvity (ECw) of peptide 11
agminst ENO swrain was 2.1 £ 0.7 nM,

Interestingly, peptide 2 showed potent antiviral activity even
against an HIV-2 EHO strain [ECs; = 1.5 nM], which is as
potent as peptide 11 having a congenerous sequence denved
from the EHO strain [ECs; = 2.1 nM].** This is in contrast to
the previous report on the reduced activity of 1 against the EHO
strain [ECsy = 37 nM].** The potent hioactivity of 2 can be
rationalized by the mimimal difference of the interface residues
hetween HIV-1 and -2 and the stabilized o-helix structure.
Among 19 different residues between the sequences of NL4-3
and EHO strains, 13 residues are located at the solvent accessible
sitees (b, ¢, 1L und g positions), Although the other six residues
are possibly involved in the direct interaction, the potential
reduced interactions derived from the mismawch could be
recovered by mtroduction of X-EE-XX-KK motifs.

In conclusion, remodeling of 1 o yield the preordered
a-helical structure of 2 led o improved affinity with NHR and
increased antiviral activity even against enfuvirtide-resistant
HIV-1 and HIV-2 strmns. This approach also helped to clanfy
the potential minimal interface of 1 with viral gp41. Peptide 2
could be a useful chemical tool o understand the membrane
fusion process of HIV-1 and the detailed action mechanism of
enfuvirtide.
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Heptad Repeat-Derived Peptides Block Protease-Mediated Direct
Entry from the Cell Surface of Severe Acute Respiratory
Syndrome Coronavirus but Not Entry via
the Endosomal Pathway”
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The peplides derived from the heptad repeat (HRP) of severe acute respiratory syndrome coronavirus
(SCoV) spike protein (sHRPs) are known to inhibit SCoV infection, yet their efficacies are fairly low. Recently
our research showed that some proteases facilitated SCoV's direct entry from the cell surface, resulting in a
more efficient infection than the previously known infection via endosomal entry, To compare the inhibitory
effect of the sHRF in each pathway, we selected two sHRPs, which showed a strong inhibitory effect on the
interaction of two heptad repeats in a rapid and virus-free in vitro assay system. We found that they efficiently
inhibited SCoV infection of the protease-mediated cell surface pathway but had little effect on the endosomal
pathway, This finding suggests that sHRPs may effectively prevent infection in the lungs, where SCoV infection
could be enhanced by proteases produced in this organ. This is the first observation that HRP exhibits different
effects on virus that takes the endosomal pathway and virus that enters directly from the cell surface.

Severe acute respiratory syndrome (SARS) coronavirus
(SCoV) is a causative agent of life-threatening SARS (4, 7, 15,
31). Although the first vutbreak of SARS was stamped out, an
cliective antiviral drug is still required for the treatment and
prevention of possible future outbreaks. SCoV is an enveloped
virus and enters cells via fusion between the cellular membrane
and its envelope. SCoV membrane fusion is mediated by the
spike (S) protein, which is classified as a class I fusion protein,
One of the most important features of class [ fusion proteins is
the conserved heptad repeat regions (HR1 and HR2) which
play an essential role in virus-cell fusion activities (3, 6, 10, 28),
In the fusion process, HR1 [orms an mtenor, trimeric coiled-
coil structure to which HR2 binds in an antiparallel fashion,
resulting in the formation of a six-helix bundle. This structure
brings viral and cellular membranes into close proximity to
facilitate membrane fusion, Synthetic short peptides derived
from the HR (HRP) of ¢lass 1 fusion proteins have been shown
to block the interaction of HR1-HR2 complexes, resulting in
the inhibition of a number of viral infections, including those of
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retroviruses (11, 14, 21, 23, 32, 38, 39), paramyxoviruses (12,
16, 30, 36, 42-44), filovirus (37), and coronavirus (2), Similarly,
HRP of SCoV S (sHRP) could also inhibit SCoV and human
immunodeficiency virus (HIV)/SCoV-pseudotyped virus infec-
tion (1, 18, 24, 45). However, these inhibitory effects were
significantly less than those of one of the most effective HRPs
from HIV type 1 (HIV-1) (39) and even those from the same
family, murine coronavirus mouse hepatitis virus (MHV) (2).

The major organs targeted by SCoV are the lungs and in-
testines, although the virus grows in a variety of tissues that
express angiotensin-converting engyme 2 (ACE2). Recently we
and others showed that SCoV uses two distinct entry pathways
depending on the presence of proteases (20, 33, 34). In the
absence of proteases, SCoV enters the cell via an endosomal
pathway (9, 26, 41), with the S protein activated for fusion by
the cathepsin L protease, which is active only under acidic
conditions in the endosome (8, 33). In contrast, in the presence
of protease, SCoV virion S proteins attach to ACE2 on the
host cell surface and are activated {or [usion by proteases such
as trypsin or clastase, which leads to envelope-plasma mem-
brane fusion and direct entry from the cell surface (20, 33, 34).
Infection via the cell surface is more than 100 times more
efficient than infection via the ¢ndosomal pathway (20). These
results suggested the possibility that the severe illnesses in the
lung and intestine could be due to the enhancement of direct
SCoV cell surface entry mediated by proleases produced in
these organs (20).

Although previous studies have described the inhibitory ef-
fects of the sHRI on SCoV infection via the endosomal path-
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FIG. 1. (A) Schematic of SCoV § protein and sequences of native sHRP (SR9) and its EK substitution derivatives. The § protein contains two
a-helical hepiad repeats (HR1 and HR2), a pmative fusion peptide (FP), a transmembrane domain (TMD), and & trypsin cleavage site (17). The
expanded region shows the amino acd sequence of HR2 (SR9), which consists of wo extended parts (1151 to 1160 and 1178 ro 1185) and one
a-helix part (1161 to 1177). Substituted EKs are shown with italic white letters. (B) In vitro binding inhibition assay of HRPs. GST-HR 2-coated
plates were incubated with MBP-HR 1 in the presence of vanous concentrations (1 nM 1o 100 pM) of sHRP. Inhibitory potency of the peptide
was assessed using the anti-MBP antibody-alkaline phosphatase conjugate and stamning with S-bromo-4-chlore-3-indolviphosphate.

way (1, 18, 24, 45), little is known about their effects on the
protease-mediated cell surface pathway. Thus, in this study, we
reevaluated the inhibitory effects of the sHRP on infection via
the two distinct pathways of SCaV entry.

Recent studies of the X-ray crystal structure of the SCoV §
HR1-HR2 complex have shown that the HR2 peptide consists
of two extended regions and one a-helical region (35, 40).
Since we have found that HRPs with replacement by the X-
EE-XX-KK sequence in the HIV-1 HR2 region exhibited po-
tent anti-HIV-1 activity (27), we chose to modify the a-helical
region of HRP derived from SCoV S HR2 (sHRP) and also to
prepare the contral peptide SRYEK] without sequence relat-
edness (Fig. 1A). To estimate these sHRPs, we established a
rapid and virus-free in vitro novel assay system based on the
inhibition of HRI-HR2 complex {ormation. Two fusion pro-
teins (maltose binding protein [MBP]-HR1 [amino acid resi-
dues of the S protein, 892 to 64| and glutathione S-transferase
[GST]-HR2 [1141 to 1192]) were expressed using Escherichia
coli and purified using amylose resin (New England Biolabs)
and glutathione Sepharose 4B (GE Healthcare, Bucks, United
Kingdom), respectively. An enzyme-linked immunosorbent as-
say plate was coated with GST-HR2 dissolved in sodium car-
bonate buffer (pH 85), 3.6 wg/ml in concentration, by incuba-
tion at 4°C for 8 h. After bovine serum albumin blocking (1
mg/ml) at 4°C for 2.5 h, GST-HRZ on the plate was allowed to

bind the MBP-HRI1 protein (8.8 pg/mi) by incubation at 37°C
for 1.5 hin the presence of various concentrations of sHRPs to
be examined for inhibition activity. After the plate was washed,
the inhibiting potency ol the peptide was assessed by colori-
metric analyses using the anti-MBP antibody-alkaline phos-
phatase conjugate (Sigma) with a 1:1,000 dilution with incuba-
tion at 4°C for 1 h and then staining with BluePhos microwell
phosphatase (KPL). As shown in Fig. 1B, SRY and SRYEK13
showed significant binding inhibition in a nanomolar range,
whereas the control, SROEKI, without sequence relatedness,
had no inhibitory effect at a concentration of 100 M.

We lested the inhibitory effects of SRY and SRYEKI3 on
SCoV entry, since these SHRPs were found 1o have a strong
binding inhibition activity, along with the contral peptide
SRIEKI1, We examined their effects on both the endosomal
and protease-mediated cell surface entry processes. Viral entry
via the endosome was examined as described previously with a
slight modification (20). In brief, VeroE6 cells were pretreated
with each sHRP at 37°C for 30 min and then imoculated with
SCoV (multiplicity of infection = 1.0) and incubated on ice for
30 min to allow viral attachment to ACE2 but not viral entry.
After removal of unattached viruses, the cells were incubated
at 37°C for 6 h, Viral entry was measured by quantifving the
newly synthesized mRNAS using real-time PCR (20), To eval-
uale entry via the cell surface, the cells were pretreated with |
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FIG. 2 Inhibitory eflect of sHRPs on SCoV infections via the endosomal pathway (A) or proteasc-mediated cell-surface pathway (B).

(A) VeroEb cells were pretreated with 50 oM sHRPs at 37°C for 30 min, placed on ice for 10 min, and then inoculated with SCoV at a muluphiaity
of infection of 1.0 on ice for 30 min. Alter the removal of unbound virus, the cells were incubated in medium containing 50 pM sHRPs ai 37°C
for & h. (B) Cells pretreated with 1 M Baf and sHRPs at the indicated concentrations were inoculated with SCoV as described above After the
removal of unbound virus, the cells were treated with 200 pg/ml i-1-tosylamide-2-phenylethyl chloromethyl ketone-treated trypsin at room
temperature for 5 min and incubated at 37°C for 6 h. sSHRP and Baf were present in the media in all steps at indicated concentrations. To measure
amounis of viruses that entered cells, cells were infected with 10-fold-stepwise-diluted SARS-CoV from 10° to 10° FFU without Baf and trypsin
and the amounts of mMRNA® were quantified by real-time PCR. Amaunts of viral entry in this study were calculated from a calibration line obtained
as described above and are shown as relative mRNA levels (20). (C) EK1 has no sequential similarity to sHRP and showed no inhibitory effect

i vitro, Cells were treated with 1 wM EK1 as a control peptide, and other procedures were performed as described for panel B,

M bafilomycin (Bal), which blocks SCoV endosomal entry, at
37°C for 30 min before SCoV inoculation. After removal of
unattached viruses, the cells were treated with trypsin (0.2
mg/ml) for 5 min at room temperature and viral entry was
measured as described above. Each sHRP and/or Bal was
present in the media in all steps at various concentrations. In
the absence of proteases, these sHRPs showed no measurable
inhibitory effect on SCoV endosomal infection even at concen-
trations as high as 50 uM, despite showing a polent inhibitory
effect in vitro (Fig. 2A), This lack of inhibition is consistent
with previous observations that the same or homologous-se-
quence sHRPs had no inhibitory effect on SCoV infection at
high concentrations of 10 wM (45) or 50 pM (1), respectively.
In contrast, when SCoV was allowed to enter cells via the cell
surface by treatment with protease and Baf, these sHRPs
showed a strong inhibitory effect on SCoV infection in a dose-
dependent manner (Fig. 2B). At a concentration of .1 pM,
the SR9 sHRP reduced newly synthesized mRNA9 levels by
about 10-fold, while an sHRP concentration of 1 M saw a
S(-fold decrease. The control sHRP, SRYEK 1, did not inhibit
SCoV cell-surface-mediated infection even at the concentra-
tion of 1 pM, indicating that the inhibition is peptide sequence
specific (Fig. 2C). We finally evaluated the inhibitory effect of
sHRPs in the presence of trypsin but without Baf treatment.
These conditions may resemble the situation of patients with
severe SARS, in which some proteases were produced in the
infected lung and intestinal tissue. Under these conditions,

these sHRPs also showed a polent inhibitory effect on SCoV
infection (Fig. 3).

The present study indicates that our sHRPs fail to inhibit
endosome-mediated SCoV infection, This finding (s consistent
with those of previous studies indicating that sSHRPs have a low
inhibitory effect on endosomal infection of native SCoV. The
reported 50% eflective dose (EC,) was 3,68 to 19.0 uM (1, 18,
45). However, our results suggest that sHRPs, which showed
no measurable inhibitory effect on SCoV endosomal infection,
have a very strong inhibitory effect on protease-mediated cell
surface SCoV infection; the ECy, was less than 100 nM (Fig.
2B and 3). Cell surface infecuon of SCoV is anticipated (o
oceur in the lungs of SARS patients, since various types of
inflammatory cells infiltrate the lung of the patients (25), and
thus elastase, a protease produced in lung inflammation (13)
and shown 1o enhance SCoV infection in cultured cells (20),
could enhance $CoV infection in the lung by facilitating the
infection from cell surface. Inhibitory effects of sHRPs on cell
surface infection may help prevent severe damage by SCoV
infection in the major target organ. Thus, the SHRPs shown in
this study would be effective anti-SARS therapeutic drugs.

A few possibilities are conceivable for the explanation of an
inefficient inhibitory effect of sHRPs in infection via the endo-
somal pathway. One is the f(ailure of sSHRPs to be trafficked to
the endosome vehicles from culture medium. Thus, their con-
centration in the endosome is not sufficient to prevent SCoV
infection. Alternatively, sSHRPs may be sufficiently transported
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FIG. 3. Effective inhibition by HRPs of SCoV infection in the pres-
ence of exogenous trypsin, VeroES cells pretreated with sHRPs at the
indicated concentrations were inoculated with 5CoV as described in
the legend to Fig. 2. After the removal of unbound virus, the cells were
treated with 200 pg/ml L-1-tosylamide-2-phenylethyl chioromethyl ke-
tone-treated trypsin at room temperature for 5 min and incubated at
AT°C for 6 h. sHRPs were present in the media in all steps at Lhe
mdicated concentrations. The relative viral mRNAY was measured
quaninatively by real-ume PCR as descnbed in the legend w Fig. 2. In
this assay, cells were not treated with Baf throughout the expenment.

to the endosome but are inactivated by the low-pH environ-
ment or are degraded or digested with proteases present in the
endosome. Another possibility is that the conformation of the
cleaved 5 protein in the acidic environment of the endosome 15
different from that in a neutral pH and the sHRP fails 1o bind
1o the § protein in the former environment even if six-helix
bundles with intramolecular HR2 are formed under both con-
ditions. We are currently studying whether the inefficient inhi-
bition of virus entry into cells could be attributed to one of
those possitilities, or even another.

Interestingly, the EC,, (approximately 680 pM) of HRP of
Ehola virus (37), which 1s thought to enter cells via an endo-
somal pathway, is remarkably higher than those of other vi-
ruses which enter cells directly from the cell surface. The
inhibition with HRP of influenza virus infection, which also
uses an endosomal pathway, has not yet been reported, even
though its hemagglutinin protein is the prototype class I fusion
protein and its cell entry mechanism has been extensively stud-
ied. In contrast, HRP of avian leucosis sarcoma virus, which
uses the endosomal pathway, was reporied to inhibit the in-
fection fairly cfiicicntly (ECg, = 25 to 170 aM) (5, 23). The
inhibition, however, was executed during the conformational
rearrangement of the envelope protein that occurs on the cell
surface following attachment to the receptor and facilitates the
exposure of HRs but not later than the transport into the
endosome, where the avian leucosis sarcoma virus genome
enters the cytoplasm by its envelope and endosomal membrane
fusion in a low-pH environment (19, 22, 23). These observa-
tions together with those of the present study and others (1, 18,
24, 45) suggest that the HRPs have very low or little inhibitory
effect in the endosome. If the above assumption is correct and
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the HRPs were designed to be efliciently transferred into the
endosome and ta be stable in the environment, they may be
new antiviral candidates against those viruses that lake the
endosomal entry pathway, such as influenza virus, Ebola virus,
and SCoV. Thus, detailed molecular studies on SCoV and
the sHRP will provide a good model for the development
and evaluation of such endosome-philic antiviral peptide
inhibitors,

Recent studies have reported that the low inhibitory effect of
the SCoV sHRP compared to that of the MHV HRP could be
attributed (o the weaker interaction of the SCoV § HRI1-HR2
complex versus that of MHV S (1, 2). However, SCoV infec-
tion was efficiently blocked by sHRP under certain conditions,
as revealed in this study: the concentration of sSHRPs needed 10
inhibit SCoV infection is even lower than that required for
MHV inhibition (1, 2), The apparent difference between MHV
and SCoV infection is the pathway used 1o enter cells; the
former enters directly from the cell surface, whereas the latter
takes an endosomal pathway. Both MHV and SCoV infections
were cliciently blocked when theseé viruses utilized the cell
surface pathway for entry. These observations suggest that the
lower HRP inhibitory effect on 8CoV could be due to different
entry pathways between SCoV and MHV rather than the
weaker interaction of the HRP and SCoV 5. To further ex-
plore this possibility, studies are ongoing to determime the
effect of MHV sHRPs on infection by MHV-2, which. like
SCoV, utlizes an endosomal infection pathway (29)
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Synthesis and Application of Fluorescein- and Biotin-
Labeled Molecular Probes for the Chemokine Receptor

CXCR4
Shinya Qishi,** Ryo Masuda, Bar

Evans,™ Satoshi Ueda,”™ Yukiko Goto,” Hiroaki Ohno,”

Akira Hirasawa,” Gozoh Tsujimoto,” Zixuan Wang," Stephen C. Peiper,” Takeshi Naito,"”
Eiichi Kodama,“ Masao Matsuoka,” and Nobutaka Fujii**

The design, synthesis, and bioevaluation of fluorescence- and
biotin-labeled CXCR4 antagonists are described. The modification
of p-Lys8 at an e-amino group In the peptide antagonist Ac-
TZ14011 derived from polyphemusin Il had no significant infiu-
ence on the potent binding of the peptide to the CXCR4 receptor.

Introduction

The CXC chemokine receptor 4 (CXCR4) is a G-protein-coupled
cell-surface receptor that was identified previously as a core-
ceptor for infection by the T-cell-line-tropic (X4) human immu-
nodeficiency virus type 1 (HIV-1)" Suomal cell-derived
factor 1 (SDF-1)/CXCL12 is a homeostatic chemokine that regu-
lates a number of physiological and pathologic processes
through its Interaction with and activation of CXCR4. SDF-1 se-
creted in bone-marrow stromal cells supports the retention of
hematopoietic stem cells (HSCs), progenitor cells, and B-cell
precursors in the hematopoietic microenvironment.® SDF-1 ex-
pression is implicated in the survival, growth, and develop-
ment of CXCR4-expressing cells, Including normal and malig-
nant B lymphocytes, hematopoletic progenitors, and carcino-
ma cells.** It has also been demonstrated that concentration
gradients of SDF-1 promote the homing of HSCs to bone
marrow, the recruitment of progenitor cells to sites of ischemic
tissue damage, and the metastasis of CXCR4-expressing neo-
plastic cells to target organs.**

Recently, CXCR7 (RDC1, CCX-CKR2) was reported to be
another receptor for SDF-1/*" CXCR7 promotes cell survival,
growth, and adhesion In vitro and in vive"® Furthermare, the
expression pattern of CXCR7 is complementary to that of
CXCR4 in the migrating primordium*'® Therefore, the SDF-1-
CXCR7 axis, like SDF-1-CXCR4, is relevant to the control pro-
cesses of cell growth, migration, and recruitment. To investi-
gate the distribution and localization of two binding partners
of SDF-1, CXCR4 and CXCR7, both in vitro and In vivo, it would
be useful to have access to selective and specific fluorescence-
and otherwise-labeled ligands for these receptors.

To date, several CXCR4-receptar probes have been prepared
and applied both in vitro""™ and in vivo!"™ Fluorescein-
labeled SDF-1 was utilized to detect the CXCR4-dependent in-
ternalization of SDF-1 by stromal bone-marrow cells”" This
labeled agonist was useful for evaluating the mechanism of re-
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The application of the labeled peptides in flow cytometry and
confocal microscopy studies demonstrated the selectivity of their
binding to the CXCR4 receptor, but not to CXCR7, which was
recently reported to be another receptor for stromal cell-derived
factor | (SDF-1)/CXCL12.

ceptor activation. We developed a potential radiopharmaceuti-
cal agent based on the polyphemusin Il derived CXCR4 antago-
nist T140 (Scheme 1). Thus, ["In]-diethylenetriaminepenta-

Arg) O Nai3 0T O Xaa?
REB G B RSl o
ED s ¢ 's ('S & i

0 Arg2 0 s O Xsab (8] (5]
N

T 0 2 R R
R? r “/‘H-H “-\‘,— \’1-/“- H l
yr

Argl4 O cu2 o

R' RY  Xaab Xaal
T140 H OH Arg Lys
Ac-TZ14011 (1) Ac NH, Cit Amg

Scheme 1. Structure of the selective CXCR4 antagonists T140, which was
used to design probe Ac-TZ14011 (1), Bold type indicates the pharmaco-
phore residues.
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acetic acid (DTPA) labeled Ac-TZ14011 was designed for the in
viva imaging of CXCR4-expressing tumors"* Rhodamine-con-
jugated azamacrocycle antagonists were also developed: how-
ever, the small molecules were taken up into the cells by a
potential active-transport process.'”

On the basis of our previous research on peptide-based
CXCR4 antagonists,'® we conducted an extensive structure-
activity-relationship analysis of labeled ligands with CXCR4 re-
ceptars expressed on the cell surface. Herein, we report the
design of the labeled antagonists and their application in in
vitro experiments, including flow cytometry. The selectivity of
the ligand for CXCR4 versus CXCR7 was also investigated by
confocal microscopy.

Results and Discussion
Peptide design and synthesis

Previous alanine-scanning experiments identified four indis-
pensable pharmacophore residues of T140, which are located
peripheral to the disulfide bridge.'” On the other hand, modi-
fication of the N and Cterminl or fi-turn region with several
types of functional groups or peptidomimetics did not lead 10
a decrease in activity!'™ For example, arylacyl functional
groups, such as fluorobenzoyl, at the N terminus of T140 ana-
logues enhanced anti-HIV activity'™ On the basis of these
precedent structure-activity-relationship studies on T140 deriv-
atives, we designed two types of potential labeled CXCR4 li-
gands (Tables 1 and 2). The functional groups for labeling were

Table 1. Seq and biological activity of labeled T140 analog
[ 1

R-Arg-Arg-Nai-Cys-Tyr-Cil-Arg-D-Xaa-Pro-Tyr-Arg-Cit- Cys-Arg-NH,
Peptide R o-Xaa 1y )
1 Ac olys 52401
2 Ac p-Giu 6741206
3 fluorescein o-lys M4+03
4 fluorescein o-Glu 199426
5 Alexa Fluor 488 o-Glu 5700 + 769

[a] ICy, values for the peptides are based on the inhibition of ['™fSDF-1

binding to CHO cells that were transfected with CXCR4.
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attached with an appropriate spacer by acylation to the -
amino group of the N-terminal Argl residue or on the g-amino
group of o-Lys8. To identify appropriate fluorophores that did
not affect peptide binding affinity to CXCR4, carboxyfluores-
cein and Alexa Fluor 488, which have a similar fluorescence
spectrum, were used for fluorescence labeling. The different
functional groups on the fluorescent section of peptides could
have an effect on the affinities of the peptides for CXCR4. The
Alexa Fluor 488 dye, which contains an amino group, an imino
group, and two sulfonate groups on a xanthene structure, ex-
hibited greater photostability and pH insensitivity.

Peptide resins were constructed manually by standard
Fmoc-based solid-phase peptide synthesis (SPPS) by using
NN-diisopropylcarbodiimide (DIC)1-hydroxybenzotriazole
[HOBt), Fluorescein or acetyl modification at the N-terminal a-
amino group of peptides 1-4 was carried out on the resin by
using carboxyfluorescein/DIC/HOBt or Ac,O/pyridine, respec-
tively. For the preparation of peptides 6-8 and 10 with either
a fluorescein label or a 6-aminocaproic acid (Acp) linker com-
bined with a fluorescein, biotin, or Alexa Fluor 488 label on the
e-amino group of o-Lys8, a 4-methyltrityl (Mtt) group was used
for side-chain protection (Scheme 2). After the removal of the

HN-(J) NovaSyn® TGR resin

l.,

T e P L DL s MO
Ac-Arg-Am-Nal-Cya-Tﬁ-CII-ArQ-n-Lrs-Pm-fﬁm-Cn-Cys—Am-NH—Q

b TR =M a) € .
aF=12R=H 14 R = H-Acp- =
13 R = fluorescein 15 R = fluorescain-Acp- —l
16 R = biotin-Acp- -—
fi
R
)
»\:ng-A:g-an-C\lrpTyt-ClI-Arn—D-L';s-Pru-Tyr-Arv-Cn-Cn—nrg-NH;
1R=H Y . 9R = AlaxaFluor® 488
€ B = fluorescein o
17 R = H-Acp- 10 R = AlexaFluor® 488-Acp
7 R = fluorescein-Acp-
B R = piotin-Acp-

Table 2. Sequences and blological activity of Ac-TZ1401) analogues.

yi
T | 1
Ac-Arg-Ang-Nak-Cys-Tyr-Gil-Arg-D-Lys-Pro-Tyr-Arg-Cit-Cys-Arg-NH,
Peptide R 1y (N
1 H {(amine) 5201
L] Nuorescein 16+£08
7 Muarescein-Acp- 26+24
8 biotin-Acp- n+01
9 Alexa Fluor 488 81235
10 Mexa Fluor 4BB-Acp- 26719

[al ICy, values for the peptides are based on the inhibition of ['1SDF-1
binding to CHO cells that were transfected with CXCR4.
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Sch 2. Synthesis of o-Lys8-labeled CXCR4 antagonists: a) Froc-based
peptide synthesis; b) CH,CLHFIP/TFETES (65:20:10:5); <) carboxyfluores-
celn, DIC, HOBY; d) Fmoc-Acp-OM, DIC, HOBY, then 20% piperidine/DMF;
) biotin, DIC, HOB; f) TFAEDT/H,0 [95:2.5:2.5), then NH,OH; g) Alexa
Fluor 488-05u, Pr,NEL. DMF: NA-dimethylformamide; Fmoc: S-fluorenyk
methaxycarbonyl; Pbf: 2.2.4.6,7-p hyldihydrab i S-aulfonyl
TFE: 2,2.2-trifk I; TES: triethylsil Trt: triphenylmethyl (rityl)

Mtt group on peptide 11 with 1,1,1,3,3,3-hexafluoropropan-2-
ol (HFIP), an Acp linker and/or labeling groups were attached
to the peptide resin 12 by a standard protocol to afford the
labeled protected peptide resins 13-16. Treatment of the pro-
tected peptide resins with TFA/1.2-ethanedithiol (EDT)/H,O
(95:2.5:2.5) followed by air oxidation in aqueous solution yield-
ed the expected peptides 1-4, 6-8, and 17.

Labeling with Alexa Fluor 488 was performed with the acti-
vated succinimidyl ester, which is commercially available. The

www.chembiochem.org 1155
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precursor peptides (e.g., 1, 17) were modified in DMF to pro-
vide the expected peptides 5, 9, and 10 with a single Alexa
Fluor 488 dye moiety."”

Biological evaluation of fluorescein- and biotin-labeled
peptides

The CXCR4-antagonistic activity of peptides 1-10 was evaluat-
ed with respect to the inhibition of ['“[}SDF-1 binding to
CXCR4 Chinese hamster ovary (CHO) cell rransfectants. The re-
placement of o-Lys8 in the parent peptide 1 with o-glutamic
acid had no significant effect on the bioactivity of the peptide
(IC(1)=52nm; IC,(2)=6.7 nm; Table 1); this is consistent
with the results of previous Glu-scanning experiments of a
related peptide,” This result suggested that the modification
of the [ turn i+ 1 position of the peptides with a functional
group for labeling would be possible. Fluorescein modification
of the N terminus of peptides 1 and 2 led to a slight and sig-
nificant decrease in inhibitory activity (ICs(3) = 24 nm; 1C,(4)
199 nm), respectively. Although the substituted benzayl and
pyridinecarbonyl groups at the N terminus of the peptide im-
proved its bioactivity,"" an additional xanthene or carboxyl
group might be unfavorable to ligand binding with CXCR4.
The Alexa Fluor 488 labeled peptide 5 showed a significant de-
crease in inhibitory activity (IC,,(5) = 5.7 jum); this indicates that
the N terminus is inappropriate for fluorescence labeling.

Madification of the g-amino group of p-Lys8 in the parent
peptide 1 was another promising approach to the creation of
labeled CXCR4 antagonists (Table 2). The fluorescein-modified
peptides 6 and 7 exhibited slightly decreased bioactivity but
retained significant binding affinity for CXCR4 (IC,,(6) =16 nm;
IC,(7) = 26 nm). The biotin-labeled peptide 8 containing an
Acp spacer, which would be helpful for the simultaneous bind-
ing of 8 with CXCR4 and avidins, was also a potent inhibitor
{IC5(8]) = 11 nm), Thus, the presence of a functional group at
this pasition for labeling, with or without an Acp spacer, did
not appear to influence the bioactivity of the peptide. We con-
cluded that the p-Lys8 residue in the [i-turn region might be
unimportant for direct molecular recognition by CXCR4; conse-
quently, this position was consldered to be more appropriate
for labeling. The Alexa Fluor 488 labeled peptide 9 without an
Acp linker showed nearly equipotent inhibitory activity to that
of the parent peptide 1 (IC,(9) = 8.1 nm). In contrast, signifi-
cantly lower bioactivity was observed for peptide 10, which
contains an Acp linker (IC,4(10) = 267 nM). This result implies
that the modified xanthene structure of Alexa Fluor 488 might
cause some unfavorable interactions with the receptor, contra-
ry to our expectations. The two potent labeled peptides 6 and
9 were used for further experiments.

Application of fluorescence-labeled peptides to flow
cytometry and confocal microscopy studies

The applicability of the fluorescence-labeled CXCR4 antago-
nists 6 and 9 to in vitro experiments was investigated (Fig-
ure 1 A and B). CHO cells that expressed high levels of the
CXCR4 receptor and CXCR4-negative control cells were incu-
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bated with peptide 6 or 9 (200 nm), and the resulting mixtures
were analyzed by flow cytometry, The CXCR4-expressing cells
bound the fluorescent ligand, but the cells that did not express
CXCR4 were not stained. The binding of peptides 6 and 9 was
Inhibited by competition with the unlabeled specific CXCR4
antagonist T140 (200 nm). This result supports the specificity of
the fluorescent ligands for CXCR4. With the fluorescent probe
6, lymphocytes derived from mouse spleen were identified by
light scatter gating and analyzed for binding of the fluorescent
antagonists (Figure 1C). Peptide 6 bound to CXCR4-expressing
lymphocytes, and the staining was inhibited competitively by
the addition of unlabeled T140 (200 nm). Peptide 6 was also
utilized for the detection of chemotactic cells in a transmigra-
tion assay with CXCL12 (Figure 1 D). Whereas a low percentage
of the cells in the top well of a chemaotaxis chamber were posi-
tive, the cells which passed through 3-pum pores in response to
the CXCL12 chemotactic gradient were all stained positively
with peptide 6.

The probing ability of 6 and 9 for CXCR4 was also verified
by confocal microscopy studies on CXCR4-expressing HEK293
cells {Figure 2). The cell surface of CXCR4-positive cells was
stained with peptides 6 and 9 in a dose-dependent manner
(Figure 2A; see also the Supporting Information). This result is
in contrast to a previous report that a rhodamine-labeled aza-
macrocycle localizes in the cytoplasm by nonspecific uptake''"
Staining was not observed with CXCR4-negative control cells;
this suggests that receptor recognition of these fluorescent
peptides is specific to CXCR4 (Figure 2C). Furthermore, CXCR7-
expressing HEK293 cells were not stained by the fluorescent
peptides 6 and 9 (Figure 2B); this indicates that these T140
derivatives are selective inhibitors of the CXCR4 receptor.

Conclusions

In the current study the effects of labeling a peptide at differ-
ent positions with various functionalities with a view to retain-
Ing indispensable interactions with the CXCR4 receptor was in-
vestigated. Fluorescein, biotin, and Alexa Fluor 488 maoleties on
the b-Lys8 e-amino group of the parent peptide were appro-
priate labels. The resulting labeled peptides exhibited specific
and high affinity for the CXCR4 receptor, but not for the
CXCR7 receptor, The labeled peptides could be useful as selec-
tive molecular probes for the CXCR4 receptor in future in vitro
and/or in vivo experiments.

Experimental Section

General procedure for peptide synthesis: Protected peptide
resins were constructed manually by standard Fmoc-based SPPS
on NovaSyn TGR resin (192 mg, 0.05 mmaol) by using DIC (39 plL,
0.25 mmel) in combination with HOBt (38 mg, 0.25 mmol). The
side chains Tyr, Glu, Lys, Cys, and Arg were protected with By, Bu
ester, Bog, Trt, and Pbf groups, respectively, For the preparation of
peptides 6-8 and 10, the Mtt group was used to protect the o-
Lys8 side chain. The N-terminal a-amino group was acetylated by
treatment of the resin with Ac,0 (24 pl, 0.25 mmol) and pyridine
(40 pL, 0.10 mmaol}. Biotin (61 mg, 0.25 mmol} or carboxyfluarescein
(94 mg, 0.25 mmol) was coupled to the peptide by using DIC

ChemBioChem 2008, 9, 1154 - 1158
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Figure 1. Application of fluorescent CXCRA antagonists & and 9 to flow cytometry. CHO cells were incubated with labeled peptides (200 na) A) 6, and B) 9.
The top and middle panels show the results with cells that did not (=) and did express CXCRA (+], respectively. Competitive binding was assessed with T140
{200 nm: lower panels). ©) FACS (fluorescence-activated cell sorting) data for mouse spheen cells treated with peptide 6 (200 nu) in the presence (+) and ab-
sence (—) of T140 (200 nm). D) Chemotaxis experiment with mouse spleen cells (top panel), Cells from the total population that did not display chemotaxis
are shown in the middle panel (<), and cells that migrated In response to a gradient of SOF-1 are shown in the lower panel (+]

(39 ul. 0.25 mmol) and HOBt (38 mg, 0.25 mmol) in DMF (2 mL)
The resulting protected peptide resin (0.05 mmol) was weated with
TFA/H,O/EDT (95:25:25, 4ml) for 2 h at room temperature. After
removal of the resin by filtration, ice-cald dry Et,0 (100 mL) was
added to the residue. The resulting powder was collected by cen-
trifugation and then washed with ice-cold dry Et;0 (3 x50 mL). The
crude reduced peptide was dissolved in H,0 (100 mL), and the pH
value was adjusted to 8.0 with NH,OH. After oxidation by exposure
to air for 1 day, the crude product in the solution was purified by
preparative HPLC to afford the desired peptide as a white powder.

Removal of the Mtt protecting group: The resin [0.05 mmal) was
treated with CH,CIL/HFIP/TFE/TES (6.5:2:1:0.5, 10mL) for 2h at
room temperature. It was then washed with the same mixture
twice, treated with 10% Pr,NET in DMF, and used for the next cou-

pling.

Conjugation of Alexa Fluor 488 succinimidyl ester with pep-
tides: Lyophilized peptide (4.66 ymol] and PryNEL (3.77 pul,
27.2 umol) were added to a solution of Alexa Fluor 488 succinimid-

ChemBioChem 2008, 9, 1154~ 1158
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yl ester (2.50 mg, 3.88 pmol) in DMF (250 pL), and the resulting
mixture was stirred in the dark for 12 h at room temperature, The
crude mixture was then diluted with MeOH (100 uL) and purified
by HPLC. Fractions containing Alexa Fluor 488 conjugates were col-
lected and lyophilized to give 5 (3.3mg, 27%), 9 (5.1 mg, 51%
from 1), or 10 (5.88 mg, 46% from 17) as a red powder.
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SOCS1 is an inducible host factor during HIV-1
infection and regulates the intracellular trafficking

and stability of HIV-1 Gag
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Human immunodeficiency virus type 1 (HIV-1) utilizes the macro-
molecular machinery of the infected host cell to produce progeny
virus, The discovery of cellular factors that participate in HIV-1
replication pathways has provided further insight into the molec-
ular basis of virus- host cell interactions. Here, we report that the
suppressor of cytokine signaling 1 (SOCS1) is an inducible host
tactor during HIV-1 infection and regulates the late stages of the
HIV-1 replication pathway. 50CS1 can directly bind to the matrix
and nucleocapsid regions of the HIV-1 p55 Gag polyprotein and
enhance its stability and trafficking, resulting in the efficient
production of HIV-1 particles via an IFN signaling-independent
mechanism. The depletion of SOCS1 by siRNA reduces both the
targeted trafficking and assembly of HIV-1 Gag. resulting in its
accumulation as perinuclear solid aggreg that are tually
subjected to lysosomal degradation. These results together indl-
cate that SOC51 is a crucial host factor that regulates the intrlul-
lular dynamism of HIV-1 Gag and could therefore be a p

new therapeutic target for AIDS and its related disnrdm
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uman immunodeficiency virus type 1 (HIV-1) infection is a

multistep and multifactorinl process mediated by a complex
series of virus—host cell interactions (1, 2). The molecular interac-
tions between host cell factors and HIV-1 are vital to our under-
standing of not only the nature of the resulting viral replication, but
also the subsequent cytopathogenesis that occurs in the infected
cells (3). The characterization of the genes in the host cells that are
up- or down-regulated upon HIV-1 infection could thercfore
provide a further elucidation of virus-host cell interactions and
identify putative molecular targets for the HIV-1 replication path-
wity (4).

The HIV-1 p55 Gag protein consisis of four domains that are
cleaved by the viral protease concomitantly with virus release. This
action generates the mature Gag protein comprising the matrix
(MA/p17), capsid (CA/p24), nucleocapsid (NC/p7), and pb do-
mains, in addition to two small spacer peptides, SP1 and SP2 (5. 6).
The N-terminal portion of MA, which is myristoylated, lacilitates
the targeting of Gag to the plasma membrane (PM), whereas CA
and NC promote Gag multimerization. p6 plays a central role in the
release of HIV-1 particles from PM by interacting with the vacuolar
sorting protein Tsgl0l and AIPVALIX (7-9). Several recent
studies have implicated the presence of host factors in the control
of the intracellular trafficking of Gag. AP-35 is a recently churac-
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terized endosomal adaplor protein that binds directly 1o the MA
region of Gag and enhances its targeting to the multivesicular body
(MVB) during the ecarly stages of particle assembly (10). The
trans-Golgi network (TGN j-associated protein hPOSH plays an-
other role in Gag transport by facilitating the egress of Gag cargo
vesicles from the TGN, where it assembles with envelope protein
(Env) before transport to PM (11), Although the involvement of
these host proteins in the regulation of intracellular Gag trafficking
has been proposed, the detailed molecular mechanisms underlying
this process are still not yet well charactenzed.

In our current work, we demonstrate that the suppressor of
cytokine signaling 1 (SOCS1) directly binds HIV-1 Gag and
facilitates the intracellular trafficking and stability of this protein,
resulting in the efficient production of HIV-1 particles. These
results indicate that SOCS] is a crucial host factor for efficient
HIV-1 production and could be an intriguing molecular target for
future treatment of AIDS and related diseases.

Results

S0CS1 Is Induced upon HIV-1 Infection and Facilitates HIV-1 Replica-
tion via Posttranscriptional Mechanisms. We and others have shown
that HIV-1 infection can alter cellular gene expression patterns,
resulting in the modification of viral replication and impaired
homeostasis in the host cells (4, 12). Henee, to elucidate further the
genes and cellular pathways that participate in HIV-1 replication
processes, we performed serial analysis of gene expression (SAGE)
using either a HIV-1 or mock-infected human T cell line, MOLT4
(12). Further detmled analysis of relatively low-abundance SAGE
tags identified SOCS/ as a preferentially up-regulated gene after
HIV-1 infection. This finding was validated by both semiguantita-
tive RT-PCR and immunoblotting analysis with anti-SOCS] anti-

Author contributhons AR and N T coniributed equally 1o this work, AR, A Y, ¥.M, #nd
N.Y. designed revearch AR NT. KO RKE, MN. HI, S H. TS, LA, and ¥ M performed
ressarch LK, S H, MY, LC, LM, Y, 5M, MH, and AY contributed new reagents/
anaiytic tooky, AR, NT_ KO, MN, HS KP MY KXY LM TS LA ¥YM, sndNY
analyzed date; end AR, K P, and N.Y. wiale the papet

The authors declare no contict of interest

This article b a PNAS Direct Submission.

Freely availabie online through the PNAS open sccess option

To whom cormetpondence may be addresied. E-mall. atyo@nin.go jo of nyama@nih.go.jo

This article Contaim wpporting information online &t waww prat argrgEeant enuTull
OTOLEINOSDCT
© 2008 by The National Academy of Scences of the USA

www,priasorg/ogi/dol/ 10,1073, pnas 0704831105



238

" Immunablot
C ] D et
= o = o
2 -
% e B

Fig. 1 SOCST i induced upon
HIV-1 infection and enhances HIV-1
particle production, (4] MOLT-4
cells were mock-infected or in
tected with HIV-1y4 5. and then to-
tal RNA and protein exiracts de-
rived from these cells were
subjected o semiquantitative RT
PCR (Lefr) and immunoblotting
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each case was measured by antigen
capture ELISA (Upper), and the cell
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lysates and pelleted viruses were
analyzed by Immunoblotting
(Lower). The data shown represent
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and pelleted viruses were then col
E F 00000 lected after 48 h and subjected to
ELISA (Upper) or immunoblotting
- A50000 -~ EV s {Lower), as described In €. {£) 2937
8 ] -#-S0CS1 15 cells cotransfected with either
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S levels) from either control vector (EV)-
PEE——— . of SOCS 1-transfected 2937 cells. Super-
2 4 ] B wow u natant p24 levels at the indicated ume
days points ware measurad by ELISA.

hodies (Fig. 14). In addition, SOCST was found 1o be up-regulated
also in peripheral blood mononuclear cells (PBMC) from two
different individuals (following HIV infection, Fig. 18).

Our initial findings that SOCS1 is induced upon HIV-1 infection
prompted us to examine whether this gene product affects viral
replication. We first cotransfected 293T cells with a HIV-1 infec-
tious molecular clone. pNL4-3 (13). and also pcDNA-myc-SOCSI.
and then monitored the virus production levels in the resulting
supernatant. We then performed ELISA using an anti-p24 antibody
and found that wild-type SOCS1 significantly increases the pro-
duction of HIV-1 in the cell supermatant in a dose-dependent
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manner (Fig. 1C Upper). In contrast, neither the SH2 domain-
defective mutant (R105E) nor the SOCS box deletion mutant (AS)
of SOCS1 could promote virus production to the same levels as wild
type, indicating that hoth domains are required for this enhance-
ment (Fig. 10 Upper). Furthermore, another SOCS box protein,
SOCS3, failed to augment HIV-1 replication in a parallel experi-
ment (Fig. 112 Upper), indicating that the role of SOCS1 during
HIV-1 replication is specific.

We next performed immunoblotting analysis using cell lysates
and harvested virus particles in further parallel experiments (Fig. 1
C and D Lower), Consistent with our ELISA analysis, the expres-
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