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Abstract—We have previously found that a 14-amino acid residue-peptide, T140, inhibits infection of target cells by T cell line-
tropic HIV-1 (X4-HIV-1) through its specific binding to a chemokine receptor, CXCR4. Here, the importance of an L-3-(2-naph-
thyl)alanine (Nal) residue at position 3 in T140 for high anti-HIV activity and inhibitory activity against Ca®>* mobilization induced
by stromal cell-derived factor (SDF)-1a-stimulation through CXCR4 has initially been shown by the synthesis and biological eva-
luation of several analogues, where Nal? is substituted by diverse aromatic amino acids. Next, the order of the N-terminal 3 residues
(Arg'-Arg?-Nal®) has been proved to be important from the structure-activity relationship (SAR) study shuffling these residues.
Based on these results, we have found 10-residue peptides possessing modest anti-HIV activity by systematic antiviral evaluation of
a series of synthetic, shortened analogues of T140. © 2002 Elsevier Science Ltd. All rights reserved.

Introduction

The life cycle of HIV-1, particularly at an early stage of
HIV-infection such as viral entry, has been elucidated to
develop many anti-HIV agents. Although the multiple
drug-combination chemotherapy, ‘highly active anti-
retroviral therapy (HAART)’, which involves a combi-
nation of reverse transcriptase/protease inhibitors, has
dramatically improved the clinical treatment of indivi-
duals with AIDS or HIV-infection, there still remained
several serious problems including the emergence of
viral strains with multi-drug resistance, significant
adverse effects and high costs.! Discovery and develop-
ment of different types of agents, such as inhibitors of
HIV-entry or-fusion, are required for the combination
therapy using multi-anti-HIV agents. The recent find-
ings of chemokine receptors, CCR5 and CXCR4, as
coreceptors for macrophage-tropic HIV-1 (R5-HIV-1)?
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and T cell line-tropic HIV-1 (X4-HIV-1),? respectively,
provided an ideal therapeutic approach to discovery of
different types of agents. We and others have reported
several specific antagonists for the chemokine recep-
tors.* We found that an 18-residue peptide amide, T22
([Tyr,>'? Lys’]-polyphemusin II) (Fig. 1), which had
previously been discovered as an anti-HIV peptide, is a
specific CXCR4 antagonist that prevents X4-HIV-1
entry mediated by this coreceptor [anti-HIV activity:
50% effective concentration (ECsp)=80 nM, antagon-
ism of entry by X4-HIV-1: ECso=5.1 nM].4? T22 is
derived from chemical conversions of horseshoe crab
self-defense peptides, tachyplesins and polyphemusins.
T22 takes an antiparallel B-sheet structure that is main-
tained by two intrachain disulfide bonds.> Based on the
structure—activity relationship (SAR) study of T22, we
synthesized several effective analogues, such as T134
(des-[Cys®!3,  Tyr”!?]-[D-Lys!°, Pro'!, vr-citrulline
(Cit)!9]-T22 lacking the C-terminal amide) (Fig. 1),
which has stronger anti-HIV activity and less cytotoxi-
city when compared to T22.% T134 is a 14-residue pep-
tide with a single disulfide bridge and takes an
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antiparallel B-sheet structure. Furthermore, the sub-
stitution for Trp? of T134 with L-3-(2-naphthyl)alanine
(Nal) dramatically increased anti-HIV activity as well as
inhibitory activity of X4-HIV-1 entry through CXCR4
to yield T140 ([Nal’]-T134) (Fig. 1).” T140 has the
highest level of HIV-1 inhibition activity (anti-HIV
activity: ECso=3.5 nM) based on antagonism of entry
by X4-HIV-1 (ECs50=0.43 nM). Herein, we initially
investigated whether Nal® of T140 is critical for anti-
HIV activity by a comparative study with several ana-
logues, which have diverse aromatic amino acids at
position 3. We also discuss the inevitability of the
sequential order of the N-terminal 3 residues (Arg!-
Arg?-aromatic residue®) using several synthetic analo-
gues, in which the order of the Arg'-Arg?-aromatic

residue® was shuffled. Furthermore, several shortened
analogues were synthesized based on information con-
cerning the requirement for anti-HIV activity® to find
efficient small inhibitors.

Results and Discussion

Chemistry

The structures of synthetic T140 analogues are shown in
Table 1, Figures 24 and Scheme 1. T134, T140 and
TA14004 were previously synthesized.®® Other T140
analogues were similarly synthesized by 9-fluo-
renylmethyloxycarbonyl (Fmoc)-based solid-phase syn-

T22 H-Arg-Arg-Trp-Cys-Tyr-Arg-Lys-Cys-Tyr- Lys-Gly-Tyr-Cys-Tyr-Arg-Lys-Cys-Arg-NH,
T134 H-Arg-Arg-Trp-Cys-Tyr-Arg-Lys-***-—*** _plyg-Pro-***_-***_Tyr-Arg-Cit-Cys-Arg-OH
T140 H-Arg-Arg-Nal-Cys-Tyr-Arg-Lys-***-***_plyg-Pro-***-***_Tyr-Arg-Cit-Cys-Arg-OH

Figure 1. Amino acid sequences of T22, T134 and T140, with alignment based on their homology. The disulfide linkages are shown by solid lines.
T22 have two disulfide linkages between Cys* and Cys!” and between Cys® and Cys'? whereas T134 and T140 have one disulfide linkages between
Cys* and Cys!3. (***) deletion of an amino acid residue.

Table 1. Structures of amino acid residues at the position 3 of T140 analogues

R

X

HoN~ >COOH

Compd R

Compd R

|
T134 N
H
Trp
CH,—
T140

L-3-(2-naphthyl)alanine (Nal)

TA14004 H;C-
Ala

CHZ_
T151 O/

L-3-cyclohexylalanine

H,C—

L-3-(1-naphthyl)alanine

CH2_
T153 |

S
L-3-benzothienylalanine

T154 Q oo
TI56

(0]
CH2"

4-benzoyl-L-phenylalanine

TI158 HO

CHZ_‘
T159

H
: S

Phe

The entire of D-3 benzothienylalanine is shown.



H. Tamamura et al. | Bioorg. Med. Chem. 10 (2002) 1417—-1426 1419

thesis. In the synthesis of a heterodimer TL14014, a
protected pentapeptidyl resin 1 was constructed by
Fmoc-based solid-phase synthesis, followed by treat-
ment with TFA—m-—cresol-thioanisole-H»O (80:5:5:5, v/v)
in the presence of 2,2'-dithiodipyridine to yield the S-(2-
pyridylsulfenyl)-pentapeptide 2. Z(OMe)-Cys(MeOBzl)-
Arg(Mts)-NH, 3, which was previously synthesized by
solution-phase synthesis,” was deprotected by 1M
TMSBr-thioanisole/TFA in the presence of m-cresol.
The resulting dipeptide 4 was treated with 2 in AcONH4
buffer at pH 6.0 to yield the desired heterodimer
TL14014. In the synthesis of a homodimer TL14015, the

above protected resin 1 was treated with 1 M TMSBr-
thioanisole/TFA in the presence of m-cresol and 1,2-
ethanedithiol (EDT). The resulting SH-pentapeptide 5
was treated with the above S-(2-pyridylsulfenyl)-penta-
peptide 2 in AcONH, buffer at pH 8.0 to yield the
desired homodimer TL14015.

Anti-HIV activity and cytotoxicity

First, the anti-HIV activity and cytotoxicity of T140
analogues, where Nal® of T140 is substituted by diverse
aromatic amino acids (Table 1), are summarized in

T140

TM14001
TM14002
TM14003
T™™M14004
TM14005
TM14006
T™14007
T™14008
T™™14009
T™™14010

TD14001
TD14002
TD14003
TD14004

Figure 2. Amino acid sequences of T140 analogues, TM14001-TM 14010, where the order of Arg!-Arg?-aromatic residue® was shuffled each other,

H-Arg- Arg-Nal-Cys-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH

H-Phe- Arg-Arg-Cys-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
H-Trp- Arg-Arg-Cys-Tyr-Arg-Lys-bpLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
H-Nal- Arg-Arg-Cys-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
Benzovyl-Arg-Arg-Cys-Tyr-Arg-Lys-bpLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
H-Arg- Phe-Arg-Cys-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
H-Arg-pPhe-Arg-Cys-Tyr-Arg-Lys-pDLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
H-Arg- Trp-Arg-Cys-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
H-Arg-pTrp-Arg-Cys-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
H-Arg- Nal-Arg-Cys-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
H-Arg-pNal-Arg-Cys-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH

H-Arg- Arg-Nal-Cys-Tyr-Arg-Lys-bpLys-Pro-Tyr-Arg-Cit-Cys-***-0OH
H-***- Arg-Nal-Cys-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
H-***- ***x_Nal-Cys-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
H-***— ***_*%*_Cys-Tyr-Arg-Lys-DLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH

and TD14001-TD14004, where amino acid residue(s) in the N- or C-terminal region was deleted.

T140

TD14011
TD14012
TD14013
TD14014
TD14021
TD14022
TD14023
TD14024
TD14031
TD14032
TD14033
TD14034
TD14041
TD14042
TD14043
TD14044
TD14051
TD14052
TD14053
TD14054
TD14061
TD14062
TD14063
TD14064
TD14071
TD14072
TD14073
TD14074
TD14081
TD14082
TD14083
TD14084
TD14091
TD14092
TD14093
TD14094

H-Arg- Arg-Nal-Cys-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH

H-Arg- Arg-Nal-Cys-***-***_Tyg-pLys-Pro-Tyr-***-***_Cys-Arg-OH
H-Arg- Nal-Arg-Cys-***-***_[,yvg-pLys-Pro-Tyr-***-***_Cys-Arg-OH
H-Arg-pNal-Arg-Cys-***-***_[vg-pLys-Pro-Tyr-***-***_Cys-Arg-OH
H-Nal- Arg-Arg-Cys-***-***_[vg-pLys-Pro-Tyr-***-***_Cys-Arg-OH
H-Arg- Arg-Nal-Cys-Tyr-***-***_plyg-Pro-***-***_Cit-Cys-Arg-OH
H-Arg- Nal-Arg-Cys-Tyr-***—***_pLygs-Pro-***-***_Cjt-Cys-Arg-OH
H-Arg-bNal-Arg-Cys-Tyr-***-***_pliyg-Pro-***-***_Cit-Cys-Arg-OH
H-Nal- Arg-Arg-Cys-Tyr-***_***_pliyg-Pro-***-***_Cjit-Cys-Arg-OH
H-Arg- Arg-Nal-Cys-***-***_[,yg-pLys-Pro-***-***_Cjt-Cys-Arg-OH
H-Arg- Nal-Arg-Cys-***-***_[,yg-pLys-Pro-***-***_Cjit-Cys-Arg-OH
H-Arg-bNal-Arg-Cys-***-***_[,yg-pLys-Pro-***-***_Cjit-Cys-Arg-OH
H-Nal- Arg-Arg-Cys-***_***_[,yg-pLys-Pro-***-***_Cjit-Cys-Arg-OH
H-Arg- Arg-Nal-Cys-Tyr-***-***_pliygs-Pro-Tyr-***-***_Cys-Arg-OH
H-Arg- Nal-Arg-Cys-Tyr-***-***_plyg-Pro-Tyr-***-***_Cyg-Arg-OH
H-Arg-bNal-Arg-Cys-Tyr-***-***_plys-Pro-Tyr-***-***_Cys-Arg-OH
H-Nal- Arg-Arg-Cys-Tyr-***-***_plys-Pro-Tyr-***-***_Cys-Arg-OH
H-Arg- Arg-Nal-Cys-***-Arg-***-pLys-Pro-***-Arg-***-Cys-Arg-OH
H-Arg- Nal-Arg-Cys-***-Arg-***-pLys-Pro-***-Arg-***-Cys-Arg-OH
H-Arg-bpNal-Arg-Cys-***-Arg-***-pLys-Pro-***-Arg-***-Cys-Arg-OH
H-Nal- Arg-Arg-Cys-***-Arg-***-pLys-Pro-***-Arg-***-Cys-Arg-OH
H-Arg- Arg-Nal-Cys-***-Arg-***-pLys-Pro-***-***_Cjit-Cys-Arg-OH
H-Arg- Nal-Arg-Cys-***-Arg-***-pLys-Pro-***-***_Cjit-Cys-Arg-OH
H-Arg-pNal-Arg-Cys-***-Arg-***-pLys-Pro-***-***_Cjt-Cys-Arg-OH
H-Nal- Arg-Arg-Cys-***-Arg-***-pLys-Pro-***-***_Cjit-Cys-Arg-OH
H-Arg- Arg-Nal-Cys-***-Arg-***-pLys-Pro-Tyr-***-***_Cys-Arg-OH
H-Arg- Nal-Arg-Cys-***-Arg-***-pLys-Pro-Tyr-***-***_Cys-Arg-OH
H-Arg-pNal-Arg-Cys-***-Arg-***-pLys-Pro-Tyr-***-***_Cys-Arg-OH
H-Nal- Arg-Arg-Cys-***-Arg-***-pLys-Pro-Tyr-***_***_Cyg-Arg-OH
H-Arg- Arg-Nal-Cys-***-***_T,yg-pLys-Pro-***-Arg-***-Cys-Arg-OH
H-Arg- Nal-Arg-Cys-***-***_Tys-pLys-Pro-***-Arg-***-Cys-Arg-OH
H-Arg-bpNal-Arg-Cys-***-***_Tys-pLys-Pro-***-Arg-***-Cys-Arg-OH
H-Nal- Arg-Arg-Cys-***-***_l,yg-pliys-Pro-***-Arg-***-Cys-Arg-OH
H-Arg- Arg-Nal-Cys-Tyr-***-***_pliyg-Pro-***-Arg-***-Cys-Arg-OH
H-Arg- Nal-Arg-Cys-Tyr-***-***_pliys-Pro-***-Arg-***-Cys-Arg-OH
H-Arg-pNal-Arg-Cys-Tyr-***-***_pliys-Pro-***-Arg-***-Cys-Arg-OH
H-Nal- Arg-Arg-Cys-Tyr-***-***_pliys-Pro-***-Arg-***-Cys-Arg-OH

Figure 3. Amino acid sequences of shortened analogues of T140, TD14011-TD14094.
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Scheme 1. Reagents: (i) TFA—m-cresol-thioanisole-H,O (85:5:5:5, v/v),. 2,2'-dithiodipyridine; (i) | M TMSBr-thioanisole/TFA, m-cresol; (iii) 0.4 M
aq AcONHy, pH 6.0; (iv) 1 M TMSBr-thioanisole/TFA, m-cresol, EDT; (v) 2, 0.4M aq AcONH,, pH 8.0; Pbf=2,2.4,6,7-pentamethyl-dihydro-

benzofuran-5-sulfonyl.

Table 2. 50% inhibitory concentration (ICsq) values are
based on the inhibition of Ca?" mobilization induced
by stromal cell-derived factor (SDF)-la-stimulation
through CXCR4.1% ECs, values are based on the inhi-
bition of HIV-1-induced cytopathogenicity in MT-4
cells. 50% cytotoxic concentration (CCsy) values are
based on the reduction of the viability of mock-infected
cells. The selectivity index (SI) is shown as CCsy/ECsy.
As shown in Table 2, T140 exhibited the highest anti-
HIV activity and inhibitory activity of Ca?>* mobilization.
Both anti-HIV activity and inhibitory activity of Ca?"
mobilization are decreased in the order T140>T134
(Trp3-substitution) >T158 (Tyr3-substitution) >T159
(Phe3-substitution) >T154 (D-3-benzothienylalanine’-
substitution). TI151 (L-3-cyclohexylalanine3-substitu-
tion), T152 [L-3-(1-naphthyl)alanine3-substitution],
T153 (L-3-benzothienylalanine*-substitution), T156 [L-
3-(4-biphenyl)alanine3-substitution] and T157 (4-ben-
zoyl-L-phenylalanine3-substitution) have neither high
anti-HIV activity nor inhibitory activity of Ca?* mobil-
ization, although these analogues, containing an aro-
matic amino acid residue at position 3, have stronger
anti-HIV activity and inhibitory activity of Ca?>™ mobil-
ization than TA14004 (Ala3-substitution),® except for
the inhibitory activity of Ca?* mobilization of T157.
T140 (Nal®) showed much stronger anti-HIV activity
and inhibitory activity of Ca®>" mobilization than T152
[L-3-(1-naphthyl)alanine3-substitution], indicating that
precise interaction is required between residue 3 and
CXCR4. These results suggest that Nal is a critical
residue at position 3, and that aromatic residues are at
least preferred to Ala as residue 3. In addition, there is a
clear correlation in these T140 analogues between anti-
HIV activity and CXCR4-antagonism (inhibitory activ-
ity of Ca?" mobilization), suggesting that these peptides
inhibit the X4-HIV-1 infection mediated by CXCR4.
These analogues do not possess significant cytotoxicity

(CCs9p >80 uM, except for CCsy of T156=44 uM).
Since the cytotoxicity of T134 and T140 was previously
evaluated as CCsy >40 uM, further estimation at high
concentrations was omitted in this study.®’

Second, in order to investigate the inevitability of the
sequential order of the N-terminal 3 residues (Arg!-
ArgZ-aromatic residue’), we synthesized several analo-
gues, where the order of the Arg'-Arg?-aromatic resi-
due’® was shuffled. As aromatic residues, we selected
Nal, Trp and Phe, which gave satisfactory results in the
above experiment, and these D-isomers (Fig. 2;
TM14001-TM14010). TM 14004 possesses an a-benzoyl
group instead of an N-terminal aromatic residue. As a

Table 2. Inhibitory activity on SDF-l-induced Ca®>* mobilization,
anti-HIV activity and cytotoxicity of T140 analogues with substituted
residues at the position 3

Entry Compd ICso (mM) ECso (n1M)  CCsy (M) SI

1 T134 30 8.3 >10 > 1200
2 T140 6.9 3.4 >10 >2900
3 TA14004 2000 7400 >80 >11
4 T151 420 360 >80 >220
5 T152 290 290 >80 > 280
6 T153 1200 1100 >80 >72
7 T154 110 91 >80 >870
8 T156 650 990 44 44
9 T157 2900 620 >80 >130
10 T158 35 16 >80 > 5100
11 T159 42 73 >80 > 1100
12 AZT NT 79 240 3000
13 ddC NT 7500 120 16

ICs, values are the concentrations for 50% inhibition of Ca®* mobiliza-
tion induced by SDF-1-stimulation through CXCR4. ECs, values are the
concentrations for 50% protection of HIV-induced cytopathogenicity in
MT-4 cells. CCsq values are based on the reduction of the viability of mock-
infected cells. SIis shown as CCso/ECsg. All data are mean values of at least
two experiments for ICsq or three experiments for ECsy and CCsy,.
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result, analogues with high anti-HIV activity (ECsq
<0.79 uM) could not be found, suggesting that the
sequential order of the Arg'-Arg?-aromatic residue? is
critical for high anti-HIV activity (Table 3). Since anti-
HIV activity of all these analogues is very weak, we did
not estimate the inhibitory activity of Ca>* mobiliza-
tion of these analogues.

Third, we examined whether the amino acid residues in
the N- and C-terminal regions of T140 can be deleted
with maintenance of the anti-HIV activity. A C-termin-
ally deleted analogue, TD14001 (Arg'4-deletion), and
N-terminally deleted analogues, TD14002 (Arg!-dele-
tion), TDI14003 (Arg'-Arg’-deletion) and TD14004
(Arg'-Arg?-Nal3-deletion), were synthesized to evaluate
anti-HIV activity. As a result, these analogues did not
possess high anti-HIV activity, showing that even Arg!
or Arg'* can not be deleted to exhibit high activity.
According to our previous SAR study, Arg?, Nal3, Tyr’
and Arg!* are found to be the indispensable residues for
the strong anti-HIV activity of T140.> Our previous
results are compatible with the present results showing
that the anti-HIV activities of TD14001, TD14003 and
TD14004 are relatively weak.

Fourth, since it has been proven that the N-terminal 3
residues and the C-terminal residue of T140 can not be
deleted, we investigated whether amino acid residues
between two Cys residues of T140 can be deleted with
maintenance of the anti-HIV activity. According to our
previous conformational analysis,'! T140 takes an anti-
parallel and pleated B-sheet structure extending from
residue 3 to 14 with a type II’ B-turn formed by Lys’ (i),
D-Lys® (i+1), Pro® (i+2) and Tyr!® (i+3). In the
synthesis of shortened analogues, two residues from
each B-strand of T140 (total four residues) were deleted
to design 10-residue peptides. In combination, we also
investigated the inevitability of the sequential order of
the N-terminal 3 residues (Arg'-Arg?-Nal®) by shuffling
these residues to obtain double assurance. In this case,
D-Nal was also utilized as an alternative to Nal. Thus,
36 analogues (Fig. 3; TD14011-TD14094) were synthe-
sized to evaluate anti-HIV activity (Table 4). As shown

Table 3. Anti-HIV activity and cytotoxicity of T140 analogues
(TM14001-TM 14010 and TD14001-TD14004)

Entry Compd ECso (uM) CCso (M) SI

1 TM14001 0.79 >160 >210
2 TM 14002 7.4 > 160 >22
3 TM 14003 2.5 > 160 >65
4 TM 14004 12 >160 >15
5 TM 14005 7.4 >160 >22
6 TM 14006 1.6 > 160 >10
7 TM 14007 24 >160 >7
8 TM 14008 3.7 > 160 >44
9 TM 14009 4.5 > 160 >36
10 TM14010 7.9 > 160 >20
11 TD14001 2.5 > 160 71
12 TD14002 2.8 > 160 65
13 TD14003 17 > 160 12
14 TD14004 > 160 >160 ND

ECs5o and CCsq values are calculated in the same way as in Table 2.
ND, not determined.

in Table 4, all these analogues possess modest anti-HIV
activity (ECso <60 uM), except for TD14084. TD14041
(N-terminus: Arg'-Arg?-Nal?, deletion of Arg®-Lys’ and
Arg!!-Cit!?) is the top analogue having relatively high
activity (ECs5o=590 nM), whereas TD14041 is more
than two orders of magnitude less potent than T140
(ECs0=3.4 nM), suggesting the importance of residues
between two Cys residues.

Fifth, the biological effect of deletion of amino acid
residues contained in T140 was investigated using sev-
eral linear peptides (Fig. 4; TL14001-TL14013).
TL14001 ([Ala*!3]-T140), where two Cys residues of
T140 were substituted by Ala, showed more than 3000
times lower anti-HIV activity (ECso=11 pM) (Table 5),
when compared to T140. TL14002, where two Cys resi-
dues of the above TD14041 were substituted by Ala,
showed two orders of magnitude lower anti-HIV activ-
ity (ECso="74 uM) than TD14041. Comparison between
ECsps of T140 and TL14001 and between those of
TD14041 and TL14002 suggests that globally con-
formational restriction by the disulfide bridge is neces-
sary for high anti-HIV activity. TL14002-TL14013,
which are linear-shortened analogues containing at least
the N-terminal 3 residues of T140, did not exhibit high
anti-HIV activity. Since the disulfide bridge is thought

Table 4. Anti-HIV activity and cytotoxicity of T140 analogues
(TD14011-TD14094)

Entry Compd ECso (uM) CCso (UM) NI

1 TD14011 34 >110 >3
2 TD14012 24 >110 >5
3 TD14013 41 >110 >3
4 TD14014 42 >110 >3
5 TD14021 55 >110 >2
6 TD14022 14 >110 >8
7 TD14023 55 >110 >2
8 TD14024 50 >110 >2
9 TD14031 43 >110 >3
10 TD14032 30 >110 >4
11 TD14033 48 >110 >2
12 TD14034 52 >110 >2
13 TD14041 0.59 >110 >200
14 TD14042 19 >110 >6
15 TD14043 50 >110 >2
16 TD14044 39 >110 >3
17 TD14051 28 >110 >4
18 TD14052 21 >110 >5
19 TD14053 54 >110 >2
20 TD14054 46 >110 >2
21 TD14061 6.6 >110 >17
22 TD14062 11 >110 >10
23 TD14063 18 >110 >6
24 TD14064 14 >110 >8
25 TD14071 13 >110 >9
26 TD14072 27 >110 >4
27 TD14073 7.3 >110 >14
28 TD14074 9.8 >110 >11
29 TD14081 13 >110 >8
30 TD14082 4.8 >110 >23
31 TD14083 35 >110 >3
32 TD14084 >110 >110 ND
33 TD14091 11 >110 >10
34 TD14092 20 >110 >6
35 TD14093 17 >110 >7
36 TD1409%4 37 >110 >3

ECso and CCsq values are calculated in the same way as in Table 2.
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to be necessary for small-sized peptides to express high
anti-HIV activity, a heterodimer TL14014 and a homo-
dimer TL14015 were synthesized (Scheme 1). TL14014
possesses the minimum indispensable structure unit
containing the N-terminal 3 residues, the C-terminal
Arg'* and the disulfide bond of T140. TL14015 has a
similar structure unit containing two Arg residues
instead of the C-terminal Arg'* of T140. TL14014
exhibited weak anti-HIV activity (ECs5o=55 uM),
whereas its corresponding monomer TL14013 was
essentially inactive even at 100 pM. TL14015 showed

much higher anti-HIV activity (ECso=1.2 uM) than
TL14013. These results indicate that the moiety con-
taining Arg residue(s), which is linked to H-Arg-Arg-
Nal-Cys(S-)-Tyr-NH, by the disulfide bridge, is indis-
pensable for high anti-HIV activity.

In conclusion, we have shown that Nal® of T140 is cri-
tically important for both high anti-HIV activity and
antagonism of SDF-I-induced Ca?* mobilization
through CXCR4, that the sequential order of the N-
terminal 3 residues (Arg'-Arg?-Nal®) is also critical for

Table 5. Anti-HIV activity and cytotoxicity of T140 analogues (TL14001-TL14015)

Entry Compd ECso (uM) CCsp (UM) SI
1 TL14001 11 >100 >9
2 TL14002 74 >100 >1
3 TL14003 >100 >100 ND
4 TL14004 > 100 >100 ND
5 TL14005 >100 >100 ND
6 TL14006 > 100 >100 ND
7 TL14007 82 >100 >1
8 TL14008 > 100 >100 ND
9 TL14009 > 100 >100 ND
10 TL14010 65 >100 >1
11 TL14011 >100 >100 ND
12 TL14012 > 100 >100 ND
13 TL14013 >100 >100 ND
14 TL14014 55 >100 >2
15 TL14015 1.2 59 48

ECso and CCs, values are calculated in the same way as in Table 2.

Table 6. Characterization data of the synthetic T140 analogues (No. 1, TI51-T159, TM14001-TM 14010 and TD14001-TD14024)

Entry Compd Yield (%) [o]p c Temperature Formula IS-MS

Found Calcd
1 T151 26 —0.016 1.05 28 CgH145N33015S2 1993.0 1993.4
2 T152 22 —0.016 1.15 28 CooH141N33015S, 2036.5 2037.4
3 T153 51 -21.3 1.60 24 CgsH140N34017S;3 2044.1 2044.5
4 T154 29 —-0.017 0.875 28 CgsH45N34017S;3 2042.0 2044.5
5 T156 13 —7.05 0.850 23 CooH43N33015S5 2062.7 2063.5
6 T157 4 0.012 0.051 26 Cy3H143N33016S, 2090.2 2091.5
7 T158 50 —-20.0 1.55 25 CgH139N33016S, 2003.6 2003.4
8 T159 34 -229 1.05 25 Cg6H139N33015S, 1987.5 1987.4
9 TM14001 23 —28.0 0.501 27 CgH139N33015S5 1987.2 1987.4
10 TM 14002 18 -333 0.616 30 CggH40N34015S5 2026.7 2026.4
11 TM14003 3 —93.3 0.150 30 CooH141N33045S5 2037.0 2037.4
12 TM 14004 6 —20.0 0.324 29 Cg4H134N3,015S, 1944.0 1944.3
13 TM14005 21 —8.92 0.560 29 Cs6H139N33015S, 1987.2 1987.4
14 TM 14006 36 —27.8 0.395 25 Cg6H139N33015S5 1987.7 1987.4
15 TM 14007 21 —12.2 0.410 26 CgsH140N34015S> 2026.2 2026.4
16 TM 14008 35 -8.52 0.469 25 CggH40N34015S5 2026.2 2026.4
17 TM 14009 8 —14.0 0.570 27 CooH141N33045S> 2037.0 2037.4
18 TM 14010 16 —15.6 0.514 24 CooH141N33015S, 2037.0 2037.4
19 TD14001 19 —11.3 0.354 23 Cg4H20N20017S, 1881.5 1881.2
20 TD14002 17 18.6 0.590 23 Cg4H120N20017S5 1881.0 1881.2
21 TD14003 36 2.92 0.342 23 C75H17N25016S 1725.0 1725.1
22 TD14004 23 -21.9 0.593 22 CosH106N24015S, 1527.0 1527.8
23 TD14011 23 —48.9 0.613 28 Cy3Ho7N2 10158, 1405.0 1404.7
24 TD14012 16 —45.6 0.417 30 Ce3Ho7N5,015S, 1405.0 1404.7
25 TD14013 8 —73.1 0.219 30 Cg3Ho7N5 10158, 1405.0 1404.7
26 TD14014 18 —19.6 0.459 30 Cs3Ho7N2,015S, 1405.0 1404.7
27 TD14021 5 —15.6 0.128 26 Co3HosN22013S, 1434.5 1433.7
28 TD14022 11 -7.19 0.278 25 Ce3HosN2013S, 1434.0 1433.7
29 TD14023 9 -21.8 0.229 25 Cs3HosN2013S, 1434.0 1433.7
30 TD14024 18 —4.38 0.456 25 Cs3HosN»03S, 1435.2 1433.7

Yields were calculated from the corresponding Alko-resins. IS-MS (Found) is reconstructed mass.
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T140 H-Arg-Arg-Nal-Cys-Tyr-Arg-Lys-bLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH
TL14001 H-Arg-Arg-Nal-Ala-Tyr-Arg-Lys-pLys-Pro-Tyr-Arg-Cit-Ala-Arg-OH
TL14002 H-Arg-Arg-Nal-Ala-Tyr-***-***_pliys-Pro-Tyr-***-***_Ala-Arg-OH
TL14003 H-Arg-Arg-Nal-Ala-***-***_***_pliyg-Pro-Tyr-***-***_Ala-Arg-OH
TL14004 H-Arg-Arg-Nal-Ala-Tyr-***-***_plyg-Pro-***_***_x**_A]la-Arg-OH
TL14005 H-Arg-Arg-Nal-Ala-***_***_sx*_plyg-Pro-***_***x_*x*_Ala-Arg-OH
TL14006 H-Arg-Arg-Nal-***_*x*_sx*_*x*x_plyg-Pro-***_*x*x_x*x*_***x_Arg-OH
TL14007 H-Arg-Arg-Nal-Ala-Tyr-***-***_pLyg-Pro-***_**x*x_xxx_***_Arg-OH
TL14008 H-Arg-Arg-Nal-***-—***_***_***_plyg-Pro-Tyr-***-***_Ala-Arg-OH
TL14009 H-Arg-Arg-Nal-***_**x_&*&_sx*_plyg-Pro-Tyr-***-***_***_Arg-OH
TL14010 H-Arg-Arg-Nal-***-pTyr-***_***_**&_DPro_**x*_*kk_kx*_s***x_Arg-OH
TL14011 H_Arg_Arg_Nal_’k**_DTyr_***_***_***_***_***_***_***_***_Arg_OH
TL14012 H_Arg_Arg_Nal_Ala_Tyr_***_***_ ***_***_***_***_***_***_Arg_oH
TL14013 H_Arg_Arg_Nal_Ala_Tyr_***_***_ ***_***_***_***_***_***_***_OH
Figure 4. Amino acid sequences of linear analogues of T140, TL14001-TL14013.
Table 7. Characterization data of the synthetic T140 analogues (No. 2, TD14031-TD14094)
Entry Compd Yield (%) [o]p ¢ Temperature Formula I1S-MS
Found Caled
31 TD14031 21 —7.61 1.182 20 CooHooN23012S, 1399.0 1398.7
32 TD14032 15 —13.85 0.794 22 CeoHooN23015S, 1399.0 1398.7
33 TD14033 27 —8.58 1.397 22 CgoHooN>3015S, 1399.0 1398.7
34 TD14034 18 —27.13 0.479 23 CeoHooN23015S, 1399.0 1398.7
35 TD14041 10 91.60 0.262 23 CsoHooN>3015S, 1398.0 1398.7
36 TD14042 9 18.34 0.218 24 CgoHooN»3015S, 1399.0 1398.7
37 TD14043 11 —25.83 0.271 24 CeoHooN23015S, 1399.0 1398.7
38 TD14044 16 —35.44 0.395 24 CsoHooN>3015S, 1398.0 1398.7
39 TD14051 39 —22.81 1.096 21 CeoH100N26011S, 1426.1 1425.7
40 TD14052 23 —33.43 0.628 24 Cs0H100N26011S> 1426.1 1425.7
41 TD14053 13 —28.08 0.356 24 CeoH100N26011S, 1425.3 1425.7
42 TD14054 11 —32.36 0.309 25 CeoH10oN26011S, 1426.0 1425.7
43 TD14061 27 —21.24 0.706 25 CsoHooN>5015S, 1426.7 1426.7
44 TD14062 15 —7.59 0.395 26 CgoHooN>5015S, 1426.7 1426.7
45 TD14063 19 —27.23 0.514 26 CooHooN25015S, 1426.5 1426.7
46 TD14064 14 —20.99 0.381 26 CeoHooN>5015S, 1426.7 1426.7
47 TD14071 28 —25.40 0.748 26 Ce3Ho7N»3015S, 1433.0 1432.7
48 TD14072 12 9.61 0.312 26 Co3Ho7N23015S, 1433.0 1432.7
49 TD14073 3 —46.05 0.152 24 Ce3Ho7N»3015S, 1433.0 1432.7
50 TD14074 3 —18.40 0.163 27 Cg3Ho7N»3015S, 1434.0 1432.7
51 TD14081 34 -27.71 0.938 25 CeoH100N2401;S, 1398.0 1397.7
52 TD14082 28 —33.37 0.779 28 CeoH100N2401:S, 1398.0 1397.7
53 TD14083 21 —49.31 0.588 28 CeoH100N24011S, 1397.6 1397.7
54 TD14084 23 —31.84 0.628 28 CsoH100N2401,S; 1397.6 1397.7
55 TD14091 37 —19.62 0.968 26 Cg3Ho7N»3015S, 1432.1 1432.7
56 TD14092 16 —4.68 0.427 27 Cg3Ho7N»3015S, 1432.8 1432.7
57 TD14093 24 —20.63 0.630 27 Ce3Ho7N23015S, 1432.8 1432.7
58 TD1409%4 23 —16.10 0.621 27 Cs3Ho7N»3015S, 1432.1 1432.7
Table 8. Characterization data of the synthetic T140 analogues (No. 3, TL14001-TL14015)
Entry Compd Yield (%) [o]p ¢ Temperature Formula IS-MS
Found Caled
59 TL14001 6 —53.97 0.352 23 CooH43N3305 1975.7 1975.3
60 TL14002 29 —21.66 1.200 25 Ce6HosN20O13 1376.7 1377.6
61 TL14003 36 —25.64 1.365 25 Cs57Hg7N 901 1214.0 1214.4
62 TL14004 39 —38.72 1.472 24 Cs57Hg7N 901 1214.0 1214.4
63 TL14005 31 —41.54 1.059 24 CygH75N 1509 1051.2 1051.3
64 TL14006 66 —19.90 2.010 24 Cy4oHggN 607 909.0 909.1
65 TL14007 46 —17.56 1.651 24 Cs4HgoN 504 1143.0 1143.4
66 TL14008 40 —15.07 1.459 24 Cs4HgoN 501 1143.0 1143.4
67 TL14009 41 —15.68 1.403 24 Cs1H77N 704 1072.1 1072.3
68 TL14010 35 —29.98 1.034 24 CysHgsN 505 943.8 944.1
69 TL14011 39 —8.55 1.052 23 Cy4oHs5sN 1407 846.0 847.0
70 TL14012 14 —9.18 1.416 23 Cy43Hg3N 505 918.0 918.1
71 TL14013 45 —0.95 1.051 23 Cs7H5 N0, 761.7 761.9
72 TL14014 16 —27.39 0.365 27 Cy46H79N505S, 1067.7 1067.3
73 TL14015 92 —7.01 0.713 26 C74H02N»4015S, 1584.0 1583.9

The yields of TL14014 and TL14015 were calculated from the protected dipeptide 3 and the protected pentapeptidyl resin 1, respectively.
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high anti-HIV activity, and that these three residues and
Arg'* are indispensable. Furthermore, in the downsizing
study we have found novel lead compounds: a 10-resi-
due analogue, TD14041, and a homodimer analogue,
TL14015, both possessing modest anti-HIV activity
(EC5=590 nM and 1.2 uM, respectively). Although
both analogues are less potent than T140, the present
results will give insight into the rational design of a new
type of small molecule anti-HIV drugs based on
CXCR4 antagonists.

Experimental

HPLC solvents were H,O and CH3CN, both containing
0.1% (v/v) TFA. For analytical HPLC, a Cosmosil
5C18-AR column (4.6 x 250 mm, Nacalai Tesque Inc.,
Kyoto, Japan) was eluted with a linear gradient of
CH;CN at a flow rate of 1 mL/min on a Waters LC
Module I equipped with a Waters 741 Data Module
(Nihon Millipore, Ltd., Tokyo, Japan). Preparative
HPLC was performed on a Waters Delta Prep 4000
equipped with a Cosmosil 5SC18-AR column (20 x 250
mm, Nacalai Tesque Inc.) using a linear gradient of
CH;CN at a flow rate of 7 mL/min. For gel-filtration,
the solution was applied to a column of Sephadex G-15
(2.1 x 30 cm), which was eluted with 1 M AcOH. Ion-
spray (IS)-mass spectrum was obtained with a Sciex
APIIIIE triple quadrupole mass spectrometer (Toronto,
Canada). Optical rotation of a peptide in aqueous solution
was measured with a JASCO DIP-360 digital polarimeter
(Tokyo, Japan) or a Horiba high-sensitive polarimeter
SEPA-200 (Kyoto, Japan). Fmoc-protected amino acids,
p-benzyloxybenzyl alcohol (Alko)-resins and 4- (2.4 -
dimethoxyphenylaminomethyl)phenoxy (SAL) resin'?
were purchased from Watanabe Chemical Industries,
Ltd. (Hiroshima, Japan) or Calbiochem-Novabiochem
Japan, Ltd. (Tokyo, Japan). All the other chemicals
were purchased from either Nacalai Tesque Inc. or
Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

Synthesis of T140 analogues

Representative compound T151. The protected TI51-
resin was manually constructed using Fmoc-based solid-
phase synthesis on an Fmoc-Arg(Pbf)-Alko-resin (0.64
meq/g, 0.1 mmol scale, Pbf=224,6,7-pentamethyl-
dihydrobenzofuran-5-sulfonyl). Fmoc-protected amino
acid derivatives (2.5 equiv) were successively condensed
using  1,3-diisopropylcarbodiimide (DIPCDI) (2.5
equiv) in the presence of N-hydroxybenzotriazole
(HOBt) (2.5 equiv). The following side-chain protecting
groups were used: Pbf for Arg, Trt for Cys, Bu’ for Tyr
and Boc for Lys and D-Lys. The resulting protected
T151-resin (50 pmol) was treated with 1 M TMSBr-
thioanisole/TFA (5 mL) in the presence of m-cresol (250
uL, 55 equiv) and EDT (100 pL, 33 equiv) at 4°C for 2
h. After removal of the resin by filtration, the filtrate
was concentrated in vacuo. Ice-cold dry diethyl ether
(30 mL) was added to the residue. The resulting powder
was collected by centrifugation and then washed three
times with ice-cold dry diethyl ether (20 mL x 3). The
crude reduced peptide was dissolved in 50% AcOH (2

mL). Subsequently, the solution was diluted to total
volume 400 mL with H,O, and then pH was adjusted to
7.8 with concentrated NH,OH. After air-oxidation for 1
day, the pH of the solution was adjusted to 5 with
AcOH. The crude product in the solution was purified
by preparative HPLC and gel-filtration to afford a fluffy
white powder of T151; yield 32 mg [13 pumol, 26% based
on the Fmoc-Arg(Pbf)-Alko-resin]. Characterized data
of all the synthetic peptides are listed in Tables 6-8. In
the synthesis of TM 14004, benzoic acid, instead of an
N-terminal Fmoc-protected amino acid derivative, was
condensed with DIPCDI and HOBt. In the synthesis of
TL14001-TL14013, after deprotection and cleavage
from the resin, the crude product was purified by pre-
parative HPLC and gel-filtration.

TL14014. The protected pentapeptidyl resin 1 was
manually constructed using Fmoc-based solid-phase
synthesis on SAL resin (0.59 meq/g, 0.2 mmol scale).
The resulting protected resin 1 (60 pmol) was treated
with TFA-m-—cresol-thioanisole-H,O (85:5:5:5, v/v, 5
mL) in the presence of 2,2'-dithiodipyridine (26 mg, 2
equiv) at room temp. for 2 h. After removal of the resin
by filtration, the filtrate was concentrated in vacuo. Ice-
cold dry diethyl ether (30 mL) was added to the residue.
The resulting powder was collected by centrifugation
and then washed three times with ice-cold dry diethyl
ether 20 mL x 3) to yield the crude S-(2-pyr-
idylsulfenyl)-pentapeptide 2 (65 mg, 52 umol, 86%
based on the SAL resin) [IS-MS (reconstructed) found:
m/s 899.0 (calcd for C4HssN1304S,: 901.3)]. Z(OMe)-
Cys(MeOBzl)-Arg(Mts)-NH, 3 (57 umol)’ was treated
with 1 M TMSBr-thioanisole/TFA (2.5 mL) in the pre-
sence of m-cresol (80 uL, 15 equiv) at rt for 3 h. After
deprotection, the mixture was concentrated in vacuo.
Ice-cold dry diethyl ether (30 mL) was added to the
residue. The resulting powder was collected by cen-
trifugation and then washed three times with ice-cold
dry diethyl ether (20 mL x 3) to yield the crude dipep-
tide 4 (24 mg, 47 umol, 82%) [IS-MS (reconstructed)
found: m/s 275.0 (calcd for CoH,)NgO,S: 276.1)]. The
SH-peptide 4 (47 umol) in 0.4M AcONH, aqueous
buffer (pH 6.0, 5 mL) was added dropwise to a stirred
solution of the pentapeptide 2 (52 pmol) in 0.4M
AcONH, aqueous buffer (pH 6.0, 5 mL) at 0°C under
Ar. The mixture was allowed to warm to rt and stirring
was continued for 17 h. The mixture was purified by
preparative HPLC and gel-filtration to afford a fluffy
white powder of TL14014; yield 13 mg (9.5 pmol, 16%
based on the protected dipeptide 3).

TL14015. The protected pentapeptidyl resin 1 (28 pmol)
was treated with 1 M TMSBr-thioanisole/TFA (3.5 mL)
in the presence of m-cresol (180 pL, 63 equiv) and EDT
(70 pL, 38 equiv) at 4°C for 2 h. The resulting crude
SH-pentapeptide 5 in 0.4 M AcONH,4 aqueous buffer
(pH 8.0, 3.5 mL) was added to a stirred solution of the
pentapeptide 2 (28 pmol) in 0.4 M AcONH, aqueous
buffer (pH 8.0, 3.5 mL) at rt. Stirring was continued for
17 h. The mixture was purified by preparative HPLC
and gel-filtration to afford a fluffy white powder of
TL14015; yield 51 mg (26 pmol, 92% based on the pro-
tected pentapeptidyl resin 1).
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Cell culture

Human T-cell lines, MT-4 and MOLT-4 cells were
grown in RPMI 1640 medium containing 10% heat-
inactivated fetal calf serum, 100 TU/mL penicillin and
100 pg/mL streptomycin.

Virus

A strain of X4-HIV-1, HIV-1;;g, was used for the anti-
HIV assay. This virus was obtained from the culture
supernatant of HIV-1 persistently infected MOLT-4/
HIV-1yp cells, and stored at—80 °C until used.

Anti-HIV-1 assay

Anti-HIV-1 activity was determined based on the pro-
tection against HIV-1-induced cytopathogenicity in
MT-4 cells. Various concentrations of test compounds
were added to HIV-l-infected MT-4 cells at a multi-
plicity of infection (MOI) of 0.01, and placed in wells of
a flat-bottomed microtiter tray (1.5 x 10* cells/well).
After 5 days’ incubation at 37°C in a CO, incubator,
the number of viable cells was determined using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) method (ECsg).!® Cytotoxicity of com-
pounds was determined based on the viability of mock-
infected cells using the MTT method (CCsp). 3'-Azido-
3'-dideoxythymidine (AZT)'# and 2’, 3’-dideoxycytidine
(ddC)'> were tested as controls.

Calcium fluorimetry

The stable CXCR4-transfected Chinese hamster ovary
(CHO) cell lines (3 x 10* cells/100 pL/well) were placed
in wells of a flat-bottomed microtiter tray. After 1 day’s
incubation at 37°C in a CO, incubator, the cells were
loaded with 5 uM of Fura2-AM (Dojin, Kumamoto,
Japan), 2.5 mM Probenecid (Sigma) and 20 mM Hepes
(pH 7.4) in Ham’s F-12 (80 pL/well) for 1 h at 37°C,
and then twice washed with Hank’s balanced salt
solution (100 pLL x 2), and inserted into a spectro-
fluorometer (96-well Fluorescence Drug Screening Sys-
tem, Hamamatsu Photonix, Japan). 30 s after start of
measurement, the cells were incubated with various
concentrations of T140 analogues in Hank’s balanced
salt solution (10 pL/well), and after 3 min, recombinant
SDF-la (PreproTech, 30 nM/40 pL/well) was added.
Real time recording of [Ca?™]; changes in the stable
CXCR4-transfected CHO cell lines loaded with Fura2-
AM was performed by a modified procedure of the
Fura-2 method.!% Inhibitory activity of T140 analogues
was determined based on the inhibition of Ca>* mobil-
ization induced by SDF-la-stimulation through
CXCR4 (ICs).
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