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Figure 1. Structural models of dansyl-labeled 6C1b analogues. (A) Y238K(DnsG). (B) S240K(DnsG), and (C) T242K(DnsG). Space-filling models

indicate phorbol esters and zinc atoms.
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Figure 2. Schematic representation of construction of dansyl-labaled 6C1b. (i) 100 mM phosphate buffer (pH 8.5), 6 M Gn+HCl, 2 mM EDTA,
TCEP-HCI, thiophenol, N,, 37 °C; (ii) 50 mM TrisHCI1 (pH 7.4), 150 mM NaCl, 1 mM DTT, 0.1 mM ZnCl, 4 °C.

dansyl-labeled 6C1b domain analogues, a native chemical
ligation (NCL) method was adopted (I8, 24). Three N-terminal
peptide fragments (dansyl-labeled 6C1b(221—246)) and a
common C-terminal peptide fragment (0C1b(247—281)) were
separately synthesized. A purified 6C1b(247—281) and three
dansyl-labeled 6C1b(221—246) fragments were condensed by
an NCL method (Figure 2). The ligation reaction was performed
with 0.8 mM of each peptide fragment in 100 mM phosphate
buffer (pH 8.5) containing 6 M Gn-HCl, 2 mM EDTA, and
3% thiophenol at 37 °C. The progress of the ligation reaction
was monitored by HPLC (Supporting Information). The con-
densed 0C1b domains were identified by ESI-TOF-mass spectra
(Supporting Information Table S1). The purified peptides were
lyophilized and obtained as powders. Total yields of NCL were
38% for Y238K(DnsG), 48% for S240K(DnsG), and 41% for
T242K(DnsG). Folding of the synthetic 6C1b domain was
performed by dialysis against Zn>" containing buffer (50 mM
Tris+HCI (pH 7.4), 150 mM NaCl, 1 mM DTT, 0.1 mM ZnCl,)
at 4 °C.

Characterization of Synthetic §C1b Analogues. The ap-
parent [P'H]PDBu binding affinity of the dansyl-labeled 6C1b
domains was evaluated by the method described previously
(18, 19). S240K(DnsG) and T242K(DnsG) showed K, values
comparable to that of the wild type. However, By, values were
6% for S240K(DnsG) and 11% for T242K(DnsG) compared
to the wild type (Table 1). The results indicate that dansyl-
labeling might partly impair the efficiency of correct folding of
the synthetic 6C1b domain. Y238K(DnsG) did not possess
significant binding affinity for PDBu, consistent with the
predictions from the modeling. We conclude that the dansyl-
labeled 0C1b domains maintain potent binding activity and
correct folding, at least for an appreciable proportion of the

Table 1. Binding Activity of the Synthetic 5C1b Analogues to
[*HJPDBu

peptides K; (nM)y* Buas (pmol/mg)?
wild type 0.34 £ 0.08 38000
Y238K(DnsG) n.d.c 11
S240K(DnsG) 0.18 £ 0.05 2100
T242K(DnsG) 0.35 +0.04 3700

“ Dissociation constant for the synthetic C1b binding to [*H]JPDBu.
Mean + SEM. ® Numbers of binding sites. ¢ Not determined.

product, in those cases in which the dansyl group is located
outside the binding pocket.

To estimate the influence of dansyl-labeling on folding of
O0C1b domain, circular dichroism (CD) spectroscopy of
S240K(DnsG) and T242K(DnsG) was performed for com-
parison before and after dialysis (Figure 3). Since the CD
spectrum of the synthetic 0C1b(231—281) is similar to that
of the recombinant 6Clb domain (I8), Y238K(DnsG)-
6C1b(231—281) was used to evaluate the effects of dansyl-
labeling on folding of Y238K(DnsG) (Supporting Information
Figure S3). The addition of ZnCl, did not cause a significant
change of CD spectra of Y238K(DnsG)-6C1b(231—281).
Thus, the introduction of a dansyl group into Tyr238 might
interfere correct folding. The CD spectra of both of the
dansyl-labeled 6C1b domains before dialysis showed broad
minima around 205 nm, suggesting random coil structures
(25). CD spectra of the dialyzed dansyl-labeled 6C1b domains
exhibited decreases of negative cotton effects around 205
nm, which were similar to those of recombinant and synthetic
0C1b domains (I8, 25).

The apparent [*H]PDBu binding affinities and CD spectra
of the dansyl-labeled 6C1b domains, S240K(DnsG) and



Synthetic Fluorescent-Labeled Domain Detecting Ligand Binding

Bioconjugate Chem., Vol. 22, No. 1, 2011 85

(A) (B)
10000 r v r v 10000 7 : T T
£ L £ s
483
L s e
o B000A T i o 5000 i T B D
s Y i D
z *E/ b 4
15000 , + : 45000 : :
200 210 220 230 240 250 200 210 220 230 240 250
Wavelength [nm] Wavelength [nm]

Figure 3. Changes of CD spectra of dansyl-labeled 0C1b analogues, S240K(DnsG) (A) and T242K(DnsG) (B). Blue and black plots show profiles
before and after dialysis against Zn** containing buffer, respectively.
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Figure 4. Fluorescent spectra obtained by ligand titration experiments for dansyl-labeled SC1b analogues. Panels A—C show titrations of PDBu,
PMA, and PDA against S240K(DnsG), respectively. Panels D—F show titrations of PDBu, PMA, and PDA against T242K(DnsG), respectively.

Dansyl-labeled 0C1b analogue, 0.5 #M; buffer, 50 mM Tris+ HCI (pH 7.4), 150 mM NaCl, 1 mM DTT, 0.1 mM ZnCl, 5 ug/mL phosphatidylserine;

ligand, 0.02, 0.06, 0.1, 0.14, 0.18, 0.22, 0.26, 0.3 equiv, A, = 330 nm.

T242K(DnsG), demonstrated that insertion of dansyl groups
at Ser 240 and at Thr 242 maintained correct folding and
strong ligand binding affinity comparable to that of the wild
type, although involving reduction of the stability of the
domains.

Titration of Ligands to Fluorescent-Labeled 6C1b Do-
main Analogues. To evaluate the fluorescent properties of
dansyl-labeled 6C1b domain, fluorescent emission spectra
were measured during ligand titration. As test ligands, the
phorbol esters PDBu (K; = 0.72 + 0.06 nM), phorbol 12-
myristate 13-acetate (PMA) (K; = 0.14 £ 0.04 nM), and
phorbol 12,13-diacetate (PDA) (K; = 68.9 & 5.9 nM). were
employed. Values of K; were determined by competitive
binding assays using [*H]JPDBu (Supporting Information).
Fluorescent titration experiments showed that the spectra of
the dansyl-labeled §C1b domain analogues changed according
to the ligand concentration. S240K(DnsG) showed 1.3-, 1.8-,
and 1.2-fold increases in fluorescent intensity and blue shifts
in the emission maxima upon additions of PDBu, PMA, and
PDA, respectively (Figures 4A—C). T242K(DnsG) showed
1.3-, 2.6, and 1.1-fold increases in fluorescent intensity and
blue shifts in the emission maxima upon additions of PDBu,
PMA, and PDA, respectively (Figures 4D—F). The rank order
of increases in fluorescent intensity upon addition of the
above ligands to S240K(DnsG) and T242K(DnsG) thus
corresponded to that of their K; values.

Since dansyl-Gly showed stronger fluorescent intensity in
a hydrophobic environment than in a hydrophilic environment

s

(Supporting Information Figure S1), the increases in fluo-
rescence intensity upon ligand titration of S240K(DnsG) and
T242K(DnsG) suggested that the environment surrounding
the dansyl moiety was changed to become more hydrophobic
upon ligand binding (26-28). As predicted in the modeling
study, the dansyl group was not located in the binding pocket,
preventing binding. Even after ligand binding, the dansyl
group will still be located outside the binding pocket. Thus,
the binding of ligands to the binding pocket must make the
environment surrounding the dansyl more hydrophobic,
possibly due to interactions between dansyl and the long alkyl
chains of the ligands. In addition, T242K(DnsG) showed
stronger fluorescence intensity than did S240K(DnsG). This
phenomenon corresponds to their relative By, values ob-
served in the ['H]PDBu binding assay (Figures 1B, C, Table
1). A reason could be the hydrogen bonding network at the
binding site of phorbol ester on the 6C1b domain. The C20
hydroxy group of the phorbol ester accepts a hydrogen bond
from the main-chain NH of T242 (20). Thus, the stronger
fluorescent intensity of T242K(DnsG) could be due to a closer
distance to the bound ligand. Furthermore, saturation of the
increase in fluorescent intensity was observed when the ligand
concentration reached 0.05—0.1 uM (10—20% of the peptide
concentration) (Figure 5). This result is consistent with the
Bumax values of dansyl-labeled 0C1b: 6—11% of the wild type.
The K, values based on titration of ligands to the dansyl-
labeled 0C1b domains were evaluated (Table 2). As a control
experiment, S240K(DnsG) dialyzed withont Zn** did not
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Figure 5. Plots of change of fluorescence intensity from titration experiments using S240K(DnsG) (A) and T242K(DnsG) (B). Dansyl-labeled

6C1b analogue, 0.5 uM; square, PMA; round, PDBu; triangle, PDA.
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Figure 6. Plots of change of fluorescence intensity from 96-well plates-based titration experiments of S240K(DnsG) (A) and T242K(DnsG) (B).

cross, PMA; circle, PDBu; square, DAG-lactone derivative.

Table 2. K Values of the Fluorescent-Labeled 6C1b Domain
Analogues Based on Titration of Ligands

S240K(DnsG) T242K(DnsG)
compound Ky (nM)y* Kq (nM)*
PMA 20.6 121.6
PDBu 5.83 110
PDA Not convergent Not fitting

4 Dissociation constant for the fluorescent-labeled 6Clb domain
analogues to each compound was calculated.

show any significant increase in fluorescent intensity upon
the addition of PDBu (Supporting Information Figure S2),
suggesting that correct folding involving zinc-finger formation
is critical for ligand binding. The detection limit might be
the level of the fluorescent intensity of PDA. The results of
titration experiments indicate that, upon ligand binding to
correctly folded C1b domains, the site surrounding the ligand
binding pocket becomes more hydrophobic. Even if some
uncertainty remains about the relative contributions of the
mechanisms leading to this change in hydrophobicity, the
core finding is that ligand binding was detected by an increase
in fluorescent intensity, which corresponds to binding affinity.
The binding activity of ligands can be possibly evaluated by
increases in fluorescent intensity upon the consideration of
LogP values.

S240K(DnsG) and T242K(DnsG) were employed in fluores-
cent experiments utilizing 96-well plates for initial assessment
of their suitability to high-throughput screening. Plots of changes
of fluorescent intensity against the ligand concentration showed
dose-dependent curves similar to those in titration experiments
(Figure 6). The results indicate that the present fluorescent-

responsive C1b domains can be used for screening of novel
PKC pharmacophores.

CONCLUSIONS

In this study, three kinds of dansyl-labeled 6C1b domains,
Y238K(DnsG), S240K(DnsG), and T242K(DnsG), were syn-
thetically constructed in an efficient way by utilizing Fmoc-
SPPS and an NCL method. The results of CD measurements
and ["H]PDBu binding assays indicated that the position of
dansyl-labeling was critical for maintenance of native functions
including proper folding. The ligand titration of dansyl-labeled
o0C1b showed that the change of fluorescent spectra cor-
responded to the K; values of the ligands. Furthermore,
S$240K(DnsG) and T242K(DnsG) were utilized for measure-
ments using a 96-well plate-based format, indicating that
evaluation of ligand binding could be performed in a high-
throughput fashion. The present fluorescent-responsive domains
were successfully utilized in vitro. However, through optimiza-
tion of the stability of the fluorescent-labeled dC1b domain,
these domains might also be adapted for cell-based assays as
efficient DAG sensors.
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Azamacrocyclic Metal Complexes as CXCR4 Antagonists

Tomohiro Tanaka,® Tetsuo Narumi,*® Taro Ozaki,™ Akira Sohma,™ Nami Ohashi,®
Chie Hashimoto,® Kyoko Itotani,” Wataru Nomura,” Tsutomu Murakami,®!
Naoki Yamamoto,® < and Hirokazu Tamamura*®

Introduction

The chemokine receptor CXCR4, which transduces signals of its
endogenous ligand, CXCL12/stromal cell-derived factor-1 (SDF-
1),04 is classified as a member of the seven transmembrane
GPCR family, and plays a physiological role via its interaction
with CXCL12 in chemotaxis,”™ angiogenesis,®”! and neurogene-
sis®¥ in embryonic stages. CXCR4 is, however, relevant to mul-
tiple diseases including HIV infection/AIDS,"*" metastasis of
several types of cancer,"*' leukemia cell progression,'>'® and
rheumatoid arthritis (RA),!”'® and is considered an attractive
drug target to combat these diseases. Thus, inhibitors target-
ing CXCR4 are expected to be useful for drug discovery.

Several CXCR4 antagonists have been reported,'* includ-
ing our discovery of the highly potent CXCR4 antagonist T140,
a 14-mer peptide with a disulfide bridge, its smaller derivative,
the 5-mer cyclic peptide FC131, and several other potent ana-
logues."?2+%62530 (jinjcal development of these peptidic an-
tagonists could be pursued using specific administration strat-
egies involving biodegradable microcapsules.'**% However,
herein we focus on novel nonpeptidic low-molecular-weight
CXCR4 antagonists. To date, AMD3100 (1),***? Dpa-Zn com-
plex (2),*7 KRH-1636,%" and other compounds®'=*! have been
developed in this and other laboratories as low-molecular-
weight nonpeptidic CXCR4 antagonists. The present study re-
ports structure-activity relationship studies based on the com-
bination of common structural motifs, such as xylene scaffolds
and cationic moieties that are present in the aforementioned
compounds.

Results and Discussion

In order to determine spatially suitable positioning of cationic
moieties, p- and m-xylenes were utilized as spacers. Cationic
moieties such as bis(pyridin-2-ylmethyl)amine (dipicolylamine),
1,4,7,10-tetraazacyclododecane (cyclen), and 1,4,8,11-tetraaza-

-

NH HN Y
T
NG

cyclotetradecane (cyclam) were introduced as R' and R?
(Figure 1). This combination of R', R% and spacer groups led to
the design and synthesis of compounds 12-31.

The CXCR4 binding activity of synthetic compounds was as-
sessed based on the inhibition of ['*]]JCXCL12 binding to
Jurkat cells, which express CXCR4.%® The percent inhibition of
all compounds at 1 pM is shown in Table 1. Seven compounds
(16, 17, 20-22, 28, and 29, Table 1) resulted in greater than
87% inhibition. The high activity of 16 is consistent with re-
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Figure 1. The structures of aromatic spacers (upper) and cationic moieties
(R' and R?). The shaded circle represents the position of the metal cation
(Zn" or Cu") in the chelate.

sults reported previously.?** The anti-HIV activities of 17 and
29, which contain only cyclam or cyclal rings, were reported
by De Clercq et al.®** Compounds with only pyridine and/or
cyclen rings did not show any high binding activity. The pres-
ence of azamacrocyclic rings is presumably indispensable to
the interaction of these compounds with CXCR4, and the size
of rings appears to be important because not only compounds
16 and 17, with two cyclam rings in the molecule, but also
compounds 28 and 29, with two cyclal rings, have remarkably
more potent CXCR4 binding activity than compounds 14 and
15, which have two cyclen rings. Compound 22, with a
p-xylene moiety, exhibited higher activity than compound 23,
which has an m-xylene moiety, indicating that p-xylene is more
suitable than m-xylene as a spacer for approximate positioning
of cationic moieties. At 0.1 um, compound 22 resulted in 86%
inhibition of [®IJCXCL12 binding, while the other six com-
pounds exhibited 37-66% inhibition. The ICs, value of com-
pound 22 was estimated to be 37 nm.

ZnCl, was added to phosphate-buffered saline (PBS) solu-
tions of these 20 compounds, 12-31, to form zinc(ll) com-
plexes. The percent inhibition for each compound at 1 pum
against ['"®IJCXCL12 binding was determined and is given in
Table 1. Zinc complexation of 12-15, 18, 19, and 23 resulted in
a remarkable increase in CXCR4 binding activity compared to
the corresponding zinc-free compounds. These molecules con-
tain dipicolylamine and/or cyclen moieties, suggesting that
chelation of the nitrogen atoms with the zinc(ll) ion significant-
ly affects their interactions with CXCR4. The high activity of the
zinc chelates of 12 and 13 is consistent with results provided
in our previous paper.?” Additionally, the anti-HIV activity of
zinc complexes of 14 and 15 was reported by Kimura et al.*!
For compounds with only dipicolylamine and/or cyclen macro-
cycles as cationic moieties (12-15, 18, and 19), zinc complexa-
tion is critical to achieve high binding activity; the correspond-

ing zinc-free compounds exhibit no significant activity. Com-
pounds 16, 17, 20-22, 28, and 29 demonstrated high binding
affinity in metal-free states as well as in zinc complexation
states, indicating that zinc complexation of either of the mac-
rocyclic rings in these compounds is not essential for high ac-
tivity. The CXCR4 binding activity and anti-HIV activity of the
zinc complex of 16 were reported previously.***! Measured in-
hibition percentages for 0.1 um of the zinc complexes of 12,
14-23, 28, and 29 are given in Table 1. The zinc complexes of
20-22, 28, and 29 at 0.1 um exhibited greater than 79% inhibi-
tion of ["®IICXCL12 binding, and the other eight zinc com-
plexes (of 12, 14-19, and 23,} showed less than 55% inhibi-
tion. The ICy, values of zinc complexes of 20-22, 28, and 29
were estimated to be 11, 8.3, 22, 40, and 52 nwm, respectively.
Zinc complexes of compounds containing a combination of
cyclen and cyclam moieties, 20 and 21, had remarkably potent
ICs, values.

To form chelates with a copper(ll) cation, CuCl, was added
to solutions in PBS of 12-31. The inhibition percentages of all
the compounds at 1pm against [®IJCXCL12 binding are
shown in Table 1. Copper complexes of 14 and 15 exhibited a
significant increase in CXCR4 binding activity as compared to
the corresponding copper-free compounds, a phenomenon
which is also seen in the zinc chelates. These compounds have
two cyclen moieties in the molecules, suggesting that zinc or
copper complexation is critical for high binding activity. Com-
pounds 16, 17, and 20-22 showed high binding affinities in
metal-free states and zinc- and copper-complexed states, indi-
cating that metallic complexation of the cyclam rings in these
compounds is not necessary for high activity. The CXCR4 bind-
ing activity of the copper complex of 16 was previously report-
ed.* For compounds 17, 22, 23, 28, and 29, copper complex-
ation caused a significant decrease in binding activity com-
pared to the corresponding copper-free compounds, whereas
for compounds 14, 15, 18, and 19, copper complexation
caused an increase in binding activity. This phenomenon may
be due to the difference in ring sizes and structures of macro-
cycles, and was not observed upon zinc-complex formation. In-
hibition at 0.1 pm of the copper complexes of 16 and 20-22,
which exhibited greater than 85% inhibition of ['*IJCXCL12
binding at 1 um, are given in Table 1. The copper complexes of
16, 20, 21, and 22 at 0.1 um showed 39, 69, 88, and 39% in-
hibition, respectively, with the ICy, value of the copper com-
plex of 21 estimated to be 16 nm.

Molecular modeling analysis of compound 21 and its zinc(ll)
and copper(ll) complexes predicted that these complexes
would form a stable coordinate conformation as shown in
Figure 2. In general, zinc(ll) complexes are predicted to adopt a
tetrahedral conformation, while copper(ll) complexes form a
planar four coordinate/square conformation. The zinc(ll) com-
plex of 21 is predicted to have a tetrahedral conformation and
the copper(ll) complex a square planar conformation in both
the cyclen and cyclam rings. The carboxyl group of either
Asp 171 or Asp262 in CXCR4 is thought to coordinate strongly
with zinc ions but not copper ions in the complexes,*'* and
as a consequence, the zinc complex of 21 would bind more
strongly than 21 or its copper complex. This order of binding
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Compd  Spacer R! R? Metal free Zinc complex Copper complex
Inhibition® [%] ICs™ Inhibition™ [%] IC™  Inhibition® [%] 15,
1 pm 01um  [nm] 1 pMm 0.1 um [nm] 1pum 0.1pM  [nM]
12 p-xylene N 2 1 N B3 0 nd. nd. 8342 24+5 nd 10+4 nd. nd.
13 moylene  { n N _n N 0 nd. nd. 313 nd.  nd. 0 nd.  nd
N N
\_/ L/
14 p-xylene [\ P 30+4 n.d. n.d. 87+4 0 nd. 60+2 nd. n.d.
15 m-xylene [NH N] [NH Nj 3342 nd. n.d. 9441 1346 nd 80+3 nd.  nd.
NH HN NH HN
./ L/
16 p-xylene m % m 94+4 5946  nd. 9745 2843 nd. 98+1 39+3 nd.
17 m-xylene [NH Nj NH Nji% 9543 499  nd. 98+4 557  nd. 75+1 nd.  nd
18 p-xylene 7N 2 M\ =y 32407  nd. n.d. 9746 0 n.d. 5243  nd. n.d.
19 maylene {0 N NH N 1745 n.d. nd. 9144 0 n.d. 2+6 nd  nd
v ()
\ NH HN
Y _/
20 p-xylene % m 89+3 62+£3 nd. >100 79+1 1 >100 69+3 n.d.
21 mxylene  NH N [NH N/&zz 89+3  66+3  nd 92+3  >100 83  >100 881 16
[NH HN:l NH HNj
b L
22 p-xylene N % (\' % 94+3 86+3 37 9948 79406 22 8543 3943 nd.
23 m-xylene / N NH N7 58+8 nd. n.d. 90+17 37403 nd. 48+4 nd n.d.
=N
'
24 p-xylene 7«1 }‘% 3+09  nd. n.d. 0 nd. nd. 0 nd. nd.
25 m-xylene 7 N\ N 2 N 4+3 n.d. n.d. 0 n.d. n.d. 0 n.d. n.d.
=N =N
7
N/ N N \
26 p-xylene 2 Y 14+£2 nd. n.d. 10+£3 nd. nd. 0 nd. nd.
27 m-xylene ﬁ u 10+£3 n.d. n.d. 10+4 nd. nd. 0 nd. nd.
Z "N Z N
. | S |
28 p-xylene iﬁ E 91+04 37409 nd 97+4  >100 40 574 nd. n.d.
29 m-xylene <:NH Nj (NH NS 87+2 5041 nd. >100 91+4 52 5541 nd.  nd
30 p-xylene (= = 0 nd. nd. 14+£3 nd. nd. 14+3 nd nd.
31 m-xylene | ' BN 1 , 24%2 n.d. n.d. 20+3 nd. nd. 0 nd. nd.
N N N N
N N
| |
= =
FC-131  cyclo-[D-Tyr-Arg-Arg-Nal-Gly-] 100 100 1.8 - - - - - -
[a] CXCR4 binding activity was assessed based on inhibition of ['*[JCXCL12 binding to Jurkat cells. Percent inhibition for all compounds at 1 and 0.1 pm
were calculated relative to the percent inhibition by FC131 (100%). [b]ICs, values are the concentrations which correspond to 50% inhibition of
['ICXCL12 binding to Jurkat cells. All data are mean values & SEM of at least three independent experiments. n.d.=not determined.

which possess strong CXCR4 binding activity. The CXCR4 an-
tagonistic activity was assessed based on the inhibitory activity
of the compounds against Ca’* mobilization induced by
CXCL12 stimulation through CXCR4 (figure S1 in the Support-

affinities is commonly seen for these compounds and their
zinc(ll) or copper(ll) complexes.

We investigated the CXCR4 antagonistic activity of com-
pound 22 and the zinc complexes of 20, 21, 22, and 28, all of

836 www.chemmedchem.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2011, 6, 834- 839
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a)

Figure 2. Structures calculated by molecular modeling of a) compound 21, and its b) zinc and ¢) copper complexes. Atom color code: nitrogen =blug,

carbon =gray, zinc=red, copper={ight red.

ing Information). All of the tested compounds showed signifi-
cant antagonistic activity at 1 pum.

The representative compounds 14, 16, 20-23, 28, and 29, as
well as their zinc chelates, were evaluated for anti-HIV activity.
CXCR4 is the major co-receptor for the entry of T-cell-line-
tropic (X4) HIV-1.1%" |nhibitory activity against X4-HIV-1 (NL4-3
strain)-induced cytopathogenicity in MT-4 cells was assessed
and is shown in Table 2.°8 A correlation between CXCR4 bind-

Compd Metal ion-free Zinc chelate

ECs™ [nm] CCs™ [um] ECs® [nM] CCso® [1m]
14 200 >10 200 >10
16 21 >10 8.2 >10
20 38 >10 39 >10
21 50 >10 36 >10
22 93 >10 48 >10
23 290 >10 220 >10
28 36 >10 56 >10
29 130 >10 42 >10
FC131 93 >10
AZT 69 > 100
[a] ECs, values are the concentrations corresponding to 50% protection
from X4-HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells.
[b] CCy, values are the concentrations at which the viability of MT-4 cells
is reduced by 50%. All data are mean values from at least three inde-
pendent experiments.

ing activity and anti-HIV activity was observed. For compound
16 and its zinc complex, anti-HIV activity was significantly
stronger than CXCR4 binding activity, and for the zinc com-
plexes of compounds 20-22, the CXCR4 binding activity is two
to four-times stronger than the anti-HIV activity. The anti-HIV
activity of the zinc complex of 16 was the most potent (ECy,=
8.2 nm). This is comparable to the anti-HIV activities of 16 and
its zinc complex that were reported previously. 2?44l The
zinc complex of 21, which was the most active compound in
terms of CXCR4 binding activity, also exhibited potent anti-HIV
activity (ECs,=36 nm).

Taken together, these results show that all of the com-
pounds exhibiting CXCR4 binding activity also showed signifi-
cant anti-HIV activity (ECs, values <300 nm), and none of the

tested compounds exhibited significant cytotoxicity (CCs,
values > 10 pM; Table 2). Conversely, zinc complexes of 20, 21,
22, and 28 did not exhibit significant anti-HIV activity against
macrophage-tropic (R5) HIV-1 (NL(AD8) strain)-induced cytopa-
thogenicity in PM-1 cells at concentrations below 10 pm. Since
R5-HIV-1 strains use CCR5 instead of CXCR4 as the major co-
receptor for entry, this suggests that these compounds do not
bind CCRS5 but rather are highly selective for CXCR4.

Conclusions

The present study introduces a new class of low-molecular-
weight CXCR4 antagonists and their zinc(ll) or copper(ll) com-
plexes, which contain pyridyl or azamacrocycle moieties with
p-xylene or m-xylene spacers. These compounds demonstrated
strong CXCR4 binding activity. Zinc complexes of 20 and 21,
which were the two most active compounds, contain cyclen
and cyclam rings with p- and m-xylene spacers and exhibited
remarkably potent ICs, values (11 and 83 nmM, respectively).
These compounds showed significant CXCR4 antagonistic ac-
tivity, based on inhibitory activity against Ca®* mobilization in-
duced by CXCL12 stimulation through CXCR4, as well as
potent anti-HIV activity, as assessed by protection from X4-HIV-
1-induced cytopathogenicity in MT-4 cells. These results pro-
vide useful insights into the future design of novel CXCR4 an-
tagonists, complementing information from other CXCR4 an-
tagonists such as T140, FC131, and KRH-1636. Furthermore,
these new compounds are useful for the development of ther-
apeutic strategies for CXCR4-relevant diseases and chemical
probes to study the biological activity of CXCR4.

Experimental Section
Chemistry

Compounds 12-17, 20, 21, 24, 25, 27-29, and 31 were synthe-
sized as previously reported.?*2374041.44-47 comnounds 18, 19, 22,
23, 26, and 30 were synthesized in the present study; details are
provided in the Supporting Information. A representative com-
pound, 18, was synthesized by coupling p-dibromoxylene (1,4-bis-
(bromomethyl)benzene) with tri-Boc-protected 1,4,7,10-tetraazacy-
clododecane, followed by treatment with trifluoroacetic acid and
subsequent coupling with bis(pyridin-2-ylmethyl)amine. All crude
compounds were purified by RP-HPLC and identified by FAB/ESI-
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HRMS. Zinc(ll) or copper(ll) complex formation was accomplished
by treatment of the above compounds with 10 equiv of ZnCl, or
CuCl, in PBS. All zinc(ll) or copper(ll) complexes were characterized
by chemical shifts of their methylene protons in 'H NMR analysis.
The pyridyl zinc(ll) complex was characterized previously,”” and
zinc(l) or copper(ll) complex formation with these macrocyclic
compounds has been reported elsewhere.*"**%*! Detailed proce-
dures and data are provided in the Supporting Information.

Biological assays

A CXCR4 binding assay for compounds, based on the inhibition of
['*11CXCL12 binding to Jurkat cells, was performed as reported by
Tanaka et al®® CXCR4 antagonistic activity was evaluated as de-
scribed by Ichiyama et al®”, measuring inhibitory activity against
Ca’* mobilization induced by CXCL12 stimulation in HOS cells ex-
pressing CXCR4. Anti-HIV activity was determined by inhibitory ac-
tivity against X4-HIV-1(NL4-3)-induced cytopathogenicity in MT-4
cells as reported by Tanaka et al.*® An X4 HIV-1 infectious molecu-
lar clone (pNL4-3) was obtained from the AIDS Research and Refer-
ence Reagent Program. The virus NL4-3 was obtained from the
culture supernatant of 293T cells transfected with pNL4-3.

Molecular modeling

Molecular modeling calculations were performed using Sybyl (ver-
sion 7.0, Tripos). Energy minimization was performed using the
Tripos force field and Gasteiger—Huckel charge parameters. The
lowest energy conformation was obtained by random search
methods.
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ABSTRACT: A novel fluorescence-quenching screening meth-
od for protein kinase C (PKC) ligands was developed utilizing
solvatochromic fluorophores. Solvatochromic dyes, highly sen-
sitive to the presence or the absence of competitive ligands in
their binding to the Clb domain of PKCS (0Clb), were
combined with a known pharmacophoric moiety of 1,2-diacyl-
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glycerol (DAG) lactones, PKC ligands. Addition of 0C1b to the fluorescent compounds caused a gradual increase in the fluorescent
intensity in proportion to the increase of 0C1b. As a competitive ligand was added to the complex of 5C1b domain and fluorescent
compounds, a gradual decrease in the fluorescent intensity was observed. The relative binding affinities of known ligands were
successfully determined by this fluorescent method and corresponded well to the K; values measured by a radioisotope method.
These results indicate that washing, which is a laborious step in binding evaluations, is not required for this environmentally sensitive
fluorophore based system. Screening with the system was performed for 2560 preselected library compounds with possible
pharmacophores, and some lead compounds were found. This fluorescence-based method could be applied widely to known

ligand—receptor combinations.

INTRODUCTION

Solvatochromic fluorophores are sensitive to immediate changes
in their environment such as binding of ligands to proteins,1 and
significant biological issues have been examined by chemical
probes with fluorescent dyes.”® The major advantage of the
fluorescence-based methods in the observation of physiological
phenomena in cells is that detection and evaluation can be
performed in real-time directly by microscopy. In these techni-
ques, the signal/background ratio is critical to avoid the observa-
tion of artifacts or to obtain clearer images at high resolution.
Screening methods of bioactive compounds have been devel-
oped as another application of fluorescence.* From the aspect of
sensitivity, radioisotope (RI) based methods are more efficient
but involve laborious experimental procedures. For the develop-
ment of convenient screening procedures, a simple method for
evaluation of binding is needed. By attachment of solvatochromic
fluorophores to known ligands, the binding affinity of unknown
ligands can be evaluated and related to RI methods.® Fluorescent
intensity is highly dependent on the binding state to a target
protein, and the signal/background ratio would be sufficient
without washjnég steps, which are normally necessary in fluor-
escent analysis.””

In this study, we have developed reporter compounds contain-
ing solvatochromic dyes for the detection of ligand binding to a
target protein and applied them to the screening of chemical
libraries. Protein kinase CO (PKCO) was chosen as a target
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protein because of its importance in physiological phenomena.
The 11 isozymes that constitute PKC play pivotal roles in
physiological responses to growth factors, oxidative stress,
1,2-diacylglycerol (DAG), and tumor promoters, such as
phorbol esters. These responses regulate numerous cellular
processes,®” including  proliferation,'®  differentiation,"’
migration,12 and apoptosis.m’14 Membrane translocation of
PKC is caused by binding of ligands to the Clb domain and
has been recognized as an important phenomenon in signal
transduction because the localization of PKC is key in determin-
ing isozyme-specific functions by defining binding partners for
downstream signaling."® Despite the complex regulatory mechan-
isms of PKC activation, considerable progress has been made in
understanding isozyme-specific functions'® and several ligands
with high specificity for PKC isozymes have been developed as
potential drugs.'”~** Through the development of DAG-lac-
tones, whose design is based on the endogenous ligand DAG, the
importance of maintaining intact the pharmacophore triad of two
carbonyl groups (sn-1 and sn-2) and the primary alcohol has been
established as a requirement in high affinity ligands for PKC
(Figure 1).¢ Various PKC ligands have been synthesized and
found to be inhibitors of tumor promotion or of other diseases.
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However, there are limitations to the design of compound
templates so far. Thus, in this study, we have attempted to
develop the screening methods aimed at discovery of novel
template structures for PKCO ligands as drug leads.

& EXPERIMENTAL PROCEDURES

General. 'H NMR spectra were recorded using a Bruker
AVS500 spectrometer. Chemical shifts were reported in ¢ (ppm)
relative to Me,Si (in CDCl;) as an internal standard. Low- and

Figure 1. Binding mode of DAG-lactone derivatives to the SClb
domain. The sn-1 and sn-2 carbonyl groups are indicated. Three
important pharmacophores are indicated by light blue spheres. Amino
acid residues interacting with these pharmacophores (threonine at 242,
leucine at 251, and glycine at 253) are indicated by red spheres.

high-resolution mass spectra were recorded on a JMS-T1000LC
AccuTOF and Bruker Daltonics microTOF-2focus in both
positive and negative detection modes. Wakogel C-200 (Wako
Pure Chemical Industries, Ltd.) and silica gel 60 N (Kanto
Chemical Co., Inc.) were employed for flash chromatography.
Fluorescent spectra were recorded on a JASCO FP-6600 spectro-
fluorometer and JASCO V-650 spectrophotometer using a
quartz cell with 1.0 cm path length. Fluorescent intensities of
samples in 96-well plates were recorded on Wallac ARVO MX.

Standard Monoacylation Procedure. Under argon, Et;N
(3 equiv) was added at 0 °C to a solution containing §,5-
bis(hydroxymethyl)oxalan-2-one in THF, and the mixture was
stirred at 0 °C for 30 min. Then 0.2—1.1 equiv of a carboxylic acid
derivative (an acyl chloride or carboxylic anhydride) was added.
This mixture was stirred at 0 °C for a further 4 h. After
evaporation of the solvent, the obtained residue was purified
by flash column chromatography.

Preparation of Compounds 7, 10—13, 16, 17, and 19—-21.
Compounds 7, 10—12, and 16 were prepared as described in ref
17. Compounds 13 and 17 were prepared as described in refs 24
and 25. The synthesis of 19 is described elsewhere.?® Com-
pounds 20 and 21 are commercially available.

Expression and Purification of the 6C1b Domain. DNA
coding C1b domain of mouse PKCO (231-280)%" was sub-
cloned into BamH]1 and EcoRI sites of pGEX-2tk (GE Health-
care) and expressed as gluthatione-S-transferase (GST) fusion
protein in Escherichia coli C41 which contains extension se-
quences Gly-Ser-Arg-Arg-Ala-Ser-Val-Gly-Ser and Glu-Phe-Tle-
Val-Thr-Asp at the N- and C-termini, respectively. The 6Clb

Scheme 1. Synthesis of Fluorescent Compounds 1—3°
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Figure 2. Fluorescent spectra of compounds 1 (A),2 (B),and 3 (C) in different solvents. The spectra show fluorescence in the solvents color-coded as
follows: red, MeOH; blue, THF; black, CHCl,; green, EtOAc. Each ligand was prepared as 1 mM solution in DMSO. In UV measurement, 10 uL of

ligand was added to 990 uL of solvents.
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Figure 3. Schematic representation of a fluorescence-quenching screening system. In the presence of the O0C1b domain, fluorescence of a
solvatochromic fluorophore is enhanced. The replacement by candidate compounds results in fluorescence quenching.

Table 1. Changes of Fluorescent Intensity upon 6C1b
Binding and Inhibition Constants to §C1b Determined by
Competition Assay against [°H]PDBu

compd AF* K; (nM)*
1 3.8 359
2 23 368
3 0.50 93.3

“ Fluorescent change by binding of the 6C1b domain. The values were
determined by titration of the 5C1b domain. The AF was determined by
dividing F; by F at the maximum of fluorescent emission in each
spectrum. ® Inhibitory constants determined by competition analysis
against [*H] PDBu.2%%%%

domain after cleavage contains 65 amino acid residues. Cells
were grown at 37 °C in LB medium and induced with 0.3 mM
IPTG at growth phase. Cells were cultured overnight at 20 °C
after induction. Cells were collected and lysed in 50 mM Tris-
HCI buffer (pH 8.0) containing 100 mM NaCl, 1 ug/mL
leupeptine, 1 mM PMSF, and 1 mM DTT. Expressed protein
was extracted by sonication, then purified by affinity chromatog-
raphy utilizing glutathione-Sepharose 4B beads resin. GST
moiety was cleaved by 300 units of thrombin at 4 °C overnight. The
cleaved protein was eluted and further purified ona 2.6 cm X 60 cm
Superdex S-75 gel filtration column. Purification was by FPLC
system at a flow rate of 1 mL/min utilizing 0.1 M triethanola-
mine - HCl (pH 7.0) containing 0.5 M NaClL
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Figure 4. Changes of fluorescent spectra of compound 1 during titration of the 3C1b domain (A) and during titration of PDBu (compound 8) (B) after
OC1b binding, The concentration of the C1b domain was increased to 1.28 uM (6.4 equiv to compound 1) by titration. The concentration of PDBu

was increased to 10.2 4M (51.2 equiv to compound 1) by titration.

12(Z):R=CH;

A) B)

®

3

O\[r 3

o) 5

(9] [}

R kel

OH o>— 2

3

el

=
8:R'=R2=CgH, 10 (Z): R = CqHyg 13: R = CgHy4
9: R" = Cy3Hy7, R? = CHjy 11 (E): R = CgHyg 14: R = C3H;

T T T T T
107 10° 105 10+ 10 102
conc. of compounds [M]

Figure 5. Competitive assay against compound 1 based on fluorescent intensity (spectrofluorometer). (A) Structures of test compounds. (B) Inhibition
curves indicate results of compounds 8 (4), 9 (O), 10 (@), 11 (H), 12 (O), 13 (<), and 14 (¥).

Determination of K; of Compounds for Full Length PKCJ.
Enzyme—ligand interaction was assessed in vitro as the ability of
the ligand to displace bound [20-*H]phorbol 12,13-dibutyrate
([*H]PDBu) from recombinant human PKCJ in the presence of
phosphatidylserine (PS) in an experimental procedure that was
described previously.*® In constant concentration analysis, the
concentrations of compounds were fixed at 100 nM for known
compounds and at 10 M for library compounds. The other
procedures were the same as those of the standard evaluation.

Fluorescent Titration of the 6C1b Domain. An amount of
25 uL of a solution of PS in chloroform (10 mg/mL) was
evaporated to dryness under nitrogen. Then S0 mM Tris+ HCI
buffer (pH 7.4) was added and the PS was sonicated with a
Microtip for a total of 15 s. A stock solution of compound 1 was
diluted with SO mM Tris-HCI buffer (pH 7.4) containing
100 pg/mL PS to prepare a 0.2 uM solution. The recombinant
0C1b domain was added to the 0.2 #M solution of compound 1,
and fluorescent spectra (1. = 340 nmn) were measured at 25 °C.
The concentration of the recombinant C1b domain started at 0.01
#M and increased to 1.28 uM by titration. The final concentrations
of compounds 2 and 3 were 0.2 and 0.05 1M, respectively. Change
of fluorescent intensity (AF) was calculated at the following
wavelengths, which showed A, in each evaluation; compound 1,
406 (Fp) and 394 (F;) nm; compound 2, 520 (F,) and 480
(F,) nm; compound 3, 463 (F) and 461 (F,) nm. Wavelengths
recorded before and after the addition of the C1b domain.

Fluorescent Titration of Candidate Ligands. Compound 1
was diluted with 50 mM Tris+HCl (pH 7.4) containing

100 ug/mL PS to obtain a solution with a 0.2 #M final con-
centration. The 6C1b domain was added to the above solution of
compound 1 to be 0.96 uM. A candidate ligand was added to the
solution, and fluorescent spectra were recorded with a spectro-
fluorometer at 25 °C. Fluorescent titration curves (Ao, =
407 nm) were analyzed by nonlinear regression, and ICs, values
were estimated by a nonlinear least-squares curve-fitting method
using GraphPad Prism S (GraphPad Software, Inc., La Jolla, CA,
U.S.). In the constant concentration analysis, the concentrations
of known compounds were fixed at 100 nM and of library
compounds at 10 #M. The other procedures were the same as
those in the standard evaluation.

Fluorescence-Quenching Analysis for Library Screening
Recorded by Microplate Reader. Fluorescence intensity was
recorded on Wallac ARVO MX (PerkinElmer) using a 96-well
black plate. Compound 1 was diluted with S0 mM Tris+ HCI (pH
7.4) containing 100 ttg/mL PS to obtain a solution with a 0.2 4M
final concentration. The dC1b domain was added to the above
solution of compound 1 to be 0.96 M. A candidate ligand (10 4M)
was added to the compound 1—0C1b domain complex solution,
and fluorescent intensities (A, = 355 nm, Ay, = 405 nm) were
measured at 25 °C.

B RESULTS AND DISCUSSION

Synthesis and Fluorescent Properties of Compounds
1—3. Three representative solvatochromic fluorophores, invol-
ving 6-methoxynaphthalene,” 5-(dimethylamino)naghthalene-
1-sulfonyl (dansyl),%***" and diethylaminocoumarin,** > have
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Figure 6. Comparison of inhibition percentages between the fluorescent assay {microplate reader) and the R assay at a constant concentration of test
compounds. (A) Structures of test compounds. (B) Inhibition of binding of compound 1 (fluorescent assay, left gray bars) or [*H]PDBu (R1 assay, right
black bars) in the presence of test compounds (10 uM in the fluorescent assay and 100 nM in the RI assay). The final DMSO concentration is 4%.
(C) Plots of ICs, values (M) by the fluorescent assay versus K; (nM) by the RI assay for compounds 8, 9, 10, 11, and 17.

been utilized. The 6-methoxynaphthalene was incorporated at
the at-carbon of the sn-1 carbonyl group of the DAG-lactone
structure (Scheme 1). The dansyl and diethylaminocoumarin
were incorporated into the sn-2 carbonyl group. In comparison
with the fluorescent spectra of these compounds, obtained in
various solvents, compound 1 showed the most variation with
solvent polarity (Figure 2). It is known that solvatochromic
fluorophores show higher fluorescent intensity in hydrophobic
environments and that the fluorophores are sensitive to the
environment of a binding pocket in target proteins. The fluor-
escent intensity of labeled DAG-lactones should reflect its
binding to a target protein, PKCO (Figure 3), and as expected,
our reporter compounds 1 and 2 containing solvatochromic
fluorophores exibited a remarkable increase of fluorescent in-
tensity in the proximity of the C1b domain of PKCO (6C1b),
which is a specific target of DAG-lactone derivatives (Table 1 and
Figure 4A). This indicates that in the binding of compounds 1
and 2 to the 0Clb domain, the 6-methoxynaphthalene and
dansyl moieties are located in the hydrophobic environment.
However, for compound 3, the fluorescent intensity was de-
creased as the concentration of OC1b increased. The spectra in
various solvents showed dependence of the fluorescent intensity
of the compound 3 on solvent polarity, and it was suggested that
in the binding of compound 3 to the dClb domain, the
diethylaminocoumarin moiety could be located in the hydro-
philic environment. The changes of fluorescent intensity of the
synthetic compounds are summarized in Table 1. The binding
constants of fluorescent compounds were evaluated by [*H]PDBu
competitive assay. Compound 1 showed the highest binding
affinity for the 0C1b domain. In the fluorescence-based analysis
of binding, two factors are key to the sensitivity of the assay

927

system: (i) the fluorescent change as a function of the ligand
binding and (ii) the binding affinity of a reporter compound.

Evaluation of Binding to PKCd by Fluorescent Change of
Compound 1. The results obtained supported the selection of
compound 1 as a reporter compound for further study. In
competitive assays, when candidate ligands of PKCJ are present,
they replace the fluorescent compounds, which are formerly
bound to C1b, and the fluorescent intensity should decrease.
Practically, addition of PDBu to the complex of compound 1 and
OC1b resulted in a remarkable decrease of fluorescent intensity
(Figure 4B). By utilization of compound 1 as a reporter, binding
analysis of known PKC¢ ligands was performed to assess the
reliability of the assay system. Compounds 8— 14 were prepared
as test compounds (Figure SA), and their ICs values, deter-
mined by the fluorescence-based competitive assay with a fluo-
rospectrophotometer against compound 1, were 0.60, 0.49, 1.95,
242, 10.0, $4.2, and 1.22 x 10" uM, respectively (Figure SB).
The order of the IC;, values of compounds 8—11 is identical to
that of the K; values (0.91, 0.26, 5.0, and 6.2 nM, respectively)
determined by the [*H]PDBu competitive assay.

The Binding Analysis by Competition with Compound 1
Showed Linearity with the Classical Rl Assay. To further
assess the collinearity of the fluorescent assay on microplates and
the [*H]PDBu assay, the inhibition percentages by compounds
8—21 in both assays (Figure 6A) at constant concentration were
compared. The compound concentrations were set at 10 4M for
the fluorescent assay and at 100 nM for the [*H]PDBu assay. As
shown in Figure 6B, the inhibition percentages of compounds
8—21 are similar in both assays. Comparison of the ICs, and K;
of compounds 8, 9, 10, 11, and 17, possessing more than 60%
inhibition percentages, showed acceptable linearity (Figure 6C).

dx.doi.org/10.1021/bc100567k |Bioconjugate Chem, 2011, 22, 923-930
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In view of the above results, the present fluorescence-based
evaluation of binding to the 0C1b domain on microplates was
deemed to be a promising alternative for the classical RI assay.
Expansion of the Fluorescence Evaluation to Screening of
Library Compounds. As a proof-of-concept study, compound 1
was utilized in screening of a chemical library, supplied by the
Screening Center at the Tokyo Medical and Dental University
Screening Center. The structures of the library compounds were
analyzed in advance of screening. For binding to the 0Clb
domain, pharmacophores including the carbonyl and hydroxy
groups are necessary and only compounds including these func-
tional groups were chosen. In the analysis of the library on micro-
plates, compounds with more than 20% decrease of fluorescent
intensity determined by triplicated assays were selected as

candidates for further study. Compounds 22—38 were found
from 2560 library compounds (Figure 7A) as candidate C1b
ligands. To further assess the binding affinity of these compounds,
evaluation of binding by competition with the [*H]PDBu was
performed at a fixed concentration (10 #M) (Figure 7B). In this
analysis, compounds 30 and 26, with inhibition percentages at
10 #M 0f 10.2% and of 9.4%, respectively, showed the most and
the second most potent binding affinities for the 3C1b domain.
The binding affinities of these compounds are still very low
compared to that of DAG-lactones, but an SAR study of these
compounds could lead to novel structure templates for synthetic
PKC ligands. This analysis also revealed that compounds 24,
28, 31, 32, 33, and 34 are false positive hits. The results
obtained indicate that our screening system with a fluorescent
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DAG-lactone derivative could be utilized for discovery of novel
chemical leads for PKCS.

H CONCLUSION

A fluorescence-based method for chemical library screening
has been developed. This method, which requires no washing
steps, provides a linear response in relative binding affinity
between compounds and is compatible with the classical RI
assay for PKC ligands. By screening of more than 2500 library
compounds, the method was proven to be a reliable means of
discovery of compounds that bind to the C1b domain of PKCO.
The method would provide potent lead compounds that bind to
the isozyme utilized in the assay. By utilization of the difference of
the binding affinity of reporter compounds to different isozymes,
it is possible that this screening system can provide an efficient
selection of lead compounds highly specific to a target isozyme.
This fluorescence-quenching method should be applicable to
other known receptor—ligand combinations.
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A Synthetic C34 Trimer of HIV-1 gp41 Shows Significant Increase in

Inhibition Potency

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

The development of new anti-HIV-1 drugs such as inhibitors of
protease and integrase has been contributed to highly active
anti-retroviral therapy (HAART) for the treatment of AIDS.M" The
entry of human immunodeficiency virus type 1 (HIV-1) into
target cells is mediated by its envelope glycoprotein (Env), a
type | transmembrane protein that consists of surface subunit
gp120 and noncovalently associated transmembrane subunit
gp41.2 Sequential binding of HIV-1 gp120 to its cell receptor
CD4 and a co-receptor (CCR5 or CXCR4) can trigger a series of
conformational rearrangements in gp41 to mediate fusion be-
tween viral and cellular membranes.®™ The protein gp41 is
hidden beneath gp120, and its ectodomain contains helical N-
and C-terminal leucine/isoleucine heptad repeat domains, N-
HR and C-HR. Particular regions of N-HR and C-HR are involved
in membrane fusion, and 36-mer and 34-mer peptides, which
are derived from N-HR and C-HR, have been designated as the
N-terminal helix (N36) and C-terminal helix (C34), respectively.
In the membrane fusion of HIV-1, these helices assemble to
form a six-helical bundle (6-HB) consisting of a central parallel
trimer of N36 surrounded by C34 in an antiparallel hairpin
fashion. Synthetic peptides derived from these helices have
potent antiviral activity against both laboratory-adapted strains
and primary isolates of HIV-1.% They inhibit the membrane
fusion stage of HIV-1 infection in a dominant-negative manner
by binding to the counterpart regions of gp41 (N-HR or C-HR),
blocking formation of the viral gp41 core.

Several potent anti-HIV-1 peptides based on the C-HR region
have been discovered,”® and T20 was subsequently devel-
oped as the clinical anti-HIV-1 drug enfuvirtide (Roche/Trime-
ris). 10131 |t js a 36-mer peptide derived from the gp41 C-HR
sequence and can bind to the N-HR to prevent formation of
the 6-HB in a dominant-negative fashion."® T20 therapy has
brought safety, potent antiretroviral activity, and immunologi-
cal benefit to patients, but its clinical application is limited by
the development of resistance. The C-terminal helix C34 is also
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a C-HR-derived peptide, and contains the amino acid residues
required for docking into the hydrophobic pocket, termed the
“deep pocket”, of the trimer of the N-HR region. This peptide
potently inhibits HIV-1 fusion in vitro.'” To date, several gp41
mimetics, especially those of N36 regions, which assemble
these helical peptides with branched peptide linkers, have
been synthesized as antigens.'"?

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

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

Circular dichroism (CD) spectra of C34REG and triC34e are
shown in Figure 3A. The peptides were dissolved in 50 mm
sodium phosphate buffer with 150 mm NaCl, pH 7.2, Both
spectra display minima at ~200 nm, indicating that these pep-
tides form random structures. We previously reported that the
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Figure 1. C34-derived peptides: A) C34REG-thioester and B) C34REG. C) The
design of a C3-symmetric template.
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Figure 2. The native chemical ligation used for assembly of the C34REG-thioester on the

template.

N36 monomer N36RE and the N36 trimer triN36e form a highly
structured a helix, and that the helical content of triN36e was
greater than that of N36RE*?% These results suggest that in
contrast to N36-derived peptides, C34-derived peptides tend
to form random structures both in the monomeric and trimeric
forms. To assess the interaction of triC34e with N36, CD spectra
of a mixture of triC34e with an N36-derived peptide, N36RE,
were measured (Figure 3B). The spectrum of the C34REG and
N36RE mixture and that of the triC34e and N36RE mixture
showed double minima at A4 208 and 222 nm, indicating that
the peptide mixture forms an o-helical structure and that the
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Scheme 1. Synthesis of the equivalently branched template 5. Reagents and
conditions: a) (3-bromopropyl)carbamic acid tert-butyl ester, NaH, THF; b) 4m
HCl/dioxane; c) Boc-Cys(Trt)-OH, EDCI-HCI, HOBt-H,0, Et;N, DMF; d) 90% aq.

TFA.

helical content of the trimer triC34e and N36RE mixture is
lower than that of the monomer C34REG and N36RE mixture.
This is evidence that relative to the monomer C34REG, the
trimer triC34e interacts with N36 only with difficulty, due to
the assembly of three peptide strands by covalent bonds.

As the trimeric C34 was proven to interact with N36 helices,
the potential HIV-1 inhibitory activities of the C-terminal pep-
tides, C34REG and triC34e, were evaluated. The C34 peptide
without the solubility-increasing sequence (3x[Arg-Glul, ob-
tained from NIAID) was used as the monomeric control.?”! All
peptides showed potent inhibitory activity in the viral fusion
assay (Table 1), with the potency of triC34e being 100- and 40-
fold higher than that of C34REG and C34 peptides,
respectively. Notably, the triC34e trimer peptide is re-
markably more potent in anti-HIV-1 activity than the
monomet, indicating that a trimeric form is critical
for inhibitory activity. Cytotoxicity from the peptides
was not observed at concentrations of 15 um for
C34REG and C34, and 5 um for triC34e.

We next carried out an assay for the inhibition of
viral replication. As shown in Table 2, triC34e showed
30- and 20-fold higher inhibitory activity than pep-
tides C34 and C34REG, respectively. In the two anti-
HIV-1 assays, triC34e showed a great enhancement
of activity over the C34 monomers. The IC,, values
obtained in the assays are different, and this can be

(34 peptide® C34REG triC34e
1Csp [um]® 0.044 0.12 0.0013
CCs [um]@ >15 >15 >5

[a] HIV-1 llIB C34 peptide. [b] IC,, values are based on luciferase signals in
TZM-bl cells infected with HIV-1 (NL4-3 strain). [c] CCs, values are based
on the decrease in viability of TZM-bl cells. All data are the mean values
from at least three experiments.
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