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Structure-activity relationship studies were conducted on HIV integrase (IN) inhibitory peptides which
were found by the screening of an overlapping peptide library derived from HIV-1 gene products. Since
these peptides located in the second helix of Vpr are considered to have an a-helical conformation, Glu-
Lys pairs were introduced into the i and i + 4 positions to increase the helicity of the lead compound pos-
sessing an octa-arginyl group. Ala-scan was also performed on the lead compound for the identification of
the amino acid residues responsible for the inhibitory activity. The results indicated the importance of an
a-helical structure for the expression of inhibitory activity, and presented a binding model of integrase

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Highly active anti-retroviral therapy (HAART), which involves a
combination of two or three agents from two categories, reverse
transcriptase inhibitors and protease inhibitors, has brought us
remarkable success in the clinical treatment of HIV-infected and
AIDS patients.! However, it has been accompanied by serious clin-
ical problems including the emergence of viral strains with multi-
drug resistance (MDR), considerable adverse effects and nonethe-
less high costs. As a result, new categories of anti-HIV agents oper-
ating with mechanisms of action different from those of the above
inhibitors are sought. HIV-1 integrase (IN) is a critical enzyme for
the stable infection of host cells since it catalyzes the insertion of
viral DNA into the genome of host cells, by means of strand transfer
and 3'-end processing reactions and thus it is an attractive target
for the development of anti-HIV agents. Recently, the first IN inhib-
itor, raltegravir (Merck),? has appeared in a clinical setting. It is as-
sumed that the activity of IN must be negatively regulated during
the translocation of the viral DNA from the cytoplasm to the nu-
cleus to prevent auto-integration. The virus, as well as the host
cells, must encode mechanism(s) to prevent auto-integration since
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the regulation of IN activity is critical for the virus to infect cells.?
By screening a library of overlapping peptides derived from HIV-1
SF2 gene products we have found three Vpr-derived peptides, 1, 2
and 3, which possess significant IN inhibitory activity, indicating
that IN inhibitors exist in the viral pre-integration complex
(PIC).* The above inhibitory peptides, 1, 2 and 3, are consecutive
overlapping peptides (Fig. 1). Compounds 4 and 5 are 12- and
18-mers from the original Vpr-sequence with the addition of an
octa-arginyl group® into the C-terminus for cell membrane perme-
ability, respectively. Compounds 4 and 5 have IN inhibitory activity
and anti-HIV activity. Here, we report structure-activity relation-
ship studies on these lead compounds for the development of more
potent IN inhibitors.

2. Results and discussion

To determine which lead compound is most suitable for further
experiments, five peptides 6-10, which were elongated by one
amino acid starting with compound 4 and extended ultimately to
5, were synthesized (Fig. 2). Judging by the 3’-end processing and
strand transfer reactions in vitro,® these peptides 4-10 had similar
inhibitory potencies (Table 1). As a result, we concluded that 12
amino acid residues derived from the original Vpr-sequence are
of sufficient for IN inhibitory activity, and any peptide among
4-10 is a suitable lead.
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1 AGVEAIRILQQLLF 1 5 10 15
2 IRILQQLLFIHFRI 5 Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH,
3 LQQALLFIHFRIGCQH 11 Ac-EAIIRILQQLLFIEFRIK-RRRRRRRR-NH,
4 Ac-LQQLLFIHFRIG-RRRRRRRR-NH; 12 Ac-EEIRKLQQLLFIHFRIG-RRRRRRRR-NH,
5 Ac-EAIRILQQLLFIHFRIG-RRRRRRRR-NH, 13 Ac-EAIRILQELLFKHFRIG-RRRRRRRR-NH,

Figure 1. Amino acid sequences of compounds 1-5. Compounds 1-3 are consecu-
tive overlapping peptides with free N-/C-terminus. These were found by the IN
inhibitory screening of a peptide library derived from HIV-1 gene products.
Compounds 4 and 5 are cell penetrative leads of IN inhibitors.

Ac-LQQLLFIHFRIG-RRRRRRRR-NH;
Ac-ILQQLLFIHFRIG-RRRRRRRR-NH,
Ac-RILQQLLFIHFRIG-RRRRRRRR-NH,
Ac-IRILQAQLLFIHFRIG-RRRRRRRR-NH,
Ac-lIRILQQLLFIHFRIG-RRRRRRRR-NH,
10 Ac-AlIRILQQLLFIHFRIG-RRRRRRRR-NH,
5 Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH,

CoONOO M

Figure 2. Amino acid sequences of compounds 6-10, which are elongated by one
amino acid from compound 4 to 5.

Table 1
ICsp values of compounds 4-10 toward the 3'-end processing and strand transfer
reactions catalyzed by HIV-1 IN

Compound ICso (UM)
3'-End processing Strand transfer
4 0.1310.02 0.06 £0.01
5 0.0910.01 0.04 £0.01
[ 0.10+0.01 0.07 £0.01
7 0.1310.02 0.11x001
8 0.26 £ 0.04 0.11+0.03
9 0.1110.01 0.07 £0.01
10 0.08 £0.01 0.05+0.01

Structural analysis showed that the Vpr-derived peptides, 1, 2
and 3, are located in the second helix of Vpr and were thus consid-
ered to have an a-helical conformation.” Compound 5 was adopted
as a lead for the development of compounds with an increase in
a-helicity since a longer peptide is likely to form a more stable
a-helical structure than a shorter one. Initially, Glu (E) and Lys
(K) were introduced in pairs into compound 5 at the i and i+ 4
positions. In general, such disposition of Glu-Lys pairs at i and
i+ 4 positions is considered to cause an increase in a-helicity due
to formation of an ionic interaction of a B-carboxy group of Glu
and an e-amino group of Lys. Several analogs of 5 with Glu-Lys
pairs were synthesized by Fmoc-solid phase peptide synthesis
(Fig. 3). In the inhibitory assay against the 3’-end processing and
strand transfer reactions catalyzed by HIV-1 IN in vitro, com-
pounds 11 and 15 showed more potent inhibitory activities than
5 (Table 2). Substitution of Glu-Lys for His'*-Gly'® or Ile3-Leu’
caused no decrease in IN inhibitory activity but a significant in-
crease in activity, suggesting that lle?, Leu’, His'* and Gly'® are
not indispensable for activity. Substitution of Glu-Lys for Ala?-lle®
or GIn®-lle'® caused a slight decrease in IN inhibitory activity
against the 3’-end processing and strand transfer reactions (com-
pounds 12 and 13), indicating that Ala? and/or Ile®, and GIn® and/
or Ile'? are partly required for activity. Substitution of Glu-Lys for
lle*-GIn® caused a 2-4-fold decrease in IN inhibitory activity
against the 3’-end processing and strand transfer reactions (com-
pound 14), showing that lle* and/or GIn® are essential for activity.
Substitution of Glu-Lys for Leu'’-Phe'® caused an eightfold de-
crease in IN inhibitory activity against the 3’-end processing reac-
tion and a 1.5-fold decrease in IN inhibitory activity against the

14 Ac-EAIERILKQLLFIHFRIG-RRRRRRRR-NH,
15 Ac-EAEIRIKQQLLFIHFRIG-RRRRRRRR-NH,
16 Ac-EAIIRILQQLEFIHKRIG-RRRRRRRR-NH,
17 Ac-EENRKLQQLLFIEFRIK-RRRRRRRR-NH,

Figure 3. Amino acid sequences of compounds 11-17, into which Glu-Lys pairs
have been introduced.

Table 2

ICsp values of compounds 5 and 11-17 toward the 3'-end processing and strand
transfer reactions catalyzed by HIV-1 IN

Compound ICs (UM)
3'-End processing Strand transfer

5 0.090.01 0.04 £ 0.01
1 0.05 £ 0.01 0.01 £0.001
12 0.1210.01 0.047 £ 0,01
13 0.1410.02 0.065 £ 0.01
14 0.2310.03 0.15 £ 0.002
15 0.0440.01 0.031 £ 0.01
16 0.71+021 0.06 + 0.004
17 0.18 £ 0.06 0.08 £ 0.02

strand transfer reaction (compound 16), indicating that Leu
and/or Phe'® are indispensable for activity, especially for inhibition
against 3'-end processing. Compound 17 has two substitutions of
Glu-Lys for His'#-Gly'® and for Ala®-lle®, which are common to
compounds 11 and 12, respectively. A twofold decrease in both
IN inhibitory activities of compound 17 is mostly due to the substi-
tution for Ala®-lle® common to 12, although 17 is slightly less
active than 12 in both IN inhibitory assays.

Anti-HIV activity of these compounds was assessed by an MT-4
Luc system, in which MT-4 cells were stably transduced with the
firefly luciferase expression cassette by a murine leukemia viral
vector. MT-4 Luc cells constitutively express high levels of lucifer-
ase. HIV-1 infection significantly reduces luciferase expression due
to the high susceptibility of MT-4 cells to HIV-1 infection. Protec-
tion of MT-4 Luc cells from HIV-1-induced cell death maintains
the luciferase signals at high levels. In addition, the cytotoxicity
of test compounds can be evaluated by a decrease of luciferase sig-
nals in these MT-4 Luc systems. The parent compound 5 showed
significant anti-HIV activity at concentrations above 1.25 puM, as
reported previously (Fig. 4).* Compound 15 showed a significant
inhibitory effect against HIV-1 replication, and is thus comparable
to compound 5. Compounds 11, 14 and 16 also displayed weak
antiviral effects at concentrations of 2.5 and 5.0 u4M and com-
pounds 12, 13 and 17 failed to show any significant anti-HIV activ-
ity. These results suggest that there is a positive correlation
between IN inhibitory activity and anti-HIV activity of the com-
pounds. None of these compounds showed significant cytotoxic ef-
fects at concentrations below 5.0 uM.

The structures of compounds 5 and 11-17 were assessed by CD
spectroscopy. Because the aqueous solubility of these peptides is
not high the peptides were dissolved in 0.1 M phosphate buffer,
containing 50% MeOH at pH 5.6. The CD spectra suggest that the
parent compound 5, which has no Glu-Lys pair, forms a typical
a-helical structure, and the other compounds, with the exception
of 11 and 15, form a-helical structures similarly (Fig. 5). The order
of strength of a-helicity is 12, 16 > 14 > 17 > 5 > 13. Compounds 11
and 15 have no characteristic pattern, although IN inhibitory activ-
ities of both compounds are superior to that of the parent
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- 5 4 Ac-LQQLLFIHFRIG-RRRRRRRR-NH,
-+ 1 18 Ac-AQQLLFIHFRIG-RRRRRRRR-NH,
5 —_12 19 Ac-LAQLLFIHFRIG-RRRRRRRR-NH,
g . - 20 Ac-LQALLFIHFRIG-RRRRRRRR-NH,
I - 14 21 Ac-LQQALFIHFRIG-RRRRRRRR-NH,
% - 15 22 Ac-LQQLAFIHFRIG-RRRRRRRR-NH,
23 Ac-LQQLLAIHFRIG-RRRRRRRR-NH,
~ 16 24 Ac-LQQLLFAHFRIG-RRRRRRRR-NH,
E 104105 4 - 17 25 Ac-LQQLLFIAFRIG-RRRRRRRR-NH,
<+ 3TC 26 Ac-LQQLLFIHARIG-RRRRRRRR-NH;
F 27 Ac-LQQLLFIHFAIG-RRRRRRRR-NH,
28 Ac-LQQOLLFIHFRAG-RRRRRRRR-NH,
20 Ac-LQQLLFIHFRIA-RRRRRRRR-NH,
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Figure 4. Luciferase signals in MT-4 Luc cells infected with HIV-1 in the presence of
different concentrations of compounds 11-17. Luciferase activity is expressed as
relative luciferase units (RLU). 3TC is an HIV reverse transcriptase inhibitor, which
was used as a positive control.
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Figure 5. CD spectra of compounds 5 and 11-17 (5 pM) in 0.1 M phosphate buffer,
PH 5.6 containing 50% MeOH at 25 °C.

compound 5. Replacement of His'*-Gly'® and lle’-Leu’ by Glu-Lys
in compounds 11 and 15, respectively, caused a significant de-
crease in a-helicity, possibly due to formation of unfavorable salt
bridges such as Glu'*-Arg'® and Glu-Arg>. Introduction of a Glu-
Lys pair into GIn®-lle'® in compound 13 caused a slight decrease
in a-helicity, possibly due to interference in the formation of a salt

bridge of Glu'-Arg® by that of Arg>-GIu®. In the other analogs, in-

creases in a-helicity were observed to result from the introduction
of Glu-Lys pairs as we had initially postulated. Overall, there is no
positive correlation between IN inhibitory or anti-HIV activity and
the degree of a-helicity of the compounds.

In order to identify the amino acid residues responsible for IN
inhibitory and anti-HIV activities of these peptides, an Ala-scan
of compound 4 was performed (Fig. 6). Compounds 18-22, 25, 27
and 29 showed IN inhibitory activities against the 3’-end process-
ing and strand transfer reactions similar to those of 4 (Table 3).
Ala-substitution for Leu’, GIn®, GIn®, Leu'®, Leu"!, His', Arg'® or
Gly'® did not cause any significant change in either of IN inhibitory
activities, indicating that the replaced amino acids are not essential
for IN inhibition. Ala-substitution for Phe'?, Ile'3, Phe'® or Ile!’
gave compounds 23, 24, 26 and 28, which were 2-4 times less ac-
tive in both the IN inhibitory assays, suggesting that Phe'?, Ile'3,
Phe'® and Ile!” are indispensable for IN inhibition. Assessment of
anti-HIV activity in the MT-4 Luc system showed that all com-
pounds 18-29 produced dose-dependent inhibition of HIV-1 repli-
cation, although they displayed cytotoxicity at 10 uM (4, 19-23, 26
and 27) or above 5 uM (24 and 25) (Fig. 7). Compounds 23 and 24,

Figure 6. Amino acid sequences of compounds 18-29 based on an Ala-scan of
pound 4. Position numbers correspond to alignment with compound 5.

Table 3
ICso values of compounds 18-29
reactions catalyzed by HIV-1 IN

i the 3'-end processing and strand transfer

Compound ICso (UM)
3'-End processing Strand transfer
4 0.11+0,03 0.05 1 0.01
18 0.12 £ 0.004 0.08 £ 0.01
19 0.1310.02 0.06 ¢ 0.01
20 0.10 £ 0.004 0.06 £ 0.01
21 0.1210.02 0.07 £ 0.01
22 0.1310.003 0.06 £ 0.01
23 0.34 £ 0.06 0.18+0.03
24 0.33+0.02 0.22 £0.01
25 0.1310.01 0.06 £ 0.01
26 025+0.02 0.12£0.01
7 0.1110.01 0.05 £ 0.01
28 0.2010.03 0.16 £ 0.02
29 0.09+0.01 0.09 £ 0.01
1.0,107 +
-+ 4
1.0:40° 4 - 18
= * 19
2 ~ 2
> 1.0.40° -2
- 22
- 23
- 24
‘ 1.0:40* 4 - 25
g - 2
- 27
1.0:10% 4 - 28
- 29
1.0x102

10 ] 2.5 128 065
conc. (tM)

Figure 7. Luciferase signals in MT—4 Luc cells infected with HIV-1 in the presence of
various concentrations of compounds 18-29. Luciferase activity was valued as RLU.

with Ala-substitution for Phe'? and Ile'®, respectively, showed
weaker inhibitory activity than 4 at 5 pM. Consequently, Phe'?
and Ile'® were deemed to be critical for activity, which is consistent
with the IN inhibitory activity results. A control peptide isomer of 5
(Ac-QIFEHLAGIIQILRFLRI-Rg-NH,) did not show anti-HIV activity at
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4. Experimental

HIV-1IN

Figure 8. Brief presumed drawing of the binding model of HIV-1 IN and
compound 5.

concentrations below 10 pM, suggesting that the original Vpr-se-
quence, with the exceptions of Phe'?, Ile'?, Phe'> and Ile'’, is crit-
ical for activity.

The assumption that compound 5 forms an a-helical structure
when binding to HIV-1 IN suggests the binding model of IN and
5 shown in Figure 8, as 5 forms an a-helical structure in 50% aque-
ous MeOH solution. In this model, Phe'?, Ile'3, Phe'® and Ile'’,
which were identified by the Ala-scan experiment as critical resi-
dues, are located in the pocket of IN. His'¢ and Gly'®, which can
be replaced by Glu-Lys with an increase of activity in compound
11, are located outside of the pocket of IN. Ile* and Leu’ can also
be replaced by Glu-Lys while retaining activity in compound 15,
and Leu’ is located outside of the pocket, whereas Ile? is located
in the edge of the pocket. Compounds 11 and 15 might form
a-helical structures when binding to IN, although 11 or 15 does
not show a-helicity in the CD spectrum. Thus, these compounds
might retain IN inhibitory activity. This binding model is compatible
with the results of structure-activity relationship studies involving
Glu-Lys substitution and Ala-scan. The reason for decreases in IN
inhibitory and anti-HIV activity of compounds 12 and 17, which
show increases of a-helicity, are possibly due to substitution of
Glu-Lys for Ala? and IleS, which are located in the pocket of IN. The
reason for a decrease in activity of compounds 14 and 16, which
show increased a-helicity, might be due to substitution of Lys for
GIn® and Phe'®, respectively, which are located in the pocket of IN.
The reason for decreases in IN inhibitory and anti-HIV activity of
compound 13, which also shows a decrease of a-helicity, are possi-
bly due to substitution of Glu-Lys for GIn® and Ile’®, which are
located in the pocket of IN.

3. Conclusion

In the present study, structure-activity relationship studies
were performed on Vpr-derived peptides 4 and 5, which had been
previously identified as HIV-1 IN inhibitors.* The Glu-Lys substitu-
tion experiments and Ala-scan data suggest that several amino
acid residues of 4 and 5 are indispensable for IN inhibitory and
anti-HIV activities, and a binding model of IN and 5 were proposed.
Furthermore, two novel compounds 11 and 15, which contained
Glu-Lys pairs and showed more potent IN inhibitory activities than
compound 5, were found. These data including the binding model
should be useful for the development of potent HIV-1 IN inhibitors
based on Vpr-peptides.

4.1. Chemistry

All peptides were synthesized by the Fmoc-based solid-phase
method. The synthetic peptides were purified by RP-HPLC and
identified by ESI-TOF-MS. Fmoc-protected amino acids and re-
agents for peptide synthesis were purchased from Novabiochem,
Kokusan Chemical Co., Ltd and Watanabe Chemical Industries,
Ltd. Protected peptide resins were constructed on NovaSyn TGR
resins (0.26 meq/g, 0.025 and 0.0125 mmol scales for Glu-Lys sub-
stitution and Ala-scan peptides, respectively). All peptides were
synthesized by stepwise elongation techniques. Each cycle in-
volves (i) deprotection of an Fmoc group with 20% (v/v) piperi-
dine/DMF (10 mL) for 15 min and (ii) coupling with 5.0 equiv of
Fmoc-protected amino acid, 5.0 equiv of diiopropylcarbodiimide
(DIPCI) and 5.0equiv of 1-hydroxybenzotriazole monohydrate
(HOBt-H,0) in DMF (3 mL) for 90 min. N-Terminal o-amino groups
of Glu-Lys substitution and Ala-scan peptides were acetylated with
100 equiv of acetic anhydride in DMF (10 mL). Cleavage from the
resin and side chain deprotection were carried out by stirring for
1.5 h with m-cresol (0.25 mL), thioanisole (0.75 mL), 1,2-ethanedi-
thiol (0.75 mL) and TFA (8.25 mL). After removal of the resins by
filtration, the filtrate was concentrated under reduced pressure,
the crude peptides were precipitated in cooled diethyl ether and
purified by preparative RP-HPLC on a Cosmosil 5C18-AR II column
(10 x 250 mm, Nacalai Tesque, Inc.) with a LaChrom Elite HTA sys-
tem (Hitachi). The HPLC solvents employed were water containing
0.1% TFA (solvent A) and acetonitrile containing 0.1% TFA (solvent
B). All peptides were purified using a linear gradient of solvents A
and B over 30 min at a flow rate of 3 cm*® min~". The purified pep-
tides were identified by ESI-TOF-MS (Brucker Daltonics micrOTOF-
2focus) (shown in Table S1 in Supplementary data). All peptides
were obtained after lyophilization as fluffy white powders of the
TFA salts. The purities of these peptides were checked by analytical
HPLC on a Cosmosil 5C18-ARII column (4.6 x 250 mm, Nacalai Tes-
que, Inc.) eluted with a linear gradient of solvents A and B at a flow
rate of 1 cm® min~", and eluted products were detected by UV at
220 nm (shown in Figs. S1-53 in Supplementary data).

4.2. Expression and purification of F185K/C280S HIV-1 integrase
from Escherichia coli

Plasmid encoding IN1-288/F185K/C280S was expressed in
Escherichia coli strain C41. The solubility of the mutant protein
was examined in a crude cell lysate, as follows. Cells were grown
in 1 L of culture medium containing 100 pg/mL of ampicillin at
37 °C until the optical density of the culture at 600 nm was be-
tween 0.4 and 0.9. Protein expression was induced by the addition
of isopropyl-1-thio-B-p-galactopyranoside to a final concentration
of 0.1 mM. After 2 h, the cells were collected by centrifugation at
6000 rpm for 30 min. After removal of the supernatant, the cells
were resuspended in HED buffer (20 mM HEPES, pH 7.5, 1 mM
EDTA, 1 mM DTT) with 0.5 mg/mL lysozyme and stored on ice for
30 min. The cells were sonicated until the solution exhibited min-
imal viscosity then it was centrifuged at 15,000 rpm for 30 min.
After removal of the supernatant, the pellet was dissolved in
TNM buffer (20 mM Tris/HC], pH 8.0, 1 M NaCl, 2 mM 2-mercap-
toethanol) with 5mM imidazole and stored on ice for 30 min.
The cells were then centrifuged at 15,000 rpm for 30 min and the
supernatant was collected. The supernatant was then filtered
through 0.45 pm filter cartridge and applied to a HisTrap column
at 1 mL/min flow rate. After loading, the column was washed with
10 volume of TNM buffer with 5 mM imidazole. Protein was eluted
with a linear gradient of 500 mM imidazole, containing TNM buf-
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fer. Fractions containing IN were pooled and checked with SDS-
PAGE.

4.3. CD spectroscopy of peptides with Glu-Lys substitution

CD measurements were performed on a JASCO 720 spectropo-
larimeter equipped with thermo-regulator (JASCO Corp., Ltd),
using 5 uM of peptides dissolved in 0.1 M phosphate buffer, pH
5.6 containing 50% MeOH. UV spectra were recorded at 25 °C in a
quartz cell 1.0mm path length, a time constant of 1s, and a
100 nm/min scanning speed with 0.1 nm resolution.

4.4. Integrase assays

Expression and purification of the recombinant IN in E. coli were
performed as previously reported with addition of 10% glycerol to
all buffers. Oigonucleotide substrates were prepared as described.®
Integrase reactions were performed in 10 uL with 400 nM of
recombinant IN, 20 nM of 5'-end [>2P]-labeled oligonucleotide sub-
strate and inhibitors at various concentrations. Solutions of 10%
DMSO without inhibitors were used as controls. Reaction mixtures
were incubated at 37 °C (60 min) in buffer containing 50 mM
MOPS, pH 7.2, 7.5 mM MgCl;, and 14.3 mM 2-mercaptoethanol.
Reactions were stopped by addition of 10 puL of loading dye
(10 mM EDTA, 98% deionized formamide, 0.025% xylene cyanol
and 0.025% bromophenol blue). Reactions were then subjected to
electrophoresis in 20% polyacrylamide-7 M urea gels. Gels were
dried and reaction products were visualized and quantitated with
a Typhoon 8600 (GE Healthcare, Little Chalfont, Buckinghamshire,
UK). Densitometric analyses were performed using ImageQuant
from Molecular Dynamics Inc. The concentrations at which en-
zyme activity was reduced by 50% (ICso) were determined using
‘Prism’ software (GraphPad Software, San Diego, CA) for nonlinear
regression to fit dose-response data to logistic curve models.

4.5. Replication assays (MT-4 luciferase assays)

MT-4 luciferase cells (1 x 10° cells) grown in 96-well plates
were infected with HIV-14xg; in the presence of various concentra-
tions of peptides. At 6-7 days post-infection, cells were lysed and
the luciferase activities were measured using the Steady-Glo assay
kit (Promega), according to the manufacturer’s protocol. Chemilu-
minescence was detected with a Veritas luminometer (Promega).
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ing site. A structure-activity relationship (SAR) study of a series of CD4 mimic analogs was conducted to
investigate the contribution from the piperidine moiety of CD4 mimic 1 to anti-HIV activity, cytotoxicity,
and CD4 mimicry effects on conformational changes of gp120. In addition, several hybrid molecules
based on conjugation of a CD4 mimic analog with a selective CXCR4 antagonist were also synthesized
and their utility evaluated.

© 2010 Elsevier Ltd. All rights reserved.

The infection of host cells by HIV-1 takes place in multiple steps
via a dynamic supramolecular mechanism mediated by two viral
envelope glycoproteins (gp41, gp120) and several cell surface pro-
teins (CD4, CCR5/CXCR4)." Cell penetration begins with the inter-
action of gp120 with the primary receptor CD4. This induces
conformational changes in gp120, leading to the exposure of its
V3 loop allowing the subsequent binding of gp120 to a co-receptor,
CCR5? or CXCR4.2

N-(4-Chlorophenyl)-N'-(2,2,6,6-tetramethyl-piperidin-4-yl Jox-
alamide (NBD-556: 1) and the related compounds NBD-557 (2)
and YYA-021 (3) have been identified as a novel class of HIV-1 en-
try inhibitors, which exert potent cell fusion and virus cell fusion
inhibitory activity at low micromolar levels (Fig. 1).* Furthermore,
compound 1 can also induce thermodynamically favored confor-
mational changes in gp120 similar to those caused by CD4 bind-
ing. The X-ray crystal structure of gp120 complexed with CD4
revealed the presence of a hydrophobic cavity, the Phe43 cavity,
which is penetrated by the aromatic ring of Phe*? of CD4.> Molec-
ular modeling revealed that compound 1 is also inserted into the
Phe43 cavity, the para-chlorophenyl group of 1 entering more dee-
ply than the pheny! ring of Phe*? of CD4 and interacting with the
conserved gp120 residues such as Trp*?’, Phe®®?, and Trp''2.% The
modeling also suggested that an oxalamide linker forms hydrogen
bonds with carbonyl groups of the gp120 backbone peptide bonds.
Our model of 1 docked into gp120 revealed that eight other gp120

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

0960-894X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2010.07.106

residues, Val?>, Asp%8, Glu®7°, Ser*”, Ile**, Trp*?’, Val**, and
Val*’* are located within a 4.4 A-radius of 1 and that a large cavity
exists around the p-position of the aromatic ring of 1.#¢ Based on
these observations, we conducted a structure-activity relationship
(SAR) study of a series of analogs of CD4 mimics with substituents
at the p-position of the aromatic ring. This study revealed that a
certain size and electron-withdrawing ability of the substituents
are indispensable for potent anti-HIV activity.*

Although several reported SAR studies of 1 have revealed the
contributions of the phenyl ring and the oxalamide linker of 1 to
the binding affinity with gp120, the anti-HIV activity and the
CD4 mimicry on conformational changes of gp120, there has been,
to the best of our knowledge, no prior report describing SAR stud-
ies of the piperidine ring of 1. In this paper, the contributions of the
piperidine ring of 1 to the anti-HIV activity, CD4 mimicry and cyto-
toxicity were investigated through the SAR studies focused on the
piperidine ring of 1. Furthermore, to apply the utility of CD4 mim-
ics to the development of potent anti-HIV agents, a series of the

NH

n (o]
O W)Lu
R (o]
1(R=Cl)

2 (R=Br)
3 (R = Me)

Figure 1. NBD-556 (1) and related compounds,
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hybrid molecules that combined CD4 mimic analogs with a selec-
tive CXCR4 antagonist were also synthesized and bioevaluated.
For the design of novel CD4 mimic analogs, we initially tried to
directly derivatize the nitrogen atom of piperidine group. However,
direct alkylation and acylation of 1 failed probably as a result of
steric hindrance from the methyl groups on the piperidine ring
so we synthesized several derivatives lacking the methyl groups
and evaluated their anti-HIV activity, cytotoxicity, and ability to
mimic CD4. According to the previous SAR study,* the p-Cl (4),
p-Br (5) and p-methyl derivatives (6) lacking the methyl groups
on the piperidine ring were prepared. Compounds 4-6 were syn-
thesized by published methods as shown in Scheme 1. Briefly, cou-
pling of aniline derivatives with ethyl chloroglyoxalate in the
presence of Et;N and subsequent saponification gave the corre-
sponding acids (10-12). Condensation of these acids with 4-ami-
no-N-benzylpiperidine in the presence of EDC-HOBt system,
followed by debenzylation under von Braun conditions with 1-
chloroethy! choroformate® produced the desired compounds 4-6.’
The anti-HIV activity of each of the synthetic compounds was
evaluated against MNA (R5) strain, with the results shown in Table
1. ICsp values were determined by the 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) method® as the con-
centrations of the compounds which conferred 50% protection
against HIV-1-induced cytopathogenicity in PM1/CCRS5 cells. Cyto-
toxicity of the compounds based on the viability of mock-infected
PM1/CCR5 cells was also evaluated using the MTT method. CCsq
values, the concentrations achieving 50% reduction of the viability
of mock-infected cells, were also determined. Compounds 1 and 3
showed potent anti-HIV activity. The anti-HIV ICs, of compound 2
was previously reported to be comparable to that of compound 1,

NH, H 2
/©/ ab /©/ \H/KOH
R . 0
)

7(R=CI 10 (R=Cl)
8(R=Br) 11 (R=Br)
9 (R = Me) 12 (R = Me)
(e} NH
oo 1A O
IORS
H
R 0]

4 R=Cl)

5 (R =Br)

6 (R = Me)

Scheme 1. Synthesis of compounds 4-6. Reagents and conditions: (a) ethyl
chloroglyoxylate, Et;N, THF; (b) 1M ag NaOH, THF, 67%-quant.; (c) 1-benzyl-4-
aminopiperidine, EDC-HC1, HOBt-H;0, Et3N, THF; (d) (i) 1-chloroethy! chlorofor-
mate, CH,Cl;; (ii) MeOH, 8-47%.

Table 1
Effects of the methyl groups on anti-HIV activity and cytotoxicity of CD4 mimic
analogs®

Compd R ICso (M) CCso (uM)
MNA (R5)
1 a 12 110
2 Br ND 93
3 Me 15 210
4 a 8 100
5 Br 6 50
6 Me 20 190

¢ All data with standard deviation are the mean values for at least three inde-
pendent experiments (ND = not determined).

and thus was not determined in this study. Novel derivatives 4 and
6 without the methyl groups on the piperidine ring, showed signif-
icant anti-HIV activity comparable to that of the parent compounds
1 and 3, respectively. The p-methyl derivative 6 has slightly lower
activity than the p-Cl derivative 4 and the p-Br derivative 5. These
results are consistent with our previous SAR studies on the parent
compounds 1-3. Compound 5 was found to exhibit relatively
strong cytotoxicity (CCso =50 uM) and compounds 4 and 6 have
cytotoxicities comparable to that of compounds 1 and 3, respec-
tively. This observation indicates that the methyl groups on the
piperidine ring do not contribute significantly to the anti-HIV
activity or the cytotoxicity.

Compound 1 and the newly synthesized derivatives 4-6 were
also evaluated for their effects on conformational changes of
gp120 by a fluorescence activated cell sorting (FACS) analysis.
The profile of binding of an anti-envelope CD4-induced monoclo-
nal antibody (4C11) to the Env-expressing cell surface (an R5-
HIV-1 strain, JR-FL, -infected PM1 cells) pretreated with the above
derivatives was examined. Comparison of the binding of 4C11 to
the cell surface was measured in terms of the mean fluorescence
intensity (MFI), as shown in Figure 2. Pretreatment of the Env-
expressing cell surface with compound 1 (MFI = 53.66) produced
a significant increase in binding affinity for 4C11, consistent with
that reported previously.*® This indicates that compound 1 en-
hances the binding affinity of gp120 with the 17b monoclonal anti-
body which recognizes CD4-induced epitopes on gp120. The Env-
expressing cells without CD4 mimic-pretreatment failed to show
significant binding affinity to 4C11. On the other hand, the profiles
of the binding of 4C11 to the Env-expressing cell surface pretreated
with compound 4 (Cl derivative) and 5 (Br derivative) (MFI = 49.88
and 52.34) were similar to that of compound 1. Pretreatment of the
cell surface with compound 6 (Me derivative) (MFI = 45.99) pro-
duced slightly lower enhancement but significant levels of binding
affinity for 4C11, compared to that of compound 1 as pretreat-
ments. These results suggested that the removal of the methyl
groups on the piperidine moiety might not affect the CD4 mimicry
effects on conformational changes of gp120 and it was conjectured
that the phenyl ring of CD4 mimic might be a key moiety for the
interaction with gp120 to induce the conformational changes of
gp120. This is consistent with the results in the previous paper
where it was reported that CD4 mimics having suitable substitu-
ent(s) on the phenyl ring cause a conformational change, resulting
in external exposure of the co-receptor-binding site of gp120.%

Based on these results, a series of N-alkylated and N-acylated
piperidine derivatives 13-18 with no methyl groups were prepared.
Several compounds with 6-membered rings were also prepared to
determine whether or not the piperidine ring is mandatory. The
synthesis of these derivatives is shown in Scheme 2. Since the p-Cl
derivative 4 showed potent anti-HIV activity and relatively low
cytotoxicity, compared to the p-Br derivative 5, chlorine was se-
lected as the substituent at the p-position of the phenyl ring. The
N-methyl derivative 13 was synthesized by coupling of 10 with
4-amine-1-methylpiperidine. Alkylation of 4 with tert-butyl bromo-
acetate, followed by deprotection of tert-butyl ester provided com-
pound 14. The N-isopropyl derivative 15 was prepared by
reductive amination of 4 with isopropyl aldehyde. The N-acyl deriv-
atives 16-18 were prepared by simple acylation or condensation
with the corresponding substrate. The synthesis of other derivatives
19-23 with different 6-membered rings is depicted in Scheme 3. The
6-membered ring derivatives with the exception of 21 were pre-
pared by coupling of acid 10 with the corresponding amines. Com-
pound 21 was prepared by reaction of 10 with thiony! chloride to
give the corresponding acid chloride, which was subsequently cou-
pled with 4-aminopyridine.

Compounds 1, 3, and 13-18 were evaluated for their CD4 mim-
icry effects on conformational changes of gp120 by the FACS anal-
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Figure 2. FACS analysis of compounds 1 and 4-6. JR-FL (RS, Sub B) chronically infected PM1 cells were preincubated with 100 uM of a CD4 mimic for 15 min, and then
incubated with an anti-HIV-1 mAb, 4C11, at 4 °C for 15 min. The cells were washed with PBS, and fluorescein isothiocyanate (FITC)-conjugated goat anti-human IgG antibody
was used for antibody-staining. Flow cytometry data for the binding of 4C11 (green lines) to the Env-expressing cell surface in the presence of a CD4 mimic are shown among
gated PM1 cells along with a control antibody (anti-human CD19:black lines). Data are representative of the results from a minimum of two independent experiments. The
number at the bottom of each graph shows the mean fluorescence intensity (MFI) of the antibody 4C11.
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Scheme 2. Synthesis of N-alkylated and N-acylated piperidine derivatives 13-18.
Reagents and conditions: (a) 4-amine-1-methylpiperidine, EDC.-HCI, HOBt-H;0,
Et3N, THF, 16%; (b) (i) tert-butyl bromoacetate, NaH, DMF; (ii) TFA, 6%; (c)
isobutylaldehyde, NaBH(OAc);, AcOH, DCE, quant.; (d) acetyl chloride, Et;N, DMF,
quant.; (e) succinic anhydride, Et;N, THF, 37%; (f) isobutyric acid, EDC-HCI,
HOBt-H,0, Et3N, THF, 95%,
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Scheme 3. Synthesis of 6. bered ring deri 19-23. Reag and condi-

tions: (a) the corresponding amine, EDC-HCl, HOBt-H,0, Et;N, THF, 22%-quant.; (b)
4-aminopyridine, SOCl,, MeOH, 38%.

ysis, and the results are shown in Figure 3. Pretreatment of the
Env-expressing cells with the N-substituted compounds 13, 15,
16, and 18 produced a notable increase in binding affinity to

4C11, similar to that observed in the pretreatment with compound
1. The profile of the binding of 4C11 to the cell surface pretreated
with compounds 14 and 17 was similar to that of controls, suggest-
ing that these derivatives offer no significant enhancement of bind-
ing affinity for 4C11 and that the carboxylic moiety in the terminal
of piperidine ring is not suited to CD4 mimicry. It is hypothesized
that the carboxylic moieties of compounds 14 and 17 might pre-
vent the interaction of CD4 mimic with gp120 by their multiple
contacts with side chain(s) of amino acid(s) around the Phe43 cav-
ity, such as Asp*®® and Glu®?°. Replacement of the piperidine moi-
ety with the different 6-membered rings resulted in a significant
loss of binding affinity for 4C11 in the FACS analysis of compound
19-23 (MF(19) = 11.44, MFI(20) = 12.84, MFI(21) = 12.47, in MFI
(blank) = 11.34; MFI(22) = 26.67, MFI(23) = 20.21, in MFI(blank) =
26.79, data not shown), indicating a significant contribution from
the piperidine ring which interacts with gp120 inducing conforma-
tional changes.

In view of their ability to induce conformational changes of
gp120, the anti-HIV activity and cytotoxicity of the piperidine
derivatives 13-18 were further evaluated, with the results shown
in Table 2. The anti-HIV activity of the synthetic compounds was
evaluated against various viral strains including both laboratory
and primary isolates and ICso and CCso values were determined
as those of compounds 4-6. The N-methylpiperidine compound
13, was not found to possess significant anti-HIV activity against
a primary isolate, but was found to possess moderate anti-HIV
activity against a laboratory isolate, a IlIB strain (ICso=67 uM).
Anti-HIV activity was not observed however, even at concentra-
tions of 100 uM of 13 against an 89.6 strain. The potency was
approximately eight-fold lower than that of the parent compound
1 (ICsp = 8 uM), indicating a partial contribution of the hydrogen
atom of the amino group of the piperidine ring to the bioactivity
of CD4 mimic. Although compound 15, with an N-isobutylpiperi-
dine moiety, failed to show significant anti-HIV activity against
laboratory isolates, relativity potent activity was observed against
a primary isolate, an MTA strain (ICso = 28 pM). Compounds 16 and
18, which are N-acylpiperidines, were tested against laboratory
isolates and significant anti-HIV activity was not observed even
at 100 uM. Compounds 14 and 17, with the carboxylic moieties,
failed to show significant anti-HIV activity against laboratory iso-
lates even at 100 pM, which are compatible with the FACS analysis.
These results suggest that the N-substituent on the piperidine ring
of CD4 mimic analogs may contribute to a critical interaction re-
quired for binding to gp120. Compounds 19-23 showed no signif-
icant anti-HIV activity against a IlIB strain even at 100 uM, which
are compatible with the FACS analysis (data not shown).

All but one of the compounds 13-18 have no significant cyto-
toxicity to PM1/CCRS cells (CCso >260 puM); the exception is
compound 18 (CCso = 45 pM). Compounds 13 and 15 show rela-
tively potent anti-HIV activity without significant cytotoxicity.
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Figure 3. FACS analysis of compounds 1, 3, and 13-18. The experimental procedures are described in Figure 2. The lanes of (a), (b) and (c) show independent experiments,

Table 2
Anti-HIV activity and cytotoxicity of compounds 13-18*
Compd R 1Cso (M) CCso (MM)
Laboratory isolates Primary isolates
11IB (X4) 89.6 (dual) MTA (RS)
1 8 10 ND 150
4 H ND ND ND 100
13 Me 67 >100 ND >300
14 CH,COH >100 ND ND 260
15 iBu >100 ND 28 >300
16 Ac >100 >100 ND >300
17 C(0)CH2CH,CO.H >100 >100 ND >300
18 C(0)iPr >100 ND ND 45

* All data with standard deviation are the mean values for at least three independent experiments.

The results for 15 showed it to have 3~6 times less cytotoxicity
than 4 and 18. This observation indicates that the alkylation of
the piperidine nitrogen may be favorable because it lowers the
cytotoxicity of CD4 mimic analogs.

In the course of the SAR studies on CD4 mimic analogs, we have
already found that a CD4 mimic or sCD4 exhibited a remarkable
synergistic effect* with a 14-mer peptide CXCR4 antagonist
T140.2 This result indicates that the interaction of CD4 mimic with
gp120 could facilitate the approach of CXCR4 to gp120 by exposing
the co-receptor binding site of gp120. It was thought that the CD4
mimic analogs conjugated with a selective CXCR4 antagonist might
as a consequence show a higher synergistic effect for the improve-
ment of anti-HIV activity. In this context, efforts were made to syn-
thesize and bioevaluate hybrid molecules that combined a CD4
mimic analog with 4F-benzoyl-TZ14011, which is a derivative of
T140 optimized for CXCR4 binding and stability in vivo.™

The synthesis of hybrid molecules 27-29 is outlined in Scheme
4. To examine the influence of the linker length on anti-HIV activity
and cytotoxicity, three hybrid molecules with linkers of different

lengths were designed. Based on the fact that alkylation of the
piperidine nitrogen, having no deleterious effects on bioactivity,
is an acceptable modification of CD4 mimic analogs, the alkyla-
mine moiety was incorporated into the nitrogen atom of the piper-
idine moiety to conjugate CD4 mimic analogs with 4F-benzoyl-
TZ14011. Reductive alkylation of 4 with N*-Boc-pyrrolidin-2-ol
24, which exists in equilibrium with the corresponding aldehyde,
and successive treatment with TFA and HCl/dioxane provided the
amine hydrochloride 25. Treatment of 25 with succinic anhydride
under basic condition gave the corresponding acid 26, which was
subjected to condensation with the side chain of p-Lys® of 4F-ben-
zoyl-TZ14011 in an EDC-HOBt system to give the desired hybrid
molecule 27 with a tetramethylene linker.!! Other hybrid mole-
cules 28 and 29 bearing hexa- and octamethylene linkers, respec-
tively, were prepared using the corresponding aldehydes 30 and
31

The assay results for these hybrid molecules 27-29 are shown
in Table 3. To investigate the effect of conjugation of two molecules
on binding activity against CXCR4, the inhibitory potency against
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Scheme 4. Synthesis of hybrid molecules 27-29. Reagents and conditions: (a) NaBH(OAc)s, AcOH, DCE; (b) TFA, then 4 M HCl/1,4-dioxane; (c) succinic anhydride, pyridine,
DMF, then 4 M HCl/1 4-dioxane; (d) 4F-benzoyl-TZ14011, EDC-HCI, HOBt-H,0, Et;N, DMF. Nal = (-3-(2-naphthyl)alanine, Cit = .-citrulline.

Table 3
CXCR4-binding activity, anti-HIV activity and cytotoxicity of hybrid molecules 27-29*
Compd ECso® (M) ICso" (UM)  CCso® (M) SI (CCso/ICs0)
4F-benzoyl- 0.0059 0.0131 ND ND
TZ14011
1 (NBD-556) ND 0210 ND 19.2¢
27 (C4) 0.0044 0.0509 8.60 169
28 (C6) 0.0187 0.0365 8.00 219
29 (C8) 0.0071 0.0353 8.60 244
AZT ND 0.0493 ND ND

* All data with standard deviation are the mean values for at least three inde-
pendent experiments.

b ECso values are based on the inhibition of ['251]-SDF-1a binding to CXCR4
transfectants of CHO cells.

¢ ICsq values are based on the inhibition of HIV-1-induced cytopathogenicity in
MT-2 cells.

4 CCsp values are based on the reduction of the viability of mock-infected MT-2
cells.

€ This value is based on the CCsq and ICsq values from Table 1.

binding of [2°I]-SDF-1a. to CXCR4 was measured. All the hybrid
molecules 27-29 significantly inhibited the SDF-1a binding to
CXCR4. The corresponding ECsg values are: EC50(27) = 0.0044 uM;
ECs0(28) =0.0187 pM; ECs50(29) = 0.0071 pM. These potencies are
comparable to that of 4F-benzoyl-TZ14011 (ECso = 0.0059 uM),
indicating that introduction of the CD4 mimic analog into the
p-Lys® residue of 4F-benzoyl-TZ14011 does not affect binding
activity against CXCR4. Comparison of the binding activities of
27-29 showed that all hybrid molecules were essentially equipo-
tent in inhibition of the binding of SDF-1a to CXCR4. This observa-
tion indicates that the linker length between two molecules has no
effect on the binding inhibition.

Anti-HIV activity based on the inhibition of HIV-1 entry into the
target cells was examined by the MTT assay using a Il1B(X4) strain.
In this assay, the IC5q value of 4F-benzoyl-TZ14011 was 0.0131 pM.
All hybrid molecules 27-29 showed significant anti-HIV activity
[IC50(27) = 0.0509 puM;  ICs0(28) = 0.0365 uM;  1Cs0(29) =0.0353
uM]; however, the potency was 2- to 4-fold lower than that of
the parent compound 4F-benzoyl-TZ14011, indicating that the
conjugation of CD4 mimic with a CXCR4 antagonist did not provide
a significant synergistic effect. In view of the fact that the combina-
tional uses of CD4 mimic with T140 produced a highly remarkable

synergistic effect, the lower potency of hybrid molecules may be
attributed to the inadequacy in the structure and/or the characters
of the linkers. All the hybrid molecules 27-29 have relatively strong
cytotoxicity [CCso(27)=8.6 pM; CCs0(28)=8.0 uM; CCs50(29) =
8.6 uM]. However, selectivity indexes (SI = CCsq/ICsq) were 169 for
27, 219 for 28, and 244 for 29, all 9-13 times higher than that of 1
(SI'=9.2). This result indicates that conjugation of a CD4 mimic ana-
log with a selective CXCR4 antagonist can improve the SI of CD4
mimic.

The SAR study of a series of CD4 mimic analogs was conducted
to investigate the contribution of the piperidine moiety of 1 to
anti-HIV activity, cytotoxicity, and CD4 mimicry on conformational
changes of gp120. The results indicate that (i) the methyl groups
on the piperidine ring of 1 have no great influence on the activities
of CD4 mimic; (ii) the presence of piperidine moiety is important
for the CD4 mimicry; and (iii) N-substituents of the piperidine
moiety contribute significantly to anti-HIV activity and cytotoxic-
ity, as observed with N-alkyl groups such as methyl and isobutyl
groups which show moderate anti-HIV activity and lower
cytotoxicity.

Several hybrid molecules based on conjugation of a CD4 mimic
with a selective CXCR4 antagonist were also synthesized and bio-
evaluated. All the hybrid molecules showed significant binding
activity against CXCR4 comparable to the parent antagonist and
exhibited potent anti-HIV activity. Although no significant syner-
gistic effect was observed, conjugation of a CD4 mimic with a
selective CXCR4 antagonist might lead to the development of novel
type of CD4 mimic-based HIV-1 entry inhibitors, which possess
higher selective indexes than a simple CD4 mimic. These results
will be useful for the rational design and synthesis of a new type
of HIV-1 entry inhibitors. Further structural modification studies
of CD4 mimic are the subject of an ongoing project.
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Abstract: To date, challenges in the design of bivalent ligands
for G protein-coupled receptors (GPCRs) have revealed difficul-
ties stemming from lack of knowledge of the state of oligomer-
ization of the GPCR. The synthetic bivalent ligands with rigid
linkers that are presented here can predict the dimer form of
CXCR4 and be applied to molecular probes in cancerous cells.
This “molecular ruler” approach would be useful in elucidating
the details of CXCR4 oligomer formation.

The chemokine receptor CXCR4 is a membrane protein belong-
ing to the family of G protein-coupled receptors (GPCRs). In current
drugs, ~60% of drug target molecules are located at the cell surface,
and half of them are GPCRs.! Recent studies have indicated a
pivotal role for homo- and heterooligomerization of CXCR4 in
cancer metastasis, and the significance of oligomeric forms of GPCR
has been gaining acceptance.? However, the functional implications
proposed for these oligomers, which include signal transduction
and internalization, are poorly understood and require additional
studies.®> Efforts to understand those correlations have used
photochemical analyses such as bioluminescence resonance energy
transfer (BRET) analysis,>* but the elucidation of the native state
of CXCR4 in living cells is complicated by conformational or
functional changes resulting from mutations. Estimates of the
precise distance between ligand binding sites in the dimer form
would permit the development of bivalent ligands of CXCR4 having
improved binding affinity and specificity.” In spite of the enormous
effort devoted to the design of bivalent ligands, rational design of
such linkers has been difficult because of the lack of knowledge
concerning the dimeric form of GPCRs. Therefore, there is an
increasing demand for a novel strategy for the analysis of the precise
distance between ligand binding sites.®

In this study, we designed and synthesized novel CXCR4 bivalent
ligands consisting of two molecules of an FC1317 analogue, [cyclo(-
D-Tyr-Arg-Arg-Nal-D-Cys-)] [Nal = L-3-(2-naphthyl)alanine, 1a],
connected by a poly(L-proline) or a PEGylated poly(L-proline)
linker. Poly(L-prolines) have been utilized as rigid linkers between
the two functional units, which require a predetermined separation
for activity.® Linkers consisting of poly(L-prolines) were expected
to maintain constant distances of 2—8 nm between the ligands. Our
bivalent ligands with linkers of various lengths were used to
determine the distance between two binding sites of ligands
consisting of CXCR4 dimers. Acetamide-capped FC131 (1b), in
which Gly is replaced by D-Cys and the thiol group of Cys is capped
with an acetamide group, was synthesized as a monomer unit of
the ligand (Figure 1). Although this substitution caused a 2-fold
decrease in binding to CXCR4, the binding affinity was still
adequate for analyses. Poly(L-proline) helices are known to maintain
a length of 0.9 nm per turn.® In this study, polyproline- and
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Figure 1. Design of bivalent ligands against chemokine receptor CXCR4.
As CXCR4 binding moieties, p-Cys FC131 (R = CH,SH, 1a) and
acetamide-capped FC131 (R = CH,SCH,CONH;, 1b) were prepared.
Poly(L-proline) (2a—h) and PEG-conjugated poly(L-proline) (3a—f) with
CXCR4 binding moieties on both ends were synthesized. As monomer
binding ligands with linkers, Acépro FC131 (4) and AcPEG FCI131 (5)
were synthesized. Tetramethylrhodamine (TAMRA)-labeled 2e (6) and 4
(7) were prepared for the imaging experiments.

ﬁuwnm

PEGylated polyproline-type linkers with lengths of 2—8 nm were
synthesized.'® The synthetic linkers and their conjugated bivalent
ligands were characterized by high-resolution mass spectrometry
(HRMS) (Tables S3 and S5 in the Supporting Information), and
their CD spectra clearly showed the presence of a type-II polypro-
line helix (Figure S3 in the Supporting Information). As monomer
controls, FC131 analogues 4 and 5 with hexaproline and poly(eth-
ylene glycol) (PEG) linkers, respectively, that were acetylated at
the other end were also prepared.

The binding affinities of the synthetic ligands were evaluated in
a competitive binding assay against ['>I]-SDF-la, as reported
previously.” The binding*assay showed that the binding affinity
of our bivalent ligands is clearly dependent on the linker length.
Ligands of the poly(L-proline) type with the highest affinities were
2e and 2f. Among the PEGylated poly(L-proline)-type ligands, 3¢
and 3d showed the highest affinity. The linker-optimized bivalent
ligands, 2f and 3d, showed 7.3- and 21-fold increases in binding
affinity relative to 4 and 5, respectively (Table 1). These results
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Table 1. Summary of Binding Affinities of Synthetic Bivalent and
Monovalent Ligands Analyzed by ['?[]-SDF-1a Competition Assay

compd K (nM)* linker length (nm)  compd K (nM)* linker length (nm)
FC131 315 = 3a 87.2 38
1b 53.4 - 3b 45.6 4.7
2a 51.2 1.8 3c 17.8 5.6
2b 45.4 27 3d 139 6.5
2¢ 64.4 3.6 3e 49.3 74
2d 59.5 45 3f 833 83
2e 13.2 54 4 72 -
2f 9.9 6 s 294 =
2g 22.5 6.9 7 119 -
2h 45.8 8.1

“ K; values are the concentrations corresponding to 50% inhibition of
['2%1}-SDF-1a binding to Jurkat cells.

indicate successful bivalent binding of the ligands, which has been
known to be responsible for an increase in binding affinity.® It
should be noted that the maximum increase in binding affinity was
observed for ligands of the two linker types having similar lengths
(5.5—6.5 nm). In the dimer state of CXCR4, there are several forms
of assembly (head-to-head, tail-to-tail, and head-to-tail).® These
forms have different distances between the binding sites of the
ligands. Molecular modeling studies of FCI31 with CXCR4
suggested that amino acids in transmembrane (TM) 7 are important
for FC131 binding.'' Through the use of the rhodopsin structure,
it was revealed that in the TM 4 and 5 assembly form, the linear
distance between ligand binding sites is 5.3 nm. In the other forms
of possible assembly, the linear distances were determined to be
3.5 and 3.9 nm for TM 1 and 2 assembly and the combination of
TM 1—4 and TM 2-5 assembly, respectively (Figure S4). The
changes in binding affinity were relatively moderate, and although
the existence of different assembly forms is possible, a majority of
the population should be in the TM 4 and 5 assembly form.

From the increased binding affinity of linker-optimized bivalent
ligands, a hypothesis was derived that such ligands could be applied
as probes specific to CXCR4 on the cell surface because the
receptors are overexpressed in several kinds of malignant cells'?
and that the dimer formation of the receptor should depend on the
expression level. Accordingly, compound 2e, which showed high
binding affinity, was chosen for labeling with tetramethylrhodamine
(TAMRA) and applied to the imaging of CXCR4. The TAMRA
moiety was conjugated to an N-teminal of the proline linker via
y-butyric acid. To confirm that the ligands specifically bind to
CXCR4, a CXCR4—EGFP fusion protein (EGFP = enhanced green
fluorescent protein) was transiently expressed in HeLa cells. The
increase in binding affinity of the bivalent ligand was clearly
reflected in the imaging of CXCR4, as a merged image of TAMRA-
labeled 2e (6) and EGFP-fused CXCR4 was observed (Figure 2).
When a control monomer, TAMRA-labeled 4 (7), was utilized for
detection, only a trace of binding was observed. Additionally,
binding to mock HeLa cells at the same concentration of ligands
was not observed for either ligand (Figure S5).

To further evaluate the binding specificity and dependence on
CXCR4 expression levels, fluorescence-activated cell sorting
(FACS) analyses utilizing Jurkat, K562, and HeLa cells were
performed (Figure 3). The cells were adopted on the basis of their
different levels of CXCR4 expression (Jurkat > HeLa > K562)."
The binding was evaluated by changes in mean fluorescence
intensity (MFI) of the above cells in the presence and absence of
ligands. The bivalent ligand 6 showed intense binding to Jurkat
cells, which highly express CXCR4, as evidenced by the 2.3- and
3.3-fold increases in MFI at 25 and 250 nM, respectively. For
binding to HeLa cells, the MFI was increased 2.4-fold by binding

15900 J. AM. CHEM. SOC. = VOL. 132, NO. 45, 2010

Figure 2. Binding of TAMRA-labeled FC131-derived monovalent and
bivalent ligands to EGFP—CXCR4-transfected HeLa cells. Bivalent ligand
6 with an optimized linker length was utilized. The pictures show the binding
of (A) 6 (25 nM) and (B) 7 (50 nM). Each panel is divided into four sections
as follows: upper left, EGFP emission; upper right, differential interference
contrast (DIC) image; lower left, TAMRA emission conjugated to ligands;
lower right, merged image. Orange bars in the panels represent 50 um.
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Figure 3. FACS analysis to evaluate the dependence of ligand binding on
the levels of CXCR4 expression. The columns show the binding of (A) 6
and (B) 7 to Jurkat (white), HeLa (gray), and K562 (black) cells. The fold
increase values were calculated by dividing the MFIs of the above cells in
the presence of ligands by the corresponding values in the absence of ligands.
The results are means of three independent experiments; error bars indicate
standard errors of the mean.

of ligand 6 at 1 M, although no significant increase in MFI was
observed at 25 or 250 nM 6, which corresponds with the imaging
experiment (Figure S5). Meanwhile, the monovalent ligand 7 at 2
4M showed similar binding to Jurkat and HeLa cells, involving
1.1- and 1.4-fold increases in MFI, respectively. These results
suggest that it is difficult to distinguish the expression level of
CXCR4 by molecular imaging using the monovalent ligand. On
the other hand, it is of special interest that the bivalent ligand
showed distinguishability of the differences in CXCR4 expression
levels. Furthermore, the binding of our CXCR4 ligands would be
responsive to CXCR4, as no binding of either ligand to K562 cells,
which express a trace of CXCR4, was observed. These results
provide evidence in support of the hypothesis that the bivalent ligand
binds preferentially to the constitutive dimer of CXCR4. Molecular
imaging of CXCR4 on the cell surface by specific antibodies, such
as c8352' or the monomer ligand T140,'5 has been previously
reported. In the present system, however, it is possible that the
bivalent ligands could distinguish the density of CXCR4 on the
cell surface.

To further assess whether our bivalent ligand could distinguish
between cancerous and normal cells by the imaging method, A549
and Human Umbilical Vein Endothelial Cells (HUVEC) were
employed for staining as adhesive cell lines. A549 cells are human
lung adenocarcinomic human alveolar basal epithelial cells, which
are known to possess high CXCR4 expression levels.'®* HUVEC
were chosen as a normal cell line without CXCR4 expression. It
has been reported that the expression of CXCR4 on HUVEC is
induced by fibroblast growth factor (FGF), which is highly
expressed in the embryonic stage.'” Thus, HUVEC was cultured
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Figure 4. Imaging of CXCR4 by TAMRA-labeled FC131-derived monov-
alent and bivalent ligands on cancerous and normal primary cells. The panels
show the binding of (A) 6 (1 xM) and (b) 7 (2 uM) to A549 cells and (C)
6 (250 nM) and (D) 7 (500 nM) to HUVEC cells. Each panel is divided
into four sections as follows: upper left, TAMRA emission image; upper
right; DIC image; lower left, merged image; lower right, focused image.
Orange bars in the panels represent 50 um.

in the absence of FGF. Ligand 6 showed clear binding to A549
cells (Figure 4A) but not to HUVEC (Figure 4C) at concentrations
of 1 uM and 250 nM, respectively. On the other hand, monomer
ligand 7 showed a trace of binding to each cell line (Figure 4B,D).
Bivalent ligand 6 showed binding to HUVEC cultured with FGF
at 250 nM (Figure S7). Thus, the bivalent ligands can detect
cancerous cells that are in a state of high CXCR4 expression in a
specific manner.

In summary, we have presented experimental results concerning
the elucidation of the native state of the CXCR4 dimer utilizing
bivalent ligands. These lead to a more precise understanding of
the oligomerization state. Such a “molecular ruler” approach could
be utilized in the design of bivalent ligands for any GPCR. It has
been suggested that several GPCRs also exist as heterodimer forms,
and CXCR4 has beeri hypothesized to form heterodimers with
CCR2,'® CCR5,!° CXCR7,** and the 6-opioid receptor.?® Although
the biological significance of GPCRs in homo- or heterooligomer-
ization is still unclear and controversial, the approach described
here involving rigid linkers conjugated to ligands specific to each
GPCR would lead to elucidation of these issues. Furthermore,
through the avidity shown as the specific binding affinity for the
dimeric form of CXCR4, the fluorescent-labeled bivalent ligands
have been shown to be powerful tools for cancer diagnosis on the
basis of their ability to distinguish the density of CXCR4 on the
cell surface. Our approach has the advantages that the ligand can
directly capture dimeric forms of GPCRs and that the linkers can
be applied to virtually any known GPCR.
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* cipper peptdes for labeing targe proteins are described.
Tbaseconszstofana helical probe peptide with an
mvmmmm:al-mm fluorescent dye and two
antiparallel ot -helical tag peptides, and may be
crosslinked, from the Cys residue of the tag peptide to the
N®-chloroacetyl group of the probe peptide. Binding of
the probe peptide to the tag peptides results in movement
of the fluorophore from a hydrophilic to a hydrophobic
environment inside the leucine zipper structure, causing a
dramatic fluorescent change, mediated by the binding of
the two peptides. As a spacer between the N™-chloroacetyl
group and the original probe sequence, a single Gly
residue was the most suitable among 0-2 Gly residues.
Crosslinking leads to superior fluorescence response,
binding affinity, and chemical stability. These ZIP
tag-probe pairs are useful for labeling and fluorescent
imaging of proteins. © 2010 Wiley Periodicals, Inc.
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INTRODUCTION

n the post-genome era, artificial peptide tools have been

used in the field of proteome and chemical biology. In

the fluorescent imaging of proteins in living systems, sev-

eral pairs of peptide tags and their complementary

probes have been found to be useful tools. Short peptides
which include an oligohistidine tag (His tag) can be incorpo-
rated into target proteins and then applied to the purification
of recombinant proteins and immobilization of proteins on
plates with their complementary molecules, such as the
Ni(II)-nitrilotriacetic acid complex (Ni(I[)-NTA)."* A His
tag has been utilized for fluorescent imaging of proteins in
cells using Ni(II)-NTA derivatives with an appended fluoro-
phore.>™ In addition, pairs of tetracysteine motif peptides
and biarsenical molecular probes, which specifically bind to a
tetracysteine sequence, are useful in the real-time fluorescent
imaging of cellular proteins.%” Other pairs of short tag pep-
tides and their specific ligands have also been reported.*'' A
variety of engineered protein tags such as the SNAP tag and
the Halo tag have been also reported to be useful in the fluo-
rescent imaging of proteins,'>”' but in these cases a washing
step to remove excess probe molecules, which do not bind to
the tag, is required to avoid their background emission. The
binding of probes to target proteins via their complementary
tags is accompanied by a drastic shift of fluorescent wave-
length and/or an increase of fluorescence intensity, facilitat-
ing distinction of the labeled proteins and the free probes.
Thus, further development of such novel fluorogenic tag-
probe pairs is useful and desirable.

Leucine zipper peptides involving three a-helical antipar-
allel strands have been utilized as tags for the affinity purifi-
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FIGURE 1 Formation of tag-probe pairs with fluorogenic activity
based on the artificial leucine zipper peptides, designated as ZIP
tag-probe pairs, and their application to the fluorescent imaging of
ZIP tag-fused proteins.

cation of recombinant proteins'® and as anchors for the
immobilization of proteins on micro plates.'” Complemen-
tary selectivity and strong binding affinity have prompted
application of new tag-probe pairs to the bio-imaging of pro-
teins. Since hydrophobic cores of leucine zipper peptides can
be adjusted to.form hydrophobic pockets in which small
molecules can bind,'®"? selective binding of environmentally
sensitive fluorescent dyes to these pockets inside the leucine
zipper assembly might lead to colorimetric changes and
enhance their fluorescence intensity. Accordingly, we have
developed new tag-probe pairs with fluorogenic activity
based on the artificial leucine zipper peptides, designated as
ZIP tag-probe pairs, and applied them to the fluorescent
imaging of ZIP tag-fused protein on the surface of living cells
(see Figure 1).2°

The design of ZIP tag-probe pairs was based on the crystal
structure of an antiparallel coiled-coil trimer of a GCN4 mu-
tant shown in Figure 2.' A probe peptide consists of an
o-helical peptide in which 4-nitrobenzo-2-oxa-1,3-diazole
(NBD), an environmentally sensitive fluorescent dye is
imbedded. The NBD is attached to the side chain of the

} &
Q-

Z = Dap(NBD)

L-2-2,3-diaminopropionic acid residue (Dap(NBD)) at posi-
tion 13 on the hydrophobic site of the leucine zipper struc-
ture. A tag peptide consists of antiparallel 2 a-helical peptides
linked via a Gly-Gly-Cys-Gly-Gly loop sequence. Two Leu
residues in the tag peptide, located at the positions comple-
mentary to the Dap(NBD) residue of the probe peptide, are
replaced by Ala so that an adequate hydrophobic pocket is
formed when the tag peptide binds to the probe peptide.

In fluorescent titration analysis, the change in the fluores-
cence spectra of the probe peptide depends largely on the con-
centration of the tag peptide. The emission spectra derived
from NBD showed a 17-fold increase in emission intensity
with a concomitant blue shift of the emission maximum from
535 nm to 505 nm (see Figure 3). This spectral change shows
that the NBD moiety of the probe peptide is located in the
hydrophobic environment inside the 3a-helical peptide bundle
structure. The dissociation constant of the probe peptide to-
ward the tag peptide, was estimated by analysis of the fluores-
cent titration curve with a nonlinear least-squares curve fitting
method™ at 18 nM. The tag-probe pair was also applied to the
fluorescent imaging of the tag-fused CXCR4 by the probe pep-
tide in the living cells. CXCR4 is a member of a chemokine re-
ceptor family, involving seven transmembrane G-protein
coupled receptor (7TM-GPCR) families.”** The tag-fused
CXCR4, in which the tag is genetically fused to the extracellular
N-terminus region of CXCR4, is transiently expressed on the
surface of CHO-KI cells. Sequential labeling experiments of
the tag-fused CXCR4 using the probe peptide with the NBD
dye and a fluorescent CXCR4 antagonist were performed. In
the presence of the excess probe peptide, the labeling of tag-
fused CXCR4 using the probe peptide with NBD produced
bright green fluorescence on the surface of the cells (see
Figure 4).” Subsequently, the tag-fused CXCR4 was stained in
a red color by the CXCR4 antagonist, tetramethylrhodamine
(TAMRA)-appended T140. In this way, a membrane protein
CXCR4 can be successfully visualized using the ZIP tag-probe
system which this is shown to be a useful fluorescent imaging
tool for proteins in living cells. The tag-probe complex consist-

®=E tag peptide
- cdelpabdb cdeltgabd cdelgaeor
@ =K A ALEKELE ALEKE XE ALEKELA-NH2
GGCGG
H NO, B Ac-WG-ALKKELE AXKKELE ALKKELA

X =lLeutoAla

probe peptide

C Ac-GG-ALKKKLE ALKKKZE ALKKKLA -NH:

FIGURE 2 Design and structure of ZIP tag-probe pairs.
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FIGURE 3 Fluorescence spectral change 9f the probe peptide
upon the addition of the tag peptide at 25 C in 50 mM HEPES
buffer (pH 7.2, 100 mM NaCl): [probe] = 0.5 uM, [tag] = 0 to
2.0 uM.

ing of the antiparallel 3a-helical peptide bundle structure is
formed as a result of the affinity of the tag peptide and the
probe peptide. Since this interaction involves noncovalent
bonds, introduction of crosslink by a covalent bond might
increase chemical and biological stability. Thus, we developed
tag-probe pairs, crosslinked by covalent bonds (see Figure 5).

RESULTS AND DISCUSSTION

Crosslinking Reaction of the Tag Peptide With

the Probe Peptide

To investigate the optimum length of crosslinkers, three types
of probe peptides with linkers of different lengths were syn-
thesized. The original tag peptide has a side-chain thiol
group in the Gly-Gly-Cys-Gly-Gly loop structure between

specific labeling
with fluorogenic
activity

CXCR4

Development of Crosslink-Type Tag-Probe Pairs 845

antiparallel 2a-helical peptides. At the N-terminus of each
probe peptide, 0, 1, or 2 Gly residues were attached as a
spacer and an N*-chloroacetyl group as a functional group
for coupling with the Cys thiol group (see Figure 6). The
probe peptides having 0, 1, and 2 Gly residues were desig-
nated probe 1, 2, and 3. As control probe peptides, probe
peptide 4, which has no chloroacetyl group, and 5, which has
N*-chloroacetyl-Lys at the C-terminus, both possessing N*-
acetyl-Gly, were also prepared. Probe peptides 1-5 were pre-
pared by Fmoc-based solid-phase peptide synthesis.?® The
tag peptide was prepared by native chemical ligation®”?® of
the synthetic C-terminal thioester fragment A and the N-ter-
minal cysteine fragment B, which were divided at the cysteine
residue of the loop sequence.”® Using the probe peptides 1-3,
the crosslinking reactions with the tag peptide, monitored by
HPLC,” were performed by addition of the tag peptide to
the probe peptide (1:1, final 1 uM each) in 50 mM HEPES
buffer, pH 7.2 containing 100 mM NaCl at room tempera-
ture. The time course of the crosslinking reaction of the
probe peptide 2 is shown in Figures 7 and 8a. Peak areas of
the tag peptide and the probe peptide 2 with the retention
times of ~ 18 min and 32 min, respectively, decreased in a
time-dependent manner, while that of the product of cross-
link, the tag-probe 2 complex, with retention time of 28 min,
increased. Completion of this reaction was the fastest of the
crosslinking reactions, requiring approximately 20 min
(Figure 8b). The order of the reaction rate of the probe pep-
tides was 2, 1, 3, and 5 (Figures 8b and 9). Reactions of 1 and
3 were mostly complete in 30 min, and the crosslinking reac-
tion of the tag peptide with the probe peptide 5 failed (see
Figure 9). These results suggest that a Gly residue at position
1 is the most suitable spacer and that the chloroacetyl group
of the probe peptide and the thiol group of the tag peptide
react in a structure-specific manner. In the use of the probe
peptides 1-3 to form the tag-probe pairs, the chloroacetyl
and thiol groups approach one another prior to the cross-

TAMRA-T140

——
specific labeling
with CXCR4
anatgonist

FIGURE 4 Sequential labeling of the tag-fused CXCR4 on the cell surface by the TAMRA-
appended CXCR4 antagonist T140 after the labeling by the probe peptide.
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tag

FIGURE 5 Crosslink-type ZIP tag-probe pairs with fluorogenic activity: formation of tag-probe
pairs and the subsequent crosslink by a covalent bond.

linking reaction. In the case of the probe peptide 5, when the
tag-probe pair is formed the chloroacetyl and thiol groups
are located quite separately on opposite sides and can not
interact. All of the crosslink products were purified by RP-
HPLC and characterized by ESI-MS.

Fluorescent Titration Analysis

In the fluorescent titration analysis of the addition of the tag
peptide to the probe peptide 2, the fluorescence spectra of 2
changed remarkably, depending on the concentration of the
tag peptide. The emission maximum due to the NBD dye
showed a significant blue shift from 537 nm to 504 nm with
a 22-fold increase in the emission intensity (see Figure 10).
Such a spectral change clearly suggests that the NBD moiety
of the probe peptide is located in the hydrophobic environ-
ment inside the 3a-helical peptide bundle structure, as in
noncovalent type formation of the ZIP tag-probe pair.*’
Comparison with the other probe peptides in the fluorescent

tag fragment A

ALEKELE ALEKEAE ALEKELA
[—_—————~————GOC,~"GG

tag fragment B ALKKELE AAKKELE ALKKELA:}

probe 1 CICH2C0  ALKKKLE ALKKKZE ALKKKLA

probe2 CICH:2C0G ALKKKLE ALKKKZE ALKKKLA

probe3 CICH:COGGALKKKLE ALKKKZE ALKKKLA

probe 4 CH3COG ALKKKLE ALKKKZE ALKKKLA

probe 5 CH3COG ALKKKLE ALKKKZE ALKKKLAK(COCH2C1)
Z =Dap(NBD)

FIGURE 6 Design and structure of crosslink-type ZIP tag-probe
pairs. Probe peptides 1-3 have an N*-chloroacetyl group at the N-termi-
nus. Probe peptides 4 and 5 have an N*-acetyl group at the N-terminus.
Probe peptide 5 has N°-chloroacetyl-Lys at the C-terminus.

titration analysis is shown in Figure 10b and Table I. In the
use of all of the probe peptides, a similar blue shift of the
emission maximum due to the NBD dye from 534-537 nm
to 504 nm was observed. The increase of emission intensity,
most remarkable in the case of probe peptide 2, was in the
order 2, 1, 3, 4, and 5. This suggests that tag-probe 2 pair is
most suitable for analytical purposes.

The dissociation constants of the probe peptides 1, 2, 3, 4,
and 5 toward the tag peptide were estimated by analysis
using nonlinear least-squares curve fitting” as 6.2 nM,
6.5 nM, 9.0 nM, 22 nM, and 12 nM, respectively (Table I).
Thus, in terms of dissociation constant, the probe peptide 1
is comparable to 2, indicating similar binding affinities, but
the hydrophobic environment formed by the interaction of
the tag peptide with the probe peptide 2 would appear to be
more suitable for the fluorescence emission of the NBD dye.

probe 2 tag-probe 2 pair

L J o~
J 1 A"~ S5min
10 min

L e AN ismin
| A~ 20min
30 min
l‘l‘ll..éllllél.‘léll.léllll&ll'Cé"'lél‘l'é
retention time {min)

FIGURE 7 HPLC monitoring of the crosslinking reaction of the
tag peptide with the probe peptide 2. The reaction was performed
by addition of the tag peptide to the probe peptide 2 (1:1, final
1 uM each) in 50 mM HEPES buffer, pH 7.2 containing 100 mM
NaCl at room temperature.

tag

0 min
1 min

absorption (220 nm)
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FIGURE 8 The time course of the crosslinking

Development of Crosslink-Type Tag-Probe Pairs

&~ tag-probe 1 pair (Gly0)
& tag-probe 2 pair (Gly1)
-+~ tag-probe 3 pair (Gly2)

0.4

concentration (uM)

6 20 28 30

time (min)

10

reaction of the tag peptide with the probe pep-

tides. (a) The time course of HPLC peak areas of tag, probe 2 and tag-probe 2 pair, (b) the time
course of concentrations of resulting tag-probe 1-3 pairs.

Compared with the noncovalent tag-probe 4 pair, whose dis-
sociation constant is 22 nM, the affinities of the covalent type
tag-probe 1, 2, and 3 pairs are remarkably higher, suggesting
that crosslink of tag and probe peptides underlies the
increase in affinity. In the tag-probe 5 pair, a similar spectral
change was observed, indicating that the NBD dye was
located in the hydrophobic pocket, although a covalent bond
for crosslink of tag and probe peptides was apparently absent
(see Figure 11).

Fluorescence Job’s Titration

Fluorescent Job’s titration, recording the intensity at 505 nm,
was performed to assess the stoichiometry of the tag-probe 2
complex (see Figure 12). The total concentration of the probe
peptide 2 and the tag peptide was fixed at 1.0 uM. The con-
centrations of the tag peptide were 0, 0.2, 0.4, 0.5, 0.6, 0.8, and
1.0 uM. This fluorescence Job’s titration experiment clearly
indicates that the probe peptide 2 binds to the tag peptide

probe8  teg

" I
| I
“_L__.L- 105n::“
“_L__.L- 15 min
U o

d LI S B )
retention time (min})

a)

absorption { 220 nm)

'’

with 1:1 stoichiometry. The result suggests that the tag peptide
and the probe peptides 1-3 form a stable 3a-helical leucine
zipper structure by binding with 1:1 stoichiometry.

Investigation of Chemical Stability by Fluorescence
Analysis

The chemical stability to thermal denaturation of the tag-
probe complexes was investigated. Using the complexes of the
tag peptide and the probe peptides 1-5, changes of fluores-
cence intensity were monitored. The aqueous solution of 1
UM tag-probe complex in 50 mM HEPES buffer, pH 7.2 con-
taining 100 mM NaCl was prepared, and then the temperature
of the solution was gradually increased to 100°C. Fluorescence
spectral changes of the tag-probe peptide 2 and 4 pairs, repre-
sentatives of crosslink pairs and noncrosslink pairs, are shown
in Figure 13. In Figure 14 changes of fluorescence intensity of
the tag-probe peptide 1-5 pairs are shown. In each of the com-
plexes of the tag peptide with probe peptides 1-5, a gradual

b)
100-
-» ftag
80 -= probe 5
o -+ tag-probe 5 pair
[ o —— e e |
“.
204
I 4
0 10 2 3
time (min)

FIGURE 9 (a) HPLC monitoring of the crosslinking reaction of the tag peptide with the probe
peptide 5. The reaction was performed by addition of 1 uM tag peptide to 1 uM probe peptide 5 in
50 mM HEPES buffer, pH 7.2 containing 100 mM NaCl at room temperature. (b) The time course
of HPLC peak areas of tag, probe 5 and tag-probe 5 pair.
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FIGURE 10 (a) Fluorescence spectral change of the probe peptide 2 upon the addition of the tag
peptide at 25'C in 50 mM HEPES buffer (pH 7.2, 100 mM NaCl): [probe] = 0.5 uM, [tag] =0 to
2.0 uM. (b) Change of fluorescence intensity of the probe peptides 1-5 upon the addition of the tag
peptide for calculation of dissociation constants of tag-probe pairs.

decrease in fluorescence intensity was observed in proportion
to the increase of temperature. The complexes of the tag pep-
tide and the probe peptides 1-3 were more stable than those of
4 and 5, which were completely denatured at 100°C, but the
complexes using 1-3 were not denatured, possibly due to the
crosslinking. The melting temperatures of the complexes using
1-3 were above 69°C, whereas those of the complexes involv-
ing 4 and 5 were below 56°C.

The possibility that this thermal denaturation is reversible
was next investigated. The pairs of tag-probe 2 and tag-probe 4
were adopted as representative of crosslink pairs and non-cross-
link pairs, respectively. After denaturing the tag-probe 2 pair at
100°C, the temperature of the solution was gradually decreased
(Figure 15a). In proportion to the decrease of temperature, a
gradual increase in fluorescence intensity of probe 2 was
observed, resulting finally in complete recovery of the original
fluorescence intensity. In contrast, while a gradual increase in
fluorescence intensity, proportionate to a decrease in tempera-
ture, was also observed after the thermal denaturation at 100°C
of tag-probe pair 4, the fluorescence intensity recovered only to

Table I Results of Fluorescence Titration of Tag-Probe Pairs

Fluorescence Wavelength
of Emission Inax/ly  Dissociation
Maximum (nm) (Fold) Constant (nM)*
Tag-probe 1 pair 537-504 19 6.2
Tag-probe 2 pair 537-504 23 6.5
Tag-probe 3 pair 535-504 17 9.0
Tag-probe 4 pair 534-504 15 22
Tag-probe 5 pair 534-504 11 12

* Measurement conditions: 50 mM HEPES buffer solution (pH 7.2,
100 mM NaCl), at 25°C, [probe] = 0.5 uM.

approximately half of its original level (Figure 15b). These
results suggest that the crosslinking of tag and probe peptides is
critical for complete reversibility of the fluorescence emission.

Investigation of Chemical Stability by Circular
Dichroism

The chemical stability of the tag-probe complexes to thermal
denaturation was investigated by circular dichroism (CD).
The CD spectra showed that all of the tag-probe 1-4 com-
plexes form a-helical structures. The CD spectrum of the tag-
probe 2 complex had the strongest double minima at 207
and 222 nm, while the spectrum of the non-covalent type
tag-probe 4 complex showed the weakest double minima
among the four complexes (see Figure 16). This result sug-

probe 5
no crosslink

crosslink

FIGURE 11 Formation of tag-probe 5 pair without crosslinking.
When tag-probe 5 pair is formed, the chloroacetyl and thiol groups
are separated, located on opposite sides and no covalent bond can
form between them.
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