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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 PMT1 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,
EtsN, THF, 16%; (b) (i) tert-butyl bromoacetate, NaH, DMF; (ii) TFA, 6%; (c)
isobutylaldehyde, NaBH(OAc)s, 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, EtsN, THF, 95%.

oH

afor 19, 20, 22, 23
bfor21

Fous
WelNe e

.Me

R

(\N N,Me
éf\N'N\) E/Q
H
22 23

Scheme 3. Synthesis of 6-membered ring derivatives 19-23. Reagents and condi-
tions: (a) the corresponding amine, EDC-HCI, 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
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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 Asp3%® 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 (MFI(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 [Csg and CCsq 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 Il[B strain (ICso=67 pM).
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 (IC50 = 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/CCR5 cells (CCsq =260 pM); the exception is
compound 18 (CCsg =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 1Cs0 (LM) CCso (UM)
Laboratory isolates Primary isolates
1B (X4) 89.6 (dual) MTA (R5)
1 8 10 ND 150
4 H ND ND ND 100
13 Me 67 >100 ND >300
14 CH,CO,H >100 ND ND 260
15 iBu >100 ND 28 >300
16 Ac >100 >100 ND >300
17 C(0)CH,CH,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.° 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 HC/1,4-dioxane; (c) succinic anhydride, pyridine,
DMF, then 4 M HCl/1,4-dioxane; (d) 4F-benzoyl-TZ14011, EDC-HCI, HOBt-H,0, EtsN, DMF. Nal = 1-3-(2-naphthyl)alanine, Cit = L-citrulline.

Table 3
CXCR4-binding activity, anti-HIV activity and cytotoxicity of hybrid molecules 27-29%
Compd ECso® (M)  ICsp° (MM)  CCso? (WM) ST (CCs0fICs0)
4F-benzoyl- 0.0059 0.0131 ND ND
TZ14011
1 (NBD-556) ND 02.10 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

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

b ECsp values are based on the inhibition of {'?*[]-SDF-1a binding to CXCR4
transfectants of CHO cells.

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

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

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

binding of {'2%[]-SDF-10. to CXCR4 was measured. All the hybrid
molecules 27-29 significantly inhibited the SDF-1o binding to
CXCR4. The corresponding ECsg values are: ECs5o(27) = 0.0044 pM;
ECs0(28) = 0.0187 uM; ECs0(29) = 0.0071 uM. These potencies are
comparable to that of 4F-benzoyl-TZ14011 (ECsp=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-1« 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 I1IB(X4) strain.
In this assay, the ICsy value of 4F-benzoyl-TZ14011 was 0.0131 pM.
All hybrid molecules 27-29 showed significant anti-HIV activity
[IC50(27) = 0.0509 UM;  IC50(28) = 0.0365 puM;  [C50(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

220

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 [CCs50(27)=8.6 uM; CC50(28)=8.0 uM; CCs¢(29)=
8.6 nM). However, selectivity indexes (SI = CCso/ICs) 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 Sl 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 methy! 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.

Acknowledgements

This work was supported by Grant-in-Aid for Scientific
Research from the Ministry of Education, Culture, Sports, Science,
and Technology of Japan, Japan Human Science Foundation, and
Health and Labour Sciences Research Grants from Japanese Minis-
try of Health, Labor, and Welfare. T.T. and N.O. are grateful for the
JSPS Reseach Fellowships for Young Scientist.



5858

References and notes

N2 R

. Chan, D. C.; Kim, P. S. Cell 1998, 93, 681.
. (a) Alkhatib, G.; Combadiere, C.; Broder, C. C.; Feng, Y.; Kennedy, P. E.; Murphy,

P. M.; Berger, E. A. Science 1996, 272, 1955; (b) Choe, H.; Farzan, M.; Sun, Y.;
Sullivan, N.; Rollins, B.; Ponath, P. D.; Wu, L; Mackay, C. R.; LaRosa, G.;
Newman, W.; Gerard, N._; Gerard, C.; Sodroski, ]. Cell 1998, 85, 1135; (c) Deng, H.
K. Liu, R.; Ellmeier, W.; Choe, S.; Unutmaz, D.; Burkhart, M.; Marzio, P. D.;
Marmon, S.; Sutton, R. E.; Hill, C. M.; Davis, C. B.; Peiper, S. C.: Schall, T. J.;
Littman, D. R.; Landau, N. R. Nature 1996, 381, 661; (d) Doranz, B. J.; Rucker, J.;
Yi, Y. J.; Smyth, R. ].; Samson, M.; Peiper, S. C.; Parmentier, M.; Collman, R. G.;
Doms, R. W. Cell 1996, 85, 1149; (e) Dragic, T.; Litwin, V.; Allaway, G. P.; Martin,
S. R.; Huang, Y.; Nagashima, K. A.; Cayanan, C; Maddon, P. ]; Koup, R. A;;
Moore, J. P.; Paxton, W. A. Nature 1996, 381, 667.

. Feng, Y.; Broder, C. C.; Kennedy, P. E.; Berger, E. A. Science 1996, 272, 872.
. (a) Zhao, Q.; Ma, L; Jiang, S.; Lu, H.; Liu, S.; He, Y.; Strick, N.; Neamati, N.;

Debnath, A. K. Virology 2005, 339, 213; (b) Schon, A.; Madani, N.; Klein, |. C;
Hubicki, A.; Ng, D.; Yang, X.; Smith, A. B., Ill; Sodroski, ].; Freire, E. Biochemistry
2006, 45, 10973; (¢) Madani, N.; Schon, A.; Princiotto, A. M.; LaLlonde, J. M.;
Courter, J. R.; Soeta, T.; Ng, D.; Wang, L.; Brower, E. T.; Xiang, S.-H.; Do Kwon, Y.;
Huang, C-C.; Wyatt, R.; Kwong, P. D.; Freire, E.; Smith, A. B, Ill; Sodroski, J.
Structure 2008, 16, 1689; (d) Haim, H.; Si, Z.; Madani, N.; Wang, L.; Courter, |. R,;
Princiotto, A.; Kassa, A.;; DeGrace, M.; McGee-Estrada, K.; Mefford, M.; Gabuzda,
D., ; Smith, A. B, 1ll; Sodroski, ]. ProS Pathogens 2009, 5, 1; (e) Yamada, Y.;
Ochiai, C.; Yoshimura, K.; Tanaka, T.; Ohashi, N.; Narumi, T.; Nomura, W_;
Harada, S.; Matsushita, S.; Tamamura, H. Bioorg. Med. Chem. Lett. 2010, 20, 354;
(f) Yoshimura, K.; Harada, S.; Shibata, ).; Hatada, M.; Yamada, Y.; Ochiai, C;
Tamamura, H.; Matsushita, S. J. Virol. 2010, 84, 7558.

. Protein Data Bank (PDB) (entry 1RZ]).
. Olofson, R. A.; Abbott, D. E. J. Org. Chem. 1984, 49, 2795.
. The synthesis of compound 4: To the solution of compound 10 (104 mg,

0.52 mmol) in dry THF (4.0 mL), Et;N (159 pL, 1.15 mmol), HOBt-H,0 (87 mg,
0.57 mmuol), EDCI-HCI (109 mg, 0.57 mmol) and 4-amino-1-benzylpiperidine
(109 uL, 0.57 mmol) were added with stirring at 0 °C, and continuously stirred
for 6 h with warming to room temperature under N, atmosphere. After
concentration under reduced pressure, the residue was extracted with EtOAc.

T. Narumi et al /Bioorg. Med. Chem. Lett. 20 (2010) 5853-5858

The extract was washed with aq saturated NaHCOs and brine, and dried over
MgS0,. Concentration under reduced pressure followed by flash chroma-
tography over silica gel with CHCl;-MeOH (20:1) including 1% Et;N gave the
crude benzyl amine as a white powder. To the solution of the above crude
benzyl amine (95mg, 0.26 mmol) in dry CHxCl; (10 mlL), 1-chloroethyl
chloroformate (110 uL, 0.68 mmol) was added dropwise with stirring at 0 °C,
The mixture was then refluxed for 3h under N, atmosphere. After
concentration under reduced pressure, the residue was resolved in MeOH
(10 mL) and then refluxed for 1 h. Concentration under reduced pressure gave a
crude product, Reprecipitation with MeOH-Et,0 afforded a white powder of
the title compound 4 (33 mg, 46% yield). 63(400 MHz; CD3;0D) 1.83-1.92 (2H,
m, CH,). 2.10-2.17 (2H, m, CHy), 3.13 (2H, t, J 12.5, CHy), 3.34 (1H, m, NH),
3.42-3.49 (1H, m, CH,), 4.04 (1H, m, CH), 7.34 (2H, m, ArH), 7.51 (1H, m, NH),
7.73 (2H, m, ArH), 8.84 (1H, m, NH); LRMS (ESI), m/z calcd for Cy3H;7CIN;0;
(MH)* 282.10, found 282.14.

. Yoshimura, K.; Shibata, ]J.; Kimura, T.; Honda, A., Maeda, Y.; Koito, A,;

Murakami, T.; Mitsuya, H.; Matsushita, S. AIDS 2006, 20, 2065.

. (a) Tamamura, H.; Xu, Y.; Hattori, T.; Zhang, X.; Arakaki, R.; Kanbara, K,

Omagari, A; Otaka, A.; Ibuka, T.; Yamamoto, N.; Nakashima, H.; Fujii, N.
Biochem, Biophys. Res. Commun. 1998, 253, 877; (b) Tamamura, H.; Hiramatsu,
K.; Mizumoto, M.; Ueda, S.; Kusano, 5.; Terakubo, 5.; Akamatsu, M.; Yamamaoto,
N.; Trent, J. 0., Wang, Z.; Peiper, S. C;; Nakashima, H.; Otaka, A,; Fujii, N, Org.
Biomol. Chem. 2003, 1, 3663.

. Hanaoka, H.; Mukai, T.; Tamamura, H.; Mori, T.; Ishing, S.; Ogawa, K,; lida, Y.;

Doi, R.; Fujii, N.; Saji, H. Nucl. Med. Biol. 2006, 33, 489.

. The synthesis of a hybrid molecule 27: To the solution of compound 26

(2.6 mg, 4.6 pmol) in DMF {1.0 mL), EtsN (26 puL, 92 pmol), HOBt-H,0 (3.5 mg,
23 pmol) and EDCI-HCI (4.5 mg, 23 pmol) were added with stirring at 0 °C, and
stirred for 1 h at room temperature. To the mixture 4F-benzoyl-TZ14011
(15 mg, 4.1 pmol) was then added and the mixture was stirred for 24 h at room
temperature under N, atmosphere. After concentration under reduced
pressure, the residue was purified by reversed phase HPLC (tg =23 min,
elution; a linear gradient of 27-31% acetonitrile containing 0.1% TFA over
30 min) to afford a fluffy white powder of the desired compound 27 (1.3 mg,
9.8%). LRMS (ESI), m/z 2621.20 [M+H]", calcd 2620.25.

221



Bioconjugate Chem. 2010, 21, 709-714 709

Remodeling of Dynamic Structures of HIV-1 Envelope Proteins Leads to
Synthetic Antigen Molecules Inducing Neutralizing Antibodies
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A synthetic antigen targeting membrane-fusion mechanism of HIV-1 has a newly designed template with C3-
symmetric linkers mimicking N36 trimeric form. The antiserum produced by immunization of the N36 trimeric
form antigen showed structural preference in binding to N36 trimer and stronger inhibitory activity against HIV-1
infection than the N36 monomer. Our results suggest an effective strategy of HIV vaccine design based on a
relationship to the native structure of proteins involved in HIV fusion mechanisms.

INTRODUCTION

Antibody-based therapy is one of the promising treatments
for AIDS. In recent years, AIDS antibodies have been produced
by immunization (/) and by de novo engineering of monoclonal
antibodies (mAb) with molecular evolution tactics such as phage
display (2). Despite enormous efforts, however, only a limited
number of highly and broadly HIV-neutralizing human mAbs
have been isolated and characterized. These antibodies include
gp41 Abs, 2F5 (3—6) and 4E10 (5—7), and gp120 Abs, 2G12
(8) and b12 (9). gp41 is a transmembrane envelope glycoprotein,
which is divided into an endodomain and an ectodomain by
the transmembrane region; the latter contains a hydrophobic
amino-terminal fusion peptide, followed by amino-terminal and
carboxy-terminal leucine/isoleucine heptad repeat domains with
helical structures (HR1 and HR2, respectively). In the membrane
fusion process of HIV-1, these subunits form a “pre-bundle”
complex. The HR1 and HR2 regions are termed the N-terminal
helix (N36) and C-terminal helix (C34), respectively. These
helices form a six-helical bundle consisting of a central parallel
trimeric coiled-coil of N36 surrounded by C34 in an antiparallel
hairpin fashion. In design of immunogens that elicit broadly
neutralizing antibodies, a useful strategy is to produce molecules
that mimic the natural trimer on the virion surface. Previous
studies show that these molecules could be proteins expressed
as a recombinant form or on the surface of particles such as
pseudovirions or proteoliposomes (/0—12). The X-ray crystal-
lographic study of gp41 shows that the distances between any
two residues at the N-terminus of N-region are almost equal at
approximately 10 A (Figure 1A). A chemically synthetic
template could be useful in connection with the design of a
peptidomimetic corresponding to the native structure of gp41.
To date, several gp4] mimetics have been synthesized as
inhibitors or antigens and subjected to inhibition or neutralization
assays (13—16). However, the templates for assembly of these
helical peptides contain branched peptide linkers, which are not
exactly equivalent in length (/4). The N-terminal peptides
constrained by another threefold linker showed high affinity for
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C-terminal peptides, although its biological advantages have not
been determined (/5). The mimicry can be estimated using the
broadly neutralizing mAbs; suitable mimetics will bind neutral-
izing mAbs efficiently, but they will bind non-neutralizing mAbs
poorly. In the present study, we designed and synthesized a
novel three-helical bundle mimetic, which corresponds to the
trimeric form of N36. We investigated whether mice immunized
with the equivalent trimeric form of N36 mimetic can produce
antibodies with stronger binding affinity for N36 trimer than
for N36 monomer. This approach demonstrates the possibility
of producing structure-specific antibodies by immunization of
synthetic antigens corresponding to the natural form of viral
proteins.

EXPERIMENTAL PROCEDURES

Conjugation of N36REGC and the Template to Pro-
duce triN36e. Compound 6 (100 xg, 0.174 umol) and N36REGC
(3.4 mg, 0.574 umol) were dissolved in a mixture of 300 uL of
200 mM acetate buffer (pH 5.2) and 300 4L of TFE under a
nitrogen atmosphere, then TCEP+<HC] was added. The reaction
was stirred for 72 h at room temperature and monitored by
HPLC. The ligation product (triN36e) was separated as an HPLC
peak and was characterized by ESI-TOF-MS, m/z caled for
C690H|]50N2260201S3 ]5933], found 15933.8. The puriﬁcation
was performed by reverse phase HPLC (YMC-Pack ODS-A
column, 10 x 250 mm). Elution was carried out with a 40—50%
linear gradient of acetonitrile (0.1% TFA) over 50 min. Purified
triN36e, obtained in 16% yield, was identified by ESI-TOF-
MS. The detailed synthesis of peptides is described in the
Supporting Information (SI).

CD Spectra. CD measurements were performed with a J-720
circular dichroism spectrolarimeter equipped with a thermoregu-
lator (JASCO). The wavelength dependence of molar ellipticity
[6] was monitored at 25 °C from 190 to 250 nm. Peptides were
dissolved in 20 mM acetate buffer (pH 4.0) containing 40%
MeOH (23, 24). The experimental helicity was calculated as
reported previously (17—19).

Immunization and Sample Collection. Six-week-old male
BALB/c mice were purchased from Sankyo Laboratory Service
Corp. (Tokyo, Japan) and maintained under specific pathogen-
free conditions in an animal facility. The experimental protocol
was approved by the ethical review committee of Tokyo Medical
and Dental University. Freund incomplete adjuvant and PBS

© 2010 American Chemical Society
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Figure 1. (A) Distances between hydrogen atoms for hydroxyl groups in N-terminal serine residues of N36 helices in trimeric form. The distances
were evaluated by PyMOL (27). (B) Cartoon presentation of each N36 derived peptide, N36REGC. (C) Design of a C3-symmetric template. The
amino acid residues are described in single letters. (D) Conjugated structure of trimeric N36 after thiazolidine ligation.

were purchased from Wako Pure Chemical Industries (Osaka,
Japan). DMSO (endotoxin free) was purchased from Sigma-
Aldrich (St. Louis, MO).

All mice were bled one week before immunization. One
hundred micrograms of antigen was dissolved in 1 4L of DMSO.
The solution was mixed with 50 L of PBS and 50 uL of Freund
incomplete adjuvant. The mixture was injected subcutaneously
under anesthesia on days 0, 14, 28, 42, and 58. Mice were bled
on days 21, 35, 49, and 65. Serum was separated by centrifuga-
tion (15 000 rpm) at 4 °C for 15 min and inactivated at 56 °C
for 30 min. Sera were stored at —80 °C before use.

Serum Titer ELISA. Tween-20 (polyoxyethylene (20)
sorbitan monolaurate) and hydrogen peroxide (30%) were
purchased from Wako. ABTS (2,2-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid) diammonium salt) was purchased from
Sigma-Aldrich. Antimouse IgG (H+L)(goat)-HRP was pur-
chased from EMD Chemicals (San Diego, CA). Ninty-six-well
microplates were coated with 25 uL of a synthetic peptide at
10 ug/mL in PBS at 4 °C for overnight. The coated plates were
washed 10 times with deionized water and blocked with 150
uL of blocking buffer (0.02% PBST, PBS with 0.02% Tween
20, containing 5% skim milk) at 37 °C for 1 h. The plates were
washed with deionized water 10 times. Mice sera were diluted
in 0.02% PBST with 1% skim milk, and 50 uL of 2-fold serial
dilutions of sera from 1/200 to 1/102400 were added to the wells
and allowed to incubate at 37 °C for 2 h. The plates were washed
10 times with deionized water. Twenty-five microliters of HRP-
conjugated antimouse IgG, diluted 1:2000 in 0.02% PBST, was
added to each well. After 45 min incubation, the plates were
washed 10 times and 25 uL. of HRP substrate, prepared by
dissolving 10 mg ABTS to 200 uLof HRP staining buffer—a
mixture of 0.5 M citrate buffer (pH 4.0, 1 mL), H,O, (3 uL),
and H,O (8.8 mL)—was added. After 30 min incubation, the
reaction was stopped by addition of 25 uL/well 0.5 M H,SOy,
and optical densities were measured at 405 nm.

Virus Preparation. The pNL4-3 construct (8 ug) was
transfected into 293T cells by Lipofectamine LTX (Invitrogen,

Carlsbad, CA) followed by changing medium at 12 h after
transfection. At 48 h after changing medium, the supernatant
was collected, passed through a 0.45 um filter, and stored at
—80 °C as HIV-1y14-3 strain before use. For titration, MT-4
cells were infected with serially 3-fold diluted virus from 1/10
to 1/196830, and cultured for 7 days. HIV-1 p24 levels in
supernatants were measured, and then the titer of virus solution
was calculated.

Anti-HIV Assay. Virus was prepared as described above
except that the transfection of pNL4-3 was performed by the
calcium phosphate method. Anti-HIV-1 activity was determined
on the basis of protection against HIV-1-induced cytopathoge-
nicity in MT-4 cells. Various concentrations of AZT, N36RE,
and triN36e (The starting concentrations are 100, 10, and 1 uM,
respectively) were added to HIV-1-infected MT-4 cells (MOI
= 0.01) by 2-fold serial dilution and placed in wells of a flat-
bottomed microtiter plate (2.0 x 10* cells/well). After 5 days’
incubation at 37 °C in a CO, incubator, the number of viable
cells was determined using the 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) method (ECs). Cytotox-
icity of compounds was determined on the basis of viability of
mock-infected cells using the MTT method (CCsy). Each
experiment was performed three times independently.

Neutralizing Assay. MT4-cells (1 x 10° cells/100 uL) were
incubated in 100 L medium containing 10 uL sera from
immunized or preimmunized mice for 1 h at 37 °C, then
pretreated MT-4 cells were infected with HIV-1y;4-3 (MOI =
0.05). At 3 days after infection, cells were collected by
centrifuge at 4000 rpm for 10 min at 4 °C. After discarding
supernatant, pellets were lysed with 30 uL of lysis buffer (50
mM Tris*HCI (pH 7.5), 150 mM NaCl, 1% NP-40), then 30
uL of 2 x SDS buffer (125 mM Tris-HCI (pH 6.8), 4% SDS,
20% glycerol, 10% 2-ME, 0.004% BPB) were added and boiled
for 10 min. The samples (5 uL) were subjected to SDS-page to
perform Western blotting. The HIV-1 gag p24 was detected by
using Western lightning ECL kit (PerkinElmer, MA) according
to manufacturer’s instruction after treatment of ﬂgv-l p24
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Scheme 1. Synthesis of the Equivalently Branched Template 6
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antibody (2C2; 1:2000 dilution) (20) and anti- mouse IgG
(H+L)-HRP (Millipore, MA). The band intensity of p24 was
calculated with post/pre-immunized samples by using ImageJ
image analyzing software.

RESULTS AND DISCUSSION

The N-region of gp4! is known to be an aggregation site
involving a trimeric coiled-coil conformation. In design of an
N36-derived peptide (N36RE), the triplet repeat of arginine and
glutamic acid was fused to the N-terminus to increase the
solubility in buffer solution (Figure 1B). In order to form a triple
helix corresponding precisely to the gp41 prefusion form, we
designed the novel C3-symmetric template depicted in Figure
1C. This designed template linker has three branches of equal
length and possesses the hydrophilic structure and ligation site
for coupling with N36RE. The template was synthesized from
the commercially available 3-[bis(2-carboxyethyl)amino]pro-
panoic acid 1 as shown in Scheme 1. Coupling of 1 with
B-alanine benzyl ester 2 gave the corresponding triamide 3 in
77% yield. Cleavage of three benzyl esters by hydrogenation
and coupling with solketal 4 produced the corresponding triester
5. Deprotection of the acetonides with aqueous 80% TFA

HS
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followed by oxidative cleavage of diol group led to the desired
template 6. This approach uses thiazolidine ligation for chemose-
lective coupling of Cys-containing unprotected N36RE
(N36REGC) with a three-armed aldehyde scaffold producing
triN36e (Figure 1D). Thiazolidine ligation is a peptide segment
coupling strategy which does not require side chain protecting
groups (22—26). The reaction consists of three steps: (i) aldehyde
introduction, in which a masked glycolaldehyde ester is linked to
the carboxyl terminus of an unprotected peptide by reverse
proteolysis; (i) ring formation, in which the unmasked aldehyde
reacts at acidic pH with the o-amino group of an N-terminal
cysteine residue of the second unprotected peptide forming a
thiazolidine ring; and (iii) rearrangement at higher pH in which
O-acyl ester linkage is converted to an N-acyl amide linkage
forming a peptide bond with a pseudoproline structure (Figure 2).

Circular dichroism (CD) spectra of triN36e and N36RE,
which is a monomer form without N-terminal Cys-Gly residues,
are shown in Figure 3A. The peptides were dissolved in 20 mM
acetate buffer with 40% MeOH, pH4.0, suitable for measure-
ment of CD spectra of membrane proteins (27, 28). Both spectra
display double minima at 208 and 222 nm and showed high
molar ellipticity as absolute values (Table 1). The results indicate
that these peptides form a highly structured a-helix and that
the helical content of the trimer triN36e is higher than that of
the monomer N36RE. Furthermore, to assess the interaction of
triN36e with C34, CD spectra of the peptide mixture with C34-
derived peptide, C34RE, were measured (Figure 3B,C). The
spectrum of triN36e and C34RE mixture showed high molecular
ellipticity as an absolute value comparable with that of triN36e
alone. This supports the conclusion that C34RE interacts with
tri36e and thereby induces a higher helical form as shown
previously (29).

Mice were immunized with these synthetic gp41 mimetics
and antibody production was successfully induced (the detailed
titer increase in 5 weeks’ immunization is given in the
Supporting Information). Two out of three mice showed
induction of antibodies against either antigen (N36RE or
triN36e). Antibody titers and selectivity of antisera isolated from
mice immunized with N36RE or triN36e were evaluated by
serum titer ELISA against coated synthetic antigens. The most
active antiserum for each antigen was utilized for the evaluation
of binding activity by ELISA (Figure 4). The N36RE-induced
antibody showed approximately 5 times higher affinity for
N36RE than for triN36e, as 50% bound serum dilutions are
3.88 x 107 and 2.14 x 10° to N36RE and triN36e,
respectively. It is noteworthy that the triN36e-induced antibody
showed approximately 30 times higher preference in binding
affinity for triN36e antigen than for N36RE (serum dilutions at
50% bound are 3.83 x 107 to N36RE and 133 x 107* to
triN36e). Although this evaluation was not determined with
purified mAbs, it is clear that the antibodies produced exploit a
structural preference for antigens. The mechanism of induction
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Figure &ﬁaetion mechanisms of thiazolidine ligation utilized for assembly of N36RE helices on the template.
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peptide and transmembrane domain, respectively.
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Figure 5. Determination of neutralization activity of the antibodies produced by immunization of peptidomimetic antigens. (A) Results of p24
assay to evaluate inhibition for HIV-1 infection by produced antibodies. Preimmunization sera were used as control. Experiments were duplicated.
(B) Average % inhibition of p24 production calculated from the band intensities in panel (A).

of structure-specific antibody is still not clear, but the results
could suggest the efficacy of producing antibodies with structural

specificity and that the synthesis of structure-involving antigens Table 1. Differences of a-Helicities between N36RE and triN36e
is an effective strategy when higher specificity is required. Calculated from CD Spectra in Figure

Neutralizing activity of sera against HIV-1 infection was [0 [01222/101208 a-helicity
assessed by p24 assays utilizing antisera from two mice that N36RE —30957 0.87 73%

showed antibody production for each antigen (Figure 5). Sera triN36e —38998 0.96 22%5%
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Table 2. ECsp and CCsp Values Calculated from Inhibition Assays
of Peptidomimetics

AZT triN36e N36RE
ECso (uM)* 0.047 0.49 1.4
CCs (jJ,M)b >50 >1 >10

“ECs, values are based on the inhibition of HIV-induced
cytopathogenicity in MT-4 cells. ®CCsy values are based on the
reduction of the viability of MT-4 cells. All data are the mean values
for at least three experiments.

from mice immunized with the same antigen showed similar
inhibitory activity against viral infection (12.5% and 14.8% for
N36RE, 40.3% and 52.1% for triN36e). A trend was observed
that the sera from triN36e immunization shows higher inhibition
than those from N36RE immunization. This suggests that the
synthetic antigen corresponding to the N36 trimeric form induces
antibody with neutralization activity superior to that of the
monomer peptide antigen and implies a restricted response of
B-cells upon immunization to the trimeric form of N36RE. In
order to assess the compatibility of induced antibodies in HIV-1
entry inhibition, the HIV-1 inhibitory activities of peptidomi-
metics (N36RE and triN36e) have been evaluated by viral
infection and cytotoxicity assays. A C-terminal region peptide
known as Enfuvirtide (T20, Roche/Trimeris) has been used
clinically as a fusion inhibitor, and its success indicates that
gp41-derived peptides might be potent inhibitors, useful against
HIV-1 infection (30). In the development of anti-HIV peptides,
several mimetics such as Enfuvirtide, CD4 binding site of gp120
(31), and protein-nucleic acid interactions (32), which disrupt
protein—protein interactions, have been produced. As indicated
in Table 2, N36 and triN36e showed modest inhibitory activity
as reported in previous studies (33—35). The potency of triN36e
was three times higher than that of N36RE indicating that the
active structure of monomer N36RE is a trimeric form.
Cytotoxicity of the antigens was not observed at concentrations
of 1 uM of triN36e and 10 uM of N36RE.

CONCLUSIONS

In summary, a mimic of HIV-1 gp41-N36 designed as a new
vaccine has been synthesized utilizing a novel template with
three branched linkers of equal lengths. Thiazolidine-forming
ligation attached the esteraldehyde of three-branched template
with N-terminal cysteine of peptides in an aqueous medium.,
The resulting peptide antigen successfully induces antibodies
with neutralization activity against HIV-1 infection. It is of
special interest that the antibody produced acquires structural
preference to antigen, which showed 30 times higher binding
affinity for trimer than for monomer. This indicates the
effectiveness of the design based on the structural dynamics of
HIV-1 fusion mechanism of an antigen which could elicit
neutralizing antibodies. In a design based on the N36 region of
gp41, the exposed timing of epitopes is limited during HIV-1
entry (36), and carbohydrates, which could make accession of
antibodies to epitopes difficult, are not associated with the amino
acid residues of the native protein. These two advantages could
further enhance the potential of a vaccine design based on the
N36 region. During preparation of the manuscript, a new HIV
vaccine strategy was reported by Burton’s group (37). The report
describes the importance of antibody recognition for the trimer
form of surface protein. The trimer-specific antibodies indicate
broad and potent neutralization. The gp41 trimer-form specific
antibody produced in this study could also obtain the corre-
sponding properties. The elucidation of antibody-producing
mechanisms and epitope recognition mode of antibodies in
antiscmgz%uring HIV-1 entry will be addressed in future studies.
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IV 1717 L BEFREEHEOLD
@ DNA X FIL{LBEF=DRIH _]

. & U & £

b9 N RIS ORBLCK, BIEFIEREEFREED
WM Eobs R FBITEOEEHIEHSNTE
P, TV FF 42 AGFICBIIAHRETIE, BERED
¥y BIEH () L8, AFAE TEFubi s,
RNA IS AEEFM R ELHE THET O X F VL E
ELFERRTHL, MAEMBTEY Py 05 uF
AFNALE ST, & MHFERTIRSEIC 7 O CpG BLF A
AFMALZZF TR I EFHELMIENTV S, BEF
T A FMALOBRENLBIZFHEROG M LOFEASEL
bOTHH., AFNMEEZIF T2 CpG BFIZIE A F v
L b EBT N TEPREL, 3B YN TER
ShPEE XN, suFroRTEF VLR EES R
5. M7 EF bR ABETE s o F U EBEVER
REL LV EETOEES A 7OREICL S, DNA A F
WALiZ 7 & DNA OBRERIEIC BV TERE 2 Xz R
LTEY, BREBIZITDhAFY ALV T VT4 0T
Bl oEREFISa— FELTZOBHNREIHEAT
Wi, BAHRBICBWTAF ALY - ORENRALNR
52 LA, 5, DNA A FALERROFAICERCHED
BEENTWE, T/, AT AF VLY — 0 LR
DY Far Iy yOEENEHIRTYS, 20X
DNA A F ALl DNA BEEO - Hid o Tna I &2 5

A%%zx%»ﬁzﬂ@f%:%wi&ﬁ#x&ﬁngw
L, ERTEIE D 22T 4 7 AGEICBVTDNA A F
NALICEE L 72 DTS mmﬁ.% AR A F
AL TRHRT 5.
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2. MROHEF

AFNALERTY by VEEEAFMEY P UGS
R E (MeCP2) (24 o Tilak & . MeCP2 LD ¥
Py ELOEEKEREL, ATy ORTEF VLR
79. ;htivszzwﬁw”wﬁﬁiéh#%ﬁm
¥ LABIETRESEF T E S TS, Y MV RE
DAF LIRS EBIRESINEOT, AANIIIO
EEHHARE SN, JETFOEEHE L RNAI R#EE
PHIR ALY 20D HER TR 2FIHTETS
B, M@ﬁﬁ&%fﬁﬁﬂ%mﬁm&WHfﬂﬁ [k a8
OBY Py DAFMETHELEZEZLONDY. Y b ¥
O A F VAL AIE R OB E ORI TEEEICHES L
5 (E1A, B, ZTOhd, A FULRIEE ALKICH
W5 AW RERGEOERE IR EEZONT
WA, 0L EETICHTLATNRRHEEIT ) D

WIEEOER L35 DNARYNZE AT A7 V0 BEH
%%1%6 ZOREICEELRY VNV EELTCIn 7 4
H—F R EIIHTAFHIET o T 5.

In 74 Y H—5 v HRETORELLINPHE TR
T, BiEF2ENE LER~OICHPBREREHFTE
TWVh, In 74 v H—=FAL 23307 I /BTHES
N BpaED aNY v 7 A D7 I ) BRI DNA D 3
ERPFABTD. ZOFT T2 — VRNV FLIGEES
B I EDLIENHIDEHD DNA BEF OB ATTREIC
LAY, TREITIL7 7=V F 4 XL A EPBRY —N
479y FERERHWTKBELI L 79 —dhbE
IR UEFNCHRGT B K 2 4 YIRS R, FhbEMlA
BhEL L TEN LT IRETFRINICH L TRRENIZE
BTAHADNABEF A VEBETHIEDPEELZ-T
WA, ZHLEEOENDNARMIEETLL I
TUrIL" TELEVIEHERFODNAKE N AL
Y3 In 74 v H-DOARTHYH, DNALBHITHEEE
METAHAILTHEZEOBEZHHTLIZIENTEL LS
ZENRERTVAS, BHFIE LTDNA B CEERF A
£V EQMEY R EPINE TICRERERE ST
5. DNA YIHTER K. DNA S A BEFE, TLTDNA AT
MEBERFNRLOPTH Y, A FNVIEBEEIZOWTIE
1997 12 Sssl L DR AR % HVv: 72 DNA A F A fLiz B 5
AHENLINLY. O 2HEOBMHELORELENE
L T DNA 4 F L {LEF & (X DNA &5 &k L Bt itat
AN LTwbEw)idds. Thbh, FUHEES
T OOBEIIMET AT IV BBRENETRTVA

O 0 0 A G A A 2 TS A
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(A) CHz

AFIVIEBERICEK B i
AFMES POV OBE| G DNA %

1

GC

CG CG

G? G?

CH: CHs |
(B) o

% TE B8 T F Il

cC"G C"G

1 (M) AF ALY b2 > ORFFEIEIC OV T, (B)CpG A F WALIC & 2 B IR BEHE & B H05I R T H oM X oLtk —Bf

OHIA FEEAEEMR OB U TERE NS (7).

—flL LTE Box & L0l =1 £~ FAZH % Mad—Max ~ 7

OZRERRLVEZ LY T =Bk, TNHA3TY 7L v ¥ — mSin3A EHEEHET 5. mSin3A (X 8FEHO Y » /32
HEMBEAEMT A, Thooilé& 2 SMRT I HDACL 3 X OFHDAC2 R HDACL & B A b Y H4 L OB % 22465 5
RbAp48 L HHIEM 35, 771 F 7 —YIdL A+ Y H3, H4 LOBT v FVEEMET L. X F VOS5 REM R
JEE I TIZ CpG A F ML LT MeCP2 254535 Z L THIA S LS. MeCP2 (3 mSin3A & HIEAEH$ 5. LT O
HElZ—BEDOLO LB THLEEZOSNTVADNHLNMIIN TV AREVWESLH 5.

WoT, BROAFIMUBERE ZIn 74 =5 X7 H
ERELZLDTIEAFIVILREE D DNA BakAEICHI KT
LRV 2 TFr FRISHR OGNS E W) TERTRE
RN D o 7Y,

3. AUINTHKRAALDELED
DNA X FILEEBEZEADICH

WAEIL T, U R AL Y RGERIZLTZED
BeeeMBL, ¥ 7 HMb LRy v 8y BBk
EOMBEAERIZ L > TEBE N A A4 V2B HET 5
BICHSEVRIY, YT EF AL OBENNET
% J7ik (protein-fragment complementation assays) 751 E ¥
F OV TRMICHE SN, CONERELN A
YR 87 BUHEH S D 2 b THIBLIN Y 7 L o]
AL EICAEM R FRIC A LHfEI T, BE

MH N2 B >R 0 DNA A F W ALEE % T d % Hhal methyltrans-
ferase (M.Hhal) 12327 7 3 /B CHIR SN 5705, N &K
Wl FXA > (1-240) & CEm F A4 ¥ (210-327) 2%
HITHILTHRCRBR N AL VIZTELZ e HEXN
T W %", M.Hhal ® 32 i#% DNA Bl 5 12 GCGC T & 1,
CpGRHDY by VAR AF LT B, 4idE VS
WRERALHI O 2@, A4/ A DNA KR LTl RIS Z o
MIBYIAHFIET 5. EE S IX DNA MIF RN 20 X+
AZET, ¥/ LADNAHIZBWTY 1 AT O EIRALD
AREXAFMET HBEEMETEIZOTELVREE R
720 22T, In 74 > H—F A4 > %FH L TDNA
RIS W ECHDEIE A - LT DNA BANIZIG U 72 B¥
KEAAL YOBAERTRIZTSLIET, ¥/ LDNAW
DFFETNT A F AL %2179 ALBEROMIE % ks
(X 2A).
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4, SR DNA X FIEBFOBEE

SEIT A F L AL E R OB O 0T 7 ¢ 2 — Al
W7 0%— & — T 2 #A7IC Shine-Dalgamo ALY % ALiE
LTI AI Ry 7 —%{ER L, RIRICEAPTZL Y
AFLEWEL. THEFAAL D 9EERRRT S Zn
TAH—FRAL R T T ISR E) A —RAE
ALTEELE, O ba—AELTNEKREIEALI LD
I, InT A YyH—FAL E MHul BECEOBEME,
MHI FHELZ 2B, 2Ry 70y FO#E,
KBHATORBIIGERMBEOW F A4 iZBW Tt
GRVBOLNTVWAIEPHLNMIE -7 A F VERID
DB Hhal HIREEE (R.HRaD 12 X 508 % fviz,
R.Hhal i& M.Hhal & 1] U DNA B2%) (GCGC) = @@ L,
BHIh o CpG TO A F MLITRZ OB, v b Y
CHEEDAF NI T ASHERUEAPEESNS. ¥
CRTERBNRT ¥ =270 T 4 ¥ H— F A A OENE
% &t GCGC BLA FMARMR, ZTOH AL FTOHAXF
NMEBFT bR TV AHEIIT T A3 FORHWRHEIZ
FoTM6THBEWD T I T AL FPPEREIND L AT A
L (20, CoEAy vy — 2318 o
GCGCMH A EENDLDT, AF MRy I 7T ¥
FRIGEELEZH IR TE S, GREXFVLEEOR
BT RHRal 12 L 2 Y ORE % /R4 146Top D23 2 F
DHbh, PEEFALCOEEIIL o TAFNMENTD
NTVLILERBATATDIINEKBIE AL > OAEH
Wik I A, RHITOYBOMEIBHE LT,
GCGC BIEHITO A FMLIZIR 2 F AL Y ORENLE
ThHZEPREN, 2 u—~ VD MHul ALY
EnT A H=F AL VORMERTE, 77AIFLED
£T0 GCGCH A b T R.Hhal 12 & B YIEF O AL
XNt TOFERE, INITOMENAL  28L Zn

T4y H—FF—T7OBEHRIIETIMETHRE I T -

2D, MHhal kO DNA A BABOFZEIKE <,
DNA BCOICH U CHRIFRM A 2 F (A ThbItTn b 2
EARRTLOT, LAOHICHREL - H5ER A5 VL8
#0) DNA BEFZx v 28R om AR S ([ 20).
F7, MHhal AL >OHRORBBIZBWTHL ERAEER
(B-4) L RBOKHRVE SN

WAL T 74 PRSI b ok E T T Y VA
BRTAREIETHY ., 2 FAEShY Y P IERIERR
v, N4F L7 74 PRISHEDDNALZPCRE T
t,>~7;>éﬁﬁw%m%ﬁ%%wfwawsb>>

BFILELT, AFAMEEZITVAY P IEZNE
FHRENA, COTFEEHCT, FEMAFULEEZRD
DNA BG4 %2 2 FAULOs A i L7z, TORKRE,
NEBFEAL ORTIEAFMLIZBB SNV, &8
AR X ORI A F VLR OB E TIIENENTO
SRV AFNMEPBRING, S HICENRAISNO
GCGC BHTUHEERAMOAT A FLLABE S,
TEI A FOLALRER OEAIECIN DA T B AR R O S AN
i (2.

5. ZOMOENEIEHEN X FIVEEE

FA ALY GEIEE GBS DNA A F VILEEED
AR A L3 aPsfTbhTvd, Tofle L
THEERO 2 FVALBEZEORTIF R 0 L3 e s ks
LTy 2759y FEIGEIET 2 HEVH L, Thid
Thbb, 73 /BERLEALTAFUEERFEEL B
AL TZn 74 ¥ H—I25L 2 DNAFREE BEMNIZH )
LI EDTRIZEDIFETHSL., JOAFVLBE L
FUEMBNIC BV TR S, BRI BT S AF L
e kA b AF VOB RECE LCHR, EE
FREBCBT L AF VLG ERL, AR AFLLICHE
LT % H3K4Me3 Db & H3IKOMe2 OMMAFER S /.
¥, SOEILInTA v H—RERAFVEEREH
WCIHFLEMRN TORESEHHS bR E I ELIRENT
WwWh,

6. SHEORZE

FADVRBELLSEM A FAMEEREII L ETOERE
FA4 v EDBMBEKIZHAT, BTSSR EL
WA BBV TERERERTIEFTEL (E3).
DNA BEFC§ 8 Zn 74 > H—FF— 72 X BHED
AR RAVSEREER O MK E I GFP, B-lactamase
FRWTHLNZAXEHZY, Zhbid, FALVHOR
SBMY ) ADNA EITBWCTHRETH 240, —E#S
BarolE—y—-L LTHFERIHEETHS. LEAL, ©
FHhHOBIZEWTY invivo TORRER RS ZITIZE Y
F T, Sl 2 DT - 72 in vive TOREIMEEEZED
IRGRROOBTSHY, SHOMILERBHNTOIRAIC
MiFEi T D, 72, DNABVNCHT 2 B8 FUST
HrruHgliBwThgEMOBTHY, /770
V-SRI BUYLRHLAETHLLEERZ 5N S, DNA
AFAALBERIMMNTF L AL TF /P ha-AFF =2
DHFEERLIMYIAAT, BEKBEFFTICETHED

FHFRREE R LT R DR BB D R B i O D TR e R B el LR sl TR D Wbt
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(A) (B)
" TER - —
BeaLE R T 7v| Hhal N-term His
M.Hhal F A A > N 11 (8- s
& . ZFP M.Hhal N-term
NG @@ TN e
3.1 —EGTGACGCCGCCGCGGGAGGCCGGGG—5 ' sEmEE (-9 m"-—"—' e
5'-CCACTGCGGCGGCGCCCTCCGGCCCC-3 ZFP M.Hhal His

(C)

j<——1 108 bp——»iBSQ bp l

bl Al M. DFEY—H—

1; NKIFK A1 (B-2)

2, FEM DB ASY (B-1+B-3)
3; A EIEEER (B-2+B-3)

4, 2 REEF (B4)

5 Hhal * F UL B3 (Y1 8RET)

6; Hhal * F L BEE (D11F )

7« VA—HAYA b (EATRTES) l

B-3 gene B-2 gene

T«-——1734 bp———-—-—T

(D)
£ REEF B4) |

AT GG GGITIGGAGGGCGITIGTI TIGTIAGTGGT T TATT TIGAA

it

"%ﬂ*"ﬁ%ﬁ (82+B-3) |

TGGGGITICGAGGGCGL TIGTI TGIAGTGGITTAT TTEIGAA

f

ﬁ,'r \»;vif !\ Aofines & »*2 , :‘1
(U j‘ JA\‘ h’”lm f\ yr\‘;\Jb[\ ! 4"\‘.':

2 (A)HESE Lf_/\iljfﬂlx—fll/ﬂ:ﬁ%i OEFIVE. B DNABGICE LT Zn o % *,%
7 1 H—DREE ""1) m]@ GCGC A M AF MLz ZiTA. (B)EE pers g ;E =2,
‘Jﬁ“*""ﬂiﬁj m&o‘ SHROME. SHBBEIIEB1LLIEB2 By ‘ ;}

EB3DHAEDEE iﬁmw FNEFNZFP ;Zn 7 4 ¥ H— N A4 », P
M.Hhal N-term ; Hhal A FVALEEFE O N K¥Ml K 2 4 > (1-240), M.Hhal w W

C-term : Hhal A F VALBEZE D C il F A4 >~ (210-327), His; e AF Y

Y57, HALHA ¥ 7R £+, Haidy v h—RABSEET. FiEHE \J"‘Q\LMLT\

NEWE K AL VX CRIGICE AF T v ¥ 7ML T b faat i 1. Zn 24 H—K A U= E B BURII~ DS
=5 kzxont (C) Hhal ) FREEFEIMTIZ X 5 A F VAL RS HH 2 ERBBRICLENBBEALOEE

Wie 7S AIN () EFoOMBER (). FEATRLAEDIZESR Hhal
YT ER L TH b, fr}\. 1 Zn 7 4 ~ ﬁ—f‘”nw £ b D Hhal YIWRFERT %
AR BAVEFRAY R A T LS E TV A EE IR iHJHIS’JNiL}JI#fw 4D
’3:. =3 \/J9;7$/?7’(\/ /j{"ij—v/“./,. \_. ﬂiJ)HhuIUJ
W IEFEIIAFNMEEZZIITVEEHEITT T A3 %“ﬁilﬂl“ﬁ?fiiﬂ.l';‘.
L—>4 if_:;w—; 6DLIRFKREL ST, DINATFLT AL b —
o XY AENTIZ X B GCGC BERYECHN T O A F WAL B AT

3 "zj*‘é;fIJﬁU, AFNALBERIZL B DNA fi2 51
R AF VLRSS OB E & R
DNA iCH E oSO
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Zn 74 ¥ H—% 37 E O DNA BN A 558
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Development of site-specific DNA methylase for cpigenelic
regulation of gene expression
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5;9 %o 7% BIETFTORVEELEZOTIERL, v

ILTENG S Dy, TR EH%, EMHBELT S 2
cé%fof@c%Ao

iy o RE ff/)ﬁi_’)wf Bl 1 L OV TOFZED
B LHRAHEA TV 5, Tz~#y/@&mm%+w
€ OER, MBHOES uéﬁwa TETEI R R B ok
BB BT HEEFEBRFHICH mRNA 25 L Twa
TEBHEOLENELSTWAEY, L ZITHBOEO LRI
W TAGEHBA D - T, TR HT S M
BAAET B, 206, BEREGTHMNEE L, Kok
RS TN THEO SN L2 ) Mg & s h T
vi. LT, m“1-ﬁﬁﬁ(¥®%%ﬂ> ) X0y
i > THlidr o 7 B BIEL oML, ML EE A E A 2

e s R A A AT el ¢ o X B WU I



20-11

Effects of DNA binding and linker length on
recombination of artificial zinc-finger recombinase

Akemi Masuda® 2, Wataru Nomura'*, Arisa Urabe' and Hirokazu

Tamamura'
'Institute of Biomaterials and Bioengineering, Tokyo Medical and Dental University,
2Graduate School of Biomedical Science, Tokyo Medical and Dental University

ABSTRACT

Utilizing sequence-specificity of DNA recognition of zinc finger proteins (ZFPs), zinc finger
recombinases (RecZF) can be constructed. Recombinases would be powerful tools of gene
knockout. For the design of highly-active RecZF, effects of binding affinity of ZFPs and linker
length connecting ZFP and a catalytic domain on recombination were studied. The obtained
results show that these factors are important for recombination in addition to activity of
catalytic domains.

INTRODUCTION

Artificial ZFPs consist of Cys,-His,-type modules connected by short linkers. The module is
composed of approximetely 30 amino acids and forms a BPo structure by coordination of zinc ion.
Several zinc-finger chimera enzymes including nucleases (1), recombinases (2, 3), and methylases
(4) have been constructed. Utilization of ZFP as a DNA binding domain of artificial enzymes is a
powerful strategy for DNA manipulation. Therefore, applications of these enzymes in gene therapy
are expected. For recombinases, an advantageous point over nucleases is that the sequences
modified by recombination are predictable. Moreover, as the reaction is occurred by formation of
tetramer during strand transfer, possibility of cytotoxicity often caused by off-target effects could be
reduced (Fig. 1).

Tn3 resolvase belongs to a recombinase family. It has been shown that it is possible to
construct aritificial recombinases by replacing the DNA binding domain with ZFP because the
catalytic domain and the DNA binding domain of the resolvase are structurally separated (2).
Additionally, a molecular evolution strategy has Catalytic

. ZFP  domain  Spacer
been employed to construct more active RecZFs (2). ;
In this study, effects of module numbers of ZFPs
and linker length between the catalytic domain and
ZFP on recombination were evaluated utilizing both
E. coli and mammalian cells. Since these factors
would be omitted in molecular evolution study, it
was expected that the reports would be useful for
the design of efficient RecZF.

Fig. 1. Recombmatlon of RecZF that
RESULTS AND DISCUSSION excises a region between the target sites.

Design of target sequences and evaluation of DNA binding affinity of ZFPs.
The target sites are composed of 20 bp spacer sequence flanked by 18 bp zinc-finger binding
sites (ZBS) (Fig. 1). The spacer sequence has been reported as Z+4 site for N%Iéresoivase (2).

90



Plasmids encoding 2- to 6-fingers modules were constructed and these ZFPs were expressed in E.
coli. The purified ZFPs were employed for ELISA to evaluate DNA binding affinity. The results
showed that binding affinity increases

approximately from 160 to 13 (nM for Ky) Table 1. Recombination efficiency of finger-number

: variants in £. coli and in CHO-K1 cells.
depending on numbers of finger modules. : 0

Numbers of  Recombination Recombination in
finger in £ coli (%)  mammalian cells (%)
Efficiency of recombination in E. coli. modules
. . . . 2 £ S 32 +02
Recombination of RecZF in E. coli was 2 Tmgers . ® .8 -0
o } o 3 fingers 34 £1.2 11.8+1.2
tested utilizing a plasmid recombination 4 fingers 54+ 0.6 16.1 404
system. Each plasmid consists of coding 5 fingers 5508 19.3+0.6
: 6 fingers 51+3.1 149+0.6
sequence for a RecZF variant and target i it s
. \ - = 4 52+1.3
sequences. In this system, RecZF expressed S fingers . = b
3 . 1 PO
from plasmids recognize target sequences “not determined.

and perform recombination. After excision of the region between target sites by recombination, a
shorter plasmid is produced. The efficiency of recombination was evaluated by restriction enzyme
assays. The results indicated that increase of recombination efficiency depend on the numbers of
finger modules (Table 1). Recombination efticiency of ZFPs corresponds to DNA binding affinity.
Studies of variants of linker length showed that a 12-amino-acids linker has the highest
recombination efficiency among 0-30 amino-acids linkers.

Recombination of RecZF in mammalian cells.

For evaluation of recombination efficiency in mammalian cells, a stable cell line of CHO-K1
expressing EGFP driven by a CMV promoter. The reporter cassette sequences are flanked by target
sites. Utilizing this cell line, recombination efficiency is evaluated by a decrease of EGFP
fluorescence. Transfection efficiency was evaluated by DsRed fluorescence. Because DsRed is
encoded downstream of IRES after EGFP gene, the expression of EGFP can be normalized by
DsRed fluorescence. Thus, the recombination is evaluated in a semi-quantitative manner. After 48
hours of transfection, intensity of fluorescence in the cells was detected by FACS analysis. As a
result, cells containing recombinant gene were obtained. It was suggested that values of
recombination efficiency obtained from E. coli and mammalian cells by RecZF were different;
however, the tendency was similar in both systems (Table 1).

CONCLUSION

In this study, it was revealed that recombination efficiency can be improved by the design of
RecZF involving numbers of zinc finger modules and length of the linker connecting ZFP and the
catalytic domain. The improved RecZF will be applied for specific gene knockout in the future
study.
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Novel tag-probe pairs for fluorescent imaging
of proteins in living cells

Wataru Nomura, Nami Ohashi, Atsumi Mori,
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Akemi Masuda, Hiroshi Tsutsumi,

Hirokazu Tamamura
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and Bioengineering, Tokyo Medical and Dental University,
Tokyo, Japan

Practical techniques of protein imaging via functional
peptide tags are useful in the field of proteome and
chemical biology. New tag-probe pairs based on leucine
zipper peptides for labeling target proteins have been
developed by us. These consist of an alpha-helical
probe peptide with an environmental-sensitive fluores-
cent dye and two antiparallel alpha-helical tag peptides.
Since hydrophobic cores of leucine zipper peptides can
be adjusted to form hydrophobic pockets, fluorescent
dyes might bind selectively to these pockets. Binding of
the probe peptide to the tag peptides results in move-
ment of the fluorophore from a hydrophilic to a hydro-
phobic environment inside the leucine zipper structure,
causing a dramatic fluorescent change, mediated by the
binding of the two peptides. The tag-probe pairs based
on the leucine zipper peptides were designated as ZIP
tag-probe pairs, and applied them to the fluorescent
imaging of a cell surface protein CXCR4. Furthermore,
development of crosslink-type ZIP tag-probe pairs, in-
troduction of different dyes and their application to
imaging of PKC in living cells have been performed.

fluorescent

2 strong
fluorescence

three strand leucine zipper
tag-probe pair

Tsutsumi H, Tamamura H. et al Angew. Chem., int. Ed 2009 48, 9164
Nomura W, Tamamura H. et al. Biopolymers. 2010, in press
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Synthesis and evaluation of CXCR4-derived peptides
targeting the development of AIDS vaccines

Naoki Yamamoto?, Hirokazu Tamamura
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Despite enormous efforts in clinical researches. development
of AIDS vaccine is greatly hampered by viral mutation. To
overcome this problem. an immunotherapeutic approach
targeting the HIV 1 co-receptor CCR5/CXCR4 has been pro-
posed as an alternative immunization strategy for preventing
HIV- infection. A chemokine receptor CXCR4, which belongs
1o GPCR, possesses an extracellular N-terminal region (Nt)
and three extracellular loops {(Ecls) on host cell surface, and
the muliiple interaction of Nt, Ecl-1 and 2 with a viral enve-
lope glycoprotein gp120 is critical for the entry of HIV-1.

In this study. several peptide antigen molecules conjugated
with a multiple-antigen peptide (MAP) derived from N-termi-
nal region (Nt-1. 2 and 3) and extracellular loops (Ecl-1 and
2) were prepared, and their antibody titers were determined
by ELISA for evaluation of their ability to induce CXCR4-
specific antibodies. The Nt-1-derived peptide locating in the
N-terminus of Nt and the Nt-3-derived peptide conjugated
with MAP (Nt-3-MAP) exhibited significant antigenicity. The
present results, including detail data which will be discussed
in the symposium, are useful for the vaccine development.

(b) antibody ter of Ecl-1 and 2

*
o NEHMAP
o HZMRR

A asnanc a1 403 nm.
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Development of a bivalent ligand for a chemokine
receptor CXCR4 by utilizing polyproline helix as a
linker

Tetsuo Narumi®, Hirokazu Tamamura® ?
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A chemokine receptor CXCR4 belongs to the G protein
coupled receptor (GPCR) family. CXCR4 via interaction with
its endogenous ligand, stromal-cell derived factor 1 (SDF-1)/
CXCL12, induces various physiological functions in an em-
bryonic stage: chemotaxis, angiogenesis, neurogenesis, etc.
Recent studies have indicated a pivotal role of homo- and
hetero-oligomerization of CXCR4 in cancer metastasis. Es-
timation of the precise distance between receptors in a
dimer form will enable the efficient development of bivalent
ligands of GPCRs, which have advantages in binding affin-
ity and specificity. However, challenges in design of bivalent
ligands have showed its difficulty because of the unclearness
in dimeric forms of GPCRs. Therefore, there is an increas-
ing demand for a novel strategy for this analysis. In this
study. we designed and synthesized novel CXCR4 bivalent
ligands with two FC131 analogues [cvcio(-D-Tyr-Arg-Arg-
Nal-D-Cys-)] (Nal = L-3-(2-naphthyljalanine) connected by
a polyproline or a PEGvlated polyproline linker. The linkers
were expected o sustain a certain constant distance (2 - 8
nm) between the ligands. Our bivalent ligands with various
linkers were applied to measure the distance hetween two

binding sites of ligands in CXCR4 dimers. Here. we present
experimental results concerning the native state of CXCR4
dimer utilizing our bivalent ligands, leading to a clear com-
prehension of the precise structure. This approach could be
utilized to any GPCRs as a molecular measure in design of
bivalent ligands. Furthermore, fluorescent labeled bivalent
ligands were applied to imaging of cancer cells expressing
CXCR4.
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