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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 (21). (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 uL 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 | 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
mixturc 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
transfeojgd 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-1yp4-3 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-I-infected MT-4 cells (MOI
= 0.01) by 2-lold serial dilution and placed in wells of a (lat-
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-yl)-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 (CCs). Each
experiment was performed three times independently.

Neutralizing Assay. MT4-cells (1 x 10° cells/100 uL) were
incubated in 100 uL 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 (MOl =
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 L) 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 HIV-1 p24
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Scheme 1. Synthesis of the Equivalently Branched Template 6

EDCI*HCI, HOBtH,0 o o
Et;N, DMF
CO,H L2
N COuH), y . ”VLOBn>
1 H3N/\/U\OBn 3,70%

+p-toluenesulfonate

N I N/\)Oj\o/\(\o
Aoy

a) Pd/C, H, (1 atm), MeOH
b) EDCI+HCI, DMAP, DMF

HO Y 5, 67%

' o7
fi

NH
a) 80% TFA aq. o o o
b) NalO4, H,O/MeOH (1:3)
N/\/U\N/\)J\O/\H/H
¢
HN™ ~0
(0]
H 6, 42%

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 gp4l 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
[-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
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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; (ii) ring formation, in which the unmasked aldehyde
reacts at acidic pH with the a-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 o-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
388 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 1.33 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 2. Reaction mechanisms of thiazolidine ligation utilized for assembly of N36RE helices on the template. 39
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Figure 3. (A) Circular dichroism (CD) spectra of N36RE and triN36e.

In the spectra, a blue dashed line and a green line show N36RE (monomer)

and triN36e (trimer), respectively. Concentrations of the peptides are 10 and 3.3 uM for N36RE and triN36e, respectively. (B) CD spectra in the
presence or absence of C34RE peptide. The spectra show the following: a dashed green line, triN36e; a dashed blue line, C34RE; a red line,
triN36e+C34RE, respectively. The concentrations of peptides were as follows: triN36e (2.3 uM), C34-derived peptide C34RE (7 uM), and mixture
of both peptides (3.5 uM each). (C) The amino acid sequence of C34RE described in single letters. FP and TM represent hydrophobic fusion

peptide and transmembrane domain, respectively.
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Figure 4. Serum titers of antibodies produced by N36 monomer and conformationally constrained N36 trimeric antigen. The titers were evaluated
against N36RE (monomer) (A) and triN36e (trimer) (B). The plots indicate the results of sera obtained from N36RE-immunized mouse (°) and

triN36e-immunized mouse (H).
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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

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
is an effective strategy when higher specificity is required.
Neutralizing activity of sera against HIV-1 infection was
assessed by p24 assays utilizing antisera from two mice that
showed gptibody production for cach antigen (Figure 5). Sera

intensities in panel (A).

Table 1. Differences of a-Helicities between N36RE and triN36e
Calculated from CD Spectra in Figure *

(0222 101222/1 01208 a-helicity
N36RE —-30957 0.87 73%
triN36¢ —38 998 0.96 95%
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Table 2. ECs and CCsy Values Calculated from Inhibition Assays
of Peptidomimetics

AZT triN36e N36RE
ECse (uM)* 0.047 0.49 1.4
CCsp (uM)” >50 >1 >10

“ECss 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 Enfavirtide, 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 gp4 1 trimer-lorm specitic
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
antiscrum during HIV-1 entry will be addressed in future studies.
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The trimer formation of the human immunodeficiency virus tvpe 1 (HIV-1)
envelope (Env) glycoprotein gp4l is necessary for HIV infection. This
membrane-fission mechanism is mediated by the viral Env proteins (gpl20/gp41)
and recepior on the target cell. Our svnthetic peptide antigen has a newly
designed template with symmetric linkers mimicking N36 wrimeric form. The
immunization of the antigen successfully induced antibodv against N36.
Interestingly, the antibodyv specifically recognizes the trimeric N36. Qur results
indicate the strategy of HIV vaccine design based on the native structure of
proteins related to HIV fusion mechanisms.

Keywords: antigen, HIV, thiazolidine ligation, vaccine

Introduction

The antibody-based therapy of HIV-1 is a promising treatment of AIDS. In
recent years, antibodies for this purpose have been produced by immunization
approach and de novo engineering of mAb with molecular evolution tactics such as
phage display. Despite enormous efforts, only a limited number of highly and broadly
HIV-neutralizing human mAbs have been isolated and characterized. They include
gp4l Abs 2F5 and 4E10 and the gpl20 Abs 2G12 and b12 [1-3]. The gpdl is a
transmembrane envelope glycoprotein. This subunit is devided by the transmembrane
region into an endodomain and an ectodomain; the latter contains a hydrophobic
amino-terminal fusion peptide, followed by an amino-terminal and carboxy-terminal
leucine/isoleucine heptad repeat domain with a helical structure (HR1 and HR2,
respectively). In membrane fusion process of HIV-1, these subunits form “pre-bundle”
complex. The HR1 and HR2 regions are referred as N-terminal helices (N36) and
C-terminal helices (C34), respectively. These helices forms six-helix bundle consists
of a central parallel trimeric coiled-coil of N36 surrounded by C34 in an antiparallel
hairpin fashion in fusion mechanism. In design of immunogens that elicit broadly
neutralizing antibodies, one of the strategies is to produce molecules that mimic the
mature trimer on the virion surface. These molecules can be recombinant or expressed
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on the surface of particles such as pseudovirions or proteoliposomes. The degree of
mimicry can be estimated using the broadly neutralizing mAbs; suitable mimics will
bind to neutralizing mAbs well but to non-neutralizing mAbs poorly. Based on this
approach, the chemically constrained trimeric form of N36 was designed and
synthesized. The present trimeric form of N36 has an advantage in term of
equivalency of helices. The helices are condensed to the template with equivalent
linkers in length. Mice were immunized with the equivalent trimeric form of N36
mimic, and produced antibody indicated the stronger binding affinity for N36 trimer
than for N36 monomer. This approach shows the possibility of producing
structure-specific Abs by immunization of synthetic antigens corresponding to natural
form of viral proteins.

Results and Discussion
Design and synthesis of trimeric antigen mimics gp41-N36 of HIV-1.

It has been shown that N36 mimic peptide-antigen involves trimeric coiled-coil
of N-region in gp41l, which comprises of three N36 derived peptides NP102 and a
novel small molecular template for peptide assembly. Several peptide mimics have
been synthesized and challenged to neutralization assays [4, 5]. The templates
assembling three helical strands contain branched peptide-linkers, which is not
completely equivalent in length. The N-region of gp4l is known as a trimeric
coiled-coil conformation and as an aggregation site. In design of N36-derived peptide
NP102, the triplet repeat of arginine and glutamic acid was fused to the N-terminus to
increase solubility in buffer. The template was designed to be compatible for
hydrophilicity required in thiazolidine ligation [6] with NP103. The three branched
linker was designed to be equivalent in length and was elongated by an amide bond for
the solubility in buffer utilizing 3-[bis(2-carboxyethyl)amino]propanoic acid as a
starting material. This approach uses thiazolidine ligation for chemoselective coupling
of Cys-containing unprotected NP103 with an aldehyde scaffold containing three arms
to produce NP104. In this linker design, the equivalency in length would be important
for the formation of triplet helix corresponding to the gp41 pre-fusion form (Fig. 1).
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Fig. 1. Amino acid sequences of monomer helix, NP102 (4), and NP103 with
unprotected cystein at N-terminal (B). The template is described in (C).
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CD spectra of NP104 and NP102 displayed double minima at 208 and 222 nm.
The peptides were dissolved in 20 mM acetate buffer with 40% MeOH, pH4.0, which
was previously reported as suitable condition for measurement of CD spectra of
membrane proteins. The spectra of NP102 and NP104 peptides showed high molar
elipticities ([0]250 30,957 and -38.998 degeem®edmol™). The results are indicative of a
highly o-helical structure of the peptides. Furthermore, to assess the interaction of
NP104 with C34, CD spectra of the peptides were measured as follows; NP104 (2.3
uM), C34 derived peptide-C34RE (7 uM) and mixture of both peptides (3.5 pM each).
The spectrum of NP104 and C34RE mixture showed comparable molecular eliplicity
with NP104 alone. It indicates that C34RE is associated with NP104 and induces
higher helical form as shown previously. This result indicated that NP104, a N36
equivalently-constrained trimer, could form six-helix bundle with C34RE
corresponding to the native structure of gp41.
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Fig. 2. Immunization and the titer ELISA monitoring induction of antibody. The
right panels show specific recognition of NP102 (monomer) and NP104 (tirmer)
derived antisera to monomer and trimer antigens.
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Immunization to mice and antibody production.

Antibody titers and selectivity of antisera from mice immunized with NP102
and NP104 for antigens were evaluated by ELISA against coated synthetic antigens.
The results indicated that each antigen has enough antigenicity. To assess the
specificity of induced antisera to antigens, the binding to both antigens, NP102 and
NP104, was compared (Fig. 2). The NP102-induced antiserum showed approximately
5 times higher affinity for NP102 than for NP104 (50% bound antisera dilutions are
3.84x10™" and 2.14x107 to NP102 and NP104, respectively). Interestingly, the NP104
induced antiserum showed approximately 30 times higher preference in binding
affinity for NP104 antigen than for NP 102 (50% bound antisera dilutions are 3.83x10~
and 1.33x10™ to NP102 and NP104, respectively). This evaluation is not dissected
with purified mAbs, however, it is clear that produced antibodies exploit structural
preference for antigen. The mechanism of induction of structure-specific antibody is
still not clear. The results might indicate the efficacy of producing Abs with
structural-specificity, and at least the synthesis of structurally-corresponding antigens
is one of the effective strategies when higher specificity is required.
p24 assay

Neutralizing activity of antisera against HIV-1 was assessed by p24 assay.
Three mice are immunized with each antigen (NP102 or NP104). The resulis of the
assays showed two immunized mice produced Abs. Sera induced by the same antigen
immunization showed comparable inhibition rates (12.5% and 14.8% for NP102,
40.3% and 52.1% for NP104). The sera from NP104 immunization showed
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approximately 4 times higher inhibition rates. This result indicates that the synthetic
antigen corresponding to N36 trimeric form is superior to the monomer peptide
antigen. The Abs producing mechanism of structural mimetics is unclear, however,
this approach caused higher inhibition against HIV-1 infection.
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Fig.3. Experimental procedure of p24 assay (A) and results of the assay showing
neutralization activity of antiserum derived from trimer-immunized mice (B).

Conclusions

In this study, we synthesized a trimeric peptide antigen mimicking N36 of
HIV-1 gp41 using a novel template with three equivalent linkers centering nitrogen as
a new vaccine design. The thiazolidine ligation was used to connect esteraldehyde of
the three-branched template with N-term cysteine of peptides in aqueous condition.
This peptide antigen successfully induced neutralizing against HIV-1 infection. Of
special interest in the properties of produced Abs is that the structural-preference to
antigen is 30 times higher to the trimeric form than to the monomeric form in binding.
Ab-inducing mechanism or recognition mode for fusion mechanism of HIV-1 should
be dissected, however, this study indicates the effectiveness of antigen design based on
the structural dynamics in HIV-1 fusion mechanism.
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1o date, several anti-HIV agents have been developed based on reverse chemical
genomics, in which target molecules are fixed We found that CD4 mimic
compounds have a great effect on the dynamic supramolecular mechanism of HIV
entry, and that their combinational use with CXCR4 antagonisis or with
neutralizing antibodies shows a synergistic effect. On the other hand, based on
Jorward chemical genomics, in which active compounds are searched according
to the screening of random libraries, effective leads such as integrase inhibitors
and matrix peptides have been found.

Keywords: CD4 mimic, forward chemical genomics, integrase inhibitor, matrix
peptide, reverse chemical genomics

Introduction

Recently, highly active anti-retroviral therapy (HAART), which involves a
combinational use of reverse transcriptase inhibitors and HIV protease inhibitors, has
brought us a great success in the clinical treatment of AIDS patients. However,
HAART has serious clinical problems including the emergence of multi-drug resistant
HIV-1 sirains. These drawbacks encouraged us to find novel drugs and increase
repertoires of anti-HIV agents with various action mechanisms. The recent disclosing
of the dynamic supramolecular mechanism in HIV-entry has provided potentials to
find a new type of drugs. To date, we have synthesized HIV-entry inhibitors,
especially coreceptor CXCR4 antagonists. In the present study, CD4 mimics in
consideration of synergic effects with other entry inhibitors or neutralizing antibodies
were developed. The development of the above anti-HIV agents is based on the
concept of reverse chemical genomics, in which target molecules are fixed. On the
other hand, based on the concept of forward chemical genomics, in which active
compounds are discovered according to the screening of random libraries, effective
peptide leads such as integrase inhibitors and matrix (MA) peptides were searched.
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Results and Discussion

According to the concept of
reverse chemical genomics, CD4 mimic
compounds were developed based on

NBD-556 [1, 2] (Fig. 1). Several o ) ¢4 mimic
compounds caused conformational . X. NS~
change of an HIV surface protein, g ,U\,J\,./ o\
gp120. FACS analysis showed that in ‘/ﬁ\ J I \ i %\\«‘b
the presence of several compounds the W
X =hatogen or aikyl e £

anti-V3 antibody strongly binds to —
envelope-expressing cells. In addition, CD4 mimic cavity
a synergistic effect of CD4 mimic

compounds with an anti-V3 antibody i
g © Fig. 1. Structures of CD4 mimic

compounds (left) and the complex of
gpl120 and CD4 (right).
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Fig. 2. Integrase inhibition assay using
random peptide libraries. Fig. 3. Matrix (MA) in HIV particle.

or with a CXCR4 antagonist T140 was observed. According to the concept of
forward chemical genomics, anti-HIV lead compounds were searched by the
sereening of random peptide libraries based on HIV-1 proteins. First, potent
peptide leads were found by an integrase inhibition assay [3]. Second, effective
leads were found in overlapping peptide libraries of MA.

As such, from a point of view on chemical biology, anti-HIV leads have been
found utilizing reverse and forward chemical genomics. Furthermore, antibody-based
therapy is still thought to be a promising treatment for AIDS. These anti-HIV agents
might be important and useful compounds in consideration of cocktail therapy of
AIDS. In addition, the present concept of chemical biology for the development of
anti-HIV agents would be essential for drug discovery in medicinal chemistry.
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Protein kinase C (PKC) plays pivotal roles in cellular signal transductions. In
order to elucidate PKC signaling mechanisms in detail, it is useful to develop
Sunctional molecules which can activate PKC in a spatial- and temporal-specific
manner. We developed caged diacylglycerol (DAG)-lactones which can activate
PKC by photoirradiation. Based on the photo-activation mechanism, the binding
of DAG-lactones to PKC in cells was controlled.

Keywords: caged compound, diacylglycerol (DAG)-lactone, protein kinase C

Introduction

The signal transduction pathways attract a great interest especially in the
interaction with small organic compounds in the field of chemical biology. To assess
the phenomena induced by bioactive compounds, the addition of compounds could not
be a sufficient way to observe the biological activity because the effects would be the
whole cell scale and the signals would be multiple combined effects. To solve these
problems, chemists have been developed “caged” compounds, which is not active
when the pharmacophore is blocked by the photo-activatable molecules. Triggered by
photo irradiation, which would be very limited ROI in the cell, the spatial- and
temporal-specific effects of compounds would be observed. Several ‘“caging”
compounds have been developed and these molecules have their own advantages. In
this study, we utilized the coumarin-based “caging” molecules, namely Bme and Bhe”
[1], to block the binding of DAG-lactones [2] to protein kinase C3 [3] to assess their
effects on translocation in cytoplasm.

Results and Discussion

Caged DAG-lactones 1-3 were successfully synthesized. The hydroxyl group of
DAG-lactones which is a critical pharmacophore moiety was protected by a
6-bromo-7-methoxycoumarin-4-ylmethoxycarbonyl (Bmcmoc) group. The Bmcemoc
group is a suitable phototrigger for alchols with high photochemical efficiency. To
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evaluate the effect of caged groups on PKC binding of compounds, binding assay was
performed by competition assay with [’H]-PDBu. The results indicated the hydroxyl
group is important for PKC binding as described previously. The loss of binding
affinity was ranged from 110-
to 400-folds (Fig. 1).

Photolysis reaction of DAG-lactones | clogP* | i ctones | 0o | (o
caged DAG-lactones by UV

irradiation (350 nm) was xXr o | i o
monitored by HPLC analysis ' ¢ Gl it o sl s
to find generation  of = ,

DAG-lactones. The results O 4

revealed that the time to reach | 2 T | e es e T | a7 e
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compounds 1 and 2 are about =
6 min and 5 min, respectively. /_/—(
To  further assess the |3 )Lz; 32 | 22 tasct 775 | 57 | 2500
properties of caged

DAG-lactones, confocal laser
microscopy analyses were Fig. 1. Binding assays of caged DAG-lactones 1-3.
utilized. Activation of PKC by  The structures of compounds are shown in columns.

exogenous ligands can be “computed logP.

analyzed by its translocation in

cells. The GFP-tagged PKC was expressed transiently in a CHO cell line. The addition
of caged DAG-lactones showed no change in location of PKC in cells. The results
correspond to the kinase activity of these compounds. On the contrary, the addition of
DAG-lactones without a caging group showed clear translocation of PKC. These
results indicate that photolysis of caged DAG-lactones could be a trigger of activation
of PKC translocation. To assess the control of activation in spatial- and temporal
manner, the area of photoirradiation was limited in a part of target cells. In this
experiment, Bhc-protected DAG lactone 2, which showed faster activation of PKC,
was utilized. The results showed clear translocation of PKC in the cell (Fig. 2).

It has been shown that caging technology is a powerful tool to investigate
cellular functions. Our results indicate this technology could be applied to exogenous
ligands of protein kinase C.
The present results indicate
that the activity of
DAG-lactones can  be
controlled in a spatial- and
temporal-manner by
photo-removable
protecting groups. This
method would be a useful
tool for elucidation of
activation mechanism of
PKC in mammalian cells.

0 min 20 10 min

rarozen.

Fig. 2. The photoirradiation on the limited cell region.
The circle in the center shows region of interest (ROI).
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Protein kinase C (PKC) is proven to be involved in problematic diseases, such as
cancer and Alzheimer's disease. Thus, it has been established as an important
therapeutic target. To find drug lead compounds, development of screening
methods, which would be applicable to high-throughput screening, is critical. In
this study, we developed two screening methods based on fluorescent labeling to
PKC ligand binding domain (C1 domain) and DAG-lactone.

Keywords: DAG-lactone, liagnd-screening, fluorescent labeling, PKC C1 domain

Introduction

Protein kinase C (PKC) is a family of enzymes for phosphorylation, which is
specific for Ser and Thr residues. PKC family comprises at least 11 isozymes, which
play fundamental roles in signaling pathways that regulate cell cycle progression,
differentiation and apoptosis [1]. PKC has also been proven to be involved in
problematic diseases, such as cancer and Alzheimer’s disease. Thus, it has been
established as an important therapeutic target. In PKC activation that depends on such
as a diacylglycerol (DAG) and phorbol ester (tumor promoter), Cl domain plays a

critical role in these ligands
binding. To evaluate ligand binding
to Cl domain, two different
approaches utilizing fluorescent

sensing were developed instead of

conventional method using
radioisotopes. The first method
utilizes the synthetic 3C1b domain
derivatives bearing a dansyl group,
which is environmentally
responsive (Fig. 1, left). The second
method involves competitive ligand

environmental sensitive
fluorophore
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/ 1205l o

{ b
5 . 0.0 OH
AP Y
{ j CqHyg
critical pharmacophores
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Fig. 1. Orthogonal fluorescent screening tools.
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replacement by a fluorophore-labeled DAG-lactone (Fig. 1, right). DAG-lactone is a
synthetic PKC ligand based on DAG. To reduce the cnuopm penalty of DAG, the
glycerol backbone is constrained by forming a lactone ring [2]. In this study, the
fluorescent screening tools, differently labeled on the acceptor and the ligand, were
applied for evaluations of binding affinity of PKC ligands.

Results and Discussion

For the Clb domain of PKCd (8C1b) (221-281), amino acids at three positions
near the binding pocket were selected as insertion sites of fluorescent dye (Ser 240,
Thr 242) [3]. A dansyl group was adopted as a fluorescent dye based on its sensitivity
to environmental change and small molecular size. To introduce the dansyl group by
Fmoc-SPPS, Fmoc-Lys(dansyl-Gly)-OH was prepared. Each fluorescent-labled 6C1b
domain analog was successfully synthesized. Ligand bindings of these fluorescent
analogs were evaluated by utilizing ["H]-phorbol 12,13-dibutylate (PDBu). The two
8C1b analogs, T242K(dansyl-G) and S240K(dansyl-G), showed similar binding
affinity with that of wild-type. In titration experiments of ligands, the increase of
fluorescent intensity and the shift of fluorescence emission maxima showed reasonable
correspondence to the binding affinity of ligands for PKC evaluated by the RI method
(Fig. 2a).

As a new probe of PKC ligands binding assay based on the competitive
inhibition, a fluorophore-labeled DAG-lactone was synthesized. The lactone has
environmentally sensitive fluorophore on the position which is not necessary for
binding to PKC C1 domain. The binding affinity of a synthctlc fluorophore-labeled
DAG-lactone for the PKCd was evaluated by utilizing [ SH]-PDBu. The environmental
sensitivity of the synthetic DAG-lactone derivative was confirmed by fluorescent
measurement in various solvents. The fluorescent intensity of the fluorophore-labeled
DAG-lactone was increased by binding to PKC, which indicates the hydrophobic
environment of the binding pocket. According to an increase in the concentration of a
test compound, the fluorescence intensity was decreased, indicating replacement of the
fluorophore-labeled DAG-lactone. The fluorescent spectra in titration of PDBu are
shown in Fig. 2b. The ICsq values were obtained from the curve-fitting of titrations of
known compounds. The fluorescent-based inhibition assay showed a positive
correlation between ICs, values and K; values in the RI assay.

In  summary, novel screening tools for PKC ligands based on
fluorescent-labeling of Clb domain and DAG-lactone have been successfully
developed. The combinational use of these fluorescent-labeling methods would lead to
detailed and reliable evaluation of ligand compounds for PKC ligands, wchich does
not require washing steps.
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Fig. 2. Fluorescent titration of fluorescent-labeled 6CI1b (a) and fluorophore
-labeled DAG-lactone (b).
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FaiA4 ¥+ —¥ C (PKC) ZPT7I A7 Vtu—n (DAG) W RAvky Uy —t¢
THEY Y - ALAZ RN VEMEBEETH Y, BAST VYA v —HDIRREEAROE
BEEREL LCHEBENTWS, BEDLII—Y FECR#E L PKCIHRMHY H REAIRIL, %
HHBBIHC K 5 PKC FEHEALORER] - ZZRI 22K A3/, DAG 2R3 5 Z LIz k- TH&E
EHEE2ERIYLDAG-F7 7 b DEER Ty —~a 7 T ThHDH OH K%
6-Bromo-7-methoxycoumarin (Bme) Ot/ ftER#ER) 2KV R#E LI —Y K DAG-7 7 %
HBREAR Uz, r—Y K DAG-F 7 b % EEIR D CTHENACIRE L, Bme HEOBIRE, MO
DAG-7 7 b O % HPLC M L Vel UT=, E72, T OFEEN S MRs o B I % 4
Fith U7z, 77— K DAG-F 7 b @ PRCSIEMEALAEIZ DUV C, R N ¢ *HIPDBu] (A /LR —
N AT V) L OATEGEE, Y LT vt A, BL00 CHO-KI MIENIZIT S GFP @lié
PKCSOMNBNRTEZ L (K) [k »> THlEt L7z, ZDO#ER, 77— F DAG 7 7 b idnwFho
BAE Y PKCOIZRT HEETEN, HHEALREZ /29, SOV ERRIHC X » Th— Y REEZIARGE L 72
BRIV T O PKCSIZ KT A GGt % Bl S8, dMAb biT) T &R ani, Yoz

i

UV light ) b, — K DAG=-F 7 bk ~DE¥INNRBEIZ X
?X(: % WEARGE, 2 Uil ) R ETRIEOEIE 4 AV T PKCSD
S GG A IR - ZERIA0LC I C X B TREME AR Shs,

. DAG-7 7 h D — Bt (PKC (T 5 A1E
PEIC R AOKERIL 2 (i) & OIS X 2 sl
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Synthesis and Evaluation of Fluorescent Diacylglycerol-lactone Derivatives
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Protein kinase C (PKC)IX., YV /A LA = 4872 ) VEMLEERE TH Y |, Milah > 7
MEERIZB W TEEREE 2R L T\15, PKC 238> TW5 Clb KA A %, &7
MEBIEZDEH FA B Vy—L LTI 5L diacylglycerol (DAG)DifE & EAYEL T
HbH, ZOClb FAL I, EFEToET—4—DOfRFEHMTHLH Y, BDATRKEARD ¥
—Fy rELTEBEINRTWD

UIFFEE TlE, Marquez 5 xLJ: STHBEINEZFEICEDSIE, ROV 2 FTH 2 DAG

DFEREZBRILTHZ LI2L Y, DAG-y-lactone FHE KR EZ G L TWD, I HD PKC ~D
FEOTENEI. BORPERINL R T T ~ AL &N 7-[20°HIPDBu % 7' u—7 & L= BiAHE AN
LY oA VT HMLTV@

AWFZE Cld, DAG-lactone 58K Ry F 721% Ry (CHOEIE AN U 7= 8 56 DAG-lactone
FEAK 2 AR L, [20°HIPDBu (b2 #A T 01— 7 OR¥ %17 > 12(Fig.1). I DHOGYE
DAGJmMmeﬁﬁPKC(Hbl*/42/30}&cuuﬁ’3Csxtme&qALfTﬁglﬂarf & D
B A REGMSOBEAEWNFE A 24O s UTRILT 5 Z LR TE 2 (Fig.1b), Z DKk
T, er/t4fdzﬁ*ﬁﬂ]m~/$£&¢m%xmn\wﬂmmmumwbéﬁ
A A == T ua—T7 L LTINS,

(a) (b)
PKC-C1b YB R IRH 55

domain
mﬁ%xjﬁﬁ}‘__ rcf" CZB Q;}.oﬁ? e

H o 0
H ARG K HILRER D
fluorescent groups BABBES T BEEREL T K -

Fig. 1. (a) #&¥{4DAG-lactone EPKC-CIb K A A L & DEEE
(b) # H1EDAG- lactonel= Y B Y Y FEHEMDREES
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Development of HIV Integrase Inhibitors Based on Forward Chemical Genetics
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AIDS {EFE L U O ERERERFEAIC Y 07 7 —ElEAN % 2, 3 AR Sk
HAART 2pHE % BT TO B0 TiftE T A L 2D HBRLEIER 72 K ORI X HHOME
BFEZHROEOHRBERBZEL > TS, £V T, EREHEARCa L 74—
CCR5 OIHEAI, A T /7 —FPHEAE LS L TETHEY, fiof ZEDOL /=Y —
EL2EEICEATERY, bl ABEOEMDRICEKT 5L Bbhd. Zh
FTHBEINTEIR A KLY -5y FREVROREFET) ENLDONIELAL
Thd, TITHLAE, SETORELEUVMIT, 74TV —F7IHNT=RT 4
DAEWERL, VL7477V =6 HMNENEEZFETLEY. Thbbiix A X3
EROTDH LV FEERICH L, £ORKER, SENTF NMEA 7 77 —EHER % HIV
OBET ML AT Z LRI LT,

Ferix, HIV MIZTFEMTH L "7 HEROT I /7 BES 2 £ Uicdh——7F
T RTFRIATFY— (73 /B 10~17 FRIK) 5. invitro ISR W T EEM %
BT HCEME R U, TOMS, HIV HERETHT 714 ) — 4 L A0 ETHS Vpr
HEDES T F FIA T Y =2 T 77 —-EWESTF FERELEL, £I T,
AT 7T —BIEHRNTIERT 20T, ZnbDOXTF NMlasd e F—7 ~7F
KT 5 octa-arginine % f1MI4 5 2 & THIBIBEE B A (5 &4, cell % AV 251 HIV i&E
DR ST > TR, MVﬁkbmﬁbt,AMt*béf J BRI % B Lo SIS TEAR
B L0 SHICEIFEWRTF FEHD Z N TEIZ, ZOXTF RIEH/-ohi HIV 1HHK
DY —MMeathE LTI TR 5,
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Development and Application of a New Tag-Probe System for the Fluorescent Imaging

of Proteins
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kY4 732 B (Green Fluorescent Protein: GFP) (ZXFE XN HHE T u—7 13, filaho & Ry
BrREHA A= TF 5100V —1E LTIEEICERTOHS, {F, BT TEOEN Y R0 g
BT LB TF RHDBUNIE VBRI, ¥ 7RSS 20ty a—7 47 2 v
1B 2 LRy RN T T B ENHTIRE SN, &K iiﬁ& T =T —T5FT OFFN

ENENT AT TS, ZNSDE T —7a—T 7L, FRREOEEORI L Oit 7 o —7 51
PER S B 5 Z LIC L VRS LRy ORI YD) ZAEETHZEMb, 72V AF oA

A EER T VICBWWTHRRY — NV e R 5 LSS TWS, Fixid, ZhETIRuS oo Py —_TFF
ROEMAEFIF L, # 7 L OFEGICLE> T u—7 Ok R 3 K OHO TR AN T2 2o
WIARNZ ' —Fra—T T (ZIP # 7 =T a—TX7) ORBEIT> &z, ZIP ¥ 7~ T a—T7 7
VN — T 0EE LT AT 2 ABHD -~y I AT FRE T BUKBKOBEIGE L Cail R L
eI D a3 ThD 4-Nitrobenzo-2-oxa-1,3-diazole (NBD)ZE 95 1 Ao~ w7 AT F
R 7 a—7 SRS TS, BIEHEFEFROFER, 20> ZIP 27 — 7 a—7 X7 3HUR — BB I
THERBTMEF L, 3EREDuA L Dy — RS TERRL T EEIINBD A3 A L //\—%mirswua
KM FIOEIRAN I ES A Z LD, 30 nm LA LEOHOERR S 7R 18 LU EOHEEERED KA 71”19
UK & 7 — T a—TEEIK LD 7 0 — T OMBINEZIRY ZIP 7 7 — T 11— 7«71&@&#
MREIRE IR EA A= TS~ NTHBEZEZBNDANFTIIZIP # 7 — T a—T X7 &,
B L IR ED—>TdHr 2 CXCRE DA A= ZVN LT THET 2 (K1), F7/-. NBD IZ
b 50k L LT 7-Diethylaminocoumarin-3-carboxylic acid (DEAC)Z#A LTz ZIP # 7 — 1 —7 <7
1, FEAITEES T 50 (L Lo XSREI KA~ T 2 & LN E RTeD T, T HDFERII DV TR
BRTHDETHET 5,

n, e
“lk 2P tag o S0
3.9 ZIP probe 3 A
Ghg, a4
2 B W Bt YN 3328 A

CXCR4

(1 zZIP 47 —7a—7 T &Mz CXCRE DA AV Y
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