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Figure 5. (A) The structures of fluorophore-labeled MA peptides 8F-L and 14F-L. (B) The fluorescent imaging of live cells HeLa, A549 and CHO-K1 by 8F-L. (C) The fluorescent
imaging of live cells HeLa, A549 and CHO-K1 by 14F-L.

— 339 —



T. Narumi et al. /Bioorg. Med. Chem. 20 (2012) 1468-1474 1473

expression of cytotoxicity and in future, a different effective strat-
egy for cell penetration may be advisable.

In the present assay, the control MA peptides 6C and 9C, which
cover MA(51-65) and MA(81-95), respectively, showed significant
anti-HIV activity. This is consistent with the previous studies, in
which MA(41-55), MA(47-59) and MA(71-85) showed anti-HIV
or dimerization inhibitory activity as discussed above.’5-'® These
peptides have no Rg sequence and thus cannot penetrate cell mem-
branes. They exhibit inhibitory activity on the surface of cells, not
intracellularly.

The structures of MA peptides 8L and 9L, dissolved in PBS buffer
© (2.7 mM KCl, 137 mM Nacl, 1.47 mM KH,POy, 9.59 mM Na;HPO,)
at pH 7.4, were determined by CD spectroscopy (Fig. 3). When pep-
tides form a-helical structures, minima can be observed at approx-
imately 207 and 222 nm in their CD spectra. The amino acid
residues covering fragments 8 and 9 corresponding to 8L and 9L
are located in an o-helical region (helix 4) of the parent MA protein
(Fig. 4), and peptides 8L and 9L were presumed to have an a-helical
conformation.?-28 However, the CD spectra shown in Figure 3,
suggest that these peptides lack any characteristic secondary
structure. This is because the 15-mer peptide derived from MA is
not sufficiently long to form a secondary structure even though
Gly, Cys and octa-Arg are attached to their C-terminus. Analysis
of the CD spectra suggests MA fragment peptides need a longer se-
quence in order to form a secondary structure. The CD spectra of
the control MA peptides 8C and 9C were not determined because
the aqueous solubility of these peptides is inadequate.

Fluorescent imaging of live cells was used to evaluate the cell
membrane permeability of the MA peptides 8L and 14L, which
showed high and zero significant anti-HIV activity, respectively.
The MA fragment 14 is a hybrid of the fragments 2 and 3, and
the MA peptides 14L and 14C, which are based on the conjugation
of the N-terminal chloroacetyl group of an Rg peptide and iodoa-
cetamide to the thiol group of the Cys residue, respectively
(Supplementary data), are control peptides lacking significant
anti-HIV activity (Tables 1 and 2). These peptides were labeled
with 5(6)-carboxyfluorescein via a GABA linker at the N-terminus
to produce 8F-L and 14F-L (Fig. 5A). The fluorophore-labeled pep-
tides 8F-L and 14F-L were incubated with live cells of HeLa, A549
and CHO-K1, and the imaging was analyzed by a fluorescence
microscope (Fig. 5B and C). A5489 cells are human lung adenocarci-
nomic human alveolar basal epithelial cells.?® Similar penetration
of both peptides 8F-L and 14F-L into these cells was observed.
Even peptides without significant anti-HIV activity can penetrate
cell membranes. The penetration efficiency of both peptides into
A549 was relatively high and into HeLa was low. In CHO-K1 the
penetration efficiency of 8F-L is relatively low, but that of 14F-L
is high. These imaging data confirm that the MA peptides with
the Rg sequence can penetrate cell membranes and suggest that
MA peptides such as 8L and 9L should be able to inhibit HIV
replication inside cells.

4. Conclusions

Several HIV-1 inhibitory fragment peptides were identified
through the screening of an overlapping peptide library derived
from the MA protein. Judging by the imaging experiments, pep-
tides possessing the Rg group can penetrate cell membranes and
might exhibit their function intracellularly thus inhibiting HIV
replication.

Two possible explanations for the inhibitory activity of these
MA fragment peptides can be envisaged: (1) The fragment peptides
might attack an MA protein and inhibit the assembly of MA pro-
teins. (2) These peptides might attack a cellular protein and inhibit
its interaction with MA. Further studies to elucidate detailed action

mechanisms and identify the targets of these peptides will be per-
formed in future. The technique of addition of the Rz group to pep-
tides enabled us to screen library peptides that function within
cells. Thus, the design of an overlapping peptide library of fragment
peptides derived from a parent protein with a cell membrane per-
meable signal is a useful and efficient strategy for finding potent
cell-penetrating lead compounds.

In the present study, the MA peptides 8L and 9L were shown to
inhibit HIV-1 replication with submicromolar to micromolar ECsq
values in cells using the MT-4 assay (NL4-3 and NL(ADS) strains)
and the p24 ELISA assay {JR-CSF strain). Our findings suggest that
these peptides could serve as lead compounds for the discovery
of novel anti-HIV agents. Amino acid residues covering fragments
8 and 9 corresponding to 8L and 9L are located in the exterior sur-
face of MA, and in particular in the interface between two MA tri-
mers (Fig. 4C).25-2% The interaction of two MA trimers leads to the
formation of an MA hexamer, which is the MA assembly with phys-
iological significance. Thus, the region covering fragments 8 and 9
is critical to oligomerization of MA proteins. This suggests that MA
peptides 8L and 9L might inhibit the MA oligomerization through
competitive binding to the parent MA, and that more potent pep-
tides or peptidomimetic HIV inhibitors could result from studies
on the mechanism of action of these MA peptides and identifica-
tion of the interaction sites. Taken together, some seeds for anti-
HIV agents are inherent in MA proteins, including inhibitors of
the interaction with PM such as the MA peptide 2C.
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ABSTRACT: Artificial zinc finger proteins (ZFPs) consist of

Cys,-His,-type modules composed of ~30 amino acids with a
P structure that coordinates a zinc ion. ZFPs that recognize
specific DNA target sequences can substitute for the binding
domains of enzymes that act on DNA to create designer
enzymes with programmable sequence specificity. The most
studied of these engineered enzymes are zinc finger nucleases
(ZENs). ZFNs have been widely used to model organisms and
are currently in human clinical trials with an aim of therapeutic

ONA binding

Linker Length &

Analysis

gene editing. Difficulties with ZFNs arise from unpredictable mutations caused by nonhomologous end joining and off- -target
DNA deavage and mutagenesis. A more recent strategy that aims to address the shortcomings of ZFNs involves zinc finger
recombinases (ZFRs). A thorough understanding of ZFRs and methods for their modification promises powerful new tools for
gene manipulation in model organisms as well as in gene therapy. In an effort to design efficient and specific ZFRs, the effects of
the DNA binding affinity of the zinc finger domains and the linker sequence between ZFPs and recombinase catalytic domains
have been assessed. A plasmid system containing ZFR target sites was constructed for evaluation of catalytic activities of ZFRs
with variable linker lengths and numbers of zinc finger modules. Recombination efficiencies were evaluated by restriction enzyme -
analysis of isolated plasmids after reaction in Escherichia coli and changes in EGFP fluorescence in mammalian cells. The results
provide information relevant to the design of ZFRs that will be useful for sequence-specific genome modification.

Artiﬁcial zinc finger proteins (ZFPs) can be used to
engineer DNA binding domains with high specificity for
desired target sequences, and ZFPs are a promising technology
for gene therapy.'"® Modular assembly of ZFPs can create a
DNA binding domain that targets virtually any sequence in the
human genome.>”® By linking ZFPs to the catalytic domains of
DNA-modifying enzymes, novel enzz'mes, including nuclea,ses,ts
recombinases,” =12 and methylases, 20 have been fabricated.
These enzymes are endowed with programmable DNA binding
specificity provided by the zinc finger protein fusion. Relevant
to our development of ZFRs, recombinase enzymes from the
serine recombinase family have been well studied*' In
comparison with members of the tyrosine recombinase family
such as Cre and Flp recombinases, the serine recombinases,
including Tn3 and y§ resolvases, Hin invertase, and Gin
invertase, have DNA binding domains that are structurally
independent of the catalytic domain. The structures of the
catalytic domains and the sequences required for catalytic
activity are highly conserved in these recombinases.”> Tn3 and

W ACS Publications  © 2012 American Chemical Saciety 1510

76 are among the best-characterized site-specific recombinase
enzymes in the serine recombinase family. Only 35 amino acid
residues differ between the y6 and Tn3 resolvases, and their
structures and functions are similar.”®> Negatively supercoiled
DNA is a prerequisite for substrate recombination with native
serine recombinase enzymes.** Although it is known that native
serine recombinases require accessory proteins binding to sites
I-III, activating mutants that require only the 28 bp of site I for
successful recombination have been isolated.” In these
hyperactivated enzymes, a DNA substrate in the form of
negatively supercoiled DNA is not required for activity, and this
allows application of activated catalytic domains with ZFPs to
create zinc finger recombinases (ZFR). It has been suggested
that reactions with serine recombinases proceed in three
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steps: (i) formation of a dimer binding to the two forms of site I
on the DNA, (ii) formation of a tetramer between the forms of
site I, and (iii) strand exchange.24’25 After the strand exchange
reaction, the sequences between target sites are excised and the
strands ligated (Figure 1).

e

ZBS

recombination

¥

Figure 1. Schematic illustration of the ZFR reaction at a target site.
The green and red boxes represent zinc finger binding sites (ZBSs).
The yellow spheres represent catalytic domains of Tn3 resolvase.

ZFRs based on catalytic domain variants of Tn3, Gin, and
Hin fused to artificial ZFPs have been shown to catalyze site-
specific recombination in Escherichia coli’ "' and mammalian
cells.>>'!2 ZERs have also been shown to catalyze hi$h-ﬁdelity
site-specific integration in mammalian cells.”'"'> While
directed evolution of recombinase catalytic domains has proven
to be essential for developing ZFR enzymes that function in
mammalian cells, other aspects of ZFR design have not been
thoroughly studied. In this report, we have synthesized ZFR
mutants with variable numbers of zinc fingers and studied the
role of peptide linkers that connect the Tn3 resolvase catalytic
domain with the ZFP DNA binding domain. These effects are
not readily addressed using molecular evolution strategies. For
facile evaluation of recombination reactions in mammalian cells,
a system that allows evaluation within 48 h was developed
utilizing DsRed expression as a marker of transfection efficiency
and EGFP expression as a marker of recombination efficiency.
The results obtained revealed the optimal structures of the
ZFRs, and the recombination efficiency results for linker
mutants were verified by modeling studies.

B EXPERIMENTAL PROCEDURES

Construction of ZFP Genes. ZFP genes were constructed
as described previously.?**” Briefly, plasmid pc3XB encoding
ZFPs purchased from Addgene (http://www.addgene.org) was
repeatedly ligated. The zinc finger gene that was obtained was
inserted into pMAL-p4x as an Xbal—BamHI fragment for
protein expression. A minor change was made to the multi-
ple cloning site of pMAL-p4x (Figure S1 of the Supporting
Information).

Target Enzyme-Linked Immunosorbent Assays (ELI-
SAs). ELISA wells of 96-well plates were coated by incubation
with 25 pL of 8 ng/mL streptavidin in PBS for 1 h at 37 °C.
The plates were washed twice with dH,0, and 25 gL of 5-
biotinylated hairpin oligonucleotide target in zinc buffer A
(ZBA) [10 mM Tris-HCI (pH 7.5), 90 mM KCl, 1 mM MgCl,,
and 90 yM ZnCl,] was added. After incubation for 1 h at
37 °C, plates were washed twice with dH,O. Blocking solution
(ZBA with 3% BSA, 175 uL) was added, and incubation
continued for 1 h at 37 °C. The blocking solution was then
removed; 25 L of purified protein in ZBA was added, and 2-
fold serial dilutions were performed into 1% BSA, S mM DTT,
and 10 ng/uL salmon sperm DNA in ZBA. After incubation for
1 h at room temperature, the plates were washed 10 times with
dH,O0 and the monoclonal anti-MBP antibody (Sigma-Aldrich,
1:1000 dilution by ZBA with 1% BSA, 25 uL) was added.

1511

After incubation for 30 min at room temperature, the plates
were washed 10 times with dH,0 and a diluted secondary anti-
mouse IgG AP conjugate (Sigma-Aldrich, 1:1000 dilution by
ZBA with 1% BSA, 25 uL) was added. After incubation for
30 min at room temperature, plates were washed 10 times with
dH,0. The alkaline phosphatase reaction was performed with
p-nitrophenylphosphate for 30 min, and the absorbance at
405 nm was read with a microplate reader. The data were collected
and plotted. The data were fit to the equation y = 1/(1 + K /x),
where y is the proportion of bound MBP—ZFP fusion protein
to maximal binding derived from the absorbance at 405 nm and
x is the concentration of the MBP—ZFP fusion protein. The Ky
values are averages of three or more independent experiments,
and standard errors of the mean (SEM) are shown.

Construction of ZFR Substrates. Each substrate plasmid
contained a recombination cassette composed of two ZFR re-
combination sites flanking an EGFP gene as a stuffer sequence.
Cassettes were assembled by amplifying the EGFP gene with
primers encoding the ZFR site. The polymerase chain reaction
(PCR) product was cloned into pAra-OP.*° ZFP genes were
amplified by PCR from plasmid pc3XB and inserted into the
plasmid as EcoRI—Sacl fragments. Plasmids that contained ZFR
with Gly-Ser linkers were mutated at the BstBI site before
insertion of the catalytic domain.

Construction of ZFR Genes. The DNA fragment of the
Tn3 resolvase catalytic domain was amplified from pWL62S
(ATCC accession number 31787) utilizing S-GAGGAG-
GAATTCATGCGACTTTTTGGTTACGCT-3' and 5-GAG-
GAGAAGCTTTCACGAGGCCCTTTCGTCTT-3' as pri-
mers. The fragment was inserted into pBluescriptSK(—) as an
EcoRI-HindIIl fragment. Tn3-activating mutations (R2A,
ES6K, G101S, D102Y, M103I, and Q105L) were introduced
into the Tn3 encoding gene. Linker sequences were amplified
via PCR with the Tn3 fragment by primers that included the
linker sequence. Tn3 fragments with different linkers were
digested with EcoRI and Bg/II and ligated into similarly digested
pAra-OP with the EGFP and ZFR sites. Tn3 fragments with
various Gly-Ser linkers were also digested with EcoRI and BstBI
and then ligated. The plasmids were maintained with
chloramphenicol.

Assay of Recombination of Plasmids in E. coli. The
plasmid with a ZFR gene downstream from the arabinose
promoter and the substrate sequences were introduced into
E. coli by electroporation. After incubation for 14 h at 37 °C on
an LB-agar plate, colonies were picked up and grown for 14 h at
37 °C in LB medium. Purified plasmids were digested with
EcoRI for 1 h at 37 °C. After electrophoresis on a 0.8% agarose
gel, the fragment intensity was estimated with Image] (Figure S2
of the Supporting Information).

Recombination Reaction of ZFR in Mammalian Cells.
The EGFP gene, flanked by recombination sites, was inserted
between Nhel and Kpnl in pcDNAS/FRT (Life Technologies).
A double-stranded oligonucleotide encoding the upstream
target site was inserted into the Mlul site, and the other
oligonucleotide for the downstream target site was inserted into
Kpnl and BamHI sites. Cotransfection of the substrate plasmid
and Flp expression plasmid (pOG44, Life Technologies)
allowed site-specific integration into the single FLP recombi-
nase target (FRT) site present in the Flp-In-CHO cell line (Life
Technologies). Colony-acquired hygromycin resistance was
characterized by fluorescently activated cell sorting (FACS) and
genomic PCR. The sequence of the target site was confirmed.
Cells were maintained in Ham’s F-12 containing 10% (v/v)

dx.doi.org/10.1021/bi201878x | Biochemistry 2012, 51, 1510-1517
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Table 1. DNA Binding Affinities of ZFPs

two ~  three four five six
fingers  fingers  fingers  fingers fingers
K; (aM)* 160+20 23.6+3.6 12.8+1.1 154+14 129+14
R? 0.90 0.87 0.94 0.94 0.94

“The values are averages of three or more independent experiments.

FBS and antibiotics (Wako Chemicals). The DsRed expression
vector was constructed as follows; a DsRed-monomer sequence
was ligated into pIRES2-EGFP (Clontech) to substitute for
EGFP, and a Tn3-ZFP-NLS fragment was inserted between
Nhel and EcoRI in pIRES2-DsRed. On the following day,
after 2 X 10° cells had been seeded, the ZFR expression
vector was transfected into cells using Lipofectamine LTX
Reagent and PLUS Reagent (Life Technologies). After being
transfected for 48 h, cells were collected and analyzed by
flow cytometry.

Molecular Modeling of the Linker Variants of ZFR.
Computer models were generated using Discovery Studio
(Accelrys Inc.). The crystal structure of the y5 resolvase~DNA
complex [Protein Data Bank (PDB) entry 1GDT]** was
manually mutated in the protein and DNA to match the mole-
cules used in this study. The first zinc finger module, obtained
from a zinc finger—DNA complex (PDB entry IMEY),”® was
placed on the resolvase—DNA complex by superimposing the
phosphate backbone atoms of corresponding DNA residues.
Appropriate linker atoms were then added and optimized by
simulated annealing and energy minimization. During this
optimization, the atoms in the resolvase, zinc fingers, and DNA
were fixed, allowing only linker atoms to move.

B RESULTS

Construction of Zinc Fingers and DNA Binding
Analyses. The 18 bp target sequence of the zinc finger protein
utilized in this study was $“CTGCATGCACTGGATGCA-3'

A _ZBS sequence

F6 F5 F4 F3 F2 F1

5’ -~ CTGCATGCACUTGEGATGCA ACGAATATT AT AAATTGCAT | TGCATCCAGTGCATGCAG -3/
3’ -~ GACGTACGTGACCTACGT ;TGCTTATAA TA TTTAACGTA | ACGTAGGTCACGTACGTC -5/

F1 F2 F3 F4 F5 F6

Tn3 Cat ,‘
Dmal 7 ZFP

His6 ZBS

700 bp

ir

Arabinose
| promoter

Tn3 Cat
Domain ZFp

SD Linker His6 ZBS

—

recombination

Arabinose
promoter

B1 11 21 31

41 51

MALFGYARVS TSQQSLDIQI RALKDAGVKA NRIFTDKASG SSTDREGLDL LRMKVKEGDV

61 71 81 91

101 111

ILVKKLDRLG RDTADMIQIM KEFDAQGVAV RFIDDGISTD SYIGIMVVTI LSAVAQAERR

121 131 141
RILERTNEGR QEAKLKGIKF GRRR

C GSGRSNGPSRPGEKP
FECPECGKSFSQSGDLRRHQRTHTGEKP
YKCPECGKSFSTSGNLVRHQRTHTGEKP
YKCPECGKSFSRNDALTEHQRTHTGEKP
YKCPECGKSFSQSGDLRRHQRTHTGEKP
YKCPECGKSFSTSGNLTEHQRTHTGEKP
YKCPECGKSFSRNDALTEHQRTHTGGSSAQ

1 2 3 4 5

Figure 2. (A) Schematic of recombination at zinc finger binding sites (ZBSs). Recombination results in smaller plasmids. ZBS sequences are shown
in the box. SD represents the Shine-Dalgarno sequence. (B) Amino acid sequences of the hyperactivated Tn3 catalytic domain. (C) Amino acid
sequences of the linker (red) and six-zinc finger domain utilized for the analysis in E. coli. (D) Recombination efficiency depends on the number of
fingers in ZFR. Columns 1-5 show the recombination efficiencies of two- through six-finger modules. The ratios are relative to the efficiency of the
six-finger module. The error bars show the SEM of three or more independent experimental results.
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panel A. The ratios are relative to the efficiency of clone 8. The error

bars show the SEM of three or more independent experimental results.

Zinc fingers were constructed on the basis of a modular
assembly strategy described by Barbas and co-workers.””?*™*
Two- to six-finger proteins were constructed to obtain DNA
binding domains with different affinities. Proteins were ex-
pressed as maltose binding protein fusions and purified with an
MBPTrap column (GE Healthcare). The purity of the proteins
was determined to be >90%. The DNA binding affinities were

evaluated by an ELISA with the biotinylated hairpin
oligonucleotide as a target." The binding constants (Kj) of
the two-, three-, four-, five-, and six-finger modules, listed in
Table 1, were found to be 160, 23.6, 12.8, 15.4, and 12.9 nM,
respectively. These results indicate that in the two-, three-, and
four-finger modules, the DNA binding affinity increased with
finger number but the binding affinities of ZFPs with four, five,
and six fingers were similar.

Construction of ZFR Chimeric Proteins and Recombi-
nation Analysis in E. coli. The target DNA sequence of ZER
is shown in Figure 2A. The target site consists of a 20 bp spacer
sequence flanked by 18 bp zinc finger binding sites. The spacer
region was previously shown to be a Z+4 site in the target
spacer of Z-resolvase.” For the evaluation of recombination in
E. coli, a plasmid-based recombination system was constructed.
The coding sequence of ZFRs was inserted into the plasmid
containing a 700 bp stuffer sequence flanked with target
sequences. In the recombination mediated by the expressed
ZFRs, the stuffer sequence is excised to produce a smaller
plasmid (Figure 2A). The amino acid sequences of the
hyperactivated Tn3 catalytic domain, the linker between the
domains, and the zinc finger domain are shown in panels B and
C of Figure 2. The recombination efficiency was evaluated by a
restriction enzyme assay. Plasmid purified from E. coli was
digested by EcoRI, which is a single cutter of the plasmid. The
linear plasmid was analyzed on an 0.8% agarose gel, and the
fractions of the longer (nonrecombinant) and shorter
(recombinant) plasmids were evaluated (Figure S2 of the
Supporting Information). ZFR variants with different numbers
of fingers were evaluated in this recombination system, and re-
combination ratios increased with increasing numbers of fingers
from two to four fingers. The values of recombination effi-
ciencies for ZFRs with four to six fingers were similar, reflecting
the DNA binding affinities (Figure 2D). The production of
recombinant sequence was confirmed by DNA sequencing
analysis (Figure S3 of the Supporting Information).

In the next study, the reactions of ZFR variants with different
linker lengths in the context of the six-finger module were tested
(Figure 3B). In this experiment, 19 constructs were prepared.
The variants were categorized into three groups depending on
lengths and the compositions of linker sequences. The first group
variants have short linkers with deletions within the catalytic
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Figure 4. Recombination system constructed utilizing Flp-In-CHO-K1 cells.
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domain of Tn3 resolvase (clones 1 and 2). The second group of
variants has semirigid linkers (clones 3—13). The third group
has flexible linker sequences composed of Gly-Ser sequences
(clones 14—19). In the clones of the third group, the first two
amino acids of the zinc finger domain, Tyr and Lys, are
substituted with Phe and Glu, respectively. The recombination
efficiencies were determined in the E. coli-based assay (Figure 3B).
The results indicate two important phenomena. (1) The variant
with a 12-amino acid linker was the most efficient (clone 7,
Figure 3A), suggesting that there is an optimal linker length.
(2) The variants with linkers composed of only Gly-Ser se-
quences were most efficient (clones 15—17, Figure 3A),
indicating that ZFRs with flexible linkers tended to recombine
most efficiently.

ZFR-Catalyzed Recombination in Mammalian Cells.
To evaluate the recombination efficiency of ZFR variants in
mammalian cells, we constructed a reporter cell line from Flp-
In-CHO-KI1 containing a cassette that encodes EGFP driven by
a CMV promoter flanked by target sites (Figure 4). As each cell
contains a single copy of the reporter gene, the recombination
efficiency can be calculated from the proportion of cells with or
without EGFP fluorescence. Additionally, the expression of
ZFR was monitored by the expression of DsRed; this gene was
placed downstream of the ZFR gene via a IRES sequence. The
genes encoding ZFRs utilized in this study were amplified from
a pAra plasmid shown in Figure 2A. Thus, the sequences of
clones are the same as those utilized in experiments in E. coli.

With this reporter system, recombination efficiencies could
be evaluated 48 h after transfection. Reported procedures in-
volving retroviral-based transduction, selection, and evalua-
tion take nearly 10 days.® The fluorescence intensity of cells
was detected by FACS analysis (Figure S4 of the Supporting
Information). The cells with recombinant genes were those that
were EGFP-negative and DsRed-positive. The recombination
efficiencies depended on the number of finger modules and on
the linker lengths (Figure 5). As in E. coli, the five-finger pro-
teins were the most efficient in recombination. The optimal
linker length was six residues, which is different from that in
E. coli. Additionally, recombination in mammalian cells was not
as efficient as that in E. coli.

B DISCUSSION

This study demonstrated that ZFR recombinases can be
designed to specifically target sites in E. coli and mammalian
cells and that recombination efficiency depends on the affinity
of the ZFP for the DNA target and on the length of the
linker between the DNA binding domain and the recombi-
nase domain. The ZFR with five fingers had the highest re-
combination efficiency in both E. coli and CHO-K1 cells. The
DNA binding affinity of this particular ZFP was saturated when
the DNA binding domain had more than five fingers. The
association and dissociation with DNA binding depend on the
number of finger modules.® It is possible that the ZFR with
five fingers was the most efficient recombination because the
balance of association with dissociation and turnover was
optimal. Guo et al. have also reported that four and five ZF
domains are optimal for activity of ZFN.** On the basis of our
data, the apparent K, values of the four-, five-, and six-finger
proteins derived from this particular ZFP were similar. The
dependence on the number of finger modules was common in
both E. coli and mammalian cells, but the recombination
efficiency was lower in mammalian cells. In CHO-K1 cells,
DNA is sequestered in chromatin structures. Additionally, the
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Figure 5. Recombination efficiency of ZFRs containing various num-
bers of fingers (A) and with various linkers (B) in mammalian cells.
The top cartoons represent ZFR constructs utilized in the analyses.
Green, blue, and yellow spheres represent zinc finger modules without
sequence specificity, zinc finger modules with sequence specificity, and
the Tn3 catalytic domain, respectively. Letters at the right of the
cartoons are the linker sequences of the constructs. (A) Dependence
on the number of fingers of ZFRs. The columns are as follows: column
1, five-finger control (nonspecific DNA binding); column 2, two fingers;
column 3, three fingers; column 4, four fingers; column 5, five fingers;
column 6, six fingers and different linker lengths. (B) Dependence on
linker length. The columns are as follows: column 1, nontarget five-
finger control with 15 amino acids; column 2, targeted five-finger ZFR
with 15-amino acid linker; columns 37, targeted six-finger ZFRs with
linker lengths of 0, 6, 12, 15, and 30 amino acids, respectively. The error
bars show the SEM of three or more independent experimental results.

circular form of plasmid DNA could enhance recombination in
the bacterial cells.

Recombination efficiency was dependent on the linker
between the zinc finger domain and the recombinase domain.
ZFRs with the shortest linkers had a very low efficiency of
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Figure 6. Representative result of molecular modeling of the resolvase domain and the first zinc finger module separated by a six-amino acid linker
sequence. (A) Sequence alignment of resolvases y5 and Tn3 and the Tn3 hyperactivated mutant (Tn3m) (top), the first finger of zif268, and ZFR.
Conserved residues are highlighted in red, and amino acid substitutions in the hyperactive mutant are highlighted in yellow. The N-terminal aromatic
amino acids of zinc fingers are highlighted in blue. (B) The yellow ribbon indicates y§ resolvase, the red ribbon the six-amino acid linker, the green
ribbon the N-terminal zinc finger domain, and the gray ribbon the zinc ion. (C) Distances between Ca atoms of Argl44 and tyrosine (Tyr) at the N-
terminus of zif268. The N-terminal amino acid of the zinc finger domain is phenylalanine (Phe) in ZFRs utilized in this study.

recombination in both bacterial and mammalian cells. Second,
the length of linkers based on the original sequences was
critical. Proteins with linkers containing 12 amino acid residues
were the most efficient in recombination. In the Gly-Ser linker
variants, the recombination efficiency reached a maximum at six
amino acids. This result indicates that both the length and the
flexibility of the linker are important.

1515

A molecular modeling study was performed in an attempt to
assess the reasons for the differences in recombination
efficiency among the linker mutants. In the modeling of the
ZFR complex with target DNA, the linker length of six amino
acids was optimal for the DNA binding of ZFR when the linker
sequence was flexible (Figure 6A). When the domains were
modeled bound to the target sequence, the distance between

dx.doi.org/10.1021/bi201878x 1 Biochemistry 2012, 51, 1510-1517
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the Ca atom of Argl44 in the y§ resolvase (Figure S5 of the
Supporting Information) and that of Tyr at the N-terminus of
the zinc finger domain is ~13.2 A (Figure 6B,C). In poly-
peptides in the extended conformation, the distance between
Ca atoms of sequential amino acids is 3.8 A. Thus, a linker
consisting of three amino acids (clone 4 or clone 14) should
allow the protein to bind to both DNA regions, although these
ZFRs had very low recombination efficiencies. In the complex
with DNA, the amino groups at positions 145 and 146 of
the main chain in y8 resolvase interact with the phosphate
backbone of DNA and amino acids of these positions are
involved in the folding of the catalytic domain (Figure SS of
the Supporting Information). In the case of clone 4, the Lys-Pro
residues at the C-terminus of linker residues are involved in the
folding of the zinc finger domain. Thus, these amino acids are
considered to be members of both domains, not of the linker
sequences. With this reasoning, the six and nine amino acids in
the linkers for clones 4 and §, respectively, are shorter than the
theoretically optimal length. Moreover, in the sequences of the
six- and nine-amino acid linkers, the amino acid at position 146
is Pro, which could disrupt the interaction with DNA phos-
phate, thus lowering the recombination efficiency. Consistent
with these estimations, the Gly-Ser linker with six or nine
amino acids (clones 15 and 16, respectively) showed the best
recombination ratio. This evidence indicates that the residues at
the C-terminus of the catalytic domain and the N-terminus of
the zinc finger domain are involved in domain folding because
Lys-Pro residues at the N-terminus of the zinc finger domains
are not included in these clones. Variants around this optimal
linker length, especially those with 12 and 15 amino acids, had
similar recombination efficiencies. These results show that the
flexibility of the linker is not necessary when the linker length is
optimal. In mammalian cells, the variant with a linker of six
amino acids (clone 5) showed the best recombination and the
zero-amino acid linker (clone 3) showed better recombination
than the variants with longer linkers of more than 12 amino
acids. The reason for this effect is unclear, but it could be due to
differences in the structures of target sites on the plasmid DNA
compared to the genomic DNA. Additionally, the distances
between the binding sites in these systems are different. In the
genomic target, the binding sites are separated by sequences of
more than 2500 bp.

In this study, a newly developed recombination system allowed
measurement of recombination efficiencies of ZFRs in E. coli
and in mammalian cells. In mammalian cells, recombination
with genomic targets was evaluated within 48 h of the transient
expression of recombinases. Artificial enzymes such as ZFN and
ZFR have been studied mainly by using viral vector systems to
deliver their genes into mammalian genomes. In a report de-
scribing utilization of the retrovirus vectors for gene delivery,
the recombination efficiency was as high as ~18%." In our study,
we also observed up to 18% recombination in cells. This system
could be utilized in future studies to evaluate function of ZFRs
on specific targets.

B ASSOCIATED CONTENT

© Supporting Information

Details of subcloning, experimental results of plasmid digestion
and sequencing, results of FACS analyses, and a description of
key interactions in 8 resolvase. This material is available free of
charge via the Internet at http://pubs.acs.org.
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An artificial antigen forming the C34 trimeric structure targeting membrane-fusion mechanism of HIV-1
has been evaluated as an HIV vaccine. The C34 trimeric molecule was previously designed and synthe-
sized using a novel template with C3-symmetric linkers by us. The antiserum produced by immunization
of the C34 trimeric form antigen showed 23-fold higher binding affinity for the C34 trimer than for the
C34 monomer and showed significant neutralizing activity. The present results suggest effective strate-
gies of the design of HIV vaccines and anti-HIV agents based on the native structure mimic of proteins
targeting dynamic supramolecular mechanisms in HIV fusion.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Highly active anti-retroviral therapy (HAART) involving new
anti-HIV drugs such as protease inhibitors and integrase inhibitors
has been brought a great success to us. Antibody-based therapy is
also promising, and several AIDS antibodies have been developed
by normal immunization® and by de novo techniques of monoclo-
nal antibodies (mAb) using molecular evolution methods such as
phage display.? Antibodies including anti-gp41 and anti-gp120
have been identified as human mAbs capable of highly and broadly
neutralizing HIV. A transmembrane envelope glycoprotein, gp41 is
hidden beneath an outer envelope glycoprotein gp120 and its ecto-
domain contains helical amino-terminal and carboxy-terminal leu-
cine/isoleucine heptad repeat (HR) domains HR1 and HR2. These
HR1 and HR2 regions are designated as the N-terminal helix
(N36) and C-terminal helix (C34), respectively. In the membrane fu-
sion of HIV-1, these helices join to form a six-helical bundle consist-
ing of a central parallel trimer of N36 surrounded by C34 in an
antiparallel hairpin fashion. A useful strategy to produce broadly
neutralizing antibodies is therefore to synthesize molecules that
mimic the natural trimer as it appears on viral surface proteins.
Walker et al. reported that antibody recognition for the trimer form
is important in HIV vaccine strategies, because antibodies that spe-
cifically recognize the trimer formation might have broad and

* Corresponding authors. Tel.: +81 3 5280 8036; fax: +81 3 5280 8039.
E-mail addresses: nomura.mr@tmd.ac.jp (W. Nomura), tamamura.mr@tmd.ac.jp
(H. Tamamura),

0968-0896/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmc.2012.03.050

potent neutralizing activity.> To date, several gp41 mimetics,
especially for N36 regions, which assemble these helical peptides
with branched peptide-linkers have been synthesized as anti-
gens.*7 Previously, we synthesized a three-helix bundle mimetic,
which corresponds to the trimeric form of N36, with a novel tem-
plate with C3-symmetric linkers of equal lengths.® Immunization
with the equivalent trimeric form of N36 mimetic produced anti-
bodies with stronger binding affinity for N36 trimer than for N36
monomer. The structure-specific antibodies produced in this way
showed significant neutralization activity against HIV-1 infection.
Several potent anti-HIV-1 peptides based on the gp41 C-terminal
HR2 region have been discovered®'® and an HR2-peptide, T20,
has subsequently been developed into a clinical anti-HIV-1 drug,
enfuvirtide (Roche/Trimeris).!'~'4 The C-terminal helix C34 is also
an HR2-derived peptide containing the amino acid residues re-
quired for docking into the hydrophobic pocket of the trimer of
the N-terminal HR1 region, and potently inhibits HIV-1 fusion in vi-
tro.'> Recently, we also synthesized a three-helix bundle mimetic,
which corresponds to the trimeric form of C34, with a novel differ-
ent template with C3-symmetric linkers of equal lengths.!® The
C-terminal ends of three peptide strands are assembled in the
C34 trimer, while the N-terminal ends of three peptide strands
are assembled in N36 trimer. As an anti-HIV agent, the C34 trimer
peptide showed two orders of magnitude higher inhibitory potency
than the C34 monomer peptide. This study demonstrates a useful
strategy for the design of effective inhibitors against viral infections
that proceed by membrane fusion with host cells. In the present
study, we have investigated the activity of the equivalent trimeric
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form of C34 as an antigen peptide producing structure-specific anti-
bodies. We have performed comparative studies of antisera isolated
from mice immunized with the C34 trimer in binding affinity for
the C34 trimer and for the C34 monomer.

2. Materials and methods
2.1. Immunization and sample collection

Six-week-old male BALB/c mice, purchased from Sankyo Labora-
tory Service Corp. (Tokyo, Japan), were maintained in an animal
facility under specific pathogen-free conditions. The experimental
protocol used was approved by the ethical review committee of
Tokyo Medical and Dental University. Freund incomplete adjuvant
and PBS 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 hun-
dred micrograms of antigen (C34 monomer C34REG) was dissolved
in PBS (50 pL) and DMSO (1 plL). The antigen C34 trimer triC34e
(100 pg) was dissolved in PBS (50 pL). This solution was mixed
with Freund incomplete adjuvant {50 pL) and the mixture was in-
jected subcutaneously under anesthesia on days 0, 7, 14, 21 and 28.
Mice were bled on days 5, 12, 19, 26 and 33. Serum was separated

_ by centrifugation (1500 rpm) at 4 °C for 10 min, and inactivated at
56 °C for 30 min. Sera were stored at —80 °C before use.

2.2. Serum titer ELISA

Tween-20 (polyoxyethylene (20) sorbitan monolaurate) and
hydrogen peroxide (30%) were purchased from Wako Pure Chemi-
cal Industries (Osaka, Japan). 2,2’-Azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid diammonium salt (ABTS) was purchased
from Sigma-Aldrich. Anti-mouse IgG (H+L){(goat)-HRP was pur-
chased from EMD Chemicals (San Diego, CA). Ninety-six well
microplates were coated with 25 pL of a synthetic peptide in a
10 pg/mL solution in PBS at 4 °C overnight. The coated plates were
washed 10 times with deionized water and blocked with 150 pL 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 deion-
ized water 10 times. Mice sera were diluted in 0.02% PBST with 1%
skim milk, and 50 pL of twofold serial dilutions of sera from 1/200
to 1/409600 were added to the wells and allowed to incubate at
37 °C for 2 h. The plates were again washed 10 times with deion-
ized water. HRP-conjugated anti-mouse IgG, diluted 1:2000 in
0.02% PBST (25 pL), was added to each well. After incubation for
45 min, the plates were washed 10 times and 25 uL of HRP sub-
strate, prepared by dissolving ABTS (10 mg) in 200 pL of HRP stain-
ing buffer—a mixture of 0.5 M citrate buffer (pH 4.0, 1 mL), H;0,
(3 pL), and H,0 (8.8 mL)—was added. After 30 min incubation,
the reaction was stopped by addition of 25 pLjwell 0.5 M H,SO0,,
and optical densities at 405 nm were recorded.

2.3. Virus preparation

For virus preparation, 293FT cells in a 60 mm dish were transfec-
ted with 10 pg of the pNL4-3 construct by the calcium phosphate
method. The supernatant was collected 48 h after transfection,
passed through a 0.45 pm filter, and stored at —80 °C as the virus
stock.

2.4. Neutralizing assay (P24 assay)

For viral neutralizing assay, the NL4-3 virus (5 ng of p24) was
bound to MT-4 cells (5 x 10 cells/200 uL) by spinoculation at

2100 g for 20 min at 4 °C. After removal by washing out of unbound
virus, cells were resuspended with 200 pL of medium containing
10 pL sera from immunized or pre-immunized mice and were cul-
tured. Half of the culture medium was changed every 2 or 3 days. At
7 days after infection, the level of p24 in the culture supernatant
was determined by the p24 ELISA kit (PerkinElmer, MA)."”

3. Results and discussion

In the C34 trimer, triC34e, which was previously synthesized,'®
the triplet repeat of arginine and glutamic acid (RERERE) was
added to the C-terminal end of the C34 sequence to increase solu-
bility in buffer solution, and glycine was fused to the C-terminus
(Fig. 1A and B). The C3-symmetric template with three hydrophilic
branches of equal length was adopted to assemble three peptide
strands. As a control peptide, which corresponds to the monomeric
form of C34, C34REG having RERERE and Gly in the C-terminus was
used (Fig. 1C).’®

To investigate whether antibodies are efficiently produced,
mice were immunized with C34REG and triC34e and the increase
in the titer in 5 weeks’ immunization was observed (Fig. 2). Titers
and specificity of antisera isolated from mice immunized with
C34REG or triC34e were evaluated by serum titer ELISA against
coated synthetic antigens. In each case, the increase in antibody
production was observed as time passed. The most active antise-
rum for each antigen was utilized for the evaluation of binding
activity by ELISA (Fig. 3). The C34REG-induced antibody showed
approximately 1.2 times higher antibody titer against the coated
C34REG than against the coated triC34e; the serum dilutions at
50% bound are 1.06 x 103 and 1.30 x 1073, respectively (Fig. 3A
and B). The triC34e-induced antibody showed approximately 23
times higher titer against the coated triC34e than against the
coated C34REG; the 50% bound serum dilutions are 3.15 x 10~
and 7.30 x 1073, respectively (Fig. 3A and B). C34REG-induced or
triC34e-induced antibody did not show any significant binding ti-
ter against an unrelated control peptide (Fig. 3C and D). Although
purified monoclonal antibodies were not used for this evaluation,
the antibodies produced exploited specific affinity for each antigen
of the monomer or the trimer. These results suggest the synthesis
of structure-involving antigens leads to the production of antibod-
ies with structural specificity.

It is important to know if the antisera produced have inhibitory
activity against HIV-1 infection. Accordingly, the inhibitory activity
of the antisera was assessed by p24 assays utilizing the antisera
bled from three mice that showed antibody production for each
antigen (Fig. 4). The experiments using HIV-1 was performed in
the biosafety level 3 laboratory #5 in the National Institute of
Infectious Diseases. Sera from mice immunized with the monomer
C34REG and the trimer triC34e antigens contained antiviral
activities compared to control sera. Any significant difference of
inhibitory effects was not observed between the sera isolated from
C34REG-immunized mice and those from triC34e-immunized
mice. The synthetic C34 trimeric antigen induces antibodies with
a structural preference, but the levels of neutralization activity of
sera from mice immunized with the C34 trimer were similar with
those of sera from the C34 monomer-immunized mice. This sug-
gests that antibodies with structural specificity against the gp41-
C34-derived region do not always have more potent neutralization
activity. The difference of recognition mechanism of two types of
antibodies might cause different neutralizing mechanism although
their levels of neutralization activity are almost the same. This re-
sult is not consistent with the data of the synthetic antigen mole-
cules derived from N36, in which the N36 trimer-specific
antibodies showed higher neutralization activity against HIV-1
infection than the N36 monomer-specific antibodies.? In any case,
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Figure 2. Results of serum titer ELISA of antisera collected during immunization (from one week before start to five weeks after immunization start) to determine the
immunogenicity of designed antigens. The titers were evaluated as followings; antiserum against C34REG binding to C34REG (A); antiserumn against C34REG binding to

triC34e (B); antiserum against triC34e binding to C34REG (C); antiserum against triC34

the synthetic C34 trimeric antigen induces antibodies with a struc-
tural preference and potent neutralization activity. In case antibod-
ies bind to the gp41 C-terminal HR2 region and suppress
membrane fusion, they may recognize the primary amino acid se-
quence of the C34 region or its structural conformation, because
the C34 region is located outside in the formation of a six-helical
bundle. It is suggested that suppressant potencies of these types
of antibodies are almost similar. In addition, the action of these
antibodies might be orthogonal and supplementally effective.
Recently, broadly active and potent neutralization antibodies,
PG-9 and PG-16, were isolated from sera of HIV-1 infected individ-
uals.? The antibodies can neutralize ~80% of HIV-1 isolates across
all clades with approximately one order of magnitude higher po-

e binding to triC34e (D).

tency than those of broad neutralizing mAbs reported previously.
It is interesting that the epitopes for these mAbs are quaternary,
and preferentially displayed on Env trimers, as expressed on the
surface of virions and transfected cells. These results suggest that
there may be production mechanisms for antibodies recognizing
epitope structures.’®2° The sera obtained from immunization of
the C34 trimer antigen have structural specificity and neutraliza-
tion activity. Thus, our trimer antigens, including the N36 trimer,®
could work efficiently as a new class of HIV-1 vaccines.
Concerning inhibitory activity of these C-region peptides
against HIV-1 entry, the potency of triC34e is one hundred times
higher than that of C34REG.'® 1t indicates that a trimeric form is
critical as the active structure of the inhibitor, although as vaccines
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Figure 3. Serum titers of the antibodies produced by the fifth immunization of the C34REG antigen and the fourth immunization of the triC34e antigen. These titers were
evaluated against ELISA templates of C34REG (monomer) (A) and triC34e (trimer) (B), using sera obtained from a C34REG-immunized mouse (M) and a triC34e-immunized
mouse (@) as each representative. Titers of C34REG-induced antibodies were evaluated against ELISA templates of C34REG (+) and an unrelated control peptide (®) (C), and
titers of triC34e-induced antibodies were evaluated against ELISA templates of triC34e (+) and an unrelated control peptide (®) (D). Unrelated control peptide: CH;CO-

GELDKWEKIRLRPGGGC(CH2CONH;)-NH,.
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Figure 4. Determination of neutralization activity of the antibodies produced by
immunization of C34REG and triC34e antigens. Inhibition of HIV-1 (NL4-3 strain)
infection by produced antibodies was evaluated by the p24 assay in MT-4 cells. Y-
axis shows the amount of p24 production. Uninf means uninfected cells. Pre-
immunization sera (-1 week) were used as controls (cr1-3). C34REG- and triC34e-
immunization sera (5 weeks) were used (m1-3 and t1-3, respectively). Experiments
were conducted in triplicate. Error bars show standard error of mean.

there is no significant difference in neutralization activity of in-
duced antibodies between the monomer and the trimer.

The exposed timing of epitopes of the helical region trimers is
limited in the fusion step,?! and carbohydrates are not included
in the amino acid residues of the regions. The effectiveness of the
vaccine design based on the gp41 helical regions is supported by
the critical advantages cited above. Our developed N36 and C34 tri-
mer-form specific antibodies might have the above properties. The
designs of antigens and inhibitors targeting the dynamic supramo-
lecular mechanism of HIV-1 fusion will be useful for future studies
on AIDS vaccines and inhibitors.
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Low molecular weight CXCR4 ligands

Low molecular weight CXCR4 ligands were developed based on the peptide T140, which has previously
been identified as a potent CXCR4 antagonist. Some compounds with naphthyl, fluorobenzyl and pyridy!
moieties as pharmacophore groups in the molecule showed significant CXCR4-binding activity and
anti-HIV activity. Structure-activity relationships were studied and characteristics of each of these three
moieties necessary for CXCR4 binding were defined. In this way, CXCR4 ligands with two types of
recognition modes for CXCR4 have been found.

© 2012 Elsevier Ltd. All rights reserved.

The chemokine receptor CXCR4 is classified into a family of G
protein-coupled receptors (GPCRs), and transduces signals of its
endogenous ligand, CXCL12/stromal cell-derived factor-1 (SDF-
1).! The CXCR4-CXCL12 axis plays a physiological role in chemo-
taxis,? angiogenesis® and neurogenesis? in embryonic stages. The
CXCR4 receptor is linked to many disorders including HIV infec-
tion/AIDS,? metastasis of cancer cells,® leukemia cell progression,’
rheumatoid arthritis.? Since CXCR4 is an important drug target in
these diseases, it is thought that effective agents directed to this
receptor may be useful leads for therapeutic agents. To date, we
and others have developed several potent CXCR4 antagonists. A
highly potent antagonist, T140, a 14-mer peptide with a disulfide
bridge, and its downsized analogue, FC131, with a cyclic pentapep-
tide scaffold, and several other related compounds have been re-
ported.’ Based on T140 and FC131, small-sized linear anti-HIV
agents such as ST34 (1) have been developed (Fig. 1).!°
AMD3100,'' KRH-1636,'2 Dpa-Zn complex (2)'3 and other azamac-
rocyclic compounds such as 3, which like 1, contain benzylamine
and electron-deficient aromatic groups, have also been reported as
nonpeptidic antagonists. Compound 1 possesses significant anti-
HIV activity but does not have high CXCR4 binding affinity. In the
present study, more effective linear CXCR4 antagonists derived
from compound 1 have been examined, and structure—activity rela-
tionship studies of these compounds have been performed.

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

0960-894X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmcl.2012.04.032

Initially, three segments of compound 1 were selected for
structural modification to support the design of new synthetic
compounds: replacement of the 4-trifluoromethylbenzoyl group
(Fig. 2, R!), modification of the stereochemistry of the 1-naphthyl-
ethylamine moiety (R?) and introduction of pyridine moieties on
the nitrogen atom (R3). In a previous study of T140 analogues, 4-flu-
orobenzoyl was found to be superior to 4-trifluoromethylbenzoyl as
an N-terminal moiety. Thus, 4-fluorobenzyl, 4-fluorobenzoy! and
4-fluorophenylethyl groups were used as substitutes for the 4-tri-
fluoromethylbenzoyl group (R!)in 1. The (R)-1-naphthylethylamine
moiety in 1 is also present in KRH-1636 where it has the (S)-stereo-
chemistry and thus both the (R) and (S)-stereoisomers were investi-
gated in the present study. Several CXCR4 antagonists such as KRH-
1636,'% Dpa-Zn complex (2)'* and Dpa-cyclam compound (3),'4
contain pyridyl rings. Thus, 2, 3, or 4-pyridylmethyl and 2, 3, or
4-pyridylethyl groups were introduced on the nitrogen atom of the
4-aminomethylbenzoyl group (R?). With these modifications, a total
of 3 x 2 x 6 =36 compounds (12-47) were designed (Fig. 2).

The synthesis of the structural fragment, Unit 1 is shown in
Scheme 1. N-nosylation of 4-amino-methylbenzoic acid (4) with
2-nitrobenzenesulfonyl chloride and subsequent esterification
gave the t-butyl ester 5. Introduction of an R® moiety by means
of a Mitsunobu reaction followed by removal of the Ns group
yielded amines 6A-F. Introduction of either 4-fluorobenzyl or
4-fluorophenylethyl groups by reductive amination of 6A-F
produced amines 7Ai-Fi or 7Aiii-Fiii, respectively. Conversion of
6A-F to the appropriate amide (7Aii-Fii), and subsequent depro-
tection of the tert-butyl group yielded Unit 1, 8Ai~Fiii.
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Figure 1. The structures of 1 (ST34), Dpa-Zn complex (2) and Dpa-cyclam
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Figure 2. The structures of substituents for three parts of compound 1 in the design
of new compounds.
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Scheme 1. The synthetic scheme of Unit 1, compounds 8Ai-Fiii. Reagents and
conditions and yields: (a) NsCl, EtsN, THF/H,0 (1/1); (b) isobutene, THF/H,50,4 (10/
1), 39% (2 steps); (c) PPhs, DEAD, R30H, THF; (d) PhSH, K,COs, DMF, 42-92% (2
steps); (e) NaBH{OACc)s, 4-fluorobenzaldehyde, CH,Cl,; (f) NaBH(OAc)s, (4-fluoro-
phenyl)acetaldehyde, CH,Cl;; g) 4-fluorobenzoyl chloride, Et;N, CH,Cly, 51-94%; (h)
TFA then 4 M HCI/EtOAc, quantitative; The structures of R! and R* are shown in
Fig. 2 as i-iii and A-F, respectively. Ns = 2-nitrobenzenesulfonyl, ‘Bu = tert-butyl,
DEAD = diethyl azodicarboxylate.

The synthesis of Unit 2 is shown in Scheme 2. Condensation of
Boc-Arg(Mts)-OH (9) and (R)-1-naphthylethylamine or its (S) iso-
mer produced amides (R)-10 or (S)-10. Removal of the Boc group
gave Unit 2, (R)-11 and (S)-11.

Compounds 12-47 were synthesized by amide condensation of
Unit 1, 8Ai-Fiii, with Unit 2, (R)-11 and (S)-11, and subsequent
deprotection of the Mts group, as shown in Scheme 3. All the syn-
thetic compounds were purified by preparative reverse phase
HPLC. In cases where peaks derived from side products appeared

around the target peaks on the HPLC profile, the precise analysis.

was accomplished, giving rise to lower yields (Scheme 3, 1).

NH NH

HN*I\IrjMS NP M NHA N MES
ph H

9 (R)10; (S}-10 RA1; ()11

Scheme 2. Synthetic schemes of Unit 2, compounds (R/S)-11. Reagents and condi-
tions: (i) EDCI-HCI, HOBt-H,0, Et3N, (R/S)-(+{~)-1-(1-naphthyl)ethylamine, CH,Cl,,
83-97%; (j) TFA then 4 M HCI/EtOAc, quantitative; EDCI-HC] = 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide hydrochloride, HOBt-H,0 = 1-hydroxybenzotriazol
monohydrate, Mts = 2,4,6-trimethylphenylsulfonyl, Boc = tert-butoxycarbonyl.
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Scheme 3. Synthetic schemes of compounds 12-47. Reagents and conditions: (k)
EDCI-HC], HOBt-H,0, Et;N, DMF, 36-95%; (1) TMSBr, m-cresol, 1,2-ethanedithiol,
thioanisole, TFA, 4-54%. The structures of R' and R® are shown in Figure 2 as i-iii
and A-F, respectively.

The CXCR4-binding activity of synthetic compounds was as-
sessed in terms of the inhibition of ['2°1]-CXCL12 binding to Jurkat
cells, which express CXCR4.'® The percent inhibition of all the com-
pounds at 10 uM is shown in Table 1. Several of the compounds
showed significant binding affinity. In general, compounds in which
the 1-naphthylethylamine moiety (R?) has the (S)-stereochemistry,
as in KRH-1636, are more potent than the (R)-sterecisomers. Ten
compounds (26-28, 30, 33, 36, 39, 44,45 and 47, Table 1) were found
to induce at least 30% inhibition and compounds 26, 27 and 33,
which have a pyridyl group with a nitrogen atom at the p-position,
showed more than 60% inhibition. It is noteworthy that compounds
26 and 27 in which R? is a (R)-1-naphthylethylamine moiety, are
both more potent than the corresponding (S)-stereoisomers 44
and 45. Compounds 26, 27 and 33, have a 4-fluorobenzyl or 4-fluor-
ophenylethyl group, which rather than an amide, is a reductive alkyl
type (R!). As can be seen from Table 1, there is a tendency for com-
pounds with a pyridyl group with a nitrogen atom at the B-position
(R3: C or D), to be more potent in terms of CXCR4-binding activity
than the corresponding compounds, which have a pyridyl group
with a nitrogen atom at the o- or v- position (R3: A, B, E or F), and
those with a reductive alkyl 4-fluorobenzyl or 4-fluorophenylethyl
group (R': i or iii), to be more potent in CXCR4-binding activity than
the corresponding compounds, with a 4-fluorobenzoyl group (R: ii).

Compounds were next evaluated for anti-HIV activity and
cytotoxicity. CXCR4 is the major co-receptor for the entry of T-cell
line-tropic (X4-) HIV-1.5 Accordingly, inhibitory activity against
X4-HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells
(anti-HIV activity), and reduction of the viability in MT-4 cells
(cytotoxicity) were assessed!® and are shown in Table 1. Com-
pounds 26 and 33-35 showed significant anti-HIV activity with
ECso values in the micromolar range. Compounds 26 and 33
showed both potent CXCR4-binding activity (79% and 60% inhibi-
tion at 10 uM, respectively) and anti-HIV activity (ECsp=11 and
13 pM, respectively), the two activities being highly correlated.
Compounds 34 and 35 have significant anti-HIV activity with
ECso values of 8 and 10 uM, respectively, which is higher than
CXCR4-binding activities, which are 16% and 20% inhibition at
10 uM, respectively. Compound 27, which showed relatively high
CXCR4-binding activity (69% inhibition at 10 pM), failed to show
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Table 1

CXCR4-binding activity, anti-HIV activity and cytotoxicity of compounds 12-47
Compdno. R'?* R®® R®¢ [nhibition® (%) ECso® (uM) CCsof (uM) Compdno. R'® R?®® R®*¢ Inhibition® (%) ECse® (UM)  CCsof (M)
12 i R A 0 >20 35 30 i s A 30+1.1 >4 1
13 i (R) B 4+17 >4 23 31 i (5) B 25+£3.3 >20 24
14 i (R} C 6+0.7 >20 37 32 i 5y ¢ 27+1.7 >20 41
15 i (RY D 24£1.7 nd. . nd. 33 i () D 60+1.5 13 65
16 i (R) E 12+3.0 >20 39 34 i () E 1612 8 44
17 i (R) F 1622 nd. nd. 35 i 5y F 20£13 10 44
18 ii R A 309 >20 38 36 ii s A 36+1.8 >20 37
19 i (R) B 639 >20 41 37 i () B 0 >20 43
20 ii R) ¢ 1108 >20 45 38 ii sy ¢ 1414 >20 57
21 ii (R) D 22+4.1 nd. nd. 39 ii (S) D 32£84 nd. nd.
22 i (R) E 6427 >20 45 40 ii (5) E 1315 >20 51
23 ii (R) F 1219 nd, nd. 4 i S) F 25+13 >20 47
24 i R) A 15+2.1 nd. nd. 42 iii sy A 16+5.1 >4 99
25 i (R) B 1306 >20 27 43 iii (S) B 23+14 >4 13
26 iii R) ¢ 79+ 14 11 47 44 iii (5) ¢ 36+13 nd. nd.
27 i (R) D 69+5.0 >11 11 45 iii sy D 354572 nd. nd.
28 i (R) E 44154 nd. nd. 46 iii () E 26+23 nd. nd.
29 iii (R) F 0 nd. nd. 47 i sy F 51+6.6 nd. nd.
KRH-1636 100 0.33 80 FC131 100 0.16 >10
AMD3100 nd. 0.062 55 1 (ST34) nd, 7.4 66
AZT nd. 0.058 100

3¢ The structures of R' and R® are shown in Fig, 2 as i-iii and A-F, respectively.

b The absolute configuration in stereochemistry of R? shown in Fig. 2 is described.

4 CXCR4-binding activity was assessed based on the inhibition of the [*2°1]-CXCL12 binding to Jurkat cells. Inhibition percentages of all the compounds at 10 pM were

calculated relative to the inhibition percentage by T140 (100%).

® ECsq values are the concentrations for 50% protection from X4-HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells.
f CCsp values are the concentrations for 50% reduction of the viability of MT-4 cells. All data are the mean values from at least three independent experiments.

significant anti-HIV activity at concentrations below 11 uM be-
cause of high cytotoxicity (CCso =11 uM). With the exception of
27, 30, 42 and 43, the tested compounds showed no significant
cytotoxicity (CCso >20 uM, Table 1). On the other hand, compounds
26, 27, 33, 34 and 35 at concentrations below 100 pM failed to
show significant protective activity against macrophage-tropic
(R5-) HIV-1 (NI{AD8) strain)-induced cytopathogenicity in
PM-1/CCR5, whereas the ECso of the CCR5 antagonist SCH-D'7 in
this assay was 0.055 pM (data not shown). Since instead of CXCR4,
R5-HIV-1 strains use the chemokine receptor CCR5, a member of
the GPCR family, as the major co-receptor for their entry, this sug-
gests that these compounds do not bind to CCR5. Thus, compounds
26, 27, 33, 34 or 35 have highly selective affinity for CXCRA4.
Compounds 34 and 35, which have significant anti-HIV activity,
have a pyridyl group with a nitrogen atom at the y-position, in
contrast to compounds 26, 27 and 33 which also show CXCR4-
binding activity, but have a pyridyl group with a nitrogen atom
at the B-position. Furthermore, compounds 34 and 35 have
R! = 4-fluorobenzyl and R? = (5)-1-naphthylethylamine. A possible
explanation of these observations is that compounds 34 and 35
compete with HIV-1 in binding to CXCR4 while compounds 26
and 33 compete with HIV-1 and CXCL12. Compound 27 does not
compete with HIV-1 because of its high cytotoxicity. This suggests
that the CXCR4 binding site used by compounds 34 and 35 differs
slightly from that used by compounds 26, 27 and 33.

Low molecular weight CXCR4 ligands with two types of recog-
nition modes for CXCR4 have been obtained in this study: one
causes competition with HIV-1 on CXCR4 whereas the other causes
competition with HIV-1 and CXCL12. These compounds have selec-
tive affinity for CXCR4 because they do not significantly bind to
CCR5. Further structural modification studies of these CXCR4
ligands are the subject of an ongoing project.
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