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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-KI 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 S). 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 S. 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 §, 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 3—7, 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 2if268, 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 y5 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
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the Ca atom of Argl44 in the y5 resolvase (Figure SS 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 ¥ resolvase. This material is available free of
charge via the Internet at http://pubs.acs.org.
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ARTICLE INFO ABSTRACT

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 pyridyl
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
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recognition modes for CXCR4 have been found.
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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,'> Dpa-Zn complex (2)!* 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-
orobenzoy! was found to be superior to 4-trifluoromethylbenzoyl as
an N-terminal moiety. Thus, 4-fluorobenzyl, 4-fluorobenzoyl 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)-stereocisomers were investi-
gated in the present study. Several CXCR4 antagonists such as KRH-
1636,'2 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 (S5T34), Dpa-Zn complex (2) and Dpa-cyclam
compound (3).

1 2, R3
R'xR*xR® — 36 Compounds
3 2 6

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, Et3N, THF/H,0 (1/1); (b) isobutene, THF/H;S04 (10/
1), 39% (2 steps); (c) PPhs, DEAD, R®*0OH, THF; (d) PhSH, K,CO3, DMF, 42-92% (2
steps); (e) NaBH(OAc)s, 4-fluorobenzaldehyde, CH,Cly; (f) NaBH(OAc)s, (4-fluoro-
phenyl)acetaldehyde, CH,Cl,; g) 4-fluorobenzoyl chloride, Et3N, CHxCly, 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).

SIS AV SV e
Boc’N\g/LLOH L Boc’N\g/u\” O . HZN\;)LQ O
\LNH iNH \LNH
HNJ\N,Mts HNJ\N,Mts NH)\N,Mts
H H H
9 (R)-10; (S)10 (R)11; (9)11

Scheme 2. Synthetic schemes of Unit 2, compounds (R/S)-11. Reagents and condi-
tions: (i) EDCI-HCl, HOBt-H;0, Ets3N, (R/S)-(+/-)-1-(1-naphthyl)ethylamine, CH,Cl,,
83-97%; (j) TFA then 4 M HCI/EtOAc, quantitative; EDCI-HCI = 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide hydrochloride, HOBt-H,0 = 1-hydroxybenzotriazol
monohydrate, Mts = 2,4,6-trimethylphenylsulfonyl, Boc = tert-butoxycarbonyl.

1 a R
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o] \L
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Mts 4
HNZN R
H HN)\N/
(R)-11; (S)-11 R = Mis |
Ri=H
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Scheme 3. Synthetic schemes of compounds 12-47. Reagents and conditions: (k)
EDCI-HCI, HOBt-H,0, Et;N, DMF, 36-95%; (1) TMSBr, m-cresol, 1,2-ethanedithiol,
thioaniscle, 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 ['25]]-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)-stereoisomers. 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 B-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)-sterecisomers 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 g-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 a- or y- position (R*: A, B, E or F), and
those with a reductive alkyl 4-fluorobenzyl or 4-fluorophenylethyl
group (R': i oriii), 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.° 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
ECsp values in the micromolar range. Compounds 26 and 33
showed both potent CXCR4-binding activity (79% and 60% inhibi-
tion at 10 pM, respectively) and anti-HIV activity (ECso=11 and
13 uM, respectively), the two activities being highly correlated.
Compounds 34 and 35 have significant anti-HIV activity with
ECso values of 8 and 10 puM, 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 uM), failed to show

— 144 —



T. Narumi et al./Bioorg. Med. Chem. Lett. 22 (2012) 4169-4172

4171

Table 1

CXCR4-binding activity, anti-HIV activity and cytotoxicity of compounds 12-47
Compdno. R'? R?®® R}¢ [nhibition? (%) ECse® (UM) CCsof (uM) Compdno. R'?  R?® R3¢ Inhibition? (%) ECso® (uM)  CCsqf (M)
12 i (R) A 0 >20 35 30 i s) A 30+1.1 >4 11
13 i (R) B 4+1.7 >4 23 31 i s) B 25+33 >20 24
14 i R € 6+0.7 >20 37 32 i sy ¢ 27+1.7 >20 41
15 i (R) D 2417 n.d. nd. 33 i (O] D 60+1.5 13 65
16 i (R) E 12+3.0 >20 39 34 i S) E 16+1.2 8 44
17 i (R) F 16+£2.2 n.d. nd. 35 i S) F 20+13 10 44
18 ii (R) A 3109 >20 38 36 ii (s) A 36+1.8 >20 37
19 ii (R) B 6+39 >20 41 37 i S) B 0 >20 43
20 ii (R) o 11+0.8 >20 45 38 ii (s) C 14+14 >20 57
21 ii (R) D 22+41 nd. n.d. 39 ii (s) D 3284 nd. nd.
22 ii (R) E 627 >20 45 40 i (S) E 13£15 >20 51
23 ii (R) F 1219 nd. n.d. 11 ii (S) F 25+13 >20 47
24 il (R) A 15+2.1 nd. nd. 42 ii (S) A 16£5.1 >4 99
25 jii (R) B 13106 >20 27 43 jii ) B 23+14 >4 13
26 jii (R) C 79+ 14 11 47 44 ii ) C 36113 n.d. nd.
27 iii (R) D 69+5.0 >11 11 45 iii (s) D 3552 nd. nd.
28 iii (R) E 44+54 n.d. n.d. 46 iii S) E 26+23 nd. n.d.
29 iii (R) F 0 n.d. nd. 47 iii (s) F 51+6.6 nd. n.d.
KRH-1636 100 033 80 FC131 100 0.16 >10
AMD3100 n.d. 0.062 55 1(ST34) n.d. 7.4 66
AZT nd. 0.058 100

¢ 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°]-CXCL12 binding to Jurkat cells. Inhibition percentages of all the compounds at 10 pM were

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

¢ ECsp 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 pM). With the exception of
27, 30, 42 and 43, the tested compounds showed no significant
cytotoxicity (CCsg >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 (NL(AD8) strain)-induced cytopathogenicity in
PM-1/CCR5, whereas the ECso of the CCR5 antagonist SCH-D'” 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 CXCR4.
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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ABSTRACT
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] allylic alkylation ]

A robust and efficient method for the synthesis of trisubstituted (2)-chloroalkenes is described. A one-pot reaction of y,y-dichloro-o,5-enoyl
sultams involving organocuprate-mediated reduction/asymmetric alkylation affords c-chiral (2)-chloroalkene derivatives in moderate to high
yields with excellent diastereoselectivity, and allylic alkylation of internal allylic gem-dichlorides is also demonstrated. This study provides the
first examples of the use of allylic gem-dichlorides adjacent to the chiral center for novel 1,4-asymmetric induction.

Stereoselective formation of functionalized alkenes is a
challenging task in organic synthesis, and construction of
halogenated alkenes while controlling the geometry of double
bonds is of particular interest." Among various halogenated

alkenes, chloroalkenes have attracted considerable interest in
recent years,>~° not only because of their potential as synthe-
tically valuable intermediates’ but also because of their
importance as structural components of natural products.®
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Despite the utility and importance of chloroalkenes,
however, reactions leading to the stereoselective formation
of trisubstituted (Z)-chloroalkenes are still limited.>®
Falck and Mioskowski reported that the reaction of CrCl,
with 1,1,1-trichloroalkanes leads to the formation of (E)-
chlorovinylidene chromium carbenoids, which can react
with aldehydes to afford (Z)-chlorinated allylic alcohols
(Scheme 1a).>® An alternative method is the Pd-catalyzed
cross-coupling of 1,1-dichloro-1-alkenes with organome-
tallic reagents.® In particular, Pd-catalyzed couplings with
large bite angle bisphosphines such as Xantphos and
DPEphos allow the selective formation of (Z)-chloroalk-
enes while avoiding the formation of bis-substituted pro-
ducts as has been described independently by Negishi®®
and by Roulland®®~¢ (Scheme 1b). While these protocols
have found widespread utility for the synthesis of these
important structures, the development of efficient systems
for stereoselective and divergent synthesis of trisubstituted
(Z)-chloroalkenes bearing various functionalities remains
challenging.

As part of a program aimed at development of novel
approaches to chloroalkenes, we envisioned that the
organocuprate-mediated reduction’ of y,y-dichloro-o,8-
unsaturated carbonyl compounds would permit an effi-
cient access to (Z)-chlorinated dienolate intermediates,
which can be trapped with an appropriate electrophile,
providing trisubstituted (Z)-chloroalkenes (Scheme Ic).

Scheme 1. Synthesis of Trisubstituted (Z)-Chloroalkenes

Falck and Mioskowski

[ cl cl
"Cr RCHO o 1
— /K/F\‘1 }——0 R\A/R (a)
L OH

Negishi and Roulland (independently)

ClC _R!

R3_M
(o] “pd® Cl ~~ (o]
— (b)
Cl/R/R1 XantPhos Pd)\/R‘ Ra\/’\/R1
or L
DpePhos M=2n, B, elc.
This work

Cl_ Cl cl E* Cl
RMX Fouly, {R\/K/\rx }——*RMX (©)
OTBS (o] oTBS ocu OTBS o]

(X = OB, Sultam) one-pot reaction

E* = electrophile; H*, alkyl halides
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In this paper, we describe the stereoselective formation
of trisubstituted (Z)-chloroalkenes utilizing the organo-
cuprate-mediated reduction/asymmetric alkylation of v,
y-dichloro-a,8-enoyl sultam. This is a one-pot reaction
which provides in high yield the synthetically valuable
compounds containing a (Z)-chloroalkene flanking two
stereogenic centers, the o-chiral-g8,y-unsaturated carbonyl
motif, and a chiral allylic alcohol. In addition, we report
the first allylic alkylation of internal allylic gem-dichlorides
that provides an alternative method for the diastereoselec-
tive synthesis via 1,4-asymmetric induction of these im-
portant structural motifs.

We prepared sultam 1 and enoate 2 from chiral
a,o-dichloro-B-hydroxyester,'® reported by Imashiro and
Kuroda, as suitable substrates for reaction development
(Figure 1). At the onset of our studies, it was unclear if the
reaction of those substrates with organocuprates would entail
reduction, generating the dienolate intermediate. In order
to estimate the electron-accepting ability, our investigation
started with measurement of the reduction potentials (Ereg).
The reduction potentials of sultam 1 and enoate 2 were —1.50
and —1.65 V, respectively. Based on these results and House’s
observation that a,8-unsaturated carbonyl compounds with
reduction potentials between ca. —2.4 V and ca. —1.1 V can
react with organocuprates such as Me,CulLi to give the
conjugate addition products,! these substrates were expected
to promote both the single-electron transfer reduction and
the allylic alkylation.

cl., C ct, Ci
Ph A~ X Ph A =~ OEt
oTBS O 6tBS ©
1a, X = Xg 2, (Epog = -1.65 V)
(Ereq = -1.50 V)
1b, X = Xg
Me __Me Me_ _Me
Xg = Xs=%.
R &,IN—# S 3 N\S\%
O"s¢° 0%

Figure 1. Substrates for organocuprate-mediated reduction and
their reduction potentials (Egeq).

In order to control the reaction products, the reactivity
of sultam 1a with organocuprates was examined (Table 1),

(8) For arecent example of the natural product bearing chloroalkene
motif: Ando, H.; Ueoka, R.; Okada, S.; Fujita, T.; Iwashita, T.; Imai, T;
Yokoyama, T.; Matsumoto, Y.; van Soest, R. W. M.; Matsunaga, S.
J. Nat. Prod. 2010, 73, 1947 and also ref la.

(9) For selected examples of organocuprate-mediated reduction, see:
(a) Narumi, T.; Niida, A.; Tomita, K.; Oishi, S.; Otaka, A.; Ohno, H.;
Fujii, N. Chem. Commun. 2006, 4720. (b) Meyers, A. I.; Snyder, L.
J. Org. Chem. 1992, 57, 3814. (c) Fujii, N.; Habashita, H.; Shigemori, N.;
Otaka, A.; Ibuka, T.; Tanaka, M.; Yamamoto, Y. Tetrahedron lett.
1991, 32, 4969. (d) Takano, S.; Sekiguchi, Y.; Ogasawara, K. J. Chem.
Soc., Chem. Commun. 1988, 449 and references cited therein.

(10) Imashiro, R.; Kuroda, T. J. Org. Chem. 2003, 68, 974. For
details of the preparation of sultam 1 and enoate 2, see the Supporting
Information.

(11) House, H. O.; Umen, M. J. J. Org. Chem. 1973, 38, 2417.
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Table 1. Reactivity of Sultam 1a with Organocuprates

cl. Ci Cl Cl Me
ph. L 2 Xg Conditions® o, \ Xg + Ph S Xa
oTBS O g?mﬁf, oTBS O oTBS O
1a 3 4
3+47
Z/E yield
entry reagents additives® of 8° (9%)? 3/4°
1 MeoCuli - >97:3 81 77:23
2 Me,Culi® - >97:3 93 >97:3
3 n-BupCuli® - >97:3 99 90:10
4 MeCu(CN)Li - >97:3 99 61:39
5 MeoCuli® TMSCI >97:3 83 83:17
6 Me,Culi® BF3-OEt; >97:3 91 31:69
7 Me,CulLi® HMPA >97:3 76 >97:3
8 Mes,Cu(CN)Li, — >97:3 99 >97:3

“ All reactions were carried out on a 0.1 mmol scale with 4 equiv of
organocuprates in the presence of Li salts. ® 4 equiv. ¢ Determined by 'H
NMR. “Yields of isolated products. °Higher order cuprates (ca. 0.4
equiv) were contained. /Diastereomeric ratio (dr) = 97:3.

and as expected, exposure of 1a to Me,CulLi followed by
protic workup afforded a mixture of the reduced com-
pound 3 and the a-alkylated product 4 in high yield
(81%, entry 1). Significantly, excellent Z-selectivity was
observed.'”> The use of a 2.4:1 MeLi-LiBr/Cul mixture
enabled selective reduction, providing pure reduced com-
pound 3 in excellent yield (93%, entry 2). Changing the
methyl group of alkyl ligands to an n-butyl group resulted
in decreased selectivity (entry 3). Although the reaction
with lower order cyanocuprate or Me,CulLi with TMSCI
did not furnish better selectivity, addition of BF;- OEt; led
to the preferable formation of a-alkylated product 4
(entries 4—6). In contrast, the reaction with HMPA pro-
vided excellent selectivity to the reduction but a decreased
yield (76%, entry 7). The best result was obtained with
higher order cyanocuprate, derived from CuCN-2LiCl
and 2 equiv of MeLi- LiBr, which gave 3 in excellent yield
and selectivity (entry 8), Having identified higher order
cyanocuprate as the preferred reducing agent, we selected
the Gilman reagent (Me,CuLi) as an optimal reducing
agent because of the sufficient reactivity and selectivity to
reduction.

The optimized reduction condition in Table 1 (entry 2)
was applied to the one-pot reduction/asymmetric alkyla-
tion (Table 2). Previous studies have revealed that the
transmetalation from Cu and/or Li dienolate intermedi-
ates to the more reactive Sn dienolate intermediates is
critical for smooth alkylation.’* A variety of alkyl halides
were allowed to react with the (Z)-chlorinated dienolate
intermediate to provide chloroalkenes 4a—4e flanking two
stereogenic centers in moderate to high yield with >97%
Z-selectivity. HPLC analysis showed that all the reactions

(12) A NOESY cross-peak was observed between the olefinic proton
and the allylic stereogenic center, suggesting that the geometry of the
double bond was defined as shown; see the Supporting Information.
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Table 2. One-Pot Reduction/Asymmetric Alkylation of
(R)-Sultam 1a and (S)-Sultam 1b°

ci, Ci Cl
Ph. x 1.Me,Culi,-78°C
; 4 T T 2, Ph e 5 X
orBs 0 0TBS  OM
1aX=Xg
thbX= XS
2. HMPA, Ph,SnCl o R o R
-78°C Ph X Xr or PINANA XS
3.R-X,-40°C 6TBS o éTBS o
4 5
4a, 5a, R =Me 4d, 5d, R = allyl
4b, 5b, R=Bn 4e, 5e, R = propargyl

4c, 5¢, R = CH,CO,/Bu

4o0r5, dr
entry substrate R-X yield (%) (%)
1 1a Mel 4a, 58 97:3
2¢ 1a BnBr 4b, 83 99:1
3 la BrCH,CO,'Bu 4¢, 90 97:3
4 la allylBr 4d, 81 97:3
5¢ la propargylBr 4e, 82 >95:5°
6 1b Mel 5a, 60 99:1
7 1b BnBr 5b, 86 95:5
8 1b BrCH,COy'Bu B¢, 57 97:3
9 1b allylBr 5d, 70 97:3
104 1b propargylBr 5e, 46 >95:5°

“All reactions were carried out with 4 equiv of organocuprates,
16 equiv of HMPA, 2 equiv of Ph3SnCl, and 8 equiv of alkyl halide. ° Yields
of isolated products. ¢ Determined by HPLC. ¢ At —30 °C. ¢ Determined by
'H NMR.

proceeded with excellent diastereoselectivity. The reac-
tions with methyl iodide and bezyl bromide provided the
corresponding a-alkylated products 4a and 4b in 58% and
83% yields, respectively (entries 1 and 2), and the absolute
configuration of 4a was confirmed by single-crystal X-ray
analysis (Figure 2). Importantly, this strategy is amenable
to the introduction of functional groups such as ester, allyl,
and propargyl groups suitable for further transformation.
Treatment of dienolate with tert-butyl bromoacetate and
allyl bromide afforded the desired (Z)-chloroalkenes 4¢
and 4d with ester and allyl functionality, in high yields
(entries 3 and 4). Propargyl bromide also gave the corre-
sponding (Z)-chloroalkene 4e in moderate yield (entry 5).
In addition, this one-pot strategy can be applied to (S)-
sultam 1b, providing the corresponding chloroalkenes
5a—5e in moderate to high yields (entries 6—10).

Finally, allylic alkylation of allylic gem-dichlorides was
examined. Recently, Feringa reported that terminal allylic
gem-dichlorides undergo Cu-catalyzed asymmetric allylic
alkylation with Grignard reagents affording (Z)-chloro-
alkenes bearing an allylic stereogenic center with excellent
regio- and enantioselectivity.** Guided by this work, we
attempted Cu-catalyzed Sn2'-type alkylation with y,
y-dichloro-a,3-enoate 2, but these conditions did not work
for enoate 2, possibly due to the lower reactivity of the

Org. Lett,, Vol. 14, No. 17, 2012
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Figure 2. ORTEP representation of 4a.

Table 3. Diastereoselective Allylic Alkylation of y,y-Dichloro-
o,B-enoate 2 by 1,4-Asymmetric Induction®

cl., RCU(CN)M ¢ R
P"\/"(/\'rOE‘ —_— Ph\/\/\'roa +pi-6

THF, -78 °C

OTBS (o] 30 min OTBS (o]

2 6
entry RCu(CN)M Z/E® 6, yield (%)° dr?

1 MeCu(CN)Li >97:3 6a, 98 74:26
2 EtCu(CN)MgBr >97:3 6b, 96 66:34
3 BnCu(CN)MgCl >97:3 6¢c, 70 77:23
4 BuCu(CN)MgCl >97:3 6d, 95 69:31

9 All reactions were carried out on a 0.2 mmol scale with 4 equiv of
organocuprates in the presence of Li salts. ¥ Determined by 'H NMR.
“Yields of isolated products. ¢ Determined by HPLC.

internal allylic system (see Supporting Information). At-
tention was therefore turned to the organocuprate-
mediated allylic alkylation. As presented in Table 1
(entry 4), the lower order cyanocuprate (MeCu(CN)Li)
promotes the allylic alkylation preferably to provide the
o-methylated product 4a with excellent diastereoselectivity
(dr = 97:3). Extensive experimentation with MeCu(CN)Li
revealed that the electron transfer from organocuprates

(13) See the Supporting Information for details.

(14) At the present stage of our understanding, the steric repulsions
between the olefinic proton at C3 and the Ph group at C5 may destabilize
the reactive conformer, which would lead to the (2R)-isomer. DFT
calculations also suggest that the reactive conformer to the (25)-isomer
is favored by 4.42 kJ/mol over the conformer to the (2R)-isomer. See the
Supporting Information.

Org. Lett, Vol. 14, No. 17, 2012

competes significantly with allylic alkylation of the sultam
1a, and the exclusive formation of 4a was not realized.
During the course of our studies on the allylic alkylation,
we considered that the chiral center at C5 adjacent to the
allylic gem-dichloride might induce the diastereoselectivity
without chiral auxiliaries.

This hypothesis was tested with the enoate 2. As shown
in Table 3, treatment of 2 with MeCu(CN)Li afforded
the a-methylated f,y-enoate 6a in 98% yield as a 74:26
mixture of diastereomers with excellent Z-selectivity. The
major isomer was the (25)-isomer, identified by the corre-
lation with the same compound 6a, prepared from the
corresponding (S)-sultam-derived compound 5a.' Similar
results were obtained using EtCu(CN)MgBr, BnCu(CN)-
MgCl, and iBuCu(CN)MgCl affording the corresponding
a-alkylated chloroalkenes 6b—d in high yields with similar
selectivities (entries 2—4). Although the observed diaste-
reoselectivity has not been rationalized,'* these results
suggest that stereochemistry at C2 can be controlled by
the chiral center at CS via 1,4-asymmetric induction.

In conclusion, we have described a one-pot organ-
ocuprate-mediated reduction/asymmetric alkylation of
y,y-dichloro-o,-unsaturated carbonyl compounds. This
protocol allows not only the exclusive formation of tri-
substituted (Z)-chloroalkenes in high yields but also the
construction of an a-stereogenic center with excellent
diastereoselectivity. The resulting products are notable
for their high functionality and can perform as a poten-
tially useful intermediate for this important class of mole-
cules. In addition, we have identified a unique reactivity
of substrates containing an allylic gem-dichloride system
with organocuprates. These findings have proven to be
useful for the development of novel reactions based on
these classes of molecules. Efforts to elucidate the origin of
novel 1,4-asymmetric induction and to extend this work to
the diastereoselective synthesis of peptidomimetics with a
chloroalkene moiety are currently in progress.
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Development of Anti-HIV Agents Based on Chemical Biology
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Recently, highly active anti-retroviral therapy (HAART), which involves a combinational use of reverse transcrip-
tase inhibitors and HIV protease inhibitors, has brought us a great success in the clinical treatment of AIDS patients.
However, HAART has several serious clinical problems. These drawbacks encouraged us to find novel drugs and in-
crease 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 synthe-
sized HIV-entry inhibitors, especially coreceptor CXCR4 antagonists. In addition, CD4 mimics in consideration of syn-
ergic effects with other entry inhibitors or neutralizing antibodies have been 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 searched according to the
screening of random libraries, effective peptide leads such as integrase inhibitors derived from fragment peptides of
HIV-1 Vpr have been discovered. 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 or AIDS vaccine is still thought
to be a promising treatment. Thus, peptidic antigen molecules based on artificial remodeling of the dynamic structures of
a surface protein gp41 in HIV fusion have been developed. The present chemical biology approaches would be essential
for discovery of anti-HIV agents in consideration of cocktail therapy of AIDS.

Key words——anti-human immunodeficiency virus (HIV) agent; AIDS vaccine; chemical biology; CXCR4 antagonist;

CD4 mimic; integrase inhibitor
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WT, ZNETHSNTWRD o EETHEDIFRES
BEICIODECT2HNHERNTHEE N BE
SIXRN D CD4 Bt U > NERDS R IEIT D U3
KL, REAEREZELTHD, ZORBEER
HERIE R 2EREEE (acquired immunodeficiency syn-
drome, AIDS) &AffITS5NE. ZORBIITSIC
2MFITENY, ERUVANATHSE MEFELAL
74 JV A (human immunodeficiency virus, HIV) 7%
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5, UL INVAKTONIZERTH T NO—TIZ
X, AICEEHLTWEESY NI E gpl20 &%
ORBICEET DIEE—EREE2EETLOHS DN
Hgpdl WS BANA DB D, D gpl20 &
gpdl RAFOF 1 —2FRL, I5IATOY
AR—2RR LY NI ENRKEZBEEZRRKL
THIVEERIZHREGFEEL TWS [Fig. 1(A)].
INETOHEICED HIV-1 DEXHBEANDORA
NOHILINADHETTO—EOERY 1 7))
(514791 2)0) BNEMCBIAINTER 0
A IWVEEX Ty ST TF2TENTE, 1)L
A DBEMBEAOKSE - FE@E, RNAY J LAD#
#E, A )L X DNA OfEX DNA NOHRAH (1
ST L—a) K&BTO0UA) X DNA O
REBEE, TAINAERY NRIEOTOEY >
7, UANZRTORE, HF, U1IVAORME
DBEBEFETHEHEL T [Fig. 1(B)].3*
INET, EROXSBHIVOSA T )b
EE{EATw T THET S LD REFOHE - BFEA
EHLNTERE., FICHIVEREOBREEZY -5
RELT, 9ANVADTA THAIINDERIZBIEA
BB bONH5, RENRFIHIVEE LT
BRELLIHEEERRAVEEBEEER, o7
7 —YHEEH, >777—EHERNHERE SN,
BERIEBWTHWLNTWS, £, BABELZMHE
EZ3 HE/MEHER, CCRSHZEH®H FDA T:EH]
XNTW5S. 9 Lnl, HIV-IZERZEZILG0N
7=, BEFEETIIEAMMHEN D 5O EFDOZR
Mo TLED. 207D HIV REEDHRE
I2iE, BHIOMMERMERSBRNEDSTEEDOE
H2EAEOEESRHABEEEZT> TS, IN
%, highly active anti-retroviral therapy (HAART)
EIETh, RRHEREREEEER, Suory—tl
ZH|, A >F77—CHEROFHNS 2, 3AHOHE
BEHETHWSNS, 9 HAART AR BEE
ELTHRERZZETTWAY, EHREICLIEHR
Lt EELEMEAR, WEVANAOHRBED
BEEbH D, TORD, INETOEFEITRER
HIEFBEERB OFHZRERORRENEEINTS
D, BIE(LSEFTIIERCHERTELEADOL /N—
M —2BERT I EMARDENTNS, bhbhid
Diimsal 7%y — CXCR4 BHEA] % F.LICHT
HIVHEZBIM LU THBY, RETR I AIMWNAAE
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Fig. 1. (A) Structure of HIV Virion, (B) Replication Cycle
of HIV, (C) Mechanism of HIV-1 Entry and Fusion
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OYP—HFEEZEEL T, REHEFCDIII Y
U, EREHER, >77 7 —-EHES, HIV
DEADEmMEHEELZY -7y NE Uz AT&REHE
RS FEEIBEL TV, XRXTIE, TOHEN
FBIZDWTHET 5.

2. aAL+7/%— CXCR4HEH

HIV O FHENORE - BESICEL T, %
T, HIVI>RXO—7% 2 ))N7 8 gpl20 i
HEDE—SBEETHLHEY /)N E CD4ITHE
L, gpl20 DO T 4 A= a XELDHEIZ, gpl20
BEZZEK (ALY —) THBHCCRS H3
Wik CXCR4 iIZ#H T 5. 79 CCRS & CXCR4 13 7
EEEE G & >N\ R ERZEML (TTM-GPCR)
KEBTHT5ENA %A KTHS. CCRS I HIV
BREOHIHICERICRDIAINAK_RITIOT 77—
femtE HIV-1 (RS-HIV-1) BEIFEATZaL
TH—TdHD, CXCR4II HIVEEDOEIIZERK
272301 )V A8 T filasgmE HIV-1 (X4-HIV-1)
MERZFEHTL 2Ly —TH5H. gpl20
CD4, CCRS $ %W CXCR4 ITHTHHEELD,
gpl120 LIELFRHEMIIANTOF AT —2BHEL T
W5 gpdl O N RKIHHINEH I N, gpdl THEET
LREBEANRT F RAEMMEOMBECY >y >
T95. TR TDH, ZE&EDgpdl O N XK
Bl D helix $81 T& % HR1 (NHR, N-region) A
B (N36 EFIZ2SOEE) & CKimfll helix fHE T
% 5 HR2 (CHR, C-region) #H#{ (C34 BdHl %S
DHEED) BEFETITHEEL, NBEREERTZ &
THIVOELENMBEOBENED XEMS 25 &
I [Fig. 1(0)].”

£9, ENOLRIOFE#EETDH 2 mERKFERE
REEHAAROBHEEBRROTT, a7y —
CXCR4 HEZIORIMICI DA, 2Lty —
CXCR4 2P LA XEDY -4y h&T B &3,
I 1D0FERIV T —TH5 CCRS DHE
#| Maraviroc (Pfizer Inc.) O 2EERGEH I N &
KODEUBTHBHEEZEAOLN, CXCR4HERIBER
ISR LR OERVHFINS, HIVOOL
Y7y -t R E XS &, HIVERREEEORH
NH LA RXERIETHRMICBITT SIS T,
CCRS fEFMME DO 5 CXCR4 5 DRI K IZ
o T, ZDOZEMn5, CCRS HEFZT TR
<, FEEBITABRINEIIT CXCRS HEA® 4

ELEDLND. 1989 F£EN 5, AT bAHZOMmEk
HIR D5 7 F R polyphemusin O # &1 4 +H B8
FEZB IR, T2 WD I8BREMNSKES
BABEEBEXRTFRERWHL 7, IWCXCR4 130 L
Sy —E U TRIESINZ#, T2213 CXCR4 7 >
FIZXNTHBZEMNEHIN, 2 EERELIC
LD 4ERENSRBENIRCXCR4T 2 F T2
MEMZRT TI40 Z RWH L= 1D 20 4EENE
EMEMA LI E - TI40 FEKIIRE, BRRR
(phase II) FThHB. 49 £/ TIHODOT 7 I
74707 I/ BEREZECLEZRRR RS
FRIATISV—RBEL, ZOFNS T140 &[H
BOT7HIX MEKEE T HFEMAFCI3LO
BIHICERI U 7= [Fig. 2(A)]. 19

Ih5D) — RIEEHERIZEI SIESTFEOR
TFRIIVvIBRERVWHLTED, M a5z, ¥R
TFRED CXCR4T TR NThd R
SHARIO P E DFEMAE 2RI L T3 [Fig. 2(B)].
CXCR4 M HIVQILETI—ThH 5 EMNHE
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SMNMT U 2 F£7- MOBFFEFE NS H AMD3100
(Genzyme Corp.) % KRH-1636 (Kureha Chemical
& Daiichi Sankyo Co., Ltd.) &f4 ® CXCR4 7 >
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BIEY—7y REULTHAMNTH 2. BE, LAE
EBEELT>TL—h2EAL, K0EHARAIE
J—RAEBEIELSEDTNS,

3. BREMBEERCDE Iy Y
HIVIIHIRE AR, T>XO—F¥ N0 8

- 153 —



72

Vol. 132 (2012)

(A)

polyphemusin Hl

H-Arg-Arg-Trp-Cys-Phe-Arg-Val-Cys-Tyr-Lys-Gly-Phe-Cys-Tyr-Arg-Lys-Cys-Arg-NH,

ﬂ amino acid substitutions

T22

b

H-Arg-Arg-Trp-Cys-Tyr-Arg-Lys-Cys-Tyr-Lys-Gly-Tyr-Cys-Tyr-Arg-Lys-Cys-Arg-NH,

9 ()
H-Argcfs®A'9-ngtys cyclic pentapeptide library = ﬁ{NH
s , N Q
T140 $ Pro v 9 un
HOQrg}Cys-Cit-Arg-Tyr” &N % o
H Ty
() pharmacophore x modifications FC131
residues amino acid substitutions

4F-benzoyl-TN14003
4F-benzoyl-TE14011

(B)

4-fluorobenzoyl
4-fluorobenzoyl

novel pharmacophore

HZNYNH
HN
‘JL;;'
jon
H
F

At

NH
HN™ "NH,
=
N ~
NZ N \
v I{J nN PAUNI B
=

Fig. 2.

[ |
Arg @M 3% Cit-Lys-DlLys-Pro-Tyr-Arg-Cit-Cys: NH,
ArgfArg{Na}-Cys it-Lys-DGlu-Pro-Tyr-Arg-Cit-Cys{ArgNH,

§PVe

A NH HN
el
(> N
3 o
NH HN NH HN
Y
AN

(A) Development of CXCR4 Antagonists Based on Horseshoe Crab Peptides, Nal=L-3- (2-naphthyl) alanine, Cit=L-citrul-

line, (B) Structures of a Peptide Mimic CXCR4 Antagonist with Low Molecular Weight (upper), a Dipicolylamine (Dpa)-Zinc (IT)

Complex (lower left) and Its Derivatives (lower right)

gpl20 ASMifA R L DE— 2Bk CD4 IS L,

gpl20 DA T A A—3 a VBN EL, gpl20-
CD4-aLt7¥y— GERBHEGEEHER) DK,

epdl ETETHIBRBEOHEERER TEMET S
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& gpl20 O KR BENHS hicEh, CD4D
Phe® DOHI$EA gp120 DFFEAY/RZEH (Phe-43 cav-

— 154 —

ity) WADRDETHEEHAT S I ENHS M
INTWwa. 2 bhbhid, "WEME CD4 & gpl20
ODHBFEEBEZEZCLESTFETV VT BHW
(Flex-SIS module of SYBYL 7.1) Zf7\), Phe® /2
TR Arg® b gpl20 EAEEREAT S Z L ER
L,29 NBD-556 O 7 = U > & 4145 Phe OHISE &,

T RIAFIERY D REALAH Arg® OfISH & xf
BT BHEDIT gpl20 EHEIERT 2 I EARBE
hi= (Fig.3). ¥ 5IiZ, NBD-ss6e ooy =Y
S ERALIE CD4 17 EX, Phe-43 cavity I 6.5 A 12
HLAYD, gpl20 DFEKET 2 /B (Trp*, Phe’®?,
Trp'2) &, V2 A—ThH5FFY I REEIIKE
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)

NBD-556 (X = Cl)
YYA-021 (X = Me)

Fig. 3. (A) Structures of CD4 Mimics NBD-556 and YYA-021, (B) Docking Model of gp120 and NBD-556

BAEMEMKLE L Tepl20 CHEEHRAL TSR Z &
HRBEINTNSE. 2 Thabb, ZOCD4IIIy
ZWREYRY O A—FERWBZEITLD, CD4D
RTF RZAE ED 2 DDOERAL 25 T 5 & B 7 I8
2IIvILTWS, bhihid Phed3 cavity &
VOSBRI R UVHENERZHASMNTTSEBT,
NBD-556 O FEBR/N T LI T 2 M ETE R 0T
FETORE.® ZHICKD, FERENMICHDE
EEREI DTN EETFHEHDOMSRWERE
PHTSHEEME (YYA-021 Z5) MSEEE /i HIV &
R gpl20 DEEEEEFETHILE2HON
U7 (Fig. 3). x/=, ZO#EEMIZED CCRS
/CXCR4 R EDIAV LT & —EEHEE CD4-in-
duced site ZFRFTHFHHMFEROBEEN LR TS
ZEBHETHLNMILTNS, 2 251z, Zhb
CD4 2w V7 I3METIRN/ZCXCR4 7 ¥
ZANTI40 BT 2 &, HERHEDRZR
L, CD4 X v »-T140 FEEKDNA TV w Kk
EYORIBIZHRIHL TNS,.® ZOLSITCD 2
Iy ZIRFRGER LTS —HER E ORI
KV, SHITHFAENENS EEDNS.

— I N E-F N EROMEERT
i, MEERBESNERL 2 KBS (73 ®RE
F) THEETZOTIRERL, BREEOR TRES
WHEAET B Z Endrizn. ZogRe, HEER
HERICRDOIEREZEYURY) O H—-TEELZE
DHEWLD, PTEVBEEHBEVWITORY
UNTHEOBREEBINT A ZEBEEETHD. D
HIVZAHZEAI CD4 2 2 v 7 3F0—HFITHAS.

4. 41 >T57—EHER

INFETHERTHERHENZIIL A XEDLERDOD
NONMBIE L H HIV FNIT X TENSGTFRE

- 155 —

BMOYN—=ATIANI 23T 147 AWFEIZLD
BHEh2vDTHS. HIZIL, ViREEERESL
»70F7 —CHEEAEHETHEAE, ThEh
DEEFE (BEMST) KHETHEIaTFREISh
TW%, CXCR47>FITZA LR CD4II VY
ZAIBIL 7-#513, CXCR4 % gpl20 (BBHST) I
BETHEIRFTYA ULk KRIZ, AlEEMES
BRIV —-RMEEWERAIHT S5 I AIUNAF O
P-BFREELT, TOXDIBYUN—AZATIHNT
I RT 4 7 ANFEREIIH RN ERSITRS T +
J—REIAND2RT 1 7 AWFHEICEB L.
Thbb, FFLATAT U —n5H HIVIEH
EEREIIRA V-2 T5E W3 74T — RT3
AND 22T+ 7 AMFEEZRA Y, AAKRIUHIV
AoV —RIbEHMERANEEDS & UK.

X9, HIVERY >NXZEOFICHIVEHDE
BEHETDHDONEFEET DA ENIRHFDOT
2, EROS I ALATA TSI —DY - %
HIV-1 DB TFEMTH S > /)N E (Gag - Pol -
Env * Vpu - Vpr * Rev * Tat) HKD7 I/ BE S
ERICLEF—N—FvEITRTFRIAT S
U— (P /B10-17%E) &Lk, 2051475
U—%2HWNWT, BECHETCELE21 77 7—F
(IN) FHZEHEHE MENTHEEEZFEMTERT
1R72Wn) ORI =T R{ToRER T Y
VD—F NNV ETH Vpr RO 3 HOHEH RS
FRIZHINFEESRWHEINE, Zhs0EaX
TF RICIIHETE LU TLQQLLF EBFI & Fh T
(Fig. 4).% LQQLLF B FINHER O RBICERE
BEF—T7THBEEZLN, £z, MRRNTIEYE
EHRBEIES-D, LQQLLF EF— 7 2 H.0 2%
BEOXRTF RE2EKRL, MREEZERBEEF—7T
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AGVEAIIRILQQLLF
IIRILQQLLFIHFRI
LQQLLFIHFRIGCQH

3 Vpr-derived 15-mer peptides found as IN inibitory agents

ﬂ

WT12-R8: Ac-LQQLLFIHFRIG-RRRRRRRR-NH;
WT18-R8: Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH;
two peptidic leads: 12- and 18-mer original Vpr sequences
with an octa-arginyl group

Fig. 4. Development of Vpr-derived IN Inhibitors

% 5 octa-Arg (RRRRRRRR) # C KM AH &5
L7z, Z0O#E, FiINEEZT TR<MREL XL
TOH HIV-1 EHE & B2 71727 F K WT18-R8
(Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH,)
& T WT12-R8 (Ac-LQQLLFIHFRIG-RRRRRRRR-
NH,) ZR#E L7 (Fig. 4). LQQLLF £F— 7%
ZDOVpr FD aNY v 7 AEERLIITHEEL TY
5ZEMSE, anUy I AEENHEFEOREIC
BEETHAHLELEZOND ORLEORHBERICIBN
T, Vpr b IN bEEFECEHI RNA KUk 4 72 ik
NBERFE2EO LA T L—a BleEk
(Pre-Integration Complex, PIC) &HHIN 2 &K
OHICHEEL, Vprid IN CHEMEHETSZET
HIVEEDA—rA TV —2a LT
W3 (BAF O & 57RMER) mbLlLhdkn, Wwih
IZLUTH, HIVHERSY N7 EOHRIZHIVEED
BEREEET HDONFET HREENSH S, £,
PIC T Vpr BB FP ERBRERZ O T+ A -
a>#&D, LQQLLF EF—J7 280 aN) v
AREE M IZ RSN, IN SHEERLT,
INDERZIZAZLTWEOMb AR, Zh
13, RERZINIEOHRITHD SN HAIRTE
BRI RTF RICERET S, Thabb, HY N
JEOERERERRAERNESRTF RICEET
5, EWwiWnbwa Sy A R (=cryptic pep-
tide) ORI HEKRTHEERbNS.30 ZDIN
BEXRTF RIS IEBEERBLT I &ITkD,
Raltegravir (Merck Sharp & Dohme Corp.)3? & 1&
STORT VU IEEEFDOHZLH INFOAIH
ELUTHIRFTE S,

BHERKC, 20514750 —n64H HIV
EHZEERCRA Y- 7952 0nWS T 3T —R

TFRANZ 2 RT 1+ 7 AWFEEEH W, HIV-1
matrix protein (MA) BHEDEH XRTF RN
HIViEHZ2RTZELE2RWHLTEY, AEz2H
WAHZ LI, FRARFHIVEIOY — R{LEYH
ERWHT ZENTELAESENDH S,

5. BRAMEE YISy bELIETIFLLE
RERES

INETEHERTHERTES L OF HIV EH6
FEIh, LEIGAEE HAART) I KRERHEZ
EFT&ERE a5, R#HEOUAIVARIIHL T
FREMER OV F U RERETHIEICLST,
BRICRIEBEESEMLTWSEY 7 UH, 7OT7%
DFEER EET AIDS KU HIV BREETE L DA
#D QOL DHELHEICBIT 2 ERE O KICE
MT&EBEEALNS. HIVID IV F O OBRREIRE
WTIRHINETOBEBEORIYECH L TERTH S
BBV IF D, EVIF U EVo EHER HIV
DEERMOAICHBEINAEZZEBHOHES T
MTERN, IS5, BERAFEEZTOBIC,
TANAKTFEREDY >N BB 5B %
B U ZOESIRENLRTAEZFEL TNWEYN, &
EINEHARRZOT7 2 BEFICERMICEST
2500, FFEAOSLAEEICT L TORRED
EETEHIIELTEN, ZEOE LW HIV 2EH
ETBBE, 7TIJBO—KENETTIRRL, I
RS 2REZL TR TNk E2FETE L
WEFLWEEZSN, ChETERELETIF
CHREMBREELESOTVWS, FIT, SIEEERE
BLAREBOFEATFEHNVWSZ LIS T, Mk
BEICH LU THRRNRTIREFEETLZENTE
T, HIVIZHL T XD EWPIIELEEET 2
FAENFETEZHOTIE WA EEZ -,

HIV 3z R7=& 512, gpl20-CD4-2 Lt 7
&— GEEFEHEESN OBERE FEZEBHED
gpd4l NIE MBI Y > AU >~/ L, HRI fEEE
HR2 B OEBITED 6 N v T AN RV (K
BAE) 2BRL TEEMREESEH#ST S (Fig.
D, ZhETRIDOEMEBEZENE U 2RI
E= N5 L frbh, Enfurvirtide (fuzeon/T20)
(Roche/Trimeris) 2SfERESFHZER| & L T FDA &
5 A E N TW 5, 3 Enfurvirtide iZ HR2 (CHR,
C-region) EEOEHFRTFRTHD, HR2 I A
54 w27 ELUTHRI BEICHEERT S I LT,
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6 \Uw I AN RIVERZHESTS. £z, HRI
KU HR2 N v 7 Z BT HIV KB THE S RE
INTWBRZEND, gpdl BT I J BE R %3855
I Bk QFS R 4E10) BERWHIhTW
3.3 X5, IBETIE gpal ITHT 2EEM L
EHMELT, ZTOMEEEEEML = gpdl I A
T4 w7 ORIEBENTHN, HRI XiX HR2 N1
v 7 AMEEE 3 MET > T L— b THRAE gpdl 2
AT 4y ZINEREREN, HERRCATIHES T
ELTRAZINTWS . ¥ L, Zhs gpdl
AT v I REEMET T L — OB L, ~
w7 ZAEBOMHCTNIEL, KRRO=ZRBERE
BEERBEL TWLEIEEVNEN, bitbhudix
RELD gpdl WET2EMAR=BEEEZEMKT S
BIT, ~NU w7 AEEREEMICEE R C3 5t
HETF T —bhaHEITFYAL L, 3F&D
HR1 (NHR, N-region) fHEHFEXTF K (N36)
ZNmBEINSREEIE/Zgpdl S A5 1y (N36
=8 2EIBL /- (Fig.5).® G/ L 7= N36 =
BAED CD X7 MVEIEICE D, ZEBEKITERA
CHREW aN) v 7 AEEFL TS Z LA
52720, C3xtfrET> 7L — ETON36 =
BHRBEORRN R I Nz, £/, HR2 (CHR,

A)

HR~1 {(N36)

{

feererirse [ PRI

C-region) fRBHEXRTF K (C34) LBEEGIED
EaNUw I AN ERLEZENS, Z0 gpdl
AT v T RRAROBEERSKBRL TS LE
Z6N5, GRLAENGZRBAEETTIRICHEL
HR, BOoN/-MEIXI NG BEEALD S N36 =
BAIIHT2HEMAR0EEL, ZEBEAEER
BERMCGERT 2RSS FEINTND Z EHURE
Ihi-, 6K, N6 ZBAOHRBICE>THES
NzmER, BEAORZITIN, @ PRAEEA
AN ENS, ZEBABERBRENICGERTS
NEoFRENRBINE. bhvbhBEaRlL =
NI =ZBAEIIVvIZIICINFET T L 2H
WBHZEITEY, RROD=ZBAEEELZEHEETSZ
ENTE, INEHESTFELUTERATS I EICEK
DRARDOEREEZ RN T 2HEIFES
hreEx60%. B, ZONWG=ZBHEIIY
7%, EFELTH N6 DRBHLICHLTIH
HIViE#H 2B L TW, £/, HRI HEXSFR
DOFITE> TS HR2 R TF K (C34) 0=
BAEIIVZICELTS, Jlo C3MmEsT> 7
L—hEEERL, 340 C34 % CHfllhsERES
Bz gpdl S X510 v (C34 =) ZAIKIL /-,
FEkiZ, CH4=ZBAEII v/ IIEEALD =R

J‘ — C3 symmetric template

— hydrophilic amino acid sequence + linker

< native sequence of N36

N386 trimer mimic

Fig. 5. (A) Development of an N36 Trimer Mimic Using a C3-Symmetric Template, (B) Structure of the C3-Symmetric Template
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HiEEHRRENCRET SAOHE, kKU, i
EOFEIZBNWTENTWS Z EARBEINE.
B, TOCHZ=ZEARII YT, HEEHELTE
HEALDD 100 EHBWH HIVEEZEL TS
0, BE, ZOHHZEHAFTTH S,
EIEDOCDAIIVIIE, FIINUE-FIND
B (gpl20-CD4 ) OHMAEHADERICHEDS
BREEZEYRY DH-—TEBLEZESTLEHT
HO, TORY NIV EOHEZERLZHDOTH
5, BEDOgpAl S AT v IIX, FONIE-¥
SN EEIOHMEERICHRD I RTF RE#EY
27> —hNEKREBETHIET, ¥ONIEOD
BAEEZDOODEBEEBELZBDOTHS., 07
I HIVNA A0 D —BFFETHE BN 7R RS O
AEDOETHREINS Y NIV EZ BT A
BHTHS.
IN5Dgpdl ZRBEI AT 1 v VI35 HERE)
LN EETF T ZEITLD, SNAREEZRRE
LETiRESTOREMEERT I EMNTEDEEZS
ha. U7FITELTI, gpdl AT HEEM
Rl & > )N 7 B CXCR4 DM/ 28R & U
EATHESTZAIHL, RBCXOHKRSEE2H®
ELTW3, BEMOY O NVEEZFRESTETS
Z &1L, EWEMTIRARWD, JREEO T IV AR
MU THEMSENHFETE, MEHEOERED DR
WEWSFIEDH B,

6. HHYIC

EBEBELZ O HIVEZSEE IR, EE2RAHET
T AIDS BERBWHO LD IZR->TERE., L
ML, —AEREEZRITIDLENDD, WThoh
HIVEDLRBICESD DO TRV, F0RD, B
RTCHERATELERIOL/N— MY —2HERT I e
kLN TWS, bhvbidMaEi S HIV REOD
dLt Sy —TdH5 CXCR4 DIHEFZH LI, &
MR FREMODIUN—ATIANI T 17 A
FIRICKOPIHIVAZABL TER BEEIHI
FHIVEIOY -5 v ha#EPL, HIVEADEHH
BOTHEERZY Ty RNELEZCD4I3Iy T %A
Bl ZOCD4 33w 713 CXCRE HEHRDH
MPAEZEEOAIBNT, ERPEZRLE S
BT, SUFLIATSU—5H HIVEE RS
B2 =27 35E0Wd 74T —RTI A
DI RT 4 7 ANFEREERY, V- R ERN

WU §hbbs, 12077 5—tEHEEEEZET
5 Vpr DA RTFRERWHLE, 205K
TFIAWNAFTOP—HHEDRD AN, »WAn5
BRERNSY—RNMeEWEHERL, ELOf HIV
KORIBIZToTNWS, ¥/, BIBERHEINT
ERIAXTFIEALTS, HIVRADEHR
BoTHEEEZY -y FELTTFOTL—MEFS
TN F O —0fEERY, ALREEES
FEABLTWS., HERIRTTIF > OWAITH
EANTBD, hI7FINVEEEHBIZANEH
AIDS EDORIHEEZ TN,

#EE  DAETRANZPFEIE, CXCR4IZEHLT
IIEMRFEREZRRFHAER, BHEFEEOTT
BHEHbOTHO, £z, HEHKLLTIOH
R—)VERLKRZEER, IAESEE, KEE_#
+, ENRRENERISA AMEL Y —, FHE
L, BF EEL, BARKZEIA XEHRFELS
& —, MTMEZEE, FNIAERE FHEER
+, RUEROHEED A N—IZBHEEICD %
Uz, &£/, ERICERZHEY LU THEWEENFO
BN WBBE, Wi REIE, HIIFERDE, HP
Bt BAmEEL, LERTEL B&5TH
L, BE fMEet, KARELETICESNEZLE
ER
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