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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.
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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.!6~'® 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,PO,4, 9.59 mM Na,HPO,)
at pH 7.4, were determined by CD spectroscopy (Fig. 3). When pep-
tides form o-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 a-helical region (helix 4) of the parent MA protein
(Fig. 4), and peptides 8L and 9L were presumed to have an o-helical
conformation.?®2® 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). A549 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 Rg 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(AD8) 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).26-28 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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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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1980 FEEHY > 752 A DR a—IA—7ITH
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HEEASREER (acquired immunodeficiency syn-
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%71 JL A (human immunodeficiency virus, HIV) 73
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D, TAIVZRFONUNEERT DL NO—TIC
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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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O - FREHRFEL T, REHEEFCDIII Y
7, BRESHEHEHR, 1>5775—FHEA, HIV
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FUESTFERIBEL TWS, ERITIE, TOWERN
BICDODWTHET 5.

2. aLt7%— CXCR4HEH

HIV O M~ O - BESICEL T, £
9, HIVI>NXO—7% )NV K& gpl20 Mflifa s
HEOE—SBEHETHIEY NI ECDAITHESES
U, gpl20 D27 4 A—3 3 > E{LDHEIZ, gpl20
BE-ZAEK (ALt 7Sy —) TH5CCRS H 3
Wi CXCR4 IZ#EET 5. 78 CCRS & CXCR4 137
EREE G & >\ BHERZARE (TTM-GPCR)
RS2 ENA 2B AETHS. CCRS I HIV
BEOFICERICRDITANAKT IO T 7 —
fEmfE HIV-1 (RS-HIV-1) RERHEHET3aLE
7&—Tdh D, CXCR4 I HIVEFDOEMICER
121251 )V A8 T it HIV-1 (X4-HIV-1)
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#Z9 [Fig. 1(0)].9
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CD4-a Lt 75— GEREHAESHE) OB,
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(Fig. 1). NBD-556 {3 HIV-1 O # &4 RIEZE X
pY—Z & RnlEhi HIVEAHEEH
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ShTws ®bhbhid, TE# CD4 & gpl20
ODHEERBEZECLULESTFETY V7B
(Flex-SIS module of SYBYL 7.1) %f7l\), Phe® /¥
T Arg® b gpl20 SHEEBET S L 2R
L,2 NBD-556 @7 =1 ¥ 41AS Phe® OIS L,

TR IAFIIERY D BEA Arg® ORISEE*
B BEDIgpl20 EAHEMEAT S ZENREE
7z (Fig.3). 252, NBD-SS6 /ooy =Y
SERATIE CD4 1T ), Phe-43 cavity IZ 6.5 A 12
ELSAD, gpl20 DFEHET I /) B (Trp*, Phe’®?,
Tp'?) &, U H—TH5A4FY3 RihEidkE
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ong
X o H
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

BAMEAREL Tepl20 CHEERALTHWSZ &
HIREBINTNBE 2 §hbs, ZOCDIIIyw
ZREBRYChH—2HANWSIEIZED, CD4OD
RTF RZAE LD 2 DO 2 & & B/ R
EFIZIv I LTS, bhbihid Phe-43 cavity A
BOBENRVEENEREZHSMNITHHBT,
NBD-556 O FEFE/N 5603 % B G5 Bt
HETOR.29 ZhiCkD, HEBNSMICHHE
EEFmhDOTNREETFHESHEOB RVWEREE
RHT5FEA (YYA-021 %) MEEE P HIV IE
R gpl20 DEEELEEZETH I L EHLMN
U= (Fig. 3). /=, ZORBEE{LIZLYD CCRS
/CXCR4ZEDI VT F —#HFEED CD4-in-
duced site #FRFETHHMPIEOHESEN LR TS
ZEBHETHLMILTVE. M A5, Zhb
CD4 22w IRIETHRRAEZCXCR4 7 >y T2
A BT EHRTDE, BELDHEDRZ T
L, CD4 3 2 v 7-TI40 FEAEDNT T U v Rk
EYOAIKICHBRHILTNS.® ZDLSICD 2
Iy rERHfTECaL Ty —-HER E ORI
LD, IHIHFAENENS ERDNS.

— R ONTE-Y N EBOBERAT
13, MEERHEESERL KBS (73 BE
) THEETHOTRRL, BREEOH TRERE
CHEET A ZENDRLIN, Z0BE, HEHER
EHRIC RO EREEZELYRY O H—TEEBL-E
DTFEMLD, PFENMEEEZEEVWITOESY
N EOBEEREKT A EBAEETHD. 0D
HIV B AMHZERI CD4 22 v 7 I3ED—FITHAS.

4. 41 >FH57—CHER

INETHERTHEASNEZNTIA XAEDL LR
NbNMEIEL A HIVAIRI TR TENS FRE

BOUN—RTIAND 22T 14 7 ABNFEIZLD
BIHENZdDTH 5. HlAE, PEEBRREEH
27O F7—CHERZBERETIHEAE, ThEh
DEEFE (BRSF) KEATHIEIOTHFRIESN
T3, CXCR47 TR KR CD4I3I Y
ZAIM L /-#21Z, CXCR4 % gpl20 (BHST) I
BETDHEOFYr 2L K, BIEEHRS
FARY R EAIHIT I AN N4 0
P-BFEELT, TOXIBYUN—RTIHND
TRT 1 7 AWFR T HAENERMNICED 7 +
D—RIIANTzRT 1+ 7 AMFHRICER L.
Thabb, F2FLATIAT U —056H HIVIEHE
EBEEBECAIY—ZTTHENS T 47— Ry 3
ANT T4 AWFEEHAL, FHRH HIV
oY —RIEEHERAHED &L,

%9, HIVERY >NZ7EOFIZHIVEFOE
BEHETDOONEFEETZHEAD LVIEHFEOTF
2, EROS I ATA TS -0V~ %
HIV-1 DBEFEHTH DY /N E (Gag * Pol -
Env * Vpu - Vpr * Rev * Tat) B3RO 7 I /BEEF
BERRLEA-N—-S9vEITRTFRSIAT S
U— (TIEI0-17THRE) &Lk 2051075
U—2HWT, ECFEETEL1 77 7—F
(IN) FHEESE RN THSEEZ3ET52T
B ORV Y- T R{Tol-ER, 779
U= NKNPBETHD Vpr HED 3 FHOEHRT
FRIZIINFEENBWHINE, 2h 5 08H R
7F RICIZ3EE LU T LQQLLF B FINE EThTwi
(Fig. 4).2 LQQLLF EEFINHEREORBICEE
BREF—TTHDEEZLN, T/, HEANTESE
ZHEBEXE57-9, LQQLLF £F— 7 &L
BEORTFRE2EEL, MEESEEEF—-TT
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the overlapping peptide library of HIV-1 gene products

AGVEAIIRILQQLLF
IRILQQLLFIHFRI
LQQLLFIHFRIGCQH

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

l

WT12-R8: Ac-LQQLLFIHFRIG-RRRRRRRR-NH;,
WT18-R8: Ac-EAHRILQQLLFIHFRIG-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

# B octa-Arg (RRRRRRRR) % C Kl i 5
L7z, ZTO#ER, FIINEEZ T TRM#MBEL X))
TOH HIV-1 M EDICHB IR TF K WTI8-R8
(Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH,)
KT WT12-R8 (Ac-LQQLLFIHFRIG-RRRRRRRR-
NH,) ZF®E L/~ (Fig. 4. LQQLLF €F— 7%
ZDVpr FD anNY v 7 ABERBFICHEEL T
B5TEMB, anNY v ARBENEEREEOREIC
HBETHHLEALSND, VEREORPBERIIBN
T, Vprd IN HEERDOH A RNA R UKk 4 72 Ml fi
NEFXHFE2EL TS LI T V—2a s EEK
(Pre-Integration Complex, PIC) &I 38 &4
OFIZEEL, Vpr i INEHEERTAZET
HIVEEDF—h1 T —a aHELT
W53 (BAF DX SEH) v lLhixwn, »wih
L Th, HIVERESY O N2E0Hh i HIVEED
BHHEZHETS2DONGFET D ARBEND D, £,
PICH T Vpr BIBEWEF LIZRRD I T4 A—
a>®&ED, LQQLLF EF— 728V a U v
AREERSIMICER SN, IN SHEERL T,
INDHERZIIZLTWADOMAbBLAKRYL., Zh
13, RERYRXIBOHRIIHD SN/~ HHHNRE
HENFEIRNTF RZEETS, Thbb, HyN
JEOERERRBDERBBARTF REEET
35, tnd0bYwsrYS¥1 KR (=cryptic pep-
tide) OBFIHERTILEDNS .3 2O IN
HEXRTSF RIS SIEBEEZRBE TSI EITXD,
Raltegravir (Merck Sharp & Dohme Corp.)3? &i3&
STYORT YUy VHEEFOEH G INFORIH
EUTHRTE S,

BERRIC, L1475 —-m5HHIV
EHEEBECA VY- T3NS T4 T—EK

TIANT 2R T4 AWFEEHW, HIVA
matrix protein (MA) HEDHH X T F RHBH
HIVE#ZRTZELEZRWHLTEY, AE2H
W3 ZEIKD, FARBRIHIVAOY — K{EEY
ERWHT Z &R TELAIREMN D 5.

5. BRAREZY Sy LD UF LB
AR

INETHKRKTHEATESLL OF HIV EnE
FIh, ZFGAEE (HAART) RAERDE%:
EFTERE. S5, RHEBEOYA VAL T
FIERER DUV F U 2RARTIIEIED T,
RICRIERRENREML TWE YU, 7o7%
DREBE®E EET AIDS KU HIVERRETE LS
FED QOL DHRBCHEICB I BERBOIKICE
MTESEELIOND. HIVUZF O OBERICH
WTIEHINETOBREOBRREIINLTENTH S
WETIF, EUIFEVoEFEIR HIV
DREREOACHBREINZZIEBHOES &
NTERWN, 5T, BEVGFEET ORI,
TANAKTRE DS >N BB BHHES %
BRUZDEFIRRNLIEEZERL THER, &
WINHERZTO7 I ) BEFICERNICEST
5500, FFEROILEEEICT L TOREER
HMAEHEEIEL TEY, ZROBL WHIV 2E/
ETBHEE, T/ BO—KREFETTIREL, I
BREZEZL TEET Y ER T2 &
MEELWEEALN, ZhETEREAEDIF
CERNVELROTNDG, FIT, VAEEERF
FLERBOREST2AVAZEICEST, Vi
BECHN L THRENDTAZBEET DS LNTE
e, HIVEH L T LD BWREREETS
FENFERTELSO TRV EE L.

HIV 3%/ L SiZ, gpl20-CD4-a Lt S
5 — GEEFEELSELH) OBRE FE=RED
epdl BIEEMBBEIC7 > hYU /L, HRIERE
HR2 HIEDEBIZED 6 NU v AN RIL (K
B 2Rl TEEHRESEREYT S (Fig.
). INXTIKIORMEBREZENE L A5t
FMNIE L fTH N, Enfurvirtide (fuzeon/T20)
(Roche/Trimeris) MEMEHERA L L TFDA N
5 EA[ XN T 5. 3 Enfurvirtide 13 HR2 (CHR,
C-region) B OESXTF RTHD, HR2 I A
T4 w27 &ELUTHRI HRICHEERT S Z LT,
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6 ~\Uw AN RIVERERET S, £/, HRI
KU HR2 AN v 7 ZEEIE HIV KB TE L RE
INTNWBZEND, gpdl DT I ) BEY % B
T HHfFE (QF5 KU 4E10) REVWHEINTW
5.3 357, AETIEgpdl ITHNT 255EER L
EHBELT, ZOINEEEERBMLUE gpdl = A
T4 v 7 ORISR ST, HR1 XZ HR2 A Y
w7 AEEEIWB T L — b THEE~ gpdl 2
AT v I REKRERIN, BEARAIHEST
ELTRAZNTWS 33D ULihl, Ihb gpdl
IAF v IREEMET L —bORGEE, ~
Uw 7 AEBOMABICTNREL, RAOD=RiEH
EEBRBEL TWB  EEEVNREN. bhbhiiX
RED gpdl NETHEML=EAEEEERT S
O, ~NUw I A EEEEMICEE T §E C3 %t
BTV —-bEEFEIFTFIL, 3450
HR1 (NHR, N-region) fHEMHERTF K (N36)
ZNBREMNSEHEITmgpdl I AF s vy (N36
=EA&) 88U~ (Fig. 5).%® &KL~ N36 =
BAEO CD AR MVHIEIZED, ZBEAIBEERK
KHREVW aANU v 7 ZHEZEL TN Z A8
S5MIT/RD, CIuHiET > L — M ETDON36=
BA#BEOEBRNREBE N/, £/, HR2 (CHR,

(A)

o | R

(8) N,

ngr/g¥\xdf
0]
HN
IOH
0 N s
C
fe) O

NH “2Q
e

C-region) SHFHEXTF R (C34) LEAIES
CaNYy I AMNERLEZENS, ZO gpdl
ATV IRRROBERZERKBL TN &E
AbNh3, ARLENZBEETYZICGEBL
FHER, BonnEid NGBEEAIDS N6 =
BT 2HEMAK0EBL, ZRE#E:
RENCERTOHENFEREINTND Z LHRE
I 5K, NI ZBBORBIZE>TES
N-MmiER, BEEEOGEICSN, BOFRFEEDLS
HoNl G, ZEBAEEEZRFRENIGERTS
FiEoFRHENRBI N bhbhsaml =
N6 =ZBAEII v /IR CIMHETFTL— 2H
NBHZERED, RRO=BEBELFHEBETSZ
EINTE, ChEHRRERSFLLTHEATRIZ LK
DRBOBABEEZFENCERT AN FHX
NEEEZENS. 2B, TONWG=ZBEIIvY
2713, HEAEL TH N6 ORBHICHE T 55
HIVEHZF L TWiz, F£/2, HRIFEEXRXTSF R
DFIT/I2> T2 HR2Z B TF R (C34) 0=
BAEII v ZIKELTY, 3o C3d#mtsr> 7
L—hrZ28KL, 340 C34 2 CHUNSEME
Vi gpdl I AF 1 v (C4=8AF) 28U~
F#kIZ, CUZBEII v IIIEEBALIVH=REAE

~—— G3 symmetric template

o i B — hydrophilic amino acid sequence + linker

< native sequence of N36

N36 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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BEZRFENICERTIHHOFE, R, i
FEOFHEICIBNTENRTWD ZENRBEINA, Ik
B, TOCU=ZRBEIIvIIZ, BEEAELTI
HBEAIDS 100 ERVWHITHIVEXZAEL TS
D, BE, ZOEHERETTH 5.
BIEDCD4IZI VI, FONIE-FNY
B (gpl20-CD4 ) OMEHEADOERICEDS
BREEZEYRY CH—TEBLESFLEWT
BD, TTOBY NI BOBEEZEKLIZHDTH
5., BREDgpdl S AF4wIix, ¥ONNTHE-F
SINVEMOMEERICRDIEHIRTF REEY
7TV —NEREBTSZET, ¥2NN7HD
BABEZTOLDEBBELLELDOTHS. 0O
SHNNAF 0P —HFRSRA R k&S OHM
AEDOBTHERIND Y NV EZ2BETHHE
BHTH .
IN6Dgpdl ZBAEI AT 1y VI3RS HERE)
ML Ve EFTW Z &I, hEEE R
UrhiRaFOREMEERT I ENTESREERLDS
Na. I7FBUTIE, gpdt USticHEERH
fafiD % > )57 8 CXCR4 O IR B ER & L
EAIHESFE2EIHEL, RFCL0AFELE
BLTWS, BEMOY ONIEEHRESFETS
Z &, EEETIRRWE, FHEEO YT IV AKIC
U THEDMENSFTE, MiEHROGERED D
NWEWSFIHDHS.

6. &HYIC

BERE L OF HIV EHR I, BERHED
NI AIDS RELRBNWHFOXD TR TERE. L
ML, —EREERISILENRDD, WThoh
HIVEHEBICESHOTIRAWL., 20D, &
KTCHATESEROLNN— MY — 22T an
ROENTWS, bhvbiudLEin S HIV BRE0
dL v 7 —TH% CXCR4 DRHEHIZH.DIC, B
M TREMDOUN=ATIANI 2T 14 7 AW
FHECIXDHPHIVAZARL TEE BEIHIT
PHIVAOSY —57y h&#PL, HIVEADEHR
BorTHEEEY v FELEZCDAII Yo 2R
KL ZODOCD4 I3 y7id CXCR4 BHEARDH
HAARZEEOMRIZBNT, HRBREZRLE. X
512, IFLITATIY -5 HIVESE 2
BICA =095 0nWS T4 7—Rr3Ih)
TrpT a7 ANFEEZAN, U—-REEmERN

HUE kbt 1077 5—-YHEEEHEET
5Vpr OFHRTFRERVWHLE, Z0k3512
TIANNAFOAT—HEEDBRD AN, WA A
BREBEMSU—REAWEHREL, B4 OH HIV
RoglflzfroTW5, ¥/, BAEBEXEINT
EEIAXTIFICELTS, HIVEADOEHM
HyTHE#EEYy—y bELTF T —REF
ANWNAF O P —-DEEHN, ALRFEFAES
FZBHELTWS, HEARVCTIFOWHICH
EANTBD, W57 NVEEBEEZEFIANEHR
AIDS RO AEEZ TN 5,

#EE DI ETHRREPEIZ, CXCR4ITEL T
BEBRERERELEMAR, BHEEEBOTT
BOEBDOTHY, i, HEWEELTIOH
R—IVENLREEER, IAERER, KEE_#
T+, BENIBREREFLA AREL I —, HE
L, B EFEEL BERFEIAAEHELS
&—, MTE=8&, FNUAERR FHERE
+, ROEROWEZED A N—ITBHEIT/D X
U, 7, EBICEREHL L CTHEW -EHFD
BN BER, WETRBE, M/IIEXHE BT
BHEEL, BAyEEL, LHEBTEL %E8TH
Bt HE L, KRRELELICERHNAEZLE
7.
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1. Introduction

The dynamic supramolecular mechanism of HIV cellular inva-
sion has emerged as a key target for blocking HIV entry into host
cells.! HIV entry begins with the interaction of a viral envelope gly-
coprotein gp120 and a cell surface protein CD4.? This triggers
extensive conformational changes in gp120 exposing co-receptor
binding domains and allowing the subsequent binding of gp120
to a co-receptor, CCR5%/CXCR4.* Following the viral attachment
and co-receptor binding, gp41, another viral envelope glycoprotein
mediates the fusion of the viral and cell membranes, thus complet-
ing the infection. Molecules interacting with each of these steps are
potential candidates for anti-HIV-1 drugs. In particular, discovery
and development of novel drugs that inhibit the viral attachment
are required for blocking the HIV infection at an early stage.®

In 2005, small molecular CD4 mimics targeting the viral attach-
ment were identified by an HIV syncytium formation assay and
shown to bind within the Phe43 cavity, a highly conserved pocket
on gp120,° which is a hydrophobic cavity occupied by the aromatic
ring of Phe43 of CD4.” These molecules are comprised of three
essential moieties: an aromatic ring, an oxalamide linker, and a
piperidine ring (Fig. 1) and show micromolar order potency against
diverse HIV-1 strains including laboratory and primary isolates.
Furthermore, they possess the unique ability to induce the confor-
mational changes in gp120 required for binding with soluble CD4.®
Such CD4 mimicry can be an advantage for rendering the envelope

* Corresponding author. Tel.: +81 3 5280 8036; fax: +81 3 5280 8039.
E-mail address: tamamura.mr@tmd.ac.jp (H. Tamamura).

0968-0896/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2011.09.045

more sensitive to neutralizing antibodies.® While such properties
are promising for the development of HIV entry inhibitors and
the use combinatorially with neutralizing antibodies, cytotoxicity
is one of the drawbacks of CD4 mimics.

To date, we and others have performed structure-activity rela-
tionship (SAR) studies of CD4 mimics based on modifications of the
aromatic ring, the oxalamide linker, and the piperidine moiety of
CD4 mimics. In an initial survey of SAR studies of NBD-556 and
NBD-557, Madani et al. revealed that potency (i.e., CD4 binding
and mimicry) was highly sensitive to modifications of the aromatic
ring, which is thought to bind in the Phe43 cavity of gp120 (Fig. 1).
The CD4 mimic analogs (JRC-1I-191) with a para-chloro-meta-~
fluoropheny! ring had significantly increased affinity for gp120.1°
Our SAR studies also revealed that a certain size and electron-
withdrawing ability of the para-substituents are indispensable
for potent anti-HIV activity.!' Furthermore, the replacement of
the chlorine group at the para position with a methyl group which
is almost as bulky as a bromine atom leads to improvement of sol-
ubility of the compounds in buffer to provide the reproducibility in
the biological studies with comparable biological activities.

Further SAR studies were focused on the piperidine moiety of
CD4 mimics to investigate its contribution to biological activities,
and we found that the piperidine ring is critical for the CD4 mim-
icry on the conformational changes in gp120 and that substituents
on the nitrogen of the piperidine moiety can contribute signifi-
cantly to both anti-HIV activity and cytotoxicity.!? Based on these
SARs and our modeling study, we speculate that interactions of the
piperidine moiety with several amino acids in the vicinity of the
Phe43 cavity in gp120, specifically an electrostatic interaction with
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Asp368 and a hydrophobic interaction with Val430, are critical for
biological activity. Lalonde et al. focused on modifications of the
piperidine moiety using computational approaches, adducing evi-
dence for the importance of these interactions to the binding affin-
ity against gp120.’> Based on these results, we envisioned that an
enhancement of the interaction of CD4 mimics with residues asso-
ciated with the Phe43 cavity in gp120 would lead to the increase of
their potency and CD4 mimicry inducing the conformational
changes of gp120, and the decrease of their cytotoxicity. Thus, in
this study a series of CD4 mimics, which were designed to interact
with the conserved residues in the Phe43 cavity, were synthesized
to increase binding affinity for gp120, and the appropriate SAR
studies were performed.

2. Results and discussion

Two types of CD4 mimic analogs were designed: (1) CD4 mim-
ics with the ability to interact electrostatically with Asp368, and
(2) CD4 mimics with the ability to interact hydrophobically with
Val430 (Fig. 2). The X-ray structure of gp120 bound to soluble
CD4 (PDB: 1RZJ) revealed that the guanidino group of Arg59 of
CD4 is involved in a hydrogen bond with Asp368 of gp120. In order
to mimic this interaction, a guanidino and related groups such as
thiourea and urea were introduced to the piperidine moiety of
the CD4 mimic derivative COC-021, which was developed in order
to modify the nitrogen of the piperidine moiety and which showed

g 0
e
N 0
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biological activity, including anti-HIV activity and CD4 mimicry,
similar to that of the parent compound NBD-556.'? Furthermore,
to interact with Val430 by hydrophobic interaction, the methyl
groups on the piperidine ring were replaced with cyclohexyl
groups to prepare a novel CD4 mimic analog with enhanced
hydrophobicity.

2.1. Chemistry

The syntheses of CD4 mimics are outlined in Scheme 1. CD4
mimics with guanidine, thiourea, and urea groups on the piperidine
moiety were prepared using our previously reported method.!?
Coupling of p-chloroaniline with ethyl chloroglyoxylate followed
by aminolysis of the ethyl ester with 4-amino-N-benzylpiperidine
under microwave conditions (150 °C, 3 h) gave the corresponding
amide. Removal of the benzyl group with 1-chloroethyl chlorofor-
mate gave the free piperidine moiety, which was modified to pro-
duce the desired compounds 4-8 (Scheme 1).

For synthesis of a CD4 mimic derivative with two cyclohexyl
groups, treatment of 2,2,6,6-tetramethylpiperidin-4-one 9 with
cyclohexanone in the presence of ammonium chloride furnished
a 2,6-substituted piperidin-4-one derivative,'® and reductive ami-
nation with benzylamine and subsequent removal of benzyl group
provided a primary amine 10. Microwave-assisted aminolysis of
ester 2 with amine 10 yielded the desired dicyclohexyl-substituted
analog 11 (Scheme 2). The synthesis of the other compounds is
described in Supplementary data.

2.2, Biological studies

The anti-HIV activity of synthetic CD4 mimics was evaluated
in a single-round viral infective assay. Inhibition of HIV-1 infec-
tion was measured as reduction in B-galactosidase gene expres-
sion after a single-round of virus infection of TZM-bl cells as
described previously.® ICs, was defined as the concentration that
caused a 50% reduction in the B-galactosidase activity (relative
light units [RLU}) compared to virus control wells. Cytotoxicity

Val430
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Figure 2. Design strategy for novel CD4 mimics with enhanced electrostatic/hydrophobic interaction.
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(i) benzoyl chioride, Et3N, CH,Cl,, 68%.
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Scheme 2. Synthesis of dicyclohexyl derivative 11. Reagents and conditions: (a)
Cyclohexanone, NH4CI, DMSO, 60 °C; (b) benzylamine, NaBH,4, MeOH: (c) 10% Pd/C,
Ha, MeOH, 7% from 9; (d) 2, Et3N, EtOH, 150 °C, microwave, 17%.

of the compounds based on the viability of mock-infected PM1/
CCRS5 cells was evaluated using WST-8 method. The assay results
for the (D4 mimics 3-8 are shown in Table 1. Compound 12
(NBD-556) showed potent anti-HIV activity; its IC5p value was
0.61 pM, and it is thus 13-20-fold more potent than the reported
values.’*2 Although previous studies found that compound 13,
with a methyl group at the p-position of the phenyl ring, and
compound 3, with no dimethyl groups on the piperidine ring,
showed potent anti-HIV activity, only moderate activities were
observed in the current study; this is about 12-14-fold less
potency than reported for compound 12 and is probably due to

Table 1
Effects of the nitrogen-substituents on anti-HIV activity and cytotoxicity of CD4
mimic analogs?

H 0

N\[(U\R ICso®  CCso®

o (uM)  (pM)

X

Compd X R YTA (R5)
H

3 a §—NCNH 70 51 73
H NH

a ca §‘N‘CN‘< 6.1 72 12

NH,

SI (CCs0/ICs0)

H 0O

6 a §“N‘<:>N—‘/< 83 310 37
NH,
O

7 a %-H—CN—{ 1 62 056
HN-Ph

H
12 (NBD-556) (1 N NH 061 35 57

H
13 Me §-N NH 84 260 31

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

b Csg values are based on the reduction in the B-galactosidase activity in TZM-bl
cells.

¢ CCsp values are based on the reduction of the viability of mock-infected PM1/
CCRS5 cells.

4 Desalted by satd NaHCO3 aq.

© TFA salts.

the different assay system. All of the synthesized novel deriva-
tives of compound 12 showed moderate to potent anti-HIV activ-
ity. A guanidine derivative 4 and thiourea derivative 5 showed
potent anti-HIV activities (ICso of 4=6.1uM and ICso of
5=5.5 uM) but their potency was approximately 10-fold lower
than that of the parent compound 12. A urea derivative 6 also
showed potent anti-HIV activity (ICso=8.3 pM) and exhibited
lower cytotoxicity (CCsp =310 pM). On the other hand, introduc-
tion of a phenyl group in the urea derivative 6, led to an N-phe-
nylurea derivative 7, with an increase of cytotoxicity
(CCs0=6.2 uM). To examine the influence of the N-H group on
anti-HIV activity, an N-benzoyl derivative 8 was also tested. The
ICs0 value of 8 was 5.1 uM, which is equipotent with the thioam-
ide derivative 5. The N-benzoy! derivative 8 was essentially equi-
potent with 3 and this result suggests the presence of the
hydrogen atom of the N-H group does not contribute to an in-
crease in anti-HIV activity. The thiourea derivative 5 and the
N-phenylurea derivative 7, which have more acidic protons (pK,
of thiourea and N-phenylurea; 21.0 and 19.5,'® respectively) than
the urea derivative 6 (pK, of urea; 26.9'¢), were found to exhibit
relatively strong cytotoxicity. This observation indicates that
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Table 2
Anti-HIV activity and cytotoxicity of CD4 mimic analogs 11, 12, and 14-17°

Table 3
Anti-HIV activity of CD4 mimic 12 and dicyclohexyl derivative 11*

ICso® (M)  CCso® (UM)  SI (CCsofICs0)

H (0]
fone
[e]
Cl
Compd R YTA (R5)

H
11 N NH 068 120 176

H
14 &N F 31 >500 >160
H
15 &N cl >100 >500 -
H
16 &N Br  >100 >500 -
17 /) 198 480 24

\
N
H
12 (NBD-556) §- N-@EH 061 35 57

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

b |C5q values are based on the reduction in the B-galactosidase activity in TZM-bl
cells.

€ CCsp values are based on the reduction of the viability of mock-infected PM1/
CCRS5 cells.

substitution on the piperidine moiety of acidic functional groups
was unfavorable.

The assay results for CD4 mimics that target hydrophobic inter-
actions are shown in Table 2. Compound 11 showed significant
anti-HIV activity (ICse = 0.68 M) comparable to that of the lead
compound 12, but exhibited lower cytotoxicity. Compound 11
showed approximately four-fold less cytotoxicity than 12. The SI
of 11 is 176, 3 times higher than that of 12 (SI=57). This result
suggests that substitution of bulky hydrophobic groups into the
piperidine moiety may be consistent with lower cytotoxicity of
CD4 mimics. It is noteworthy that compound 14, which has a p-
fluoroanilino group in place of the piperidine ring, exhibits potent
anti-HIV activity (ICsq = 3.1 uM) without significant cytotoxicity
(CCsp >500 pM). The SI of compound 14 is >160, which is compara-
ble to that of 11. However, replacement of the piperidine moiety
with a p-bromo- or p-chloroanilino group resulted in the loss of
anti-HIV activity. These results suggest that the introduction of a
fluorine atom to the piperidine moiety might be consistent with
improvement of the anti-HIV activity. Extension of the alkyl chain
by two carbons, as in 17 resulted in a 30-fold loss of anti-HIV activ-
ity, indicating that relatively rigid structures are preferable for
anti-HIV activity.

The anti-HIV activities of 12 and compound 11, which has a high-
er SI than the parent compound 12 were evaluated in a multi-round
viral infective assay and the results are shown in Table 3. In this as-
say, the ICsg value of 12 was 0.90 M, which was slightly larger value
than measured in a single-round assay (ICsp = 0.61 pM). Compound
11 showed higher anti-HIV activity (ICsp = 0.56 M) than compound
12, indicating that the introduction of hydrophobic cyclohexyl
groups into the piperdine moiety has a positive effect on not only

Compd R ICso® (uM) ICs0° (M)

Single-round assay Multi-round assay

H
12 (NBD-556) §~N NH o6t 0.80

ZT
4
T

1 - 0.68 056

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

® ICsy values of the single-round assay are based on the reduction in the B-
galactosidase activity in TZM-bl cells.

¢ ICsp values of the multi-round assay are based on the inhibition of HIV-1-
induced cytopathogenicity in PM1/CCR5 cells.

the cytotoxicity but also the anti-HIV activity. This is possibly due
to the stability in the assay condition derived from the hydrophobic-
ity of cyclohexyl group(s). These results are consistent with a previ-
ous study of the analog with one hydrophobic gem-dimethyl group
on the piperidine moiety, a compound with potent anti-HIV activity
and efficient binding affinity for gp120.'3

To gain insight into the interactions involved in the binding,
molecular modeling of compound 11 docked into gp120 (1RZ))
was carried with Sybyl 7.1 (Fig. 3). The binding mode of compound
11 in the Phe43 cavity suggested that the orientation of the piper-
idine moiety of 11 is different from that in compound 12, and that
the cyclohexyl group can be positioned near Val430 with whose
isopropyl group it can interact hydrophobically.

Fluorescence activated cell sorting (FACS) analysis was per-
formed as previously reported,’*? to evaluate the CD4 mimicry
effects on conformational changes of gp120 and the results are
shown in Figure 4. Comparison of the binding of an anti-envelope
CD4-induced monoclonal antibody (4C11) to the cell surface pre-
treated with the above CD4 mimics was measured in terms of
the mean fluorescence intensity (MFI). Our previous studies
revealed that the profile of the binding of 4C11 to the Env-express-
ing cell surface pretreated with compound 12 was entirely similar
to that of pretreatment of soluble CD4. In this FACS analysis, the
MFI of pretreatment with compound 12 is 23.13. The profiles of
the binding of 4C11 to the cell surface pretreated with compounds
3, 4 and 5 were comparable to that of compound 12 [MFI
(3) = 20.54, MFI (4) = 20.85, MFI (5) = 20.24, respectively], suggest-
ing that these derivatives offer a significant enhancement of bind-
ing affinity for 4C11. On the other hand, pretreatment with 6 and 8
did not cause significant enhancement of the binding affinity for
4(11, indicating that introduction of a carbonyl group on the
piperidine nitrogen is not conducive to CD4 mimicry. The profile
of the binding of 4C11 to the Env-expressing cell surface pretreated
with compound 11, which had significant anti-HIV activity and
lower cytotoxicity than compound 12, (MFI (11) =22.17) was sim-
ilar to that of compound 12, suggesting that compound 11 offers
significant enhancement of binding affinity for 4C11. This result
indicates that compound 11 retains the CD4 mimicry on the
conformational changes of gp120. Although compound 14 and
compound 17 showed potent anti-HIV activity and no significant
cytotoxicity, the profiles pretreated with (MFI (14 and
17)=15.20 and 15.38) were similar to that of the control
(MFI = 14.94), suggesting that these compounds 14 and 17 failed
to produce a significant increase in binding affinity for 4C11. These
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Figure 3. Docking structures of (a) compound 11 and (b) compound 12 bound in the Phe43 cavity of gp120 (1RZ]); (c) merge image of compounds 11 and 12. Compounds 11
and 12 are represented in yellow and green sticks, respectively. Key residues in the cavity forming interactions with compounds are represented in gray sticks.
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Figure 4. FACS analysis of compounds 12, 3-6, 8 (Table 1), 11, 14, and 17 (Table 2),

results are consistent with our previous finding that the piperidine
ring is critical to the CD4 mimicry of the conformational changes in
gp120.

3. Conclusion

A series of CD4 mimics were designed and synthesized to inter-
act with the conserved residues in the Phe43 cavity of gp120 to
investigate their anti-HIV activity, cytotoxicity, and CD4 mimicry
as a function of conformational change of gp120. The biological
activities of the synthetic compounds indicate that (1) the hydro-
gen atom of the piperidine moieties contributes significantly to
cytotoxicity, and (2) installation of bulky hydrophobic groups into
the piperidine moiety can increase anti-HIV activity and decrease
cytotoxicity thus providing a novel compound with higher selec-
tive index than those of the original CD4 mimics. Furthermore, this
modification has no great influence on the CD4 mimicry on the
conformational change of gp120. Thus, compound 11 is promising
for further studies. More detailed SAR investigations with respect

to the substitution on the piperidine moiety have been ongoing
studies.

4. Experimentals

'H NMR and 3C NMR spectra were recorded using a Bruker
Avance [l spectrometer. Chemical shifts are reported in § (ppm)
relative to Me,Si (in CDCl3) as internal standard. Low- and high-
resolution mass spectra were recorded on a Bruker Daltonics
microTOF focus in the positive and negative detection mode. For
flash chromatography, Wakogel C-200 (Wako Pure Chemical
Industries, Ltd) and silica gel 60 N (Kanto Chemical Co., Inc.) were
employed. For analytical HPLC, a Cosmosil 5C;3-ARIl column
(4.6 x 250 mm, Nacalai Tesque, Inc., Kyoto, Japan) was employed
with a linear gradient of CHzCN containing 0.1% (v/v) TFA at a flow
rate of 1 cm® min~! on a JASCO PU-2089 plus (JASCO Corporation,
Ltd., Tokyo, Japan), and eluting products were detected by UV at
220 nm. Preparative HPLC was performed using a Cosmosil 5C;5-
ARIl column (20 x 250 mm, Nacalai Tesque, Inc.) on a JASCO
PU-2087 plus (JASCO Corporation, Ltd, Tokyo, Japan) in a suitable
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gradient mode of CHsCN solution containing 0.1% (v/v) TFA at a
flow rate of 7 cm® min~*. Microwave reactions were performed in
Biotage Microwave Reaction Kit (sealed vials) in an Initiator™
(Biotage). The wattage was automatically adjusted to maintain
the desired temperature for the desired period of time.

4.1. Chemistry

4.1.1. N'-(4-Chlorophenyl)-N>-(piperidin-4-yl)oxalamide (3)

To a stirred solution of p-choroaniline (1) (14.0 g, 110 mmol) in
THF (146 mL) were added ethyl chloroglyoxylate (8.13 mL,
73.2 mmol) and triethylamine (Et3N) (15.2 mL, 110 mmol) at 0 °C.
The mixture was stirred for 6 h at room temperature. After the pre-
cipitate was filtrated off, the filtrate solution was concentrated un-
der reduced pressure. The residue was dissolve in EtOAc, and
washed with 1 M HC], saturated NaHCOj; and brine, then dried over
MgSQ4. Concentration under reduced pressure gave the crude ethyl
oxalamate, which was used without further purification. To a solu-
tion of the above ethyl oxalamate (1.27 g, 5.25 mmol) in EtOH
(13.0 mL) were added Et3N (1.46 mL, 10.5 mmol) and 4-amino-
1-benzylpiperidine (2.97 mL, 15.8 mmol). The reaction mixture
was stirred for 3 h at 150 °C under microwave irradiation. After
being cooled to room temperature, the crystal was collected and
washed with cold EtOH and n-hexane, and dried under reduced
pressure to provide the corresponding amide (1.58 g, 81% yield)
as colorless crystals. To a stirred solution of $1 (1.46 g, 3.90 mmol)
in CHxCl, (39.0 mL) was added dropwise 1-chloroethyl chlorofor-
mate (0.860 mL, 7.80 mmol) at 0°C. After being stirred at room
temperature for 30 min, the mixture was refluxed for 1 h. After con-
centration under reduced pressure, the residue was dissolved in
MeOH and then refluxed for 1 h. After concentration under reduced
pressure, the residue was diluted with EtOAc and washed with sat-
urated NaHCOj; and brine, then dried over MgSO,. After concentra-
tion under reduced pressure, the residue was washed with cold
EtOAc, and dried under reduced pressure to provide the title com-
pound 3 (778 mg, 71% yield) as white powder.

'H NMR (400 MHz, CDCl;) § 1.39~1.52 (m, 2H), 1.92-2.01 (m,
2H), 2.67-2.79 (m, 2H), 3.06-3.19 (m, 2H), 3.83-3.95 (m, 1H),
734 (d, J=8.80Hz, 2H), 744 (d, j=7.64Hz, 1H), 759 (d,
J=8.80Hz, 2H), 9.28 (s, 1H); '*C NMR (125 MHz, CDCl;) § 33.0
(2C), 45.2 (2C), 47.9, 21.0 (2C), 129.3 (2C), 130.5, 135.0, 157.6,
158.8; HRMS (ESI), m/z caled for Cy3H;7,CIN3O; (MH") 282.1004,
found 282.1002.

4.1.2. N'-(1-Carbamimidoylpiperidin-4-yl)-N?-(4-chlorophenyl)
oxalamide (4)

To a stirred solution of 3 (50.0 mg, 0.178 mmol) in DMF
(20.0mL) was added 1-aminopyrazole hydrochlride (312 mg,
2.13 mmol) and Et3N (0.390 mL, 28.1 mmol). The reaction mixture
was stirred at room temperature for 24 h. After concentration un-
der reduced pressure, purification by preparative HPLC gave the
trifluoroacetate of the title compound 4 as white powder
(36.0 mg, 61% yield).

TH NMR (500 MHz, DMSO) 6 1.41-1.55 (m, 2H), 1.59-1.71 (m,
2H), 2.70-2.74 (m, 2H), 3.74-3.87 (m, 1H), 3.88-4.03 (m, 2H),
5.93 (s, 2H), 7.42 (d, J=9.00Hz, 2H), 7.85 (d, J=9.00 Hz, 2H),
8.95 (d,J=9.00 Hz, 1H), 10.80 (s, 1H); >C NMR (125 MHz, DMSO)
& 31.3 (2C), 43.0 (2C), 47.6, 122.4 (2C), 128.6, 129.1 (2(), 137.1,
158.2, 159.3, 159.5; HRMS (ESI), m/z calcd for C;4H;9CIN5O>
(MH") 324.1222, found 324.1213.

4.1.3. N'~(1-Carbamothioylpiperidin-4-yl)-N?>-(4-chlorophenyl)
oxalamide (5)

To a stirred solution of 3 (140 mg, 0.498 mmol) in CHCl;
(5.00mL) was added trimethylsilyl isothiocyanate (141 mlL,

1.00 mmol) and stirred at room temperature for 1 h. The precipi-
tate was collected and washed with cold CHCls, and dried under
reduced pressure to provide the title compound 5 as white powder.
(62.0 mg, 36% yield).

"H NMR (400 MHz, DMSO) § 1.45-1.69 (m, 2H), 1.69-1.81 (m,
2H), 2.67-2.81 (m, 2H), 3.02-3.16 (m, 2H), 3.75-3.89 (m, 1H),
741 (d, J=9.00Hz, 2H), 7.85 (d, J=9.00Hz, 2H), 9.00 (d,
J=8.50Hz, 1H), 10.80 (s, 1H); >C NMR (125 MHz, DMSO) 6 27.8
(2C), 42.3 (2C), 44.4, 122.0 (2C), 128.2, 128.6 (2C), 129.5, 136.6,
158.6, 159.4; Anal. caled for Cy4HgCIN4O,S: C, 49.34; H, 5.03; N,
16.44. Found: C, 49.32; H, 4.76; N, 16.11.

4.1.4. N'-(1-Carbamoylpiperidin-4-yl)-N*-(4-chlorophenyl)
oxalamide (6)

To a stirred solution of 3 (60.0 mg, 0.213 mmol) in CHCl;
(1.10mL) was added trimethylsilyl isocyanate (56.0 uL,
0.421 mmol), and the mixture was stirred at room temperature
for 1 h. The precipitate was collected and washed with cold CHCls,
and dried under reduced pressure to provide the title compound 6
(20.1 mg, 30% yield) as white powder.

'H NMR (500 MHz, DMSO) 6 1.44-1.55 (m, 2H), 1.58-1.71 (m,
2H), 2.65-2.78 (m, 2H), 3.76-3.87 (m, 1H), 3.87-4.01 (m, 2H),
594 (s, 1H), 7.42 (d, J=9.00 Hz, 2H), 7.86 (d, J=9.00 Hz, 2H),
8.95 (d, J = 9.00 Hz, 1H), 10.80 (s, 1H); >C NMR (125 MHz, DMSO)
5 30.8 (2C), 42.6 (2C), 47.1, 122.0 (2C), 128.1, 128.6 (2C), 136.7,
157.8, 158.8, 159.0; HRMS (ESI), m/z calcd for Cy4H;gCIN4O5
(MH") 325.1062, found 325.1060.

4.1.5. N'-(4-Chlorophenyl)-N?-(1-(phenylcarbamoyl)piperidin-
4-yl)oxalamide (7)

To a stirred solution of 3 (140 mg, 0.498 mmol) in CHCl;
(5.00mL) was added phenyl isocyanate (54.0 uL, 0.500 mmol)
and stirred at room temperature for 1h. The precipitate was
collected and washed with cold CHCl;, and dried under reduced
pressure to provide the title compound 7 as white powder.
(64.1 mg, 32% yield).

"H NMR (500 MHz, DMSO) é 1.52-1.66 (m, 2H), 1.68-1.80 (m,
2H), 2.81-2.95 (m, 2H), 3.84-3.96 (m, 1H), 4.08-4.20 (m, 2H),
6.91-6.94 (m, 2H), 7.21-7.24 (m, 2H), 7.36-7.52 (m, 4H), 7.86 (d,
J=9.00 Hz, 2H), 8.53 (s, 1H), 8.99 (d, J=8.50 Hz, 2H), 10.81 (s,
1H); '3C NMR (125 MHz, DMSO) § 31.3 (2C), 43.4 (2C), 47.5,
120.0 (2C), 122.0, 122.4 (2C), 128.6, 128.7 (2C), 129.1 (2C), 137.1,
141.1, 155.2, 159.2, 159.5; HRMS (ESI), m/z calcd for CooH2,CINSO;
(MH") 401.1375, found 401.1372.

4.1.6. N'-(1-Benzoylpiperidin-4-y1)-N?-(4-chlorophenyl)
oxalamide (8)

To a stirred solution of 3 (500mg, 1.78 mmol) in CHCl,
(17.8 mL) was added benzoyl chloride (307 gL, 2.67 mmol) and
the mixture was stirred at room temperature for 1 h. The precipi-
tate was collected and washed with cold EtOAc, and dried under
reduced pressure to provide the title compound 8 (232 mg, 34%
yield).

TH NMR (500 MHz, CDCl3) § 1.21-1.68 (br, 4H), 1.96-2.08 (br,
2H), 3.02-3.16 (br, 2H), 4.04-4.07 (m, 1H), 7.35 (d, J=9.00 Hz,
2H), 7.41-7.43 (m, 5H), 7.52 (d, J=8.00Hz, 1H), 7.59 (d,
J=9.00 Hz, 2H), 9.25 (s, 1H); 13C NMR (125 MHz, CDCl;) § 31.4
(2C), 41.0 (2C), 47.6, 121.0 (2C), 126.9 (2C), 128.6 (2C), 129.3
(2C), 129.9, 130.6, 134.8, 135.6, 157.2, 159.0, 170.5; HRMS (ESI),
myz caled for CyoH,;CIN3O3 (MH™) 386.1266, found 386.1276.

4.1.7. Amine (10)

To a stirred solution of 2,2,6,6-tetramethylpiperidin-4-one
(7.75 g, 50.0 mmol) and cyclohexanone (15.5 mL, 150 mmol) in
DMSO (71.0 mL) was added NH4(l (16.1 g, 300 mmol) and stirred
at 60°C for 5h. The reaction mixture was diluted with H,0
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(150 mL), acidified with 7% aq HCl, and extracted with Et;0
(200 mL x 3). The water layer was adjusted to pH 9 using 10% aq
K;CO3; and then back-extracted with EtOAc. The extract was
washed with brine and dried over Na,S0O,. After concentration un-
der reduced pressure, the residue was dissolve in MeOH (60.0 mL)
and benzylamine (10.9 mL, 100 mmol) was added. After being stir-
red at room temperature for 1 h, sodium cyanoborohydride was
added and stirred at room temperature for 6 h. The reaction mix-
ture was poured into saturated NaHCO; and extracted with EtOAc,
then dried over MgSO,. After concentration under reduced pres-
sure, the residue was dissolve in MeOH (150 mL) and 10% Pd/C
(5.32 g, 5.00 mmol) was added and stirred at room temperature
for 24 h under hydrogen atmosphere. After the reaction mixture
was filtered through celite, the filtrate solution was concentrated
under reduced pressure followed by flash chromatography over
silica gel with EtOAc-EtOH (4:1) to gave the title compound 10
(820 mg, 7 % yield) as a colorless oil.

TH NMR (500 MHz, CDCl3) § 0.730 (t, J = 12.0 Hz, 2H), 1.15-1.85
(m, 23H), 2.01-3.7 (m, 2H), 2.95-3.05 (m, 1H); *3C NMR (125 MHz,
CDCl3) 6 22.2 (2C), 22.8 (2C), 26.2 (2C), 37.3 (2C), 42.3 (2C), 43.6
(2C), 47.0, 53.2 (2C); HRMS (ESI), m/z calcd for CisHagN, (MH")
237.2325, found 237.2321.

4.1.8. N'-(4-Chlorophenyl)-N?-(2,6-dicyclohexylpiperidin-4-yl)
oxalamide (11)

To a solution of 10 (722 mg, 3.05 mmol) in EtOH (15.0 mL) was
added ethyl 2-((4-chlorophenyl)amino)-2-oxoacetate (363 mg,
1.50 mmol) and triethylamine (0.415 mL, 3.00 mmol) and stirred
for 3 h at 150 °C under microwave irradiation. The mixture was fil-
tered and the precipitate was collected and washed with cold
EtOH, and dried under reduced pressure to provide the compound
11 (108 mg, 17% yield) as white powder.

'H NMR (500 MHz, DMSO) § 1.12-1.91 (br, 24H), 4.02-4.07 (m,
1H), 7.42 (d, f = 9.00 Hz, 2H), 7.84 (d, ] = 9.00 Hz, 2H), 8.76 (br, 1H),
9.25 (s, TH); 13C NMR (125 MHz, CDCls) 6 22.1 (2C), 22.7 (2C), 26.0
(2C), 37.2 (2C), 42.5 (2C), 429 (2C), 43.6, 52.7 (2C), 120.9 (2C),
129.3 (2C), 130.4, 135.0, 157.6, 158.8; HRMS (ESI), m/z calcd for
Cy3H33CIN;0, (MH') 418.2256, found 418.2261.

4.1.9. N'-(4-Chlorophenyl)-N*-(4-fluorophenyl)oxalamide (14)

To a solution of the ethyl 2-((4-chlorophenyl)amino)-2-oxoace-
tate (1.21g, 5.00mmol) in EtOH (25.0 mL) were added Et3N
(1.38 mL, 10.0 mmol) and 4-fluoroaniline 12 (1.44 mL, 15.0 mimol).
The reaction mixture was stirred for 3 h at 150 °C under micro-
wave irradiation. After being cooled to room temperature, the crys-
tal was collected and washed with cold EtOH and n-hexane, and
dried under reduced pressure to provide the compound 14
(601 mg, 41% yield) as colorless crystals. Compounds 15 and 16
were similarly synthesized.

TH NMR (500 MHz, CDCl3) 6 7.07-7.14 (m, 2H), 7.35-7.40 (m,
2H), 7.59-7.63 (m, 4H), 9.29 (s, 1H), 933 (s, 1H); 3C NMR
(125 MHz, DMSO) 5 115.8 (d, J=22.5 Hz, 2C), 122.5 (2C), 122.8
(d, J=7.5 Hz, 2C), 128.8, 129.1 (2C), 1344, 137.1, 158.3, 158.9 (d,
J=425Hz), 160.2; HRMS (ESI), m/z calcd for C;4H;;CIFN,0,
{MH™) 293.0488, found 293.0485.

4.1.10. N'-(4-Chlorophenyl)-N-(2-(pyridin-2-yl)ethyl)
oxalamide (17)

To a solution of the ethyl 2-((4-chlorophenyl)amino}-2-oxoace-
tate (726.3 mg, 3.00 mmol) in EtOH (10.0 mL) were added Et;N
(0.831mL, 6.00mmol) and 2-(pyridin-2-yl)ethanamine 14
(1.07 mL, 9.00 mmol). The reaction mixture was stirred for 3 h at
150 °C under microwave irradiation. After being cooled to room
temperature, the crystal was collected and washed with cold EtOH
and n-hexane, and dried under reduced pressure to provide the title
compound 17 (336 mg, 37% yield) as colorless crystals.

TH NMR (500 MHz, CDCl5) 6 3.08 (t, J = 6.50 Hz, 2H), 3.82 (q,
J=6.50Hz, 2H), 7.12-7.21 (m, 2H), 7.30-7.37 (m, 2H),7.54-7.66
(m 3H), 8.40 (s, 1H), 8.60 (d, J=5.00 Hz, 1H), 9.26 (s, 1H); 13C
NMR (125 MHz, CDCl3) 6 36.5, 39.0, 121.0 (2C), 121.8, 1234,
129.2 (2C), 130.3, 135.1, 136.7, 149.5, 157.5, 158.6, 159.6; HRMS
(ESI), m/z calcd for CysH15CIN30, (MH*) 304.0847, found 304.0850.

4.2. Molecular modeling

The structures of compounds 11 and 12 were built in Sybyl and
minimized with the MMFF94 force field and partial charges.!”
Dockings were then performed using FlexSIS through its SYBYL
module, into the crystal structure of gp120 (PDB: 1RZ]).

4.3. FACS analysis

JR-FL (R5, Sub B) chronically infected PM1 cells were pre-incu-
bated with 100 uM of a CD4 mimic for 15 min, and then incubated
with an anti-HIV-1 mAb, 4C11, at 4 °C for 15 min. The cells were
washed with PBS, and fluorescein isothiocyanate (FITC)-conjugated
goat anti-human IgG antibody was used for antibody-staining.
Flow cytometry data for the binding of 4C11 (green lines, Fig. 4)
to the Env-expressing cell surface in the presence of a CD4 mimic
are shown among gated PM1 cells along with a control antibody
(anti-human CD19: black lines, Fig. 4). Data are representative of
the results from a minimum of two independent experiments.
The number at the bottom of each graph in Figure 4 shows the
mean fluorescence intensity (MFI) of the antibody 4C11.
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