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BAFZBNENER MBS (=1 IFRFFREE)
IR SRS &

HIV RADBIRIE S FREEIEN L T2 IV (4 ay—RI5EH 58

WoRERE B TR RERER KA R LEIER B

MREE AFIERRETIZ, HIV OMIERRE THIBMB S FRELIENLL T, ZhET
IFEA TN TIRD ST BEE LRI E S Wy I IN A A a o — 5 iTH T HIV
DOHILRAREFD HIV SMES L S7B L8 ERZ 7B O AEERERICEL T AHL2H
FHRICE DI ZATVN, ZOEREESWHTH HIV B AL ER O AIRRT 54 R Lz, A 22
FEREL, 15 MDD HIV AL RO ~DOBRERITE L T, BEE AR LIS F CD4 I3y
IEALFEMT DL ThRA Z2BERER A 5 UTo R BERSRENE CD4 33975475 — %A, gpl120
CEZDHEERL, MlaEES LI OHT HIV {EEEFALZ, ZORR, VPR FoERE
T3 gpl20 HEFEERBIUMREM 2L OAEMIEHIZKEFETILILEALNITL, V—F
L&Y (NBD-556) D 20D gem-PAFNEE — oD r7u~FI A EIIBRTAILT,
NBD-556 L[RAIEDOHEEFRELH L., KEELOLVB ALK HIV EML2ET55FE K
(HAR-171) DRIHIZEIIL T2, YRR 23 4EEE1T, CD4 v /b8 ko B b 2=k Lo,
a7 H—CCR5/CXR4 LOFHENERICEE 2B FIZHRS V3 loop SEIMZHMHLT- V3 loop 7
FRE)—REEaMEL T AT FRIATIFV—2EEL, L v 7 ¥ —EEIEME B IO HIV
EMZRHn LIz, ZDORER. FERNSTNOERFEFIINL, AR Ty BRF R EATA L
T.HAR-171 @ 2 ERREOH HIV {EHEBLIO 1.5 FRRED gpl20 MELHEELHT5
HAR-431 Z R L7, Fiz, X4 FERMHED ALV AD V3 loop SEIE SEDE 4 R TFREBIUNENLE
MAB DRI XYy TN_TFR Ay I AERE R T HIERRT I/ BE B AL TFRI
AT 4y 7% G L. CXCR4 FEATEMEB I OWL HIV EHEEZ AL 7=, #D#E 5. BASE, STEM, TIP
DETOFHEE S, N KL C Kz VAV T AR A TR BT FRIZBWTOREE
F 72 CXCRA FEATEME B IO HIV IEMER RNz, ZNODORKEIT, 5% 0 HIV B AR E
ELIZRIZEREDOERIZE T DL D THD, 7ok, RHUIFER R4 5 22 A0 & TE M F R
HFENEITFTHD,

A. BIREN

HBERIZEMBRSEE BT T 57 I v A
Fa O —HFERREAN AT, a2 L%

BAEHIVEGAE O b FERIEIC B W THLD
PRIRPRIE & L CHESL L T B BRI B AR
DRERE LT, BREBREIZ L 2 EECmIME
UANVAOHBRZEBZE T o5, ZhbH/M
B OMRIZIZHIVOR AN S HFICES &£
MBRREE INETLIRBERIAENLLD
TR L. BEFOBEREFBET I LERD
DEEZbND, —H, TESHFTIULEE

ZHEIZBWTHIERERAR AL ST 5,
IOXIREFRDOL L, HIVEESY X/ H
LT SN, F o D= FRET,
HIVO B b 2 A mBis % A B F 0 fEAT
L. EEMTERRTF - 5 F L VOHEE
ERE L THEMTHZ LT, MO TEELE
oD,
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HIV i3 & 7 B e b oEEMIEE
hBHrEHOX N EH  (CD4 R
CCR5/CXCR4) & ¥ AT v 7 piEEE(
AR LRV OHEFERT S Z & TREEMR
WG 5, CABFEREE TIX, HIV
BLOEEME X7 EOBEZFMLI-A
BOFEARL, Th o2 AW HIV Mg X
PNy E LR & o8 B OFEEERRE
NEWT MNP OB L, ZORICESN
BEASFRIHNT X VI HIV B AEES
DEFEE B ET 2,

B. BIRAE
[CD4 Xy rFE RO EE M REs]

FRk 22 FE PRI EfeE CD4IIy /558 R
HETE AR REREE D 7z, 2N ETOR R
b, EEBIMOIanT =) B UBRE
OB BV BIRENEYEERRICEETH
HZEBALIIL TS, £ZT, TRk 22 ED
e (] 1D 12> TRHLEZ HAR-171 2)—
Fb&mEL T, MR I MEFEE LR L

EELTOT7—NEBEL FHCDL I v
I FEREFER L, TNOILAHOEY
EVE (B HIV iEME, MIRENE, gpl20 OfFE
ZALFEERE) & FHE L7z,

CD4 I3/ FHE RO A TS M ERER

ARRR FEE 38 L O HIV IEHHEIZ DUV T WST-8
Ty AICLLFFMEIT > 72, 96 well
round-bottom micro culture plate {ZT, & CD4 33
Y HEBFETEIEFET T MaET
B CITMERYED PM1/CCRS Al 3x10° cells %,
P HIV-1 {EHERBR T 200 TCID50 DY AL A%
REYLI 7z PMI/CCRS MR 7213 TZM-bl HiAE
3x10° cells # 37 °C T T 5 HREEERL:, 2hE
o well 225 100 mL DFRIREZRVERX.
WST-8

(2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium mo-
nosodium salt) & 10 mL Zh0x, 37°C T3 BF
FlAFaX—k Tz, v /7a7 L —F ) —&—|T
TRIEE (450 nm) ZREL T, MROAEFRE
BHLE,

\>< ) Asp36e electrostatic interaction
Vala30 Trp427 H ¢ NH) N‘ ..............................
H : CCsp = 51y
cl 0 3 ’ .
Metd26  Val420 ; o
Ser37s {Csg = 0.90 uM
CCsp = 35 uM

Flex-SIS module of
SYBYL7.1

(Tripos, St. Louis)

hydrophobic interaction

; - J :
] i N i
: H 9 NH s :
1 ¥ N i
: N N . J‘I\ . ,
' H o N NHz CCso =42 uM ¢
L cl o P ;

HAR-171 P
IC50 =0.56 UM, CCp =120 uM |

L 3
E /O\{ NH; CCsq = 310 uM 2
: .
v § :

; NH

L

I

NHz CCag = 72 uM

‘Cf}(} = 5.6~11 }{M

1. Rk 22 FEEDOMFEOME

-2
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gp120 #EEE L L BE DR

HIV-1 (ZHEF Y SE72 PMI HIBE 1x10° cells
% . FACS buffer (PBS; 2% BSA, 0.2% azide, pH
7.2) HITEWT CD4 IIv7FER 100 uM 77
E T E721% 1sCD4 0.5 ug/mL FFAE F T 4 °C F.
15 B LIZOB, CD4i Fifk 4C11 (KRIERE
3.4 -6.7 pg/mL) Mz T4°C T T30 R
L7z, ¥72. 4C11 OfRHYIZ 8D11 &Nz /- Mk %
avba— e U, O (4 °C, 1200 rpm, 3 4
). EiEZEREL, FACS buffer THIfAZ —[EIYE
#L7-, £ZIZ fluorescein isothiocyanate (FITC)
A ST P X HEIEN oG FuikE Nz, 4 °C
T T304 M AL ., FACS buffer THIREZ —[EI%E
WL, 72, B E k&K (PBS;, 2%
paraformaldehyde) Z/ % , 4 °C FC 30 4> EE
{bL7=D% | FACS buffer CHIAEE B LI,
D%, 7ua—HARAN)— (FACSCalibur, BD)
WZCRIEZ 2 BILL E{To77,

[V3 loop fEIRZ L 72 V3 loop I3y 7D ANIHL]

HIV & =2 B 618 ERI~OBREfEIT S L
T, a7 7—LOMEFERICEER&EIZHE
5 V3 loop fEIZHEMHL 7= V3 loop X7 F K%Y
—NEEMEL T, MO XTFRIAT TV — %1
EL ., VANARRTOIL T F — DR %
1TV, CXCR4 AT HEEFHEL 72,

['®I1-SDF-1 alZ &5 CXCR4 A THEE8R

el T HIRRESRD Jurkat FEAEZE VLR (1000
pm, 5 min.) L7c#% ., EELEZREL, ILEL
AHRRIZ S & E5R A buffer (RPMI; 20 % HEPES,

0.5% BSA) % 5x10° cell/120 pL 127251510 .

NP AXRF =72 120 pL Fo0EL.
MBELIET TN EMIEIR (FRBRE 10
puM) 15 pl, SDF-1a/CXCLI2 (FRIBE 1 pM)
buffer 15 pL. 10% DMSO % & et & EBR A
buffer 15 pL ##NENIZ, 2 TOV TN
B RN AAZE S 72 CXCRE DRRVA R

THA[1]-SDF-1a/CXCL12 ({<IEEE 0.5 nM) 15
puL ZHIL, K ET 1 h A FaX—k 7z, £
Fa_X—FE T, oil cushion A oil (olive
oil:dibutyl phthalate = 1:4, v/v) 500 pL Z/NZ ., &=
D UERE (4 °C, 14000 rpm, 2 min) L7z, KJEBX
CHBEEBRELLE, Ly b ONTNEF 22—
TOEEONVELL ., RIA wbe T AN T
gamma-counter THIETHZET, HLAH DR
BIEMEA T L7,

(fREE~DEK)
EREWICKIT B EE EORBIZE L
T, BAZNESHEIC L 28 EROEY 2 E
FEIZANT =T A R T A R ONEAE S @ DT
ET 5 EMBEICR T 2B ERS OENRIC
B9 2 EAfR &2 B (085 LT, ERETE %
MEITHRE L ECRER/NNEO EREY &
AW TR ERE EhE L7z,

C. TR
[{E53-FCD4 3 2 v 7 OfEEIEIEAR IR E]
SRR 22 B R L7 NBD-556 O &2
DUBRD gem-¥ A FVEE K E RBUKMEE BE
EThrvrsue~x Vv EIT@HRL -
HAR-171 2V — FMbE&®H L LT, HiEIEHERE
Bt s S LB Lz, ThE TOREE
PEFRRERTZES K OB EIC LD Ny o0
vall—va ik, FEREAMIL Val2ss
R Ser375 & OBUKERMAEIERSCATERBAICK
LHEMERABRBEINTEY, Zhb L3h=R
E<HEERTZ L IcEA a~T o BFR
BREZEE LI LEMREOR B L OERK
L7z (B3), £z, BER/ I OBHREIC
Mz, BFERAZMICA~T BT EEA LT
fbEwREELHETAERLE (K4, &bi2Z
NofbEMmizy 7o~ U VEZEA Lk
AELETER L,
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H,;CO
2. BFERNIMITEL DBEBREZG AL
{b&wRE

F cl Me
§ g §
H3C/©/ H30/©/ H30/©/
F cl Br

3. FEBRASIMBRLUAZ LR 4 DEWRE
BEALTALE WRE

AIEEFH ORE R, FER A TALOHEE
FBFICMz., AZMC7 v RREFEEATS
Z & T, HAR-171 (IC50=0.43 M) @ 2 {5
REOH HIVIEHR L O 1.5 F2E O gp120
BEELFEREE AT 5 HAR431 ZRAHL
7z (ICs0=0.23 pM) (K 4), F7z., FEHEN
SAEOBBRFEATFNVEICERL, X ZAL
W7 v RBRTEEALLFHER HAR-427 b
FARICBRE 729t HIV &M% R L (ICs0 = 0.54
uM) | gp120 HEELFERRE 2 HERF L TU e,
512, HFETFY AT X BT BTV,

CD433v71% gp120 ™ Phe43 cavity TfED 6
B o7/ B (Val255, Asp368. Ser375 .
Met426, Trp427. Val430) LOEAEERNE
BETHLIEEHLNIL,

H (0] NH
o
X O
Y

HAR-171 (X = Cl, Y = H)
HAR-427 (X = Me, Y = F)
HAR-431 (X =Cl, Y = F)

4, BREREYNENEYE TS CD43IZv

[V3 loop fEIRZHAL 7= V3 loop IIv7 DA ]

V3loop I 1) PANVTARIEEEE LY FEITS
$H> base fENK. 2) WEMICTABENSEGW
stem FEIK, 3) BEIRTFIN tip BB 3
DDTFT A MIBIT B, base FEBIT=aL &
7H—0 N KimEtHAEAERAL, tip BEL stem
FERII=ZL S F—D body CABEERATHZL
PRBEN TS (K 5), 22T, X4 fEmtky
ANWVAD V3 loop FEIKHRDE /T _TFRBEX
DENLERB B DR T vy T NRTFR A~
Vo ZAEE R BT HIRATIVBEEA
LIz _XTFRIAT w72 GH LT (H6),

TIP
Scignce 31 7:71930 {2007)
aLETE—EEEAEER = TERTELTEE (GPGR)

R5 apa) -
CTRPNNNTRKSIHIGPGRAFYTTGENGDIRQAHC

X4 oy :
CTRPNYNKRKRIHIGPGRAFYTTKNIGTIRQAHC

5. V3 loop fEIkDOHEE



Lo
V3 ioop U T FF
R T e 1 I N

a: @

V3 Ioopﬂﬂiw

&

V3 looplab 7 E—DRFLRANTHOHRE % REXORE
(D4 W ARG LA B A TOHIVERI B A0 24

?TRPNYNKRKRIHIGPGR

PR
S

& A
H(AIL)QRITGIINKTTYFA
TOZP29

O
H

X 6. V3 loop I3 D AIHL

CXCR4 ORRVATRTHD SDF-1a LD
ARREEBRICE->T CXCR4 FEATEMELIHEL
LA BT FROVry TN TF R
EEAETEWERERPSTZDOIZH L, base,
stem, tip D& TOFEIRE G H, N Kike C Kk
BUANTARREE TRILLIZBIRXTFR
TOZP-022 2B\ THEE 2 CXCRAFEATE A
Rz, EBIZ, V3 loop D C KFFD~V w7 A
WEZIVBEICHRTL720I1C 33 ZEBO
TI=BFERRTIVBETHD-TI/ AT H
VB (Aib) IZE#L7Z~TFK TOZP-029 T
13X CXCRAFEEVEEN M B3 2225
77

D. &%

FERR 22 SEEE B OREFEL AR EfIE L
'H CD4 Opea =Ko 73 CD4 vy
DREEFE AR I LY, V— N b E e F%
DIEELFFEEL AL, (KRB SBTERR
HIV &4 F 35 HAR-171 X HAR-427 & R
HL., SOROEEREICEY HAR-171 0 215

SR )25t HIV &4 H 45 HAR-431 & R,
H9 ZLITRB L7z, HAR-427 33X HAR-431
TIEAFNLD 7 vy R T OE AN FA B
LOLHESND, HFETFVTITLAVH VR
BEMNLR LR EAE AR O, AZALD
7RI gpl120 @ Ser375 DK EREEITE
BELTnaborEZOND, T2, INOHER
ITERER gp120 OHMERLFERIELZAL TS
ZEpb, AARLDT7 Yy RIEFOEANITH HIV 1%
T TR 2 DEYIEHIC TS THZEDR
mahi,

gp120 @ V3 loop R L 72 V3 loop
v 7 ORIBFFE T, V3 loop @ base, stem,
tip 72 EDFHG T F 2N b A EHE
7oy % v 7T F FTIE, CXCR4 WEATEME
BIUOH HIV EEEZRE 2> 20K L,
ETOHENEZ S LRIRTF N Tl CXCR4 #
BEMRR OGN E0vb, V3 loop fEIE =
Ve 7S —OMAEERIERTF ROESITZT
TRBENRERNRKRE NI L3RS H
Too EBIT, CERIDANY v 7 ABELZFHLT
L7l Aib ZEA LT F FIZBWT,
CXCR4 EEERmMELZZ 6 E V3
loop DIFEENEETHAHZ L EZRELTWVWA,
F 72, V3loop DIRTFEILTH 5 GPGR Ee% %
BT F Fid CXCRA FEBTEME 2 e L
TWRNo T Z EREICR RN TF FiEE
DEZEMN G, GPGR BLFIIX V3 loop fEI DR
BEORFICHEEREREZRZLTWVWAZ &
R LT3,

E. #&M

HIV OHaEBA DB —BRETh 5 gpl20 &
CD4 OMHAERABEROMTZ BRI E LT,
gpl20 DHHER(LEZFHET S CD4 I3 v 7
FEARD S &7 HEERBELE1TV, Ak 22
FEICHEREONAHLEZ HAR- 171 JEbiZ
RS HIVIEHAHE 35 HAR-431 # RHL



B 3

77o £i-, 2L & 7% —CCR5/CXCR4 LDIEEAE
TERICEE2&E%H5 V3 loop SEBAIEML
72 V3 loop 7 DAIRBFFEIZIT, V3 loop
L a7 —OHEERKRRE L FE
IRV 5 Z & T, TOZP-029 ZR.HL,
BB 720 Tl EDEEHREZHA L MIT L,
NS ORERITES %O HIV RAREH OB
FERICBWT, BEEZEBNMREZEZD
LorBbns,

F. &

oA NAEEORIEERS L Vgpl20 G
EALFEEOFTFMIZBIL T, BARAKRFZARE
WFFeer 7 —, BERTARESER (BRE R
WP A X 2—E—= -2R). B H
EEELIC, BHEICARY L, E<HILE
LETFET,
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LRUE gpl20 OEER LT RE MUK
45F CD4 Iy DRIRIFFR. B AEZRE
131 €£4 (thik). #[E, 2011 43 H 28-31 A.
BIEE IR, ERERM. /X VY AEOEE
BB (LB m LU EEEEHEENE. BA
IO 131 £4 (k). #6, 2011 4 3
A 28-31 H.
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Introduction

Development of new anti-HIV drugs such as protease inhibitors and integrase inhibitors has
contributed to highly active anti-retroviral therapy (HAART) for AIDS. We have also
developed several anti-HIV agents including CXCR4 antagonists [1], CD4 mimics [2] and
integrase inhinitors [3]. Although practically useful drugs have been discovered, the antibody
therapy is still a promising and desirable treatment. To develop effective HIV vaccines, artificial
antigen molecules have been synthesized based on HIV-1 envelope proteins such as gp120 and
gp41. Gp41 plays a pivotal role in the membrane fusion process of HIV-1 infection, and is
divided by the N-terminal helix region (N36) and the C-terminal helix region (C34) In the
membrane fusion process, a six-helical bundle structure of gp41 is formed, which consists of a
trimeric coiled-coil of N36 surrounded by three strands of C34 in an antlparallel fashion. Thus,
it suggests that antibodies, which recognize the N36 trimer and the C34 trimer, might block
HIV-1-entry.

Results and Discussion

Initially, to construct an N36 trimer mimic, three strands of the N36 peptides were assembled on
a C3-symmetric template with three equivalent linkers by thiazolidine ligation [4] for
chemoselective coupling of an N-terminal Cys-containing unprotected N36 peptide with an
aldehyde scaffold-containing three arms (Figure 1) [5]. Sera produced by immunization of the
synthetic N36 trimer antigen showed structural preference in binding to the N36 trimer
(Figure 2) and higher potent neutralizing activity, compared to sera produced by the N36
monomer immunization. As anti-HIV peptides, the N36 trimer and monomer showed modest
inhibitory activity, and the trimer is three times more potent than the monomer. Next, to
construct a C34 trimer mimic, three strands of the C34 peptides were assembled on another
C3-symmetric template with three equivalent linkers by native chemical ligation for
chemoselective coupling of a C-terminal-thioester-containing unprotected C34 peptide with
Cys-containing three arms. Sera produced by immunization of the synthetic C34 trimer antigen
showed structural preference in binding to the C34 trimer and higher potent neutralizing
activity, compared to sera produced by the C34 monomer immunization. It is noteworthy that as

O G
. NH\ S N36 monomer
Hiyds is,;t}fg gdkn’»‘o’\"”“f)"g’“ 200 mM acetate buffer, pH 5.2

structure . [0 Sl

og’ Ligation site 20% TFE, TCEP .

. C3-symmetric N36 trimer
" template

Fig. 1. Synthesis of an N36 trimer assembled on a C3-symmetric template.
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anti-HIV peptides, the C34 trimer and monomer showed high inhibitory activity, and that the
trimer is 100 times more potent than the monomer (ECs, (C34 trimer) = 1.30 nM, ECs, (C34
monomer) = 124 nM). The C-region of gp41 such as C34 is known to be critical as fusion
inhibitors, and enfuvirtide (Trimeris/Roche) is cross to the C-region. Thus, it can be explained
that these C34 monomer and trimer have potent fusion inhibitory activity, but it is difficult to
explain the reason for the higher inhibitory activity of the C34 trimer relative to that of the
monomer. The elucidation of the detailed action mechanism of the C34 trimer as a fusion
inhibitor will be the subject of our future study. There are two advantages in the design of
inhibitors and vaccines: The exposed timing of epitopes of the helical region trimers is limited

trimer / trimer trimer / monomer
i 3 = ~1W
@ " m 1w
8 2 2 & 2w
= vo3wW
g 1 @ 4w
[»] o W
2
q: 0 . ovener . S . i 2 o= el
104 104 10 107 10" 10 10+ 10 10+ 10
" serum dilution serum dilution

Fig. 2. Results of serum titer ELISA of antisera collected during immunization (from one week
before start to five weeks after immunization start) to determine the immunogenicity of
designed antigens. The titers were evaluated as followings, antiserum against the N36 trimer
binding to the N36 trimer (left) and to the N36 monomer (vight).

in the fusion step, and carbohydrates are not included in the amino acid residues of the regions.
Burton’s group reported the importance of antibody recognition for the trimer form of surface
proteins, suggesting the trimer-specific antibodies show broad and potent neutralization [6]. The
N36 and C34 trimer-form specific antibodies produced in this study could also obtain the
corresponding properties. The elucidation of antibody-producing mechanisms and epitope
recognition mode of induced antibodies will be addressed in our future studies. The designs of
antigens and inhibitors targeting the dynamic supramolecular mechanism of HIV-1 fusion will
be useful for AIDS vaccines and anti-HIV agents.
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Introduction

The chemokine receptor CXCR4 is a membrane protein belonging to the family of G protein-
coupled receptors (GPCRs), which are attractive drug targets involving 40% of commercially
available drugs. It has been difficult, however, to obtain structural information pertaining to
GPCR which is required for drug development. Recent studies have indicated a pivotal role for
homo- and hetero-oligomerization of CXCR4 in cancer metastasis and the significance of
oligomeric forms of GPCR has been gaining acceptance [1]. In this study, we designed and
synthesized novel CXCR4 bivalent ligands consisting of two molecules of [cyclo(-D-Tyr-Arg-
Arg-Nal-D-Cys-)] (Nal = L-3-(2-naphthyl)alanine) an FC131 analogue [2,3], connected by a
poly-L-proline or a PEGylated poly-L-proline linker. Our bivalent ligands with linkers of
various lengths were used to determine the distance between two binding sites of ligands
consisting of CXCR4 dimers. This approach will expand the utility of the polyproline helix in
elucidation of biologically important questions concerning GPCRs. Moreover, by obtaining
specificity for the dimeric form of receptors, fluorescent labeling of the ligands would produce a
molecular probe specific for oligomerized receptors in cancer diagnosis.

Results and Discussion

Acetamide-capped FC131 (2), in which Gly was replaced by D-Cys and the molecule was
capped with an acetamide group, was synthesized as a monomer unit of the ligand (Figure 1).
Although this substitution causes 2-fold decrease in binding to CXCR4, the binding affinity is
still adequate for analyses. In conjugation reaction, the compound 1 was mixed with various
proline linkers in ratio of 2:1 in a buffer solution. Poly-L-proline helices are known to maintain
a length of 0.9 nm per turn [4]. In this study, polyproline helices covering 2-8 nm of length, and
a PEGylated polyproline-type linker covering the same range of length and owing to the PEG
moiety, flexible at both ends, were synthesized (Figure 1). The binding affinities of the synthetic
ligands were evaluated in a competitive binding assay against ["“I|SDF-10. as reported
previously [3] (Table 1). It is known [5] that the binding affinities of bivalent GPCR ligands
depend on the linker lengths and the binding assay in this study also showed that the binding of
bivalent ligands is clearly dependent on the linker lengths. The ligands with the highest affinity
in two types of linkers were 20-prolines (8) and 12-prolines-PEG (14). As monomer controls,
FC131 with 6-proline (17) or PEG linker (18), acetylated at the other end were prepared. In
comparison with controls, 8 and 14 showed a 7.3- and 21.2-fold increase of binding affinity,
respectively. The results indicate successful bivalent binding of ligands, which has been known
to be responsible for an increase in binding affinity. It is of interest that the maximum increase
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Fig. 1. Design of bivalent ligands against CXCR4 chemokine receptor. As CXCR4 binding
moiety, D-Cys FCI131, (R=H, 1) and acetamide-capped FC131 (R=CH,CONH, 2) were
prepared (a). Two kinds of linkers, poly-L-proline (b, 3-10) and PEG-conjugated poly-L-
proline (c, 11-16), with CXCR4 binding moieties on both ends (shown as ovals).
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Table 1. Results of binding assay of ligands by ['*’I]SDF-1a competition assay

. linker Ki linker
Entry Ki(nM)  yopath (nm) Entry (nM)  length (nm)

FC131 315 - 10 (27pro FC131b) 458 8.1
2 (Acetamide FC131) 53.4 - 11 (3proPEG FC131b) 872 3.8
3 (6pro FC131b) 512 18 12 (6proPEG FC131b) 456 47
4 (9pro FC131b) 454 27 13 (9proPEG FC131b) 17.8 5.6
5 (12pro FC131b) 64.4 3.6 14 (12proPEG FC131b) 13.9 6.5
6 (15pro FC131b) 59.5 45 15 (15proPEG FC131b) 493 74
7 (18pro FC131b) 13.2 54 16 (18proPEG FC131b) 833 83
8 (20pro FC131b) 9.9 6 17 (Ac6pro FC131) 72 -

9 (23pro FC131b) 25 6.9 18 (AcPEG FC131) 294 .

in binding was observed for linkers of similar length (ca. 5.5-6.5 nm). Molecular modeling
studies of the binding site of FC131 suggest that amino acids in transmembrane 7 are important
for FC131 binding. Utilizing the rhodopsin structure, it was revealed that in TM4-5 assembly
form the distance between ligand binding sites is 5.3 nm. The changes in binding affinity are
relatively moderate and the existence of different assembly forms is possible but a majority of
the population should be the TM4-5 assembly form. A hypothesis was derived from the
increased binding of linkers of the appropriate length that such ligands could be applied as
probes specific for CXCR4 on the cell surface as the receptors are overexpressed in several
kinds of malignant cells and that the dimer formation of the receptor should depend on the
expression level. Accordingly, compound 7, labeled with tetramethylrhodamine (TAMRA-
labeled 7) (19), was synthesized and tested for CXCR4 imaging. To obtain merge images of
CXCR4 and ligands, the EGFP gene was fused to C-terminal of the CXCR4 gene and the
plasmid containing the gene was transiently transfected. The increase in binding affinity of the
bivalent ligand was clearly reflected in the imaging of CXCR4 receptors on the cell surface.
When TAMRA-labeled 17 (20) was utilized as a monomer ligand, only a trace of bindig was
observed. Additionally, binding to mock HeLa cells was not observed for either ligand. To
assess further the binding specificity of bivalent a) b)

ligands to CXCR4 expressed on the cell surface, 05 o
FACS analysis utilizing Jurkat cells was
performed. In the bivalent ligand binding, the il
MFI changes from 12.34 to 18.86. It is of '« “1

interest that bivalent ligand showed clear *° = f _— k

|
z

difference from monomer binding, in which the
MFI was 13.29 at 25 nM (Figure 2) [6].

Our approach has the advantages that the P :
ligand can directly capture dimeric forms of oL s T
GPCRs and the linkers can be applied to  Fig 2. Flow cytometric analysis for CXCR4
virtually any known GPCR  receptors.  binding of 19 and 20 to Jurkat cells. Each
Information from such analysis could offer a  panel shows binding of 19 (a) and 20 (b).
consensus to the confroversial currently control MFI: 12.34, Dimer (19) MFI:
unsolved mechanisms. 18.86, Monomer (20) MFI: 13.29.
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New tag-probe pairs based on leucine zipper peptides
for labeling target proteins have been developed. These
consist of an o-helical probe peptide with an
environmental-sensitive fluorescent dye and two
antiparallel a-helical tag peptides. Here, the pairs were
applied to the fluorescent imaging of CXCRA4.

Keywords: CXCR4; fluorescent dye; leucine zipper; protein
imaging; tag-probe

Introduction

Practical techniques of protein imaging via functional
peptide tags are useful in the field of proteome and
chemical biology. A novel fluorescent changeable
tag-probe system based on the artificial leucine zipper
peptides, designated a ZIP tag-probe pair, has been
developed for labeling target proteins.> The design of ZIP
tag-probe pairs is based on the crystal structure of an
antiparallel coiled-coil trimer of a GCN4 mutant. The
probe peptide is an @-helical peptide with an
environmentally sensitive fluorescent dye,
4-nitrobenzo-2-oxa-1,3-diazole (NBD). Tag peptides are
designed as antiparallel 2¢-helical peptides linked vig a
loop sequence (Fig. 1). It is thought that hydrophobic cores
of leucine zipper peptides can form hydrophobic pockets in
which small organic molecules such as fluorescent dyes
can be located. Furthermore, selective binding of
environmentally sensitive fluorescent dyes to these pockets
inside the leucine zipper assembly induces colorimetric
changes from dark and weak vyellow to bright and strong
green, and enhances their flucrescence intensity. Here, the
ZIP tag-probe system was applied to the fluorescent
imaging of ZIP tag-fused proteins on the surface of living
cells.

Results and Discussion

CXCR4 was chosen as a model protein in living cells.
CXCR4 is one of the 7-transmembrane G-protein coupled
receptors, a member of a chemokine receptor family. The
tag is genetically fused at the N-terminus of CXCR4. The
tag-fused CXCR4 is transiently expressed on the surface of
CHO-KI cells and double labeling experiments of the
tag-fused CXCR4 using a fluorescent CXCR4 antagonist
with a tetramethylrhodamine (TAMRA)” and the probe
peptide with the NBD dye were performed. As a result. the
tag-fused CXCR4 was specifically stained with red

fluorescence by the TAMRA-appended CXCR4 antagonist.

A —ALEKELE ALEKEZE ALEKELA

———— G GCGG 7
B acWG-ALKKELE AYKKELE ALKKELA —
C AcALKKKLE ALKKKXE ALKKKLA-NH2

' Fig. 1. The design and structure of the ZIP tag«}arobe pair

based on ihree sirand leucine zipper peptides. X =
Dap(NBD), Y = Z = Ala, Dap = i-0-2,3-diaminopropionic
acid, NBD = 4-nitrobenzo-2-oxa-1, 3-diazole.

Then, the sequential labeling of the tag-fused CXCR4
using the probe peptide was performed. Without removal
of the probe peptide, a bright green fluorescence was
observed on the surface of cells in the presence of the
excess probe peptide. Since the fluorescence due to the
TAMRA-appended CXCR4 antagonist was also observed,
the binding events between the tag and the probe peptide,
and between CXCR4 and the TAMRA-appended CXCR4
antagonist are independent each other. The fluorescence
image of the probe peptide was closely merged with that of
the TAMRA-appended CXCR4 antagonist. These results
suggest that CXCR4 can be successfully visualized using
the ZIP tag-probe system without removal of excess probe
molecules. This ZIP tag-probe system is consequently a
useful fluorescent imaging tool for proteins in living cells.
The authors deeply thank Prof. K. Akiyoshi, Kyoto
University, for our access to a confocal microscope.
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Novel CXCR4 bivalent ligands which linked two FC131
analogues with rigid linkers were designed and
synthesized. The binding of the bivalent ligands showed
that the dimer of CXCR4 could be formed by TM4-5
assembly. This bivalent ligand approach could be
useful for elucidation of GPCR functions.

Keywords: bivalent; CXCR4; FC131; linker; proline

Introduction

The chemokine receptor CXCR4 is a membrane protein
belonging to the family of G protein-coupled recepiors
(GPCR), which is an attractive drug target. It has been
difficult however to obtain structural information
pertaining to GPCR  which is necessary for drug
development. In this study, we designed and synthesized
novel CXCR4 bivalent ligands consisting of two molecules
of an FC131 . analogue [evelo(-D-Tyr-Arg-Arg-Nal-D-Cys
-)] (Nal = L-3-(2- naphthyl)alanine, 1), connected by a
poly-L—proline or a PEGylated poly-L-proline linker.
Poly-L-prolines have been utilized as rigid linkers. Our
bivalent ligands with linkers of various length were used to
determine the distance between two binding sites of
ligands consisting of CXCR4 dimers.

Results and Discussion

In this study, polyproline helices covering 2-8 nm of
length, and a PEGylated polyproline-type linker covering
the same range of length having both flexible ends owing
to the PEG moiety were synthesized (Fig. 1). The binding
affinity of the synthetic ligands was evaluated in a
competitwe binding assay against ['“I1]SDF-1c as reported
previously.” The ligands with the highest affinity in two
types of linkers were 18&-prolines ('7, K=13.2 nM) and
9-prolines-PEG (13, K=17.8 nM). In comparison with
monomer controls, 7 and 13 showed 5- and 17-fold
increases of binding affinity, respectively.

It is of interest that the maximum increase in binding
was observed for linkers of similar length (ca. 5.5-6.5 nm).
In the dimer state of CXCR4 there could be some forms.
These forms have different distances between the binding
pockets of ligands. Utilizing the rhodopsin structure, it was
revealed that in TM4-5 assembly form the distance
between ligand binding sites is 5.3 nm.

Hyp sotheses were derived from the increased binding of
linkers of the appropriate length that such ligands could be
applied as probes specific for CXCR4 on the cell surface

Fig. 1. Design of bivalent ligands against CXCR4 chem
receptor. As CXCR4 binding moieties, b-Cys FC131, (R
1) and acetamide-capped FC131 (R = CH,CONH,, 2)°
prepared (a). Two kinds of linkers, poly-L-proline (b,
n=6, 8, 12, 15, 18, 20, 23, and 27) and PEG-conju
poly-L-proline (c, 11-16, m=3, 6, 9, 12, 15, and 18
CXCR4 binding moieties on both ends were prep
(shown as circles). As monomer binding ligands with |
AcBpro FC131 (17, d, upper), and AcPEG FC131
lower) were synthesized.

as the receptors are overexpressed in several kind
malignant cells and that the dimer formation o
receptor should depend on the expression I
Accordingly, compound 7, labeled
tetramethylrhodamine (TAMRA-labeled 7
synthesized and tested for CXCR4 imaging. To ob
merge images of CXCR4 and ligands, the EGFP gen
fused to C-terminal of the CXCR4 gene and the pla;
containing the gene was transiently transfected.
increase in binding affinity of the bivalent ligan
clearly reflected in the imaging of CXCR4 receptors ¢
cell surface. When TAMRA-labeled 17 was utilized
monomer ligand, only a trace of bindig was observe
assess further the binding specificity of bivalent ligal
CXCR4 expressed on the cell surface, FACS an
utilizing Jurkat cells was performed. It is of intere
bivalent ligand showed clear difference from moj
binding.
In summary. we have presented experimental I
concerning the native state of the CXCR4 dimer uti
the bivalent ligands.
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