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Abstract: As platforms for the design of metal-based therapeutic and diagnostic agents, macrocycles are
rigid enough to provide strong metal binding sites and orient functional groups stereoselectively, yet flexible
enough to accommodate structural changes required for induced-fit recognition of biological targets. We
consider the recognition of the Zn(Il) complex of the bis-tetraazamacrocycle xylyl-bicyclam, a potent anti-
HIV agent, by the coreceptor CXCR4, a G-protein-coupled receptor used by HIV for membrane fusion and
cell entry. NMR studies show that the macrocycles of Zn(ll),—xylyl-bicyclam perchlorate exist in aqueous
solution as two major configurations, trans-I (nitrogen chirality R,S,R,S), and trans-Ill (S,S,R,R). Acetate
addition induced a major structural change. X-ray crystallography shows that the acetate complex contains
the unusual cis-V cyclam configuration (R,R,R,R and folded) with bidentate coordination of acetate to Zn(ll)
plus second-coordination-sphere double H-bond formation between diagonal NH protons on the opposite
cyclam face and acetate carboxylate oxygens. Detailed 1D and 2D NMR studies show that the major
configuration of Zn(ll),—xylyl-bicyclam acetate in aqueous solution is cis-V/trans-l. Molecular modeling shows
that an analogous cis-V site can be formed when Zn(ll),—xylyl-bicyclam binds to CXCR4, involving the
carboxylate groups of Asp262 (Zn(ll) coordination) and Glu288 (double H-bonding). The second cyclam
can adopt the trans-l (or trans-lll) configuration with Zn(ll) binding to Aspl71. These interactions are
consistent with the known structure—activity relationships for bicyclam anti-HIV activity and receptor mutation.
Consideration of the anti-HIV activity of xylyl-bicyclam complexes of other metal ions suggests that affinity
for carboxylates, configurational flexibility, and kinetic factors may all play roles in receptor recognition.
For example, Pd(ll) cyclam complexes interact only weakly with axial ligands and are inflexible and inactive,
whereas Co(lll) cyclams bind carboxylates strongly, are configurationally flexible, and yet have low activity.
Our findings should aid the design of new generations of active macrocycles including highly specific
chemokine receptor antagonists.

Introduction Here we consider the encoding and read-out of molecular
Metal complexes are attractive for drug dedignbecause information contained in metal complexes of cycfh4,8,11-
there is a rich diversity of ways of encoding both structural tetraazacyclotetradecane). Cyclams are of interest in fields as
(thermodynamic) and dynamic (kinetic) molecular information ~ diverse as catalysis, selective metal recovery and recycling,
that can subsequently be read out and processed at the site g¥ensors, and therapy and diagnds®ere is current medical
action. Static information can be encoded in the metal, its interest in the drug AMD3100, a bicyclam containing two
oxidation state, coordination number, coordination geometry, cyclam units connected by p-phenylenebis(methylenep<
chelate ring conformation, and second coordination sphereXYlyl) linker (AMD3100, Xyl-bicyclam8HCI, Figure 1).
interactions (e.g., hydrophobic interactions and H-bonding). AMD3100 is in phase | clinical trials for stem cell transplanta-
Dynamic information can be encoded in processes such astion used in the treatment of patients who have cancers involving
isomerization, ligand substitution, ligand conformational changes, the blood and immune system. Itis also one of the most potent
chelate ring-opening, and inversion of coordinated atoms. With 6) van Alphen, JRec. Trar. Chim. 1937 56, 343
such high potential diversity, the major problem is to control (7) For example: (a) Shionoya, M.; Kimura, E.; litaka, .Am. Chem. Soc.

_ i ; 199Q 112 9237. (b) Kimura, E.; Bu, X.-H.; Shionoya, M.; Wada, S. J.;
Fhe read-out of th_e mqlecular. program in vivo under the Maruyama, Slnorg. Chem.1992 31, 4542. (c) Kimura, E.; Kurogi, Y.;
influence of the various interaction algorithms. Koike, T.; Shionoya, M.; litaka, YJ. Coord. Chem1993 28, 33. (d)
Kimura, E.Prog. Inorg. Chem1994 41, 443. (e) Inouye, Y.; Kanamori,
(1) Guo, Z.; Sadler, P. Angew. Chem., Int. EA.999 38, 1512. T.; Sugiyama, M.; Yoshida, T.; Koike, T.; Shionoya, M.; Enomoto, K;
(2) Articles inChem. Re. 1999 99, 2201-2842. suehiro, K.; Kimura, EAntiviral Chem. Chemotherl995 6, 337. (f)
(3) Guo, Z.; Sadler, P. Adv. Inorg. Chem200Q 49, 183. Fabbrizzi, L.; Licchelli, M.; Pallavicini, P.; Sacchi, Dsupramolecular
(4) Lehn, J.-M.Chem. Eur. J200Q 6, 2097. Chemistry2001, 13, 569. (g) Murugesan, S.; Shetty, S. J.; Srivastava, T.
(5) Funeriu, D. P.; Rissanen, K.; Lehn, J.-M.A?oc. Natl. Acad. Sci. U.S.A. S.; Noronha, O. P. D.; Samuel, A. M\ppl. Radiat. Isotope001, 55,
2001, 98, 10546. 641.
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the metal coordination number from 6 (octahedral) to 5 to 4
(square-planar), in agreement with a recent survey of X-ray
structures? It was discovered early on for Co(IHyand Ni(l1)t®
complexes that dynamic switching between configurations is
possible under the influence of external perturbations.
Cyclams are Strong Metal-Chelating AgentsThe concen-
tration of Zn(ll) in blood plasma is ca. 20M,® and Zn(ll)

Trans-l (R,S,R,S) Trans-ll (R,S,R,R} Trans-lll (S,S,R,R)

. .
< > binds strongly to cyclam (lod< 20.12)17 Taking account of
: cyclam K, values, this gives a conditional dissociation constant
) (Kg) at blood plasma pH (7.4) of ca. 0.1 pM. Since the level of
TransV(RSSR) - TransV(RRRR)  CisVIRRRR) free Zn(ll) in plasma is ca. 1 nM and the affinity of alkyl-
m substituted cyclams is likely to be even higher than for cyclam
m ZNH WS itself, it is reasonable to expect that Xyl-bicyclam can exist as
4 N1 [ j a Zn(ll) complex in vivo. An example of the recruitment of
[ j N HNT Zn(ll) by an organic drug is that of benzimidazole serine
SNHHN 1'k) protease inhibitor& and Zn(ll) is responsible for the activation

K) 2 of bacterial enterotoxif8 and anthrax lethal factdf.

_ ) ) ) The Zn(ll) complex of Xyl-bicyclam is 10 times more
Figure 1. Cyclam complexes an_d blcyclam_. Top: trans co_nflguratlons of active than AMD3100 in its interaction with the CXCR4
metaF-cyclam complexes showing the chiral N atoms with NH bonds receptor,2! and there is a close correlation between anti-HIV
pointing up or_down, together witkis-V, the_ folded form of‘transv. A p ) . ; . -

Bottom: Xyl-bicyclam, 1,1-[1,4-phenylenebis(methylene)]-bis(1,4,8,11- activity and CXCR4 interaction, decreasing in the order (as
tetraazacyclotetradecane). The octa-HCl salt is the anti-HIV drug AMD3100. perchlorate salts, except chloride complex for Co(l1)): Zn(ll)

anti-HIV agents knowhand has recently been in clinical trials ~ AMD3100 = Ni(l2 > Cu(ll)z > Co(ll)2 > Pd(ll). )
against AIDS. AMD3100 blocks entry of T-lymphotropic HIv-1 _1his has led to the suggestion that the Zn(ll) complex is an
and HIV-2 strains by specific binding to the CXCR4 coreceptor. important antagonist in vivét Particularly notable is the low

CXCR4 (receptor number 4 for natural chemotactic cytokine 2CtiVity of Co(ll)z—Xyl-bicyclam a;nd the virtual inactivity of
proteins containing a conserved Cys-X-Cys disulfide bond, € Pd(Ilk—Xyl-bicyclam complext Also, Zn—bicyclen com-

mediators of white blood cell trafficking and activation) is a plexes (cyclen= 1,4,7,10-tetraazacyclododecane, five-mem-

member of the classical G-protein-coupled receptor family of bered chelate rings) containing a xylyl linker are reported to
membrane proteins, which contain seven transmembrane heIicesEfa\;]e re('JIuced tO),('(,:'t s compared to the free macrocycle, and
G-Protein-coupled receptors are involved in the regulation of Ngh anti-HIV activity: o
nearly all physiological processes and ca. 40% of all therapeutic  OUr @im is to elucidate the nature of potential first and second
interventionsl® On binding to diffusable extracellular ligands, ~coordination sphere interactions of metal (bi)cyclam complexes
they switch to active conformations capable of interacting with With the CXCR4 receptor. Our investigations include solid-state
hundreds of G-proteins. and dynamic solution studies as well as modeling. We chose to
Figure 1 illustrates how information can be encoded in the study interactions of metal bicyclams with acetate, since there
macrocyclic frame of metal cyclam complexes. Each of the four S Strong evidencé from receptor mutagenesis studies that
metal-coordinated N atoms is chiral, and the-IN bonds lie bicyclam blocking of CXCR4 is dependent on the carboxylate
above or below the mean ligand plane, giving five possible side chains of Asp171 and Asp262 in trans-membrane helices

configurationst! The six-membered chelate rings take chair or -
. . . . (13) Donnelly, M. A.; Zimmer, M.Inorg. Chem.1999 38, 1650.
twist-boat conformations and the five-membered rings are (1) (a) Hung, Y.; Martin, L. Y.; Jackels, S. C.; Tait, A. M.; Busch, D. H.

gauche £ or 0) or eclipsed. Configurations with H atoms é?CClg‘;%gO‘%g;?Z 99, 4029. (b) Hung, Y.; Busch, D. Hl. Am Chem.
pointing in the same direction at the end of a diagonal can fold (15) (a) Anichini, A.; Fabbrizzi, L.; Paoletti, P.; Clay, R. Mhorg. Chim. Acta

i i i i 1977 24, L21. (b) Billo, E. J.Inorg. Chem 1981, 20, 4019. (c) Moore, P.;
to generate a trigonal bipyramid or a cis structure. Thus, the Sachinidis. 3 Willey . RJ. Chem. Soc.. Chern. Commile83 522.

R,R,S,Sconfiguration can form only aransdll complex, (16) May P. M. InHandbook of Metat Ligand Interactions in Biological Fluids

A ic) i i Berthon, G., Ed.; Marcel Dekker Inc.: New York, 1995; Vol. 2, p 1184.
whereadrans+V can fold tocis-V. Energy calculations on Ni(ll) (17) Moriguchi, Y.; Hashimoto, M.; Sakata, Bull. Fukuoka Uni. Educ.199Q
complexe¥ show thattranslll has the lowest energy, but 3

; B (18) Kétz, B A.; Clark, J. M.; Finer-Moore, J. S.; Jenkins, T. E.; Johnson, C.
trans| becomes more stable relativettans Il on decreasing R.: Ross. M. 3. Luong. C.: Moore, W. R Stroud, R. Mature 1998

391, 608.
(8) De Clercq, E.; Yamamoto, N.; Pauwels, R.; Baba, M.; Schols, D.; (19) Hakansson, M.; Antonsson, P.;"BjpP.; Svensson, L. AJ. Biol. Inorg.
Nakashima, H.; Balzarini, J.; Debyser, Z.; Murrer, B. A.; Schwartz, D.; Chem.2001, 6, 757.
Thornton, D.; Bridger, G.; Fricker, S.; Henson, G.; Abrams, M.; Picker, (20) Pannifer, A. D.; Wong, T. Y.; Schwarzenbacher, R.; Renatus, M.; Petosa,
D. Proc. Natl. Acad. Sci. U.S.A992 89, 5286. C.; Bienkowska, J.; Lacy, D. B.; Collier, R. J.; Park, S.; Leppla, S. H.;
(9) De Clercq, EMol. Pharmacol.200Q 57, 833. Hanna, P.; Liddington, R. Q\ature 2001, 414, 229.

(10) Teller, D. C.; Okada, T.; Behnke, C. A.; Palczewski, K.; Stenkamp, R. E. (21) EsteJ. A.; Cabrera, C.; De Clercq, E.; Struyf, S.; Van Damme, J.; Bridger,
Biochemistry2001, 40, 7761. G.; Skerlj, R. T.; Abrams, M. J.; Henson, G.; Gutierrez, A.; Clotet, B.;

(11) Bosnich, B.; Poon, C. K.; Tobe, M. Ilnorg. Chem.1965 4, 1102. Schols, D.Mol. Pharmacol.1999 55, 67.

(12) (a) Hambley, T. WJ. Chem. So¢Dalton Trans.1986 565. (b) Hambley, (22) Co(lll)—cyclam also has a very low activity: Inouye, Y.; Kanamori, T;
T. W. J. Chem. So¢.Chem. Commun1984 1228. (c) Adam, K. R.; Yoshida, T.; Bu, X.; Shionoya, M.; Koike, T.; Kimura, Biol. Pharm.
Antolovich, M.; Bridgen, L. G.; Lindoy, L. FJ. Am. Chem. Sod99], Bull. 1994 17, 243. They determined the activity order Zn(#) Ni(ll),

113 3346. (d) Adam, K. R.; Atkinson, I. M.; Antolovich, M.; Bridgen, L. Cu(ll) > cyclam> Fe(lll), Co(lll), and noted that the hexacoordinate
G.; Lindoy, L. F.J. Mol. Struct.1994 323 223. (e) Conolly, P. J.; Billo, Fe(lll) and Co(lll) complexes failed to show activity.

E. J.Inorg. Chem.1987, 26, 3224. (f) Than, V. J.; Fox, C. C.; Boeyens, (23) Inouye, Y.; Kanamori, T.; Yoshoida, T.; Kioke, T.; Shionoya, M.; Fujioka,
J. C. A;; Hancock, R. DJ. Am. Chem. Sod 984 106, 5947. (g) Adam, H.; Kimura, E.Biol. Pharm. Bull.1996 19, 456.

K. R.; Atkinson, I. A.; Lindoy, L. F.J. Mol. Struct 1996 384, 183. (h) (24) Gerlach, L. O.; Skerlj, R. T.; Bridger, G. J.; Schwartz, T.JMBiol. Chem.
Adam, K. R.; Atkinson, I. A.; Lindoy, L. FInorg. Chem 1997, 36, 480. 2001 276, 14153.
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IV and VI. Our findings provide a new basis for the improved
design of receptor-targeted macrocycles.

Experimental Section

Materials. Bz-cyclam and Xyl-bicyclam were synthesized using a
general reported method for the preparation of monosubstituted
cyclams? Zinc perchlorate, zinc acetate dihydrate, palladium acetate
(Aldrich), zinc chloride (Acros), potassium tetrachloropalladate (Alfa),
and NMR solvents deuterium oxide (Aldrich, 99.9%) and chloroform-
(Apollo, 99.8%) were used as received.

WARNING! Perchlorate salts of complexes with organic ligands
are potentially explosive and should be treated with great care. Only
small amounts were prepared in these experiments.

Syntheses. Za(Xyl-bicyclam)(CIO 4)4 (1). Bicyclam (387.1 mg, 0.77
mmol) and Zn(ClQ),-6H,0 (573.4 mg, 1.54 mmol) were stirred in
MeOH (10 mL) at 333 K for 1 h. The precipitate was filtered off and
washed with a small amount of MeOH. Yield 89%. Anal. Calcd for
C23H54N3010CI4Zn2 (%) C 3261, H 528, N 10.86. Found: C 3219,
H 5.35, N 10.22.

[Zn(Bz-cyclam)CI|CI-2.5CDCk (2). 1-Benzyl-(1,4,8,11-tetraaza-
cyclotetradecane) (Bz-cyclam, 100 mg, 0.34 mmol) and dry Z(J1
mg, 0.34 mmol) were refluxed in MeOH (20 mL) undes fér 18 h.
After cooling, diethyl ether was added to cloud point and colorless
crystals formed on standing at 277 K. Crystals suitable for X-ray
diffraction were obtained from an NMR solution in CRCI

[Zn 2(Xyl-bicyclam)(OAc),](OAc).-2CH3OH (3). Bicyclam (49.6
mg, 0.1 mmol) and Zn(OAg)(43.3 mg, 0.2 mmol) in MeOH (3 mL)
were heated under reflux for 1 h. The white powder obtained by rotary
evaporation was recrystallized by slow diffusion of diethyl ether into
a MeOH solution. Yield 58%. Anal. Calcd forzgH74NsO10Zn; (%) C
32.61, H 5.28, N 10.86. Found: C 32.19, H 5.35, N 10.22.

[Pd(cyclam)](OAc)*2H,0 (4). Pd(OAc) (236.3 mg, 1.05 mmol)
was reacted with cyclam (200.3 mg, 1 mmol) in water (100 mL) under
N2 with stirring for 8 h and addition of CECO,H to maintain a pH of
ca. 4.4. The cloudy black solution was filtered and gave a yellow
powder after rotary evaporation. Yellow crystals suitable for X-ray
diffraction were obtained by slow diffusion of diethyl ether into a
MeOH solution of this powder. Yield 84%. Anal. Calcd for#834N40s-

Pd (%) C 36.48, H 7.44, N 12.16. Found: C 36.93, H 7.24, N 12.60.

[Pd(cyclam)]Cl.-3H.0 (5). This was prepared by an adaptation of
a literature procedur®.The structurettans-il) was confirmed by X-ray
crystallography (data not shown).

Methods and Instrumentation. X-ray Crystallography. Diffraction
data for compounds were collected on a Bruker Smart APEX diffrac-
tometer equipped with an Oxford Cryosystems low-temperature device.
Absorption corrections were based on the multiscan procedure SAD-
ABS. A summary of X-ray crystallographic data for complexzes,
and4 is given in Table S1, and their structures have been deposited in

the Cambridge Crystallographic Data Center under the accession
numbers CCDC-188718, 188719, and 188720, respectively. H-bonding

was determined using PLATON.
Complex 2. The structure was solved by Patterson methods using
DIRDIF.?2¢ The phenyl group is disordered over two positions; the

vector, while molecule “U” lies on a crystallographic inversion center.
H-atoms were placed in calculated positions and all atoms except for
part-weight carbon sites were refined anisotropically. The final model
(334 parameters) was refined agaifét(SHELXL-97)° to wR2 =
0.131 based on all 7449 data aRgd= 0.044, based on 5726 data with

| = 20(l), GOF = 1.123, maxA/o on last cycle 0.02, max residual
electron density= 0.78 e A3,

Complex 3.The structure was solved by Patterson methods, using
DIRDIF,?® which gave an automatic solution and expansion to show
all 27 atoms in the asymmetric unit. Refinement of 292 parameters by
full-matrix least squares oR? using SHELX97° gave wR2= 0.116
based on all data arfiéy = 0.047, based on 3995 data witke 20(1),
GOF=0.929, maxA/o on last cycle 0.08, max residual electron density
= 1.5 e A3, All non-hydrogen atoms refined anisotropically; hydrogen
atoms of the complex were placed in calculated positions and allowed
to ride. Other hydrogen atoms were located, idealized, and also allowed
to ride.

Complex 4.The structure was solved by direct methods and refined
by full-matrix least squares against (SHELXTL). The asymmetric
unit contains two half-cyclam complexes in which the Pd atoms lie on
crystallographic inversion centers. Methyl groups were modeled using
the Sheldrick rotating rigid group method; H-atoms in amine and
hydroxyl groups were located in Fourier maps and refined freely.
Refinement of 263 parameters by full-matrix least squares ag@inst
using SHELXL-97° gave wR2= 0.101 based on all data ail =
0.043 based on 3088 data with» 20(l), GOF = 1.038, maxA/o <
0.001, max residual density 1.51 e A3, Other refinement details
were as described f@.

NMR Spectroscopy.NMR data were acquired on Bruker DMX500
and Varian Unity INOVA spectrometers operating at 500.13 and 599.82
MHz for H and using TBI {H, 3C, X] or triple resonance'H, °C,
15N probeheads, respectively, equipped vattield gradients. Standard
pulse sequences were used for two-dimensional (2D) heteronuclear
single quantum coherence (HSQC), total correlation spectroscopy
(TOCSY; spin-lock time 70 ms), double-quantum-filtered correlated
spectroscopy (DQFCOSY), and nuclear Overhauser enhancement
spectroscopy (NOESY, typical mixing time 750 ms). The water
resonance was suppressed via the WET method (water suppression
enhanced through;Teffects)3° All data were converted to Xwinnmr
(Version 2.0, Bruker U.K. Ltd) prior to Fourier transformation.

Typically data were acquired on-3.6 mM solutions in 10% BO/

90% H0O or CDCE in 5 mm tubes at 298 K:H and°C shifts were
referenced to sodium trimethylsilylpropionate (TSP), &\ shifts to
1 M ™NH.Cl in 1.5 M HCI (external).

Kinetic Analyses. Rate constants were obtained by fitting the
appropriate rate equations using the program Scientist (Version 2.0,
MicroMath, Inc.). The configurational changes were assumed to occur
by parallel first-order reactions.

Molecular Modeling. An homology model of human CXCR4
(sequence SWISS_PROT:CCR4_HUMAN, P30991) based on the X-ray
structure of bovine rhodopsin (PBD accession code 1¥8&)s built
using the Homology module of Insight Il (Version 2000, Biosym
Technologies). The sequence alignment is shown in Table S2. The loops
were generated de novo and selected so as to avoid clashes with Zn

different components were refined as rigid hexagons with occupancies bicyclam, which had been incorporated into the rhodopsin template.

fixed at 0.5. All the chloroform molecules of crystallization are
disordered. The molecule labeled “S” in the tables is disordered over
two orientations; that labeled “T” is disordered about a commeiCC

(25) Filali, A.; Yaouanc, J. J.; Handel, Angew. Chem., Int. Ed. Engl991
30, 560

(26) Yamashita, M.; Ito, H.; Toriumi, K.; Ito, Tinorg. Chem 1983 22, 1566.

(27) PLATON, A Multipurpose Crystallographic Tool, Utrecht University,
Utrecht, The Netherlands, A. L. Spek, 1998; Farrugia, LJJAppl.
Crystallogr. 1999 32, 837.

(28) DIRDIF96 program system. P. T. Beurskens, G. Beurskens, W. P. Bosman,
R. de Gelder, S. Garcia-Granda, R. O. Gould, R. Israel and J. M. M. Smits,
Crystallography Laboratory, University of Nijmegen, The Netherlands,
1996.

The Discover simulation package (Biosym Technologies) with the
consistent valence force field was employed for energy minimization.
The final step employed 500 cycles of the steepest descent method
until the rms derivative of the energy wa.001.

(29) SHELX97 Programs for Crystal Structure Analysis (Release2)7G.
M. Sheldrick, Institut fu Anorganische Chemie der Univer§jtaram-
mannstrasse 4, D-3400"@aogen, Germany, 1998.

(30) Smallcombe, S. H.; Patt, S. L.; Keifer, P. A.Magn. Reson. Ser. 2995
117, 295.

(31) Palczewski, K.; Kumasaka, T.; Hori, T.; Behnke, C. A.; Motoshima, H.;
Fox, B. A.; Le Trong, I.; Teller, D. C.; Okada, T.; Stenkamp, R. E;
Yamamoto, M.; Miyano, MScience200Q 289, 739.
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—5-(a) -5-(b) -5-(c) N M Trans-lll
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5 (1H) T T T
Figure 2. Comparison of JH,13N] HSQC spectra of (a) Zr-Xyl-bicyclam 4.5 4.0 4.5 4.0 4.5 4.0
perchlorate 1), (b) Zn—Bz-cyclam chloride 2), and (c) Zn—Xyl-bicyclam 3 (H)

acetate §) in 10% D,O/90% HO. In each case, three sets of NH peaks ) ) ) ) ) )
can be identified (due to their connectivities in COSY and TOCSY spectra Figure 3. Detection of cyclam configurations in agueous solution.
and by integration) corresponding to three major cyclam configurations, Bottom: 2D [H,*3C] HSQC NMR spectra of the aromatic ring linker €H

trans|, transll, and cis-V. Peaks for the latter are strong only for com- ~ region for (a) Zr—Xyl-bicyclam perchlorate 1), (b) Zn—Bz-cyclam
plex 3. chloride @), and (c) Zn—Xyl-bicyclam acetate3). Top: slices taken at

each of the thre€C chemical shifts showing the two nonequivalent geminal

. S . . ) . protons. The Chiresonances are sensitive only to the attached cyclam unit,
Since the NMR studies indicated that the major solution configuration unlike the peaks for the aromatic xylyl linker (see Figure 4). Peaks assignable

of Zn,—Xyl-bicyclam acetate igis-V/trans|, this was built from the to thecis-V configuration are weak, except when acetate is present. Full
X-ray coordinates 08 with modification of the second ring twans| aliphatic regions of the spectra are shown in Figures S1, S3, and S7.
(based on the published X-ray structfref [Zn(ll)(1,4,8,11-tetra-

methyltetraazacyclotetradecane(fQ.0,)|CIO,) followed by energy  tg trans Il gave rise to three sets of peaks (Figure 3b) assignable
minimization using Sybyl (Version 6.7, Tripos Inc.). ZKyl-bicyclam to trans1l (43%), trans| (42%; planar five-membered rings,
was manually docked with the receptor so as to bringcike/ ring Figure 1), and a minor configuration (15%, possiloig-V).

near to Asp262 and theans| ring close to Asp171. Following docking, Moore et af reported slow formation of different conformers

the ligand was fixed relative to the receptor, and distance restraints of . . . . .
2.2 A with an average force constant of 500 kcal Tok—2 were after dissolution of (polymeric, chloride-bridged) [Zn(cyclam)-

applied to the ZrO bonds to Asp 171 and Asp 262. Bad contacts Cll* in water.
between the protein and metal bicyclam were then relieved by energy-  The 2D [H,**N] HSQC NMR spectra of equilibrium aqueous
minimizing the protein while the original structure for the metal solutions of complexe$ and2 (Figure 2a,b) and the aliphatic
bicyclam was maintained. During the minimization, the side chains of region of their 2D {H,'3C] HSQC NMR spectra (Figure 3a,b,
Aspl71 and Asp262 moved into more favorable positions for binding and Figures S1 and S3) were almost identical. This suggests
to Zn without additional restraints. A similar procedure was used t0 that the cyclam units in the bicyclam compléxhave little
optimize the H-bonds between the carboxylate oxygens of Glu288 and jfluence on each other in aqueous solution.
the diagonal NH protons on thes-V ring using distance restraints of Aqueous solutions of attained equilibrium in ca6 h and

—2
2.0 A and an average force constant of 200 kcal tél-2. WebLab consisted of ca. 45%ans!, 34% translll, and 21%cis.V.

ViewerPro 4 (Molecular Simulations Inc.) and MOLMOL (Version . . . )
2K.17® were also used for modeling and graphics. These cqnflguratlonal changgs had half-lllves qHBZ! min at
298 K (Figure S4a) and require two NH inversions (Figure 1).

Results and Discussion Analysis of 2D NMR [H,H] NOESY and DQF-COSY cross-
Configuration of Zn(Il) ,—Xyl-Bicyclam Perchlorate (1) peak connectivities allowed “walks” from one cyclam ring
in Aqueous Solution. Complex 1 probably adopts thérans through the aromatic linker onto the second cyclam unit and

Il configuration in the solid state, as does [Zn(cyclam)- therefore to the assignment of specific cyclam configurations
(CI04);],3 but we did not obtain crystals. We studied the t©O each end of the bicyclam ligand (Figure S5). This analysis
configuration ofL in solution using NMR methods. The spectra Suggested that theis-V/trans | configuration predominates in
were very complicated due not only to the presence of more agueous solutions df.

than one configuration for each cyclam unit of the bicyclam,  Acetate Triggers a Rapid Configurational Change of Zinc
but also because of time-dependent changes. Xyl-bicyclam Perchlorate (1). Addition of acetate to aqueous

Analysis of the NMR spectra ofl was aided by the  solutions ofl produced dramatic changes in the NMR spectra,
assignment of the NMR peaks for compl2xXsee Figures 2b  as illustrated in Figure 4 for the aromatic linker resonances.
and S1), the monocyclam complex Zn@Bz-cyclam chloride ~ Equilibria were reached withil h (at 298 K). The proportion
(2), effectively complexd with one methylene-Zn(ll)-cyclam  ©f thecis-V/cis-V configuration increased from 0% to ca. 19%
removed. The X-ray crystal structure of [Zn(Bz-cyclam)Cf|Cl ~ on addition of 4 mol equiv of acetate, and that of tigV/
2.5CDCE (2) (Figure S2) showed it to be 5-coordinate with an  trans| configuration increased from 26% to 38% (Figure 5).

axial Cl ligand, and NMR data for a CDEkolution were Binding of acetate was confirmed BJC NMR studies using
consistent with the presence of a single configuraticans- CH3'3CO;,™ (Figure S6). Fast exchange of acetate was observed
lll, as in the crystal. Over a period 8 h after dissolution o on the NMR time scale. From the binding curve, we estimated

in water at 298 K, the initially intense set of peaks assignable @ binding constant of log = 2.75+ 0.15, assuming formation
of 1:1 complexes of acetate with Zwyclam units and that the
(32) Kato, M.; Ito, T.Inorg. Chem.1985 24, 509. — i i i

(33) Koradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graphics1996 14, 51. wo Zn CyCIam units are mdependent. This value can be

(34) Tyson, T. A.; Hodgson, K. O.; Hedman, B.; Clark, G.ARta Crystallogr.
199Q C46, 1638. (35) Alcock, N. W.; Berry, A.; Moore, PActa Crystallogr.1992 C48 16.
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Trans-l g o
Transll O~ )
cisv & A

H

7.40 7.35 ppm

o ("H)

Figure 4. Effect of acetate on the configurations of the cyclam rings of
Zn,—Xyl-bicyclam. The aromatic linker region of resolution-enhan&ed
NMR spectra of aqueous solutions of (a).ZiXyl-bicyclam perchlorate

(1), (b) as in part a but after addition of 4 mol equiv of acetate, and (c)
crystalline Zn—Xyl-bicyclam acetate3). The solvent was 10% f»/90%
H20, and all samples were at equilibrium. The xylyl aromatic resonances
are sensitive to both of the attached cyclam units, being singlets when the VI
two units are the same but AB quartets when they are different. Acetate
induces a marked increase in the proportionisiv/cis-V andcis-V/trans|
species (see Figure 5). Label&, trans|; O, transll; A, cis-V.

401 Cis-V-Trans-l

o,
/° ./‘\' Trans-lll-Trans-|

Trans-l-Trans-l
Cis-V-Trans-lll
/ W&m
&
[ 1 2 3 4
[acetate)/[complex 1]

Extracellular

Figure 5. Effect of acetate on the distribution of cyclam configurations of

Zn,—Xyl-bicyclam as determined by integration of tHé NMR resonances

for the aromatic linker (see Figure 4). NaOAc was added stepwise to a 5

mM solution of (Zn—Xyl-bicyclam)(CIQy)4 in 10% D,0/90% HO at 298 Membrane
K to give molar ratios (Zg—Xyl-bicyclam)(CIOy)4s:acetate of 1:1, 1:2, and

1:4. The pH of the solutions was within the range-6/64, and in each

case, equilibrium was reached within 1 h. The proportions of species present

at the 1:4 mol ratio are similar to those for a solution of crystalBne

compared to logk = 2.6 reported for acetate binding to the Cytoplasm
Zn(ll) complex of 1,5,9-trazacyclododecane ([12]ageN

We_ also_prepared the acetate co_mplex in_crystalline form by rigure 6. First and second coordination sphere interactions of Ziyl-
reacting zinc acetate with Xyl-bicyclam in methanol and bicyclam with carboxylate groups. (a) X-ray crystal structure ofzfZn
determined its X-ray structure. Xyl-bicyclam(OAc)](OAC)2CHOH (3) (CH:OH not shown). Both

. N cyclam units adopt theis-V configuration with chelation by acetate on
[2n2(Xyl-bicyclam)(OAC)2](OAC)2-2CH30H (3) Adopts the one cyclam face and double H-bonding on the other. A space-filling model

Unusual cis-V Configuration in the Solid State. The crystal of the cation is shown in Figure S8a. (b) Model obZiXyl-bicyclam bound
structure of comple®8 comprises [Zp(Xyl-bicyclam)(OAc)]?* to the CXCR4 coreceptor. Transmembrane helices are red cylinders, except

cations. acetate anions. and MeOH molecules as solvent ofh€lix IV, which is depicted as a ribbon for clarity. One of the Znll)
! ' cyclams has axial coordination to the oxygens of Asp262 and double

CrySta"iZf"‘tion- The aromatic linker _symme_trically bridges the H-bonds between two of its NH groups and the oxygens of Glu288 on the
cyclam rings. Each monocyclam ring resides on a center of opposite cyclam face and is in tieés-V configuration, resembling that in

inversion, is folded diagonally about N(4)/N(11), and adopts a parta above. The second ZntHgyclam istrans| with axial coordination

; : ; ; B _ ; ; to Aspl171. (c) View of the model of CXCR4 showing the location of the
cis-V configuration with the 5- and 6-membered rings in gauche proposed Zp—Xyl-bicyclam binding site. ThecisV cyclam is visible

and chair conformations, respectively. Zn(ll) has a distorted through a channel on one side of the protein. The iikely position of the
octahedral geometry (Figure 6a). Cyclam nitrogens N(1) and membrane is indicated in gray, ZaXyl-bicyclam is green, and electrostatic
potentials are colored blue-positive, red-negative, and white-neutral. The
(36) Kimura, E.; Shiota, T.; Koike, T.; Shiro, M.; Kodama, N.. Am. Chem. unstructured N-terminus (residues-38) and C-terminus (residues 320

Soc 199Q 112, 5805. 352) have been omitted.
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Table 1. Selected Bond Distances (A) and Angles (deg) for
Complexes 2—42

[Zn(Bz-cyclam)CI]Ct2.5CDCE (2)

Zn(1)-N(1) 2.220(2) N(4-Zn(1)-N(11) 153.71(9)
Zn(1)-N(4) 2.082(2)  N(4-Zn(1)-N(1) 82.76(8)
Zn(1)-N(8) 2.129(2)  N(11)¥Zn(1)-N(1) 93.88(8)
Zn(1)-N(11) 2.094(2)  N(8YZn(1)-N(11) 83.33(8)
Zn(1)-CI(1) 2.3059(7) N(8%-Zn(1)-N(1) 155.50(8)
N(1)-Zn(1)-CI(1) 104.73(6)

[Zn2(Xyl-bicyclam)(OAC)](OAC)22CHOH (3)

Zn(1)-N(1) 2.252(2) N(4)»Zn(1)-N(11) 105.32(10)
Zn(1)—N(4) 2.087(3) N(4yZn(1)—N(1) 83.73(9)
Zn(1)—-N(8) 2.161(3) N(11}yZn(1)-N(1) 93.94(9)
Zn(1)-N(11) 2.071(2) N(8)yZn(1)—N(11) 83.49(10)
Zn(1)-0(11A) 2.089(2) N(8yZn(1)-N(1) 174.67(4)
Zn(1)-0(12A) 2.407(2) O(11AyZn(1)-O(12A) 58.34(8)
[Pd(cyclam)](OAc)-2H,0 (4)
Pd(1)}-N(1) 2.038(4) N(1)}Pd(1>-N(2) 95.05(15)
Pd(1)-N(2) 2.043(3) N(1)-Pd(1)-N(2A)° 84.95(15)
Pd(2)-N(3) 2.036(4) N(3)-Pd(2)-N(3B) 180.0
Pd(2)-N(4) 2.037(3) N(3)yPd(2y-N(4) 95.28(15)
N(1)—Pd(1)-N(1A)® 180.0 N(3)-Pd(2)-N(4B)* 84.72(15)

aFor atom labels, see Figures S2, 6, and®S$%ymmetry transformations
used to generate equivalent atonis= —x + 1, -y, =z ¢ = —x, —y +
1,—z+ 1.

Table 2. Distances (A) and Angles (deg) for Possible Hydrogen
Bonds in Complexes 2—4"

D-He+-A He-+A (A) D-+A (A) [D-H-+A (deg)
[Zn(Bz-cyclam)CI|Ct2.5CDCE (2)
N4—H4---Cl22 2.537 3.312(2) 141.1
N8—H8---Cl1° 2.724 3.440(2) 134.4
N11-H11A---Cl2¢ 2.556 3.446(2) 160.4
[Zna(Xyl-bicyclam)(OAc)](OAC)2-2CHsOH (3)
N4—H4---011B¢ 2.06 2.953(3) 162
N8—H8B---01C® 2.06 2.972(4) 168
N11-H11B:--012B' 1.90 2.831(4) 174
01C—H1C---O11B 1.81(2) 2.697(4) 168(4)
[Pd(cyclam)](OAc)-2H,0 (4)

O2W—-H2WA:--03 1.93(6) 2.805(5) 167(6)
O1W—-H1WB---O1 2.00(6) 2.791(5) 162(5)
N1—-H1N---02 2.10(5) 2.819(4) 168(6)
N2GI H2NGe---01 2.19(4) 2.871(4) 156(4)
N3—H3N---03 2.06(5) 2.812(4) 168(5)

a9 Symmetry transformations used to generate equivalent atams:
X+ 1,y+12,-z+32;b=x,-y+3/2,z+ 1/2;,c= —x+ 1, -y
+1,-z+1;d=-—x+1,-y+1,-ze=xy+1l,z-1,f=—x -y,
z+ 1;9=—x+ 1, -y, —z "For atom labels, see Figures S2, 6, and S9.

N(8) can be considered to occupy axial Zn(ll) coordination sites

and N(4) and N(11) and two acetate oxygens the equatorial

positions. The equatorial 2rN bond lengths (2.07, 2.09 A,
Table 1) are normal for Zacyclam complexes, but the axial
bonds are long (ZaN(1) 2.25 A, Zn-N(8) 2.16 A). One of
the Zn—O bonds is also long (2.41 A) compared to the other
(2.09 A), which is normal in lengtf?

A notable feature of the structure is the pair of relatively
strong H-bonds, N(4YH(4)---O(11B) (2.06 A, 162) and
N(11)—H(11)--O(12B) (1.90 A, 173), between the oxygens

of a noncoordinated acetate anion and the cyclam NH protons(38)
on the cyclam face opposite to the coordinated acetate (Figure

6a, Table 2). On the coordination side, N{&)(8B) forms an
H-bond to solvent MeOH (2.06 A, 188 An interesting parallel
is provided by the complex acetaf@rac-(5,7,7,12,14,14-

hexamethyl-1,4,8,11-tetraazacyclotetradecane)Ni(ll) perchlorate,

9110 J. AM. CHEM. SOC. = VOL. 124, NO. 31, 2002

which has a folded structure, bidentate acetate, and all NH
groups H-bonded to perchlorate oxygen atéfis the X-ray
structure of the hostguest complex between tért-butyl
benzoic acid and cyclam, there is double H-bond formation
between diagonal NH groups of protonated cyclam and car-
boxylate groups on each side of the cyclam rffglost-guest
assemblies of metal complexes and carboxylates are being used
for the synergistic extraction of metal ions such Ni(ll) and Cu(Il)
into organic phases, an area that parallels the membrane
processes of interest in the present stéfdy.

Thecis-V configuration is unusual for Zacyclam complexes.

In a search of the Cambridge Structural Database, we found 46
structures for Zn(ll-cyclam complexes: 4#ransl, 33 trans

[, 1 cis-1V, 1 transV, and 7cis-V, but of the latter, 6 contain
highly constrained cyclams (e.g., aiN-linker across the
macrocycle) and the seventh is highly substituted on the
periphery. Nocis-V Zn—cyclams with carboxylates as ligands
appear to have been reported previously. It is interesting to note
that the N(4)-Zn—N(11) bond angle of 105°3 which is
opposite to the ©Zn—0 angle, is larger than the analogous
N—Co—N angle of 103.9 reported previously for [Co(lll)-
(cyclen)(CQ)]CIO4+H0.4° Chelation becomes more favorable
as the G-M—0 angle decreases, and this can be achieved by
increasing the NM—N opposite anglé!42

cisV Configurations of [Zn »(Xyl-bicyclam)(OAc),](OAc),

(3) Are Dominant in Aqueous Solution. After dissolution of
crystalline3 in 10% D,0/90% HO, equilibrium was reached
rapidly (<20 min, Figure S4b), antH, 13C, and'®>N NMR peaks
assignable to the three configurations-V (58%), trans|
(35%), andrrans 1l (7%) were detectable (Figures 2, 3, 4, and
S7), with thecis-V/trans| configuration predominating (44%)
and cis-V/cis-V, the crystal configuration, accounting for ca.
29% of the total bicyclam configurations. This distribution is
very similar to that obtained after addition of 4 mol equiv of
acetate to compled (Figure 5). It is evident that acetate
stabilizes the foldedis-V configuration in solution.

Recognition of Zinc Xyl-Bicyclam by the Viral Coreceptor
CXCR4. We dockedcis-V/trans| Zn,—Xyl-bicyclam onto an
homology model of CXCR4 based on the 7-helical trans-
membrane structure of bovine rhodop3id! In the energy-
minimized model (Figure 6b,c), thas-V cyclam is coordinated
to Asp262 with Zn(ll)-carboxylate bonds of similar length (2.27
A) to the average foB, and via double NH H-bonds on the
opposite face to the oxygens of Glu288 (CO®—N, 2.01 A).
Thetrans| cyclam is bound to the oxygens of Aspl71 Z©
2.28 A) (Figure S8b).

Thus the high anti-HIV potency of Zr-Xyl-bicyclam may
be related to its ability to block the CXCR4 coreceptor via these
specific interactions. Aspl71 and Asp262 in trans-membrane
helices IV and VI, respectively, have already been identified
by receptor mutagenesis studies as key sites for bicyclam
blocking?* Mutation of Glu288 in helix VII, which is involved
in stromal cell-derived factordl (SDF-1ot) binding and signaling

(37) Whimp, P. O.; Bailey, M. F.; Curtis, N. B. Chem. Soc. (A)97Q 1956.

Adam, K. R.; Antolovich, M.; Atkinson, I. M.; Leong, A. J.; Lindoy, L.

F.; McCool, P. J.; Davis, R. L.; Kennard, C. H. L.; Tasker, PJAChem.

Soc., Chem. Commuh994 1539.

(39) Adam, K. R.; Atkinson, I. M.; Farquhar, S.; Leong, A. J.; Lindoy, L. F.;

Mahinay, M. S.; Tasker, P. APure Appl. Chem1998 70, 2345.

(40) Loehlin, J. H.; Fleischer, E. BActa Crystallogr 1976 B32 3063.

(41) Chin, J.; Drouin, M.; Michel, MActa Crystallogr 1990 C46, 1022.

(42) Connolly, J. A.; Kim, J. H.; Banaszczyk, M.; Drouin, M.; Chin,Idorg.
Chem 1995 34, 1094.
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and is relatively close to the cell surface, impairs coreceptor
activity, and Glu288 may be involved in interactions with the
V3 loop of the HIV envelope protein gp128The hydrophobic
para-substitute@d-phenylenebis(methylene) linker is known to
be important for the high anti-HIV activity of cyclam$and it

is notable that there is a high population of aromatic amino
acid side chains in the extracellular loop regions of our
homology model of CXCR4. Aromatig—s stacking interac-
tions may be important for stabilizing intermediate binding steps
along the pathway through the extracellular loops. Lack of loop
flexibility prevented docking of Zs—bicyclam into a similar
site in a CXCR4 model with a C169C186 disulfide bond

analogous to that found in rhodopsin. This might suggest that

in vivo docking will be enhanced under reducing conditions, a
postulate which could be explored in cell systems and which
might have implications for combination therapy.

Inactive Pd(Il) —Cyclams Do Not Bind Axial Carboxylates
or Adopt the cisV Configuration. We found the structures
of nine complexes of Pd(ll) with cyclam or cyclam derivatives

We have shown that acetate binding to,ZiXyl-bicyclam
induces the rapid formation of the unusg@-V configuration
via chelation and second coordination sphere double H-bonding
to diagonal cyclam NH protons. Molecular modeling suggests
that the carboxylate groups of Asp262 and Glu288 can stabilize
a similar cis-V configuration for one Zn(lj-cyclam unit of
Zny—Xyl-bicyclam bound to CXCR4. The second Zn(H)
cyclam unit can bind to Asp171 with the bicyclam connecting
across the main coreceptor binding site. Such a network of
interactions allows a strong induced-fit recognition and is
consistent with the high antagonistic potency of ZntHXyl-
bicyclam.

Although binding of acetate to a Zn(Hcyclam unitin Zn—
Xyl-bicyclam (log K = 2.75) is only moderately strong in
aqueous solution, we estimate that binding to an aspartate
carboxylate in CXCR4 will be enhanced by the decrease in
dielectric constant inside the protein. For a dielectric constant
of 305 the stability enhancement would be about 1.5 log units,
which gives a stability constant of ca. 4.3 log units for a~Zn

in the Cambridge Structural Database. Seven of these have th%yc|am—carboxy|ate interaction in the Coreceptor_ Further

trans|ll configuration, and two arerans|. We sought to
determine whether Pd(Hcyclam can bind axial carboxylates
or adopt thecis-V configuration.

We prepared Rg-Xyl-bicyclam in solution but did not isolate
it. Addition of 2 mol equiv of acetate at pH 7 caused little
change to théH NMR resonances. We were able to crystallize
the acetate adduct of Pd(Il) cyclam, [Pd(cyclam)](OA2H,O
(4). In the X-ray structure o#, cyclam has thérans|ll (mese
R,R,S,B configuration with gauch&l en chelate rings and
Pd(ll) is square-planar (Figure S9). There is no axial interaction
between acetate and Pd(Il) (shortest#ed distance 4.0 A),

stabilization of the interaction of ZrXyl-bicyclam with
CXCR4 is presumably brought about by hydrogen bonding and
hydrophobic interactions, the magnitude of which we have not
attempted to determine in our studies. However, a simplistic
approach, taking into account Zwearboxylate binding only,
yields a cumulative stability constant of ca. l&g= 8.5. This
value is in line with the reported strengths of binding of xylyl-
bicyclams to the CXCR4 coreceptor in COS-7 céli$herefore,
both solution studies as well as pharmacological studies yield
nano- to micromolar dissociation constants, which are consistent
with the reported serum concentrations of AMD3100 in treated

although acetate is H-bonded to NH protons. We assigned fully hyman subjecté:

1D and 2D'H and!>N NMR spectra of [Pd(cyclam)]GI(5) in
10% D,0O/90% HO, and these did not change over a period of
several days. Notable was the presence of only Whé°N
correlation for NH protons, and further analysis of the spectra
confirmed that only theransll configuration was present in
solution. Addition of acetate (24 mol equiv) to an aqueous

Direct binding of the metal ions in metallobicyclam com-
plexes to CXCR4 carboxylate groups is likely to be a major
factor in determining the strength of the interaction. Thus
Pd(Il)—cyclams, which adopt only square-planar configurations,
would be expected to be inactive, since all four coordination
positions are occupied by cyclam nitrogen atoms. Indeed, this

solution of5 at pH 7 had no effect on the spectrum, even after has been reported to be the c&58ur X-ray and NMR studies

several weeks at 298 K. We conclude that acetate does not

induce configurational changes of Pd(ll) cyclam or Pd(Il) Xyl
bicyclam, and that Pd(ltycyclams cannot readily adopta-V
configuration. The lack of direct coordination of Pd{tyclam

to carboxylates may be a major factor in determining its anti-
HIV inactivity?! through lack of strong binding to the CXCR4
receptor. However, since the free ligand Xyicyclam does

bind to the receptor, stereospecific H-bond interactions are also

likely to play a role.
Conclusions —Relevance to in Vivo Activity

Xyl-bicyclam octahydrochloride, the drug AMD3100, is a
potent CXCR4 coreceptor antagonist. The Zr{K)yl-bicyclam
perchlorate complex is slightly more active in vitro than the
ligand itself, and AMD3100 may be active in vivo as a Zn(ll)
complex?! It is therefore of interest to ask whether our findings
from model systems are likely to be applicable under in vivo
conditions.

(43) Brelot, A.; Heveker, N.; Montes, M.; Alizon, M. Biol. Chem200Q 275
23736.

(44) Bridger, G. J.; Skerlj, R. T.; Padmanbhan, S.; Martellucci, S. A.; Henson,
G. W.; Struyf, S.; Witvrouw, M.; Schols, D.; De Clercq, E.Med. Chem.
1999 42, 3971.

confirmed the lack of direct interaction of both Pdtgyclam
and Pd(I1}—Xyl-bicyclam with acetate and also the lack of
ability of acetate to induce a configurational change.

In contrast, Co(lll}-cyclams are known to bind strongly to
carboxylates and, moreover, are capable of undergoing isomer-
ization from trans to cis configuratiod$lt might be expected,
therefore, that Co(llh—Xyl-bicyclam would bind strongly to
the CXCR4 coreceptor and be highly active as an anti-HIV
agent. However, this is not the case: CofHtyclams are
reported to have very low activif}?2This may be attributable,

(45) A systematic study of the effect of dielectric constant (solvent composition)
on the stability of metal carboxylate complexes has been reported: Sigel,
H.; Martin, R. B.; Tribolet, R.; Hang, U. K.; Malini-Balakrishnan, R.
Eur. J. Biochem1985 152, 187. Our estimated stability enhancement for
acetate binding to Zn-Xyl-bicyclam ate = 30 was calculated using the
slope of a linear plot of their published Iégvalues for acetate complexation
to Zn(Il) versus dielectric constant. Furthermore, by comparison with the
stability constant for formate binding to Zn(ll) in carbonic anhydrase, they
estimated by interpolation a value ©f= 30—35 for the dielectric constant
in the zinc cavity of this enzyme. We therefore expect the appropriate value
for the Zn(Il)—cyclam binding regions of CXCR4, which are buried and
close to hydrophobic side chains, to be at least as low as this.

(46) Hendrix, C. W.; Flexner, C.; MacFarland, R. T.; Giandomenico, C.; Fuchs,
E. J.; Redpath, E.; Bridger, G.; Henson, G. \ntimicrob. Agents
Chemother200Q 44, 1667.
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It should be possible to modify the design of (bi)cyclam drugs
to increase their selectivity even further by controlling the read-
out of both static and dynamic information encoded in metal-
locyclam complexes. In particular, it is important to optimize
inhibition of HIV recognition without affecting chemokine
receptor activity. Since we detected at least six configurations
for Zn(ll),—Xyl-bicyclam in aqueous solution, consideration
could be given to the administration of preformed metai)-
cyclam complexes with configurational locking of one cyclam
unit into the potentially preferredis-V configuration. These
new insights into the general principles governing the configu-
rational control of cyclams are also likely to be of use in the
design of macrocycles for many other specific purposes.

Supporting Information Available: Table S1 listing X-ray
crystallographic data for complexés-4, Table S2 showing
sequence alignment of human CXCR4 and bovine rhodopsin,
Figures SS9 showingH, 13C NMR data for complexe$—3,
dependence of the distribution of configurations obZXyl-
bicyclam complexes on time after dissolving in aqueous
solution, 2D [H,'H] NOESY and DQF COSY NMR spectra
for complexesl and 2, plot of 3C chemical shift versus the
molar ratio of 1:CH3;3COONa, space-filling models of 2a
Xyl-bicyclam in the X-ray structure of compleX and bound
to the CXCR4 coreceptor, and X-ray crystal structures of
complexe2 and4 (PDF, CIF). This material is available free
of charge via the Internet at http:/pubs.acs.org.
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