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This paper describes the design of a series of luminescent rhenium(l) polypyridine biotin complexes containing
different spacer-arms, [Re(N—N)(CO)s(py-4-CH,—NH-biotin)](PFs) (py-4-CH,—NH-biotin = 4-(biotinamidomethyl)-
pyridine; N-N = 1,10-phenanthroline, phen (1a), 3,4,7,8-tetramethyl-1,10-phenanthroline, Mes-phen (2a), 2,9-dimethyl-
4,7-diphenyl-1,10-phenanthroline, Me,—Ph,-phen (3a), dipyrido[3,2-f.2',3'-h]quinoxaline, dpq (4a)), [Re(N—N)(CO)s(py-
3-CO—-NH-en-NH-hiotin)](PFe) (py-3-CO-NH-en-NH-biotin = 3-(N-((2-biotinamido)ethyl)amido)pyridine; N-N =
phen (1b), Me4-phen (2b), Me,—Phy-phen (3b), dpg (4b)), and [Re(N-N)(CO)s(py-4-CH,—NH-cap-NH-biotin)](PFs)
(py-4-CH,—NH-cap-NH-biotin = 4-(N-((6-biotinamido)hexanoyl)aminomethyl)pyridine; N-N = phen (1c), Me,-phen
(2c), Me,—Ph,-phen (3c), dpq (4c)). Upon irradiation, all of the rhenium(l)—biotin complexes exhibited intense and
long-lived triplet metal-to-ligand charge-transfer ((MLCT) (dsz(Re) — sz*(diimine)) emission in fluid solutions at 298
K. The interactions of these biotin-containing complexes with avidin have been studied by 4'-hydroxyazobenzene-
2-carboxylic acid (HABA) assays, emission titrations, and competitive association and dissociation assays. On the
basis of the results of these experiments, homogeneous assays for biotin and avidin have been designed.

phore? In view of the remarkable luminescence properties
of rhenium(l) polypyridine complexes 3 we have recently

Avidin is a tetrameric glycoprotein with a molecular ji;ed a series of luminescent rhenium(l) polypyridine biotin
weight of ca. 66 kDa.Each of the four subunits contains a

substrate-binding site (at a.dept.h Of_ca- 15 A) tha_t i§ SPECific (2) (a) Gruber, H. J.; Marek, M.; Schindler, H.; Kaiser, Bioconjugate
for the small molecule biotin (vitamin HY.The affinity of Chem.1997, 8, r?52—559. (b) Marek, (IV;.; Kgiser, K.;Ifruber, Hb. J.
s ORTE : : ; . : ot Bioconjugate Chen1997 8, 560-566. (c) Kada, G.; Falk, H.; Gruber,
biotin to avidin is extraordinarily high (flrst_ dl_ssoc_@uon H. J.Biochim. Biophys. Acta999 1427 33-43. (d) Kada, G.; Kaiser,
constantKy = ca. 10% M), and thus the biotirravidin K.; Falk, H.; Gruber, H. JBiochim. Biophys. Actd999 1427, 44—

i i i 48. (e) Gruber, H. J.; Hahn, C. D.; Kada, G.; Riener, C. K.; Harms,
sys't em has.been wldely explon'ed as a powerful tool in a G. S.; Ahrer, W.; Dax, T. G.; Knaus, H.-Bioconjugate Chen200Q
variety of bioanalytical applicatiorisThe most common 11, 696-704. (f) The compound bioti"NHCH,CH,—Cy3 reported
strategy is to use an avidin-conjugated probe to recognize %ref 2eis dlfffffiﬁnt from Corfcljmon blotﬂ"ﬂU{)rO[Féh%r]e[ CQSJU?E}}‘;S-(

P . PRT) T € emission o IS compouna increases at a |Cysj:(avidin] raijio
b!otlpylate_d blom_olt_acules. Bec_:ause avidin has four biotin- between 0 and 2. A — 1, the enhancement factor is about 1.5.
binding sites, biotinylated biomolecules could also be However, emission quenching occursiat 2. At n = 4, the emission
detected and quantitated by bio’fireporter conjugates when intensity of the solution is about one-half that of the control solutions.
avidin is used as a bridge. However, this strategy does not 1003. (b) Giordano, P. J.; Wrighton, M. $. Am. Chem. Sod979
apply to biotin-fluorophore conjugates because they suffer 101, 2888-2897. (c) Fredericks, S. M.; Luong, J. C.; Wrighton, M.

4 o - S.J. Am. Chem. Sod979 101, 7415-7417.
from severe fluorescence quenchlng upon blndlng to avidin, (4) (a) Caspar, J. V.; Meyer, T. J. Phys. Chenl983 87, 952-957. (b)
Am. Chem. Socl983 105 5952-5954. (c) Worl, L. A.; Duesing,
R.; Chen, P.; Ciana, L. D.; Meyer, T.J.Chem. SocDalton Trans.
1991, 849-858.
5) Stufkens, D. J.; , A., Jr.Coord. Chem. Re 1998 177, 127—
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Chart 1.  Structures of the Rhenium()Biotin Complexes
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complexes [Re(NN)(CO)(py-4-CH,—NH—Dbiotin)](PFs)

(py-4-CH,—NH—biotin = 4-(biotinamidomethyl)pyridine;
N—N = 1,10-phenanthroline, phetd), 3,4,7,8-tetramethyl-
1,10-phenanthroline, Meghen @a), 2,9-dimethyl-4,7-di-
phenyl-1,10-phenanthroline, MePh-phen 8a)) as probes
for avidin142In contrast to biotir-fluorophore conjugates,

N = phen (1¢), Me,-phen (2c),
Me,-Ph,-phen @3¢), dpq (4c)

sity and lifetimes when they bind to avidin. As our continuing
effort in the identification of efficient luminescent probes
for avidin'**~d we have investigated the photophysical and
avidin-binding properties of related complexes containing a
linker between the rhenium(l) luminophore and the biotin
group. In this paper, we report the synthesis, characterization,

these rhenium(l) complexes show increased emission inten-gnd photophysical properties of a new series of luminescent

(7) (a) Lees, A. JChem. Re. 1987, 87, 711-743. (b) Sun, S.-S.; Lees,
A. J. Chem. Commur00Q 1687-1688. (c) Sun, S.-S.; Lees, A. J.
Organometallics2002 21, 39—-49.

(8) (a) Juris, A.; Campagna, S.; Bidd, I.; Lehn, J.-M.; Ziessellngrg.
Chem.1988 27, 4007-4011. (b) Ziessel, R.; Juris, A.; Venturi, M.
Chem. Commuril997, 1593-1594.

(9) (a) Moya, S. A.; Guerrero, J.; Pastene, R.; Schmidt, R.; Sariego, R.
Inorg. Chem.1994 33, 2341-2346. (b) Moya, S. A.; Guerrero, J.;
Pastene, R.; Pardey, A. J.; Baricelli, Rolyhedron1998 17, 2289~
2293. (c) Guerrero, J.; Piro, O. E.; Wolcan, E.; Feliz, M. R.; Ferraudi,
G.; Moya, S. A.Organometallics2001, 20, 2842-2853.

(10) (a) Reitz, G. A.; Dressick, W. J.; Demas, J. N.Am. Chem. Soc.
1986 108 5344-5345. (b) Sacksteder, L.; Zipp, A. P.; Brown, E.
A.; Streich, J.; Demas, J. N.; DeGraff, B. korg. Chem.199Q 29,
4335-4340. (c) Zipp, A. P.; Sacksteder, L.; Streich, J.; Cook, A,
Demas, J. N.; DeGraff, B. Alnorg. Chem.1993 32, 5629-5632.
(d) Sacksteder, L.; Lee, M.; Demas, J. N.; DeGraff, BJAAm. Chem.
Soc.1993 115 8230-8238.

(11) (a) Wallace, L.; Rillema, D. Anorg. Chem.1993 32, 3836-3843.
(b) Wallace, L.; Jackman, D. C.; Rillema, D. P.; Merkert, J.larg.
Chem.1995 34, 5210-5214.

(12) (a) Connick, W. B.; Di Bilio, A. J.; Hill, M. G.; Winkler, J. R.; Gray,
H. B. Inorg. Chim. Actal995 240, 169-173. (b) Di Bilio, A. J,;
Crane, B. R.; Wehbi, W. A;; Kiser, C. N.; Abu-Omar, M. M.; Carlos,
R. M.; Richards, J. H.; Winkler, J. R.; Gray, H. B. Am. Chem. Soc.
2001, 123 3181-3182.

(13) (a) Sullivan, B. PJ. Phys. Chem1989 93, 24—26. (b) Hino, J. K.;
Ciana, L. D.; Dressick, W. J.; Sullivan, B. lorg. Chem1992 31,
1072-1080.

rhenium(l) polypyridine biotin complexes bearing different
spacer-arms, [Re(NN)(CO)(py-4-CH—NH—biotin)](PF)
(N—N = dipyrido[3,21:2',3-h]quinoxaline, dpg4a)), [Re-
(N—N)(CO)(py-3-CO-NH-en-NH-biotin)](PF) (py-3-
CO—NH-en-NH-biotin 3-(N-((2-biotinamido)ethyl)-
amido)pyridine; N-N = phen (b), Mes-phen @b), Me;—
Ph-phen @b), dpq @b)), and [Re(N-N)(CO)s(py-4-CH—
NH-cap-NH-biotin)](PF) (py-4-CH—NH-cap-NH-biotin

= 4~(N-((6-biotinamido)hexanoyl)aminomethyl)pyridine: 1\

= phen (¢), Mes-phen @c), Me,—Phy-phen @¢), dpq @c))
(Chart 1). The binding of these complexes to avidin has been
studied by 4hydroxyazobenzene-2-carboxylic acid (HABA)
assays, emission titrations, competitive association and disso-
ciation assays, and emission quenching experiments. The
effects of the polypyridine ligands and the chain lengths of
the spacer-arms have been examined. On the basis of the

(14) (a) Lo, K. K.-W.; Hui, W.-K.; Ng, D. C.-M.J. Am. Chem. So2002
124, 9344-9345. (b) Lo, K. K.-W.; Tsang, K. H.-KOrganometallics
2004 23, 3062-3070. (c) Lo, K. K.-W.; Chan, J. S.-W.; Lui, L.-H;
Chung, C.-K.Organometallic2004 23, 3108-3116. (d) Lo, K. K.-
W.; Lee, T. K.-M.Inorg. Chem 2004 43, 5275-5282.
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Table 1. Electronic Absorption Spectral Data for the Rhenium@)otin Complexes at 298 K

complex medium AapdNM (€maxdm® mol~1 cm™1)
1la CH,Cl, 260 (19 290), 276 (20 630), 326 sh (4175), 364 sh (3210)
CHsCN 254 sh (18 630), 276 (22 635), 320 sh (5075), 360 sh (3070)
1b CH:Cl, 258 (17 925), 276 (19 425), 326 sh (3905), 370 sh (2660)
CHsCN 254 sh (18 005), 274 (21 105), 322 sh (4995), 366 sh (2785)
1c CH.Cl, 258 sh (25 255), 276 (28 310), 332 sh (5245), 380 sh (3800)
CHsCN 252 sh (19 375), 274 (24 135), 326 sh (4985), 368 sh (3175)
2a CH,Cl, 254 (33 180), 282 (35 050), 320 sh (10 720), 370 sh (3945)
CHsCN 248 (25 340), 280 (29 395), 320 sh (9555), 366 sh (3135)
2b CH:Cl, 250 (21 725), 280 (24 795), 328 sh (7545), 372 sh (2765)
CH:CN 248 (26 740), 280 (28 705), 326 sh (8750), 370 sh (2870)
2c CH,Cl, 252 (29 770), 282 (37 295), 328 sh (10 325), 374 sh (4060)
CHsCN 248 (28 985), 280 (33 650), 326 sh (9580), 368 sh (3465)
3a CH:Cl, 262 (25 660), 300 (33 895), 332 sh (13 550), 378 sh (4655)
CHsCN 258 (24 395), 298 (34 200), 328 sh (13 915), 378 sh (4525)
3b CH,Cl, 260 (25 875), 300 (37 835), 336 sh (14 765), 394 sh (4920)
CHsCN 258 (26 680), 298 (36 735), 336 sh (13 220), 390 sh (4585)
3c CH:Cl, 262 (23 855), 298 (36 545), 338 sh (12 460), 388 sh (4620)
CHsCN 258 (25 365), 298 (35 875), 336 sh (12 030), 388 sh (4315)
4a CH.Cl, 260 (45 675), 292 sh (23 005), 372 sh (4685), 400 sh (3180)
CHsCN 258 (44 215), 290 sh (21 895), 356 sh (4625), 394 sh (2505)
4b CH.Cl, 260 (44 250), 292 sh (22 135), 364 sh (4750), 396 sh (3230)
CHsCN 260 (41 640), 290 sh (20 990), 354 sh (4565), 390 sh (2520)
4c CH:Cl, 260 (47 645), 292 sh (23 900), 364 sh (4990), 396 sh (3575)
CH:CN 260 (44 280), 290 sh (22 075), 354 sh (4605), 390 sh (2725)

results, homogeneous assays for biotin and avidin have beer{l)—biotin complexes at ca. 24800 nm with absorption
designed. coefficients on the order of 2@m?® mol~* cm™* are assigned
) ) to spin-allowed intra-ligand*(L) (& — 7*) (diimine and
Results and Discussion pyridine-biotin ligands) transitions, while the less intense
Synthesis.Two new biotin-containing pyridine ligands that
possess ethylenediamine and 6-aminocaproic acid spacer-
arms were synthesized in good yields. The ligand py-3-CO
NH-en-NH-biotin was obtained by reacting biotinylethyl-
enediamin® with nicotinic acid N-hydroxysuccinimidyl
estert® The use of ethylenediamine as a spacer has attracted
our attention because it has been employed in preparing
biotin derivatives that show very strong binding to aviefit®
The ligand py-4-ChH—NH-cap-NH-biotin was synthesized
from the reaction of 4-(aminomethyl)pyridine and biotina-
midohexanoic acidN-hydroxysuccinimidyl estéf in DMF . e . , .
at room temperature. The luminescent rhenium(l) polypy- 300 400 500 600 700
ridine biotin complexes were prepared, in moderate yields, Wavelength / nm
from the reactions of [Re(NN)(CO)(CH;CN)](CRSG;)*2 Figure 1. Electronic absorption-( - -) and emission {) spectra of
and the corresponding biotin-containing ligands (py-4,€H  complex3cin CHCN at 298 K.
NH—biotin, py-3-CO-NH-en-NH-biotin, and py-4-ChH—
NH-cap-NH-biotin) in refluxing THF/methanol, followed
by metathesis with KPfand purification by column chro-
matography. The complexes were isolated as the B#lts
instead of the C§SGO;~ salts due to the hygroscopic nature
of the latter. All of the new complexes were characterized
by 'H NMR spectroscopy, positive-ion ESI-MS, and IR
spectroscopy and gave satisfactory elemental analyses.
Electronic Absorption and Luminescence Properties.
The electronic absorption spectral data for the complexes
are summarized in Table 1. The electronic absorption
spectrum of complex8c in CH;CN at 298 K is shown in
Figure 1. With reference to previous photophysical studies
on related rhenium(l) diimine systerfis;100-d.11a12a the
intense high-energy absorption bands of all of the rhenium-

4 T T T T T

N w
T T
1 !

£x 107/ dm® mol™ ecm™
N
T
)

('n'v) Aususyu| uoissiuz

absorption shoulders at ca. 32600 nm are assigned to spin-
allowed metal-to-ligand charge-transféM(CT) (dxz(Re)
— s*(diimine)) transitions. ThélL absorption of the Mg-
Ph-phen complexes8a—3c occurred in a lower energy
region at ca. 328338 nm because of the electron-withdraw-
ing phenyl substituents of the diimine ligand.

Upon photoexcitation, all of the complexes exhibited
intense and long-lived greenish-yellow to yellow lumines-
cence in fluid solutions under ambient conditions. The photo-
physical data of the complexes are tabulated in Table 2. The
emission spectrum of comple3c in CH;CN at 298 K is
shown in Figure 1. This complex showed a Stokes’ shift of
ca. 7657 cm! from the absorption shoulder at ca. 388 nm
to the emission maximum at ca. 552 nm. The long emission
lifetimes of all of the complexes (in the submicrosecond to
(15) Garlick, R. K.: Giese, R. WJ. Biol. Chem 198§ 263 210-215. microsecond time scale), together with the large Stokes’
(16) Christensen, J. Bvlolecules2001, 6, 47—51. shifts, suggest the phosphorescence nature of the emission.
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Table 2. Photophysical Data for the Rhenium{iiotin Complexes at 298 K

complex medium AenfNM Tolus D k/s™t Knds™t
la CH,Cl» 536 2.69 0.25 9.% 10* 2.8x 1P
CHsCN 552 1.37 0.079 5.& 10¢ 6.7 x 1P
buffert 552 0.79 0.027 3.4 10 1.2x 1C°
1b CH.Cl, 536 2.92 0.30 1.6 10° 2.4x 1P
CHsCN 550 1.75 0.13 7.4 10 5.0x 10°
buffert 550 1.07 0.12 1.k 10° 8.2x 10°
1c CH.Cl> 540 2.85 0.49 1% 10° 1.8x 1C°
CHs:CN 554 1.46 0.16 1Lk 10° 5.8x 1P
buffert 554 0.84 0.096 1.%10° 1.1x 1¢°
2a CH.Cl, 510 7.81 0.16 2.k 10¢ 1.1x 10
CHsCN 518 7.32 0.072 9.8 10° 1.3x 10°
buffert 522 11.11 0.026 2.3 10° 8.8x 10*
2b CH.Cl, 516 13.54 0.19 1.4 104 6.0 x 10*
CHsCN 522 9.90 0.051 5.2 108 9.6 x 10
buffer 518 14.06 0.041 2.9 10° 6.8 x 10*
2c CH.Cl, 518 13.28 0.27 2.6 104 5.5x 10*
CHsCN 522 8.54 0.12 1.4 10 1.0x 1C°
buffert 522 11.62 0.078 6.% 10° 7.9 x 104
3a CH.Cl, 540 7.22 0.22 3. 10 11x 10
CHsCN 550 6.78 0.079 1.2 104 14x 10°
buffert 556 6.01 0.011 1.& 10° 1.6x 1P
3b CH,Cl» 542 15.48 0.19 1.% 104 5.2x 10*
CHsCN 550 9.41 0.13 1.4 10 9.2 x 10*
buffert 554 7.85 0.012 1.5 10° 1.3x 10°
3c CH.Cl, 542 11.65 0.18 1.% 10 7.0 x 10
CHsCN 552 6.96 0.053 7.6 10° 14x 10°
buffert 558 5.08 0.028 5.5 10° 19x 10°
4a CH.Cl> 548 1.12 0.28 2.5 10° 6.4x 1P
CHs:CN 568 0.40 0.086 2.2 10° 2.3x 10°
buffert 572 0.11 0.034 3.k 1P 8.8 x 10°
4b CH.Cl, 544 1.24 0.15 1.% 10° 6.9 x 10°
CH:CN 562 0.52 0.065 1.3 10° 1.8x 1P
buffert 566 0.21 0.033 1.6 10° 4.6 x 10°
4c CH.Cl, 548 1.10 0.24 2.% 10° 6.9 x 10°
CHsCN 568 0.40 0.054 1.4 10° 2.4 x 1P
buffer 572 0.13 0.032 2.5 10° 7.4x 10°

a Potassium phosphate buffer (50 mM, pH 7.4) containing 2.5% DMSO for emission wavelength and lifetime measurements, or 25% DMSO for quantum
yield determinations. The use of a higher DMSO content for the quantum yield determinations was due to solubility reasons.

The emission energy of the complexes depends strongly onat 298 K) and its insensitivity toward the identity of solvents
the diimine ligands and follows the order: bghen> phen were attributed to a low-lyinglL state. In fact, rhenium(l)
~ Me,—Phy-phen> dpq (Table 2), which is in line with the  °IL emitters generally exhibit very long emission lifetimes
increasingr-accepting properties of the diimine ligands. All  and comparatively lower emission quantum yields in fluid
of these observations indicate that the photoluminescencesolutions at room temperatuf®!’ In another photophysical
of the complexes originates from 8MLCT (dz(Re)— z*- and theoretical study of the complexes [M(GM)es-phen)]
(diimine)) emissive statg67a.c.8a,9a,c,111,12a,130 (M = Cr or W)8 it was found that the LUMO'’s of these
A close scrutiny of the emission data (Table 2) indicates complexes are of,aymmetry, while their phen counterparts
that the complexes could be arranged into two classes: (1)are of h symmetry. The exceptionally long emission lifetime
The phen and dpg complexes that showed typibdlCT of [W(CO)4(Mes-phen)] as compared to [W(Cphen)] was
emission behavior; and (2) the Mphen and Mg-Ph,-phen ascribed to the different contributions of individual orbital
complexes which displayed different emission properties. In excitations to the excited states involvé&d.
particular, while most of the complexes showed a decrease The long emission lifetimes of Me-Ph-phen complexes
in emission lifetimes and quantum yields upon changing the 3a—3c are not unexpected either. For example, Lakowicz
solvent from CHCI, to CH;CN to buffer, the Mgphen and co-workers reported that the emission lifetime of [Re-
complexea—2cdid not display a similar trend in emission  (Me,—Ph-phen)(CO)(py-COOH)]" is ca. 7us in both CH-
lifetimes. Also, the emission lifetimes of these Mghen OH and CHC4.*® Another more systematic study on a range
complexes were exceptionally long (ca. #13 us) espe- of rhenium(l) polypyridine complexes has been reported by
cially in buffer. We believe that such findings are the Rillema and Wallacé!®Unlike other related complexes, the
consequence of a low-lyindL (Me4-phen) emissive state, complexes [Re(Mephen)(CO)(py)]" and [Re(Mg—Ph-
which is supported by various reported studies. From a phen)(CO)(py)]* display very long emission lifetimes in
temperature-dependence emission investigation on the com- ] . ] ]
plex [Re(Ma-phen)(COpy)I*, 1 it was found that this ) | *Coord. Chem. Re 1608 171 43-50, e Senment &
complex possesses a low-lyifld. state which is of energy  (18) Farrell, I. R.; Hartl, F.; Zi8, S.; Mahabiersing, T.; Viek, A., Jr.J.
comparative to that of th#MLCT emissive state. The very Chem, Soc, Dalton Tran200Q 4323-4331.

o i . . (19) Guo, X.-Q.; Castellano, F. N.; Li, L.; Szmacinski, H.; Lakowicz, J.
long emission lifetime of this complex in GBI, (ca. 13us R.; Sipior, J.Anal. Biochem1997 254, 179-186.
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both CHCI, and CHCN. For example, the Mephen ' ' ' ' ' ' '
complex emits with lifetimes of 12 and 13s in CHCI,
and CHCN, respectively, and the MePh,-phen complex

. e . 0.7 PRCICECECECECIE I R
emits with lifetimes of 12.5 and 104s in these two solvents. 8
Other related complexes including 4,7-Mghen, 5,6-Mg £ osl . i
phen, 2,9-Mephen, phen, 5-Ph-phen, and 4,7-phen all g .
undergo a 46:60% reduction in emission lifetimes in the 3 oal o 1
more polar solvent CECN. Again, the different observations .
for the Me-phen and Mg-Ph-phen complexes were 02F 1
attributed to the involvement of low-lyingL states!!a 00 o

The dpg complexesta—4c showed shorter emission 01 2 3 4 5 6 7 8
lifetimes (ca. 0.+1.2us) as compared to those of the other [Biotin or 2bJ:[Avidin]

rhenium(l)-biotin complexes in this work. This observation Figure 2. Absorption titration curves for the titrations of aviditiABA
is in line with the shorter emission lifetime of [Ru(bpy)  complex with complex2b (@) and unmodified biotin).

(dpg)Ft (0.20us) as compared to its homoleptic analogue 3.0 : . : : . : .
[Ru(bpy)]?" (0.41us)? -

Most of the py-4-CH—NH-cap-NH-biotin complexes ~ 25F et
displayed longer emission lifetimes and higher emission g 20'_ Lo’ |
quantum yields than their py-4-GHNH—Dbiotin counterparts 2 o
(Table 2). The elongation of the spacer-arms can probably & 15} . PR
enhance the local hydrophobicity of the rheniumbjotin = - . gt *
complexes and thereby increase their emission lifetimes. :% 1.0 L g2t 1
Similar dependence of emission lifetimes on the chain length E 05 | o« Lt |
of the alkyl nitrile ligand of the complexes [Re(bpy)(GO) l.os “

(NC{ CH},CHs)]* has been observétdFurthermore, it is 002 . s s : . .
interesting to note that complexes containing theta ot 2 3 4 5 6 7 8
substituted pyridine ligand (py-3-C&NH-en-NH-biotin) [2¢]:[Avidin]

showed longer emission lifetimes than those containing the Figure 3. Luminescence titration curves for the titrations of (i) a8
para-substituted pyridine ligands (py-4-GHNH—biotin and ZX;d;"b(lzz{k('ghifpﬁa“ﬁea;'ff'fgra:(f:uﬁ?ﬁ%‘mtﬁ”C"S%dr;ffxdzg'o“” @), and
py-4-CH,—NH-cap-NH-biotin). With reference to related
systems® the decrease in the radiationless decay rate is simjlar to unmodified biotin, bound to the avidin molecule
ascribed to the electron-withdrawing properties of the amide it g stoichiometry of 4:1.
substituent on the py-3-CENH-en-NH-biotin ligand. Emission Titrations. The avidin-binding properties of the
HABA Assays. The avidin-binding properties of the complexes have been investigated by luminescence titrations
rhenium(l)-biotin complexes have been investigated by an using the rhenium(Fbiotin complexes as titrants The
assay for biotin and biotinylated species using the dye titration results were compared to two control experiments
HABA.'221 The binding of HABA to avidin is associated in which (i) avidin was absent or (i) avidin was presaturated
with an absorption feature at ca. 500 nm. Because the affinity with excess unmodified biotin. The luminescence titration
of HABA to avidin (Kg = 6 x 10°® M) is much weaker  curves for the compleRc are illustrated in Figure 3. Similar
than that of biotin Ky = ca. 1015 M), addition of biotin to the results of our previous studies on luminescent transition
will replace the bound HABA molecules from the protein, metal-biotin complexe¥ all of the rhenium(l}-biotin
leading to a decrease in the absorbance at 500 nm. In thecomplexes in this work displayed higher emission intensity
current work, addition of the rhenium{thiotin complexes and longer emission lifetimes in the presence of avidin (Table
into a mixture of HABA and avidin resulted in a decrease 3). These changes are ascribed to the binding of the biotin
in the absorbance at 500 nm, indicating that the bound HABA moieties of the complexes into the specific biotin-binding

molecules were replaced by the rhenium{bjotin com- sites of avidin because no such increase was observed when
plexes. As an example, the absorption titration curves for excess unmodified biotin was initially present. It is likely
the titrations of avidirHABA complex with complex2b that the observed emission enhancement and lifetime elonga-

and unmodified biotin, respectively, are illustrated in Figure tion is due to the increase in the hydrophobicity of the local
2. The plots of-AAsgo nmVersus [Re]:[avidin] for all of the ~ environment of the rhenium@)biotin complexes after they
complexes show that the equivalence points occurred at [Re]:bind to avidin. The reason is that almost all of the complexes
[avidin] = 4:1, which is indistinguishable from unmodified in this work exhibited increased emission quantum yields
biotin. This reveals that the rhenium{ipiotin complexes, and lifetimes upon changing the solvent from aqueous buffer
to CH,Cl, (Table 2)?2 The more hydrophobic Mephen and

(20) Delaney, S.; Pascaly, M.; Bhattacharya, P. K.; Han, K.; Barton, J. K.

Inorg. Chem.2002 41, 1966-1974. (22) The exceptions were complex@sand?2b that showed longer emission
(21) Hermanson, G. TBioconjugate Technigugg\cademic Press: San lifetimes in buffer than CkCl,. These different observations have been
Diego, CA, 1996; p 591. discussed in the text.
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Table 3. Relative Emission Intensity and Lifetimes of the 4.0 T T T T T T T
Rhenium(l)}-Biotin Complexes (15.2 mM) in Aerated 50 mM Potassium 35
Phosphate Buffer pH 7.4 at 298 K 0 T
complex I (tlusy | (tlusp I (tlusy 2 30 NEI A
la 1.00 (0.56) 1.42 (0.90) 0.98 (0.55) 2 25¢ . ]
1b 1.00 (0.69) 1.25(1.01) 1.01 (0.68) § o0l A
lc 1.00 (0.55) 1.24 (0.73) 0.96 (0.56) E . L &
2a 1.00 (1.23) 2.25 (2.96) 1.04 (1.25) 5 15f . g &t .
2b 1.00 (1.50) 1.26 (3.65) 1.01 (1.53) 2 . . &
2c 1.00 (1.31) 1.90 (2.00) 0.96 (1.36) E 10r st ]
3a 1.00 (1.84) 2.98 (2.70) 0.96 (1.90) o5 ° .= i
3b 1.00 (2.09) 2.93 (3.25) 1.01 (2.04) ca
3c 1.00 (1.61) 2.27 (2.38) 0.93 (1.64) 0.0 - - ' ' - - :
4a 1.00 (0.11) 1.75 (0.21) 0.99 (0.11) o 1 2 3 4 5 6 7 8
4b 1.00 (0.18) 1.20 (0.26) 1.03 (0.19) [3a]:[Avidin]
4c 1.00(0.12) 1.15(0.16) 0.98(0.12) Figure 4. Luminescence titration curves for the titrations of (i) 2@
a[avidin] = 0 mM, [unmodified biotin]= 0 mM. P [avidin] = 3.8 mM, avidin (@), (ii) 3.8 M avidin and 380.QuM unmodified biotin @), and
[unmodified biotin]= 0 mM. ¢ [avidin] = 3.8 mM, [unmodified biotin}= (i) a blank phosphate buffer solutioif with complex3a
380.0 mM.
35 T T T T T T T
Me,—Ph-phen complexes showed a higher degree of 30l o
enhancement than their phen and dpqg counterparts upon = r L *
binding to avidin (Table 3). Also, it is interesting to note < 257 . “
that the emission quantum yield enhancement factors from ‘5 20f . .
buffer to CHCI, were the highest for complex&s and3b £ 15l * gt
(20 and 15.8, respectively) among all of the complexes (Table s | * g B 2
. . N . . . . . ‘0 .
2). This is apparently in line with the highest emission g 1.0 . g R . 1
intensity amplification factors for these two complexes (2.98 R “ ]
and 2.93) upon binding to avidin (Table B)In addition to “l s .t
the increase in hydrophobicity, the emission enhancement 0-00 T s 4 s 6 5 s

could be due to the increased rigidity of the rhenium o
complexes upon binding to the protein. This increase in el [Avidin]

PTRT R . oy Figure 5. Luminescence titration curves for the titrations of (i) 28l
rigidity is expected to result in lower nonradiative decay rates .- @), (i) 3.8 M avidin and 380.0:M unmodified biotin @), and

for the complexes, and thus enhanced emission. (iii) a blank phosphate buffer solutiomy with complex3c.

Concerning the effects of the chain length of the spacer- 4 more positive slope than those of the control experiments,
arms, we notice that the py-3-CONH-en-NH-biotin and  jndicating that complex3c exhibited enhanced emission
py-4-CH—NH-cap-NH-biotin complexes b, 1c, 2b, 2c, intensity upon binding to avidin. At [Re]:[avidin} 4, the

3b, 3c, 4b, and 4c) exhibited less significant emission tjtration curve was parallel to those of the control experi-
intensity enhancgment (Table 3). Itis likely that these eight ments, suggesting that the excess rhenium complex molecules
complexes remain more exposed to the polar buffer after emitted with the same intensity as the free rhenium complex
binding to the protein, as compared to their py-4,CNH— molecules in the controls. In Figure 4, however, at [Re]:
biotin analogues (complexds, 2a, 3a, and4a). Thus, the  [avidin] > 4, the titration curve exhibited a smaller slope
increase in hydrophobicity is less substantial. Also, the effects than those of the control experiments, indicating that
of increased rigidity resulting from avidin-binding are smal_ler emission quenching occurred for the excess molecules of
for these complexes due to j[h_elr longer and_ more flexible complex3a It appears that this quenching can be signifi-
spacer-arms. Nevertheless, it is worth mentioning that for cantly reduced when longer spacer-arms are present between
the titrations of avidin with these eight complexes, at [Re]: the biotin and rhenium(l) luminophore. In our previous
[avidin] > 4:1, the titration curves were generally parallel stydies on related luminescent transition metal biotin com-
to (i) those of the solutions without avidin, and (i) those plexes, similar unparallel curves were also observed for
with avidin and excess unmodified biotin. This is in contrast hydrophobic complexes such as [Re(dppz) §®)biotin)] 14
to the py—4—CH—NH—blotln complexeﬂa,. 2.a, 3a, and4a, and [Ir(pay(bpy-biotin)]*14c (dppz= dipyrido[3,2a:2',3-c]-
for which unparallel curves at [Re]:[avidin} 4:1 were  phenazine, Hpe= 2-phenylquinoline) instead of their less
observed# To illustrate this, the titration curves of com- hydrophobic counterparts. Thus, we have reasons to believe
plexes3aand3care shown in Figures 4 and 5, respectively. that the emission quenching beyond the equivalence point
In Figure 5, at O< [Re]:[avidin] < 4, the titration curve had  js due to nonspecific interactions, which are probably
hydrophobic in nature. Because no quenching was observed
(23) All of the adducts showed no or very small blue shifts(nm) in in the two control experiments (addition of rhenium com-
emission wavelength as compared to the corresponding free complexes. - . L
Nevertheless, the hydrophobicity associated with a protein molecule Plexes to buffer and to avidin preblocked with biotin,
in aqueous solution cannot compare to pure dichloromethane. Thus, respectively), it is likely that the quenching beyond the
we suppose that the enhancement of emission intensity and lifetimes equivalence point is due to the interactions between excess

of the complexes upon binding to avidin is closely related to an o
increase in local hydrophobicity. free complexes and avidin-bound complexes that are located
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Table 4. First Dissociation Constants for the Rheniuwidin to be ca. 0.15M from emission titrations using avidin as
Adducts in 50 mM Potassium Phosphate Buffer pH 7.4 at 298 Kand  he tjtrant. This avidin concentration is lower than those
Results of Competitive Association and Dissociation Assays . . .

determined by absorption methods using HABA (cauld)
and fluorescence methods using 2,6-anilinonaphthalene-6-

association assay/ dissociation assay/

[ KoM % avidin bound % avidin bound ) . :

COTp & a3 dllfrg ik 1'2 omn ik 2"; on sulfonic acid (2,6-ANS) (ca. kM),* but higher than that
n 31 % 10-10 30 2 determined using pyreneiotin conjugates (ca. 40 nM}.
1c 5.5x 1071 46 85 However, because both HABA and 2,6-ANS are not natural
2a 4.0x 10719 22 23 substrates for avidin, their binding affinitie(= 6 x 10°°
2b 1.4 10710 28 36 d2x 104 M elvine h
2c 85 10-11 16 95 an X , respectively}?¢ are much lower as
3a 3.4x10° 13 12 compared to those of the current rheniumbjotin com-
gb g; x igi’ gg gg plexes Kq = ca. 101to 109 M) (Table 4). The binding of
42 5 7% 109 27 36 the rheqium(l)—biotin complexes to gyidin was selgctivg as
4h 2.5x% 10710 37 73 no binding was observed when avidin blocked with biotin
4c 7.9x 101 41 85 was used (Table 3). Also, other proteins of similar molecular

] o weights such as bovine and human serum albumins did not
closer to fthe hprotem surface (because no deV"T"O” WaSincrease the emission intensity or lifetimes of the complexes.
observed for the py-4-CH-NH-cap-NH-biotin complexes Competitive Association and Dissociation Assay€om-

with I_ong spacer-a_rms). U_nfortunately, we are unable_ to petitive association and dissociation assays have been
explain why these interactions led to emission quenching. performed to study the competitive binding of the rhenium-
The interesting observations of avidin-induced enhance- (I)—biotin complexes and native biotin to aviditZ’In the

ment IOf emission intensity of the cur.rentlrgeghl:ljm(ﬂ))ﬁtm association assays, the rhenium{bjotin complexes com-
complexes are in contrast to conventional biefiorophore peted with native biotin on binding to avidin; in the

conjugates, WhiCh suffe_r _from severe emission q.ue.nching dissociation assays, the complexes bound to avidin were
when they blnc_j o aV|_d|ﬁ. The qU_enchlng of biotir challenged by addition of native biotin. The percentage of
fluorophore conjugates is due to e]_‘ﬂClent RET _thgt OCCUTS tha avidin molecules that bound the theniumgjotin
when the quo_res_cent molecules arein close proximity to e_ach complexes was determined by emission intensity measure-
other after binding to the protein. Such a self-quenching e nts yith reference to the control experiments in which

effect has also been observed in protein molecules that havg,a4ye piotin was absent. The results of the association and
been highly Iabglgd with fluor_esceln |soth|ocyan%€té'.r_1e dissociation assays are summarized in Table 4. Although the
absence of emission quenching for the rheniumigiptin py-3-CO-NH-en-NH-biotin and py-4-Ck—NH-cap-NH-

complexes in the current work is a result of the negligible biotin complexesb, 1¢, 2b, 2, 3b, 3¢, 4b, and4c exhibited
overlap between the absorption and emission spectra an ess pronounced emission enhancement in the presence of

hence the overlap integral, which renders quenching by RET avidin as compared to the py-4-GHNH—biotin complexes

not favorable. . » that contain shorter spacer-arms (compleka2a, 3a, and

The flrstdlssomat|on_constarit('~a of the rhenium-avidin 43), these eight complexes showed stronger affinities to
adducts have been estimated from the on-rates and off-rates,igin as revealed by the high percentage of avidin that
of the rheniur.Pravi(.jin adducts from kinetic experimer?t%. remained bound by the rheniumdbiotin complexes in the
TheKq value is defined as the ratiai/kon, wherekonis the o mpetitive assays. For example, only ca. 18% and 22% of
bimolecular rate constant for the binding of the fourth 4 avidin molecules remained bound with the py-4,EH
rhenium(l)-biotin complex to avidirRe;, andkor is the N _pjiotin complextain the presence of unmodified biotin
unimolecular rate constant for the dissociation of the first i, the association and dissociation assays, respectively.
rhenium(l)-biotin complex from the fully bound adduct powever. for the py-4-Clz|—NH-cap-NH—bi0tin, complex
avidin—Re, (as incguced by addition of excess unmodified 1. ¢4 469% and 85% of avidin molecules remained associ-
b'0tl'? molecules);. The Kq values ranged from ca. 5.5 ated with the luminescent rhenium@biotin complex in
10710 3.4x 1077 M (Table 4), which are about46 orders  nese two assays. It is conceivable that the enhanced stability
of magnitude Iargerltshan 1that'of the native bietavidin for these eight rheniumavidin adducts is a result of the
system Kq = ca. 107 M). This difference is due to the  |onger spacer-arms of the complexéslso, it should be
bulkiness of the rhenium(l) polypyridine units. However, it qteq that the complex-bound avidin values for each complex
Is important to note that the binding became stronger when gpoyid be similar in the association and dissociation assays.
the biotin-containing ligands changed from py-4-CHH— Apparently, the four py-4-Ck+NH-cap-NH-biotin com-

biotin to py-3-CO-NH-en-NH-biotin to py-4-CH—NH- plexes showed larger values in the dissociation assays than
cap-NH-biotin (Table 4), indicating the importance of the

linkers on alleviating the steric hindrance between the (26) (a) Kam, C.-M.; Abuelyaman, A. S.; Li, Z.: Hudig, D.; Powers, J. C.

complexes and the proteth.The lowest concentration of Bioconjugate Chenl993 4, 560-567. (b) Basak, A.; Jean, F.; Dugas,
idi i H.; Lazure, CBioconjugate Chenl994 5, 301—305. (c) Sugawara,
avidin that can be detected by complgéxwas determined K. Hohi. &. Akatsull(a?K_; Tanake. S.: Nakamura A1=(|a)| 50?.1997,
13, 677-679.
(24) Hirschfeld, T.Appl. Opt.1976 15, 3135-3139. (27) Wilbur, D. S.; Pathare, P. M.; Hamlin, D. K.; Frownfelter, M. B.;
(25) The rate constants and selected linear plots are included in the Kegley, B. B.; Leung, W.-Y.; Gee, K. RBioconjugate Cherr2000
Supporting Information. 11, 584-598.
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' ' ' ' ' ' rhenium(l)-biotin complex by distance-dependent RET
351 4 b g ) quenching® This quencher is designed in such a way that
S a0l \ | (i) when avidin is absent, it can moderately bind the lumi-
< nescent complex by electrostatic attraction; (ii) it contains
Z 55| i energy-absorbing units that can effectively reduce the emis-
é ; sion of the free complex by RET; and (iii) its molecular size
S 20r - should be large, so that its quencher units cannot be in close
2 ! proximity to the rhenium(b-biotin complex after it binds
515t i ; . to avidin. Taking all of these requirements into consideration,
we exploited a water-soluble polypeptide (pohGlu:p-Lys)
L e E— 6:4) that had been modified with the nonfluorescent energy-
log [Biotin, M] acceptor dye QSY-7 hydroxysuccinimidyl ester. The reasons

Figure 6. Results of a homogeneous competitive assay for biotin using fOr using this polypeptide poly(E/K) are that (i) it consists
complex3cand avidin. The emission intensity of the solutions is of triplicate  of glutamic acid and lysine residues with an abundance ratio

experimentst1 standard deviation. of ca. 6:4, and, because of the ionizable side-chain of
eglutamic acid, the modified polymer poly(E/K)-QSY bears
an overall negative charge in aqueous solutions, which allows
the macromolecule to exhibit Coulombic attraction with the
free cationic rhenium(b biotin complex; (ii) the primary

:'nbf['rl:em d?sa}s%ggttigﬁe;s?;tasmza ddEcjrzleng Sgﬁt;icvibﬁgﬁurlepi??ﬁeamines of the lysine residues can be readily modified by the
yS, q hydroxysuccinimidyl ester derivative of the quencher; (iii)

trends of these assays observed in Table 4 is thus emphasized, ; : .
. . . the bulky size of this polypeptide would not enable the
Nevertheless, these experiments can still serve as convenien

and fast assays that allow one to have preliminary ideas anue_ncher units to approach the aV|.d|n—bound rhe_mlun- ()
A . . L biotin complex, and the RET quenching could be minimized.
the avidin-binding properties of these new biotin derivatives.

= o ) The organic label QSY-7 hydroxysuccinimidyl ester was
Homogeneous Competitive Assay for Biotinln view

- e ) chosen because the absorption maximum (ca. 560 nm) of
of the luminescence enhancement exhibited by the rhenium-ji¢ protein conjugate occurred at an energy similar to that of

(I)—biotin complexes when they bind to avidin, a simple e emission maximum of the probe, compBe(558 nm),
and rapid homogeneous assay for biotin has been developeo\eading to a Foster distance of ca. 42.1 A.

As an example, complegc was used as the probe in this | the apsence of the quencher, upon irradiation, complex
assay, which was based on the competition between thiszc gisplayed intense yellow emission with a lifetime of 1.6

complex and native biotin on binding to avidin. A lower us in aerated water at 298 K. The presence of poly(E/K)-
biotin analyte concentration was expected to resultin a higherQSY in a solution of the complex resulted in the reduction
degree of binding of comple&c to avidin and thus higher ¢ amission intensity of ca. 50% and lifetime € 0.1 us).

emission intensity. In our experiments, the emission of the ;s quenching is likely to occur via an RET mechanism

solutions was measured over a biotin analyte concentrationgnq is facilitated by the electrostatic interaction between the
range from 1x 107 to 1 x 10°° M, and the results are  aqatively charged poly(E/K)-QSY and cationic compBex
shown in Figure 6. The; concentration range of biotin that pacause no such quenching was observed when the experi-
can be measured by this assay was from ca.10"**to 1 ment was performed in 50 mM MgS@olution or when
x 10745 M. The Iowest concentration of blofun a_mz?\lyte that he positively charged quencher poly(K)-QSY was used. The
gave a meaningful signal (ca.> 10°°° M) is similar to reason for the different decrease in emission intensity (ca.
competitive biotin assays we reported receffy® 50%) and lifetime ¢ 1.6 fold) is not completely understood.
Homogeneous Avidin Assay Using QSY-Conjugated A possible explanation is that the hydrophobicity associated
Polypeptide. The intrinsic emission intensity enhancement with the biopolymer assisted in the “enhancement of emission
(I115) of the complexes upon binding to avidin varied from intensity” back to an overall 50%. Because the emission
ca. 1.2- to 3.0-fold (Table 3). To develop a sensitive assay lifetimes of the Me—Ph-phen complexes are much less
for avidin (and biotin), it is desirable to maximize these sensitive to hydrophobicity as compared to their emission
emission enhancement factors. We were inspired by theintensity (Table 2), a similar “restoration” of lifetime was
interesting work by Whitten and co-workers on the use of not observed.
fluorescent polymers and viologen-bearing biotin compounds  \When avidin was added to a mixture of poly(E/K)-QSY
as a probing system for avidifi.Our strategy is to use @  and complex3c in water, both emission enhancement and
quencher to selectively suppress the emission of the freejifetime elongation were observed (see below). It is likely
that the rhenium(b-biotin complex departed from the
(28) Lo, K. K.-W.; Chung, C.-K.; Zhu, NChem.-Eur. J2003 9, 475~ polymeric quencher and bound to the protein molecule,
(29) ?gfbhen, L.: McBranch, D. W.; Wang, H.-L.; Helgeson, R.; wudi, "€sulting in a longer separation between the donor (complex

F.; Whitten, D. G.Proc. Natl. Acad. Sci. U.S.A.999 96, 12287
12292. (b) Jones, R. M.; Lu, L.; Helgeson, R.; Bergstedt, T. S.; (30) (a) Selvin, P. R.; Rana, T. M.; Hearst, JJEAm. Chem. S0d.994
McBranch, D. W.; Whitten, D. GProc. Natl. Acad. Sci. U.S.2001 116 6029-6030. (b) Wu, P.; Brand, LAnal. Biochem1994 218
98, 14769-14772. 1-13.

in the association assays (Table 4). The reason is that th
off-rates of these complexes are much lower than their
counterparts of shorter spacer-arfhin other words, equi-
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Scheme 1. Schematic Representation Showing the Emission successfully increased the amplification factor of the emission

Quenching of CompleRc by Poly(E/K)-QSY and Emission P :
Enhancement upon Binding of the Complex to Avidin enhancement for avidin sensing.

Poly(E/K)-QSY

Q

‘>RET . .
R

Re"—D Q

_
complex 3¢

Conclusions

Q We describe here the synthesis, characterization, photo-
physical, and avidin-binding properties of a series of

- luminescent rhenium(fybiotin complexes. Spacer-arms of
+ Ret—l various chain lengths were introduced between the rhenium-
Q

(I) polypyridine unit and the biotin moiety. We found that
more hydrophobic diimine ligands can lead to a higher degree
of emission enhancement and longer spacer-arms can
increase the stability of the rheniuravidin adducts. Using

a negatively charged polymeric quencher, the avidin-induced
30) and acceptor (QSY-7), and hence the enhancement ofemission enhancement factor of one of the complexes was
emission intensity (Scheme 1). We cannot completely increased. Our future target is to design related luminescent
exclude the possibility of electrostatic interactions between probes for biotin and avidin with higher detection sensitivity
the negatively charged quencher and the positively chargedand to apply these systems in the development of new
avidin. However, a similar increase in emission intensity and bioassays.

lifetime was still observed when neutral streptavidin was used ) )
instead of avidin. Experimental Section

emission quenched emission enhanced

On the basis of the emission enhancement, we have titrated Mmaterials and General Methods.All solvents were of analytical
complex3cin water with avidin in the absence and presence reagent grade and purified according to literature proced@res.
of poly(E/K)-QSY. In the presence of the polymeric quench- Re(CO}CI (Aldrich), 4-(aminomethyl)pyridine (Aldrich), nicotinoyl
er, the emission intensity of the complex increased signifi- chloride hydrochloride (Aldrich), diimine ligands (Aldrich), biotin
cantly and showed an overall gain of 4 times at [avidin]: (Acros), KPk (Acros), HABA (Sigma), avidin (Calbiochem), poly-

[3d = 1/4 (Figure 7). The emission lifetimes also increased (O-GluD-Lys) (6:4) (Pierce), and QSY-7 hydroxysuccinimidyl ester
(Molecular Probes) were used as received. Biotinylethylenedi-

' ' ' ' ' ' amine’® biotinamidohexanoic acitl-hydroxysuccinimidyl esteld
4t A nicotinic acid N-hydroxysuccinimidyl estef and dp§® were
. synthesized according to reported procedures. Complexe?a,
. and 3a were prepared as described previoudty.
3r . 1 IH NMR spectra were recorded on a Varian Mercury 300 MHz
§° . NMR spectrometer at 298 K. Positive-ion ESI mass spectra were
oL . i recorded on a Perkin-Elmer Sciex API 365 mass spectrometer. IR
. spectra were recorded on a Perkin-Elmer 1600 series FT-IR
. P S A spectrophotometer. Elemental analyses were carried out on an
] * 1 Elementar Analyzensysteme GmbH Vario EL elemental analyzer.
) ) ) ) ) ) Electronic absorption and steady-state emission/excitation spectra
0.00 005 010 015 020 025 030 0.35 were recorded on a Hewlett-Packard 8453 diode array spectropho-
[Avidin]:[3c] tometer and a Spex Fluorolog-2 model F111 or a Fluoromax-3
Figure 7. Luminescence titration curves for the titrations of compBex fluorescence spectrophotometer, respectively.
(5.5 uM) with avidin in the presencel) and absencea() of poly(E/K)- Unless specified otherwise, solutions for photophysical studies

Qsy (1.1uM) in water at 298 K, wh(_are_ia andl, are the emission intensity were degassed with no fewer than four successive fregamp—
In the presence and absence of avidin, respectively. thaw cycles and stored in a 10-mL round-bottomed flask equipped
from <0.1 to ca. 2.6us. These photophysical changes are with a 1-cm fluorescence cuvette sidearm, and sealed from the

due to the binding of the biotin moiety of the complex to atmqsphere by a Rotaﬂp HP6/6 quick-release Teflon stopper.
the specific biotin-binding sites of avidin, because no similar Luminescence quantum yields were measured by the optically dilute

- . method* using an aerated aqueous solution of [Ru(Bj&3ly (P
changes were observed when avidin presaturated with excess. 0.028, excitation wavelength at 455 rifngs the standard

biotin was used. In the absence of the quenCher. p0|y(_E“_<)' solution. The excitation source for emission lifetime measurements
QSY, the complex also showed enhancement in emissionyas the 355 nm output (third harmonic) of a Quanta-Ray Q-
intensity. However, at [avidin]dc|] = 1/4, only ca. 1.5-fold  switched GCR-150-10 pulsed Nd:YAG laser. Luminescence decay
of emission enhancement was observed (Figur@ Thus, signals from a Hamamatsu R928 photomultiplier tube were
using a macromolecular quencher that can selectively reduceconverted to potential changes by a @0load resistor and then

the emission of the free rheniumfpiotin complex, we have recorded on a Tektronix model TDS 620A digital oscilloscope, and

(31) A lower enhancement factor (1.5) in pure water than in 50 mM (32) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
phosphate buffer (2.27, Table 3) is probably due to ionic-strength Chemicals 3rd ed.; Pergamon Press: New York, 1988.
effects. However, a similar enhancement factor (ca. 2.28) was achieved (33) Collins, J. G.; Sleeman, A. D.; Aldrich-Wright, J. R.; Greguric, |I.;
when a more concentrated phosphate buffer (200 mM) was used in Hambley, T. W.Inorg. Chem.1998 37, 3133-3141.
the avidin-binding studies. It is unlikely that the enhancement factor (34) Demas, J. N.; Crosby, G. A. Phys. Cheml971, 75, 991-1024.
would increase further in more concentrated buffers. (35) Nakamura, KBull. Chem. Soc. Jprl982 55, 2697-2705.
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finally analyzed by using a program for exponential fits on an IBM-
compatible PC-computer.

Py-3-CO—NH-en-NH—biotin. A mixture of nicotinic acid
N-hydroxysuccinimidyl ester (232 mg, 1.05 mmol) and triethy-
lamine (590 mL, 4.20 mmol) in 2 mL of DMF was added to
biotinylethylenediamine (301 mg, 1.05 mmol) dissolved in 10 mL

of DMF. The solution was stirred under nitrogen at room temper-

1.32 (m, 6H, COCHC3Hg of biotin). IR (KBr, cnT1): »(NH) 3441

(m), »(CH) 2925 (m),»(C=0) 2034 (s), 1916 (sy(CONH) 1709

(m), v(PRs~) 843 (s); positive-ion ESI-MS ion clustersmatz. 837

{[Re(dpa)(COX(py-4-CH—NH—biotin)]} *, 503{ [Re(dpa)(COJ} *.

Anal. Calcd for [Re(dpq)(CQjpy-4-CH—NH—Dbiotin)](PF)-H2O:

C, 39.64; H, 3.23; N, 11.21. Found: C, 39.64; H, 3.52; N, 10.95.
The synthetic procedures and characterization data for the other

ature for 12 h, after which the solution was evaporated to dryness complexes are included in the Supporting Information.

under reduced pressure to give a pale yellow solid. Recrystallization

of the solid from methanetdiethyl ether afforded py-3-CONH-
en-NH-biotin as white crystals. Yield: 355 mg (8698 NMR
(300 MHz, DMSO#ds, 298 K, relative to TMS):0 8.96 (s, 1H, H2
of pyridine), 8.71+8.67 (m, 2H, H6 of pyridine and py-3-CO
NH), 8.15 (d,J = 7.9 Hz, 1H, H4 of pyridine), 7.95 (J = 5.4
Hz, 1H, en-NH—biotin), 7.49 (ddJ = 7.9 and 4.7 Hz, 1H, H5 of
pyridine), 6.44 (s, 1H, NH of biotin), 6.37 (s, 1H, NH of biotin),
4.30-4.26 (m, 1H, NCH of biotin), 4.144.06 (m, 1H, NCH of
biotin), 3.16-3.01 (m, 1H, SCH of biotin), 2.80 (ddgem = 12.3
Hz, Jyic = 5.3 Hz, 1H, SCH of biotin), 2.56 (dlgem = 12.6 Hz,
1H, SCH of biotin), 2.06 (tJ = 7.3 Hz, 2H, CO®,C3Hs of biotin),
1.55-1.29 (m, 6H, COCHIC3Hs of biotin). IR (KBr, cnm?): »(NH)
3288 (s), 3073 (m)y(CH) 2919 (m), 2848 (m)y(CONH) 1696
(s), 1650 (s)¥(NH) 1557 (s); positive-ion ESI-MS ion clusters at
m/z 392{M + H*}*.

Py-4-CH,—NH-cap-NH—biotin. 4-(Aminomethyl)pyridine (66
mg, 0.61 mmol) in 5 mL of DMF was added to a mixture of
biotinamidohexanoic acitl-hydroxysuccinimidyl ester (273 mg,
0.60 mmol) and triethylamine (340 mL, 2.44 mmol) in 5 mL of

HABA Assays of Rhenium(l)—Biotin Complexes.The binding
stoichiometry of the rhenium@)biotin complexes to avidin was
assessed by HABA assays. Typically, to a mixture of HABA (300.0
uM) and avidin (7.6uM) in 50 mM potassium phosphate buffer
pH 7.4 (2 mL) were added &L aliquots of the rhenium(tybiotin
complex (1.1 mM) in 1-min intervals. The formation of the
rhenium-avidin adduct was indicated by a decrease in the
absorbance at 500 nm due to the displacement of HABA from the
avidin. By plotting —AAsqo nm Versus [Re]:[avidin], the binding
stoichiometry of the rhenium()biotin complex to avidin was
determined.

Emission Titrations. In a typical procedure, avidin (3;8M) in
50 mM potassium phosphate buffer pH 7.4 (2 mL) was titrated
with the rhenium(l)-biotin complexes (0.55 mM) by cumulative
additions of 5uL aliquots at 1-min intervals. The solutions were
excited at 380 nm, and the emission intensity was monitored at the
emission maxima of the complexes.

Competitive Association and Dissociation Assay3.he binding
of the rhenium(l}-biotin complexes toward avidin with respect to
unmodified biotin was investigated by competitive association and

DMF. The solution was stirred under nitrogen at room temperature dissociation assays. In the association assay, to a mixture of the
overnight, after which the solution was evaporated to dryness underrhenium(l)-biotin complex (60.Q:M) and unmodified biotin (60.0
reduced pressure to give a pale yellow solid. Recrystallization of «M) was added avidin (15.&M). The mixture (500uL) was

the solid from methanetdiethyl ether afforded py-4-CH-NH-
cap-NH-biotin as white crystals. Yield: 237 mg (87%H NMR
(300 MHz, DMSO¢s, 298 K, relative to TMS):6 8.50 (d,J =
5.0 Hz, 2H, H2 and H6 of pyridine), 8.43 @,= 5.9 Hz, 1H, py-
4-CH,—NH), 7.78 (t,J = 5.1 Hz, 1H, cap-M—biotin), 7.23 (d,J
= 5.0 Hz, 2H, H3 and H5 of pyridine), 6.46 (s, 1H, NH of biotin),
6.39 (s, 1H, NH of biotin), 4.334.27 (m, 3H, NCH of biotin and
py-4-CH,—NH), 4.15-4.11 (m, 1H, NCH of biotin), 3.133.07
(m, 1H, SCH of biotin), 3.053.01 (m, 2H, Gi,—NH—biotin), 2.82
(dd, Jgem = 12.0 Hz,J\ic = 5.0 Hz, 1H, SCH of biotin), 2.58 (d,
Jgem = 12.0 Hz, 1H, SCH of biotin), 2.17 () = 7.5 Hz, 2H,
CH,C4Hg—NH—biotin), 2.05 (t,J = 7.0 Hz, 2H, CO®,C;3H; of
biotin), 1.62-1.24 (m, 12H, CHC3;HsCH,—NH—biotin and
COCH,C3Hg of biotin). IR (KBr, cnt1): »(NH) 3283 (s), 3067
(m), »(CH) 2930 (m), 2853 (m)»(CONH) 1701 (s), 1639 (s),
v(NH) 1547 (s); positive-ion ESI-MS ion clusters @tz 448 {M
+ Ht} .

[Re(dpq)(CO)s(py-4-CH,—NH —biotin)](PF¢) (4a). The prepa-
ration of4awas similar to that of.a,*2except that [Re(dpq)(C®@)
(CH3CN)](CRSGs) (222 mg, 0.32 mmol) was used. Compléx
was isolated as yellow crystals. Yield: 148 mg (47%).NMR
(300 MHz, acetonel, 298 K, relative to TMS): 6 10.01-9.97
(m, 2H, H4 and H4of pyrido rings of dpq), 9.959.91 (m, 2H,
H6 and H6 of pyrido rings of dpq), 9.34 (s, 2H, H2 and H3 of
dpq), 8.56-8.48 (m, 4H, H5 and H5of pyrido rings of dpg and
H2 and H6 of pyridine), 7.65 (] = 6.0 Hz, 1H, py-4-CH—NH),
7.24 (d,J = 6.5 Hz, 2H, H3 and H5 of pyridine), 5.70 (s, 1H, NH
of biotin), 5.68 (s, 1H, NH of biotin), 4.524.48 (m, 1H, NCH of
biotin), 4.30-4.26 (m, 3H, py-4-El,—NH and NCH of biotin),
3.19-3.12 (m, 1H, SCH of biotin), 2.93 (ddgem = 12.6 Hz,J\ic
= 5.0 Hz, 1H, SCH of biotin), 2.72 (dlgem= 12.6 Hz, 1H, SCH
of biotin), 2.17 (t,J = 7.2 Hz, 2H, CO®i,C3H; of biotin), 1.72-

incubated at room temperature fbh and then loaded onto a PD-
10 size exclusion column (Pharmacia) that had been equilibrated
with 50 mM potassium phosphate buffer pH 7.4. The first 5 mL of
the eluted solution that contained avidin was collected, and the
emission spectrum was measured. The emission intensity was
compared to that of the control, in which unmodified biotin was
absent. In the dissociation assay, a mixture of the rheniam(l)
biotin complex (60.QuM) and avidin (15.QuM) was incubated at
room temperature for 1 h. Unmodified biotin (6Q:M) was then
added, and the mixture (5@) was incubated at room temperature
for 1 h. The emission intensity of the avidin-containing fraction
was compared to that of the control in which no unmodified biotin
was added.

Homogeneous Competitive Assay for BiotinTo samples of
various concentrations of biotin analyte in 50 mM potassium
phosphate buffer pH 7.4 was added com@Bex5.5uM). Avidin
(1.4uM) in the same buffer was then added, and the assay mixtures
(2 mL) were incubated at room temperature for 5 min. The final
concentration of the biotin analyte in the assay solutions ranged
from 1 x 1073to 1 x 10°8 M. The emission spectra of the solutions
were then measured.

Conjugation of QSY-7 Hydroxysuccinimidyl Ester to Poly-
(p-Glu:p-Lys) 6:4. QSY-7 hydroxysuccinimidyl ester (0.20 mg)
in anhydrous DMSO (2@L) was added to poly(-Glu:p-Lys) 6:4
(5.0 mg) (MW = ca. 23 kDa) dissolved in 48aL of 50 mM
carbonate buffer pH 9.0. The solution was stirred gently at room
temperature for 4 h. The solid residue was removed by centrifuga-
tion. The supernatant was then loaded onto a PD-10 column that
had been equilibrated with Milli Q water (Millipore). The first
purple band that came out from the column was collected, and the
solution was extensively dialyzed against Milli Q water (XL3).
Finally, the solution was concentrated by centrifugation with a
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YM-3 centricon (Amicon). The dye:polypeptide ratio was estimated studentship and a Research Tuition Scholarship, both ad-
to be ca. 0.2 from spectral data. ministered by the City University of Hong Kong. We are
Homogeneous Assay for Avidin Using Poly(E/K)-QSYCom- grateful to Prof. Vivian W.-W. Yam of The University of

plex3c(5.5uM) in Milli Q H ;0 (2 mL) in the presence and absence Hong Kong for access to the equipment for photophysical
of poly(E/K)-QSY (1.1uM), respectively, was titrated with a measurements

solution of avidin (30.6uM) by cumulative additions of 1@L

aliquots at 1-min intervals. The solutions were excited at 380 nm, g pporting Information Available: Synthetic procedures and
and the emission intensity was monitored at the emission maximum -paracterization data for the rhenium{Biotin complexes, results

of the complex (ca. 558 nm). of emission titrations, and determination laf, ko, andKgy from
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