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bstract

A number of luminescent transition metal complexes possess rich photophysical and photochemical properties that allow them to serve as useful
abels and probes for biological molecules. This article describes the current trend in this area of research, with emphasis on our recent work on

uminescent rhenium(I), iridium(III) and ruthenium(II) polypyridine complexes as non-covalent probes for avidin, indole-binding proteins and
strogen receptors. We focus on the molecular design, photophysical properties and biomolecule-binding behaviour of these systems; different
pproaches to enhancing the detection sensitivity are also discussed.

2006 Elsevier B.V. All rights reserved.

eywords: Avidin; Biological probes; Biotin; Estrogen receptors; Indole-binding pro

Abbreviations: An-Av, anthracene-avidin; bpy, 2,2′-bipyridine; bpy-CO
py-CONH-C5H10-CONH-C2H4-indole, 4-(N-(6-N-(2-indol-3-ylethyl)hexanamidy
ethyl-2,2′-bipyridine; BSA, bovine serum albumin; DNA, deoxyribonucleic acid

]phenazine; dppzB, 11-((2-biotinamido)ethyl)amidodipyrido[3,2-a:2′,3′-c]phenazi
3,2-f:2′,3′-h]quinoxaline; dpqB, 2-((2-biotinamido)ethyl)amidodipyrido[3,2-f:2′,3′-
]quinoxaline; ERs, estrogen receptors; HABA, 4′-hydroxyazobenzene-2-carb
imethyl-1,10-phenanthroline; Me4-phen, 3,4,7,8-tetramethyl-1,10-phenanthroline
EG1900, poly(ethylene glycol)1900; phen, 1,10-phenanthroline; Ph2-phen, 4,7
thynylestradiolyl)phenylamido)hexanoyl)aminomethyl)pyridine; py-4-CH2-NH-bio
iotinamido)hexanoyl)aminomethyl)pyridine; py-3-CONH-C2H4-indole, N-(3-pyrid
-aminohexanoyl)tryptamine; py-3-CONH-C2-NH-biotin, 3-(N-((2-biotinamido)et
-(17�-ethynylestradiolyl)pyridine; RET, resonance-energy transfer; SCE, saturated
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l)amido)-4′-methyl-2,2′-bipyridine; bpy-CONH-Et, 4-(N-(ethyl)amido)-4′-
; dppn, benzo[i]dipyrido[3,2-a:2′,3′-c]phenazine; dppz, dipyrido[3,2-a:2′,3′-
ne; dpq, dipyrido[3,2-f:2′,3′-h]quinoxaline; dpqa, 2-(n-butylamido)dipyrido
h]quinoxaline; dpq-C6-B, 2-((6-biotinamido)hexyl)amidodipyrido[3,2-f:2′,3′-
oxylic acid; Hppy, 2-phenylpyridine; IL, intraligand; Me2-phen, 2,9-
; MLCT, metal-to-ligand charge-transfer; NHS, N-hydroxysuccinimide;
-diphenyl-1,10-phenanthroline; py, pyridine; py-C6-est, 4-(N-(6-(4-(17�-
tin, 4-(biotinamidomethyl)pyridine; py-4-CH2-NH-C6-NH-biotin, 4-(N-((6-
oyl)tryptamine; py-3-CONH-C5H10-CONH-C2H4-indole, N-(N-(3-pyridoyl)-
hyl)amido)pyridine; py-3-CONH-Et, N-ethyl-(3-pyridyl)formamide; py-est,
calomel electrode; TPase, tryptophanase

mailto:bhkenlo@cityu.edu.hk
dx.doi.org/10.1016/j.ccr.2006.12.005


emist

1

i
s
t
s
t
b
f
b
o
o
c
[
u
c
t
A
p
c
e

c
r
c
p
p
t
b
s
b
c
[
c
N
a
w
o
n

m
c
p
a
b
T
c
a
d
s
l
c

l
b
t

m
n
d
a
n
t

2

c
1
t
a
w
[
t
f
w
s
a
m
t

b
a
c
s
o
e
p
e
h
g
u
w
t
[
fl
T
i
e
r
q
i
t
e
c
a
p

u
e

K.K.-W. Lo et al. / Coordination Ch

. Introduction

Many transition metal polypyridine complexes display
ntense and long-lived emission in the visible region and pos-
ess rich photoredox behaviour [1–6]. These properties enable
hem to serve as useful labels and probes for biomolecules
uch as DNA and proteins. Since earlier work on introduc-
ion of metal complexes to oligonucleotides [7–9], there has
een much interest in this area of research. DNA labels derived
rom luminescent transition metal complexes can be introduced
efore the oligonucleotides are synthesised or they can react with
ligonucleotides that have been modified with a primary amine
r sulfhydryl moiety. On the basis of these methods, lumines-
ent ruthenium(II) [10–16], osmium(II) [13,14,17], rhenium(I)
18–20] and iridium(III) [21] polypyridine complexes have been
tilised as covalent labels for oligonucleotides. Some of these
omplexes are highly oxidising in the excited state, rendering
hem promising candidates as DNA photocleavage agents [16].
dditionally, transition metal complexes with extended planar
olypyridine ligands have been designed as DNA metallointer-
alators; a number of these systems show substantial changes of
mission properties upon binding to DNA molecules [22–25].

Different strategies have been used to attach transition metal
omplexes to proteins; for example, the imidazole of a histidine
esidue can act as a ligand for various metal centres; cytochrome
, azurin and their genetic variants have been conjugated with
hotoactive ruthenium(II) [26–28] and rhenium(I) [29–31] com-
lexes to investigate long-range electron-transfer. In addition,
he lysine residue of a protein molecule can be modified by a
ipyridine ligand containing an NHS ester, and metal precur-
or complexes can react with this ligand to form luminescent
ioconjugates [32]. Alternatively, luminescent transition metal
omplexes carrying reactive functional groups such as NHS ester
33–36], isothiocyanate [18,21,33,37–39] and aldehyde [40–42]
an be used to target the amine groups of lysine residues and the
-terminal of proteins [43]; luminescent complexes containing
maleimide [19,44] or iodoacetamide [38,45] group can react
ith the sulfhydryl group of a cysteine residue [43]. Labelling
f various proteins by these strategies has led to the design of
ew bioassays [33–36,38,40,45].

The development of non-covalent probes for proteins com-
only relies on hydrophobic interactions between the metal

omplexes and the substrate-binding sites of proteins; for exam-
le, ruthenium(II) [46] and rhenium(I) [47] diimine adamantane
nd imidazole complexes containing a perfluorobiphenyl linker
ind tightly to cytochrome P450cam and nitric oxide synthase.
he binding results from hydrophobic interactions between the
omplexes and the substrate access channel of the protein [46]
nd in the case of the rhenium complexes, the ligation of imi-
azole to the haem of nitric oxide synthase [47]. In another
tudy, a PEG1900 substituent has been linked to a cyclometal-
ated platinum(II) complex to yield a luminescent polymer that
an function as a probe for proteins [48].
This review article describes our recent work on the design of
uminescent transition metal polypyridine complexes as specific
iological probes. These probes contain a biologically impor-
ant substrate as the recognition element and a luminescent
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etal complex as the reporting unit. Emphasis is placed on the
on-covalent binding interactions of these complexes to three
ifferent types of biomolecules: avidin, indole-binding proteins
nd estrogen receptors. For some of our earlier work on lumi-
escent transition metal biotin complexes, readers are referred
o our recent review article [49].

. Biotin complexes

Avidin (MW = 68 kDa) is a glycoprotein isolated from
hicken egg white. It has four identical subunits, each containing
28 amino acid residues [50,51]. Tetrameric avidin can bind up
o four biotin molecules (Vitamin H) with an exceptionally high
ffinity (Kd = ca. 10−15 M) and the binding is very stable over a
ide range of pH, temperature and in various organic solvents

50]. The X-ray structure of avidin reveals that the size of the
etrameric avidin molecule is ca. 56 Å × 50 Å × 40 Å and the
our identical subunits are arranged in a quaternary structure
hich positions the two pairs of the binding sites on oppo-

ite sides of the protein [52–54]. The biotin-binding sites of
vidin are located at ca. 9 Å below the surface of the avidin
olecule and contain both hydrophobic and polar residues for

he recognition of biotin [52–54].
The avidin–biotin system has been widely employed in many

ioanalytical applications [50,51,55–57]. In a heterogeneous
ssay, biotinylated biomolecules immobilised on a solid phase
an be detected by avidin that has been conjugated with reporters
uch as fluorescent compounds or enzymes. Actually, many
rganic fluorophores have been equipped with a biotin moi-
ty to serve as probes for avidin [58–61]. Upon binding to the
rotein in solution, most of the biotin-fluorophore conjugates
xperience fluorescence quenching due to RET, or specifically,
omotransfer [62]. Since the fluorescence originates from a sin-
let excited state, the Stokes’ shifts of these compounds are
sually small, and the overlap integrals are generally large. Thus,
hen the organic fluorophores come to close proximity, effec-

ive RET occurs, leading to substantial emission self-quenching
58–60]. For example, the fluorescence intensity of biotin-4-
uorescein is strongly quenched after binding to avidin [58,59].
he affinity is high enough to achieve stoichiometric ligand bind-

ng at low protein concentration and the association rate is fast
nough for rapid binding at nanomolar concentration. The fluo-
escence intensity of another biotin-BODIPY conjugate is also
uenched upon binding to avidin [60]. The extent of the decrease
n fluorescence intensity has been correlated to the concen-
ration of avidin. Although most biotin-fluorophore conjugates
xperience avidin-induced fluorescence quenching, a biotin-Cy3
onjugate with a PEG1900 spacer-arm has been designed to probe
vidin [61]; the use of such a linker can minimise dye–dye and
rotein–dye interactions and thus reduce self-quenching.

Various biotin compounds containing a reporter or functional
nit such as a transition metal complex have been developed; for
xample, a tricarbonyl(�5-cyclopentadienyl)manganese biotin

ompound has been used as an IR-active tracer in competi-
ive bioassays [63]. Redox-active ferrocene-biotin conjugates
ontaining a poly(ethylene oxide) chain have been designed
s electrochemical sensors for avidin [64]. Another biotiny-
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ated iron(II) diimine complex [Fe(N N)3]2+ has been used as
redox-active biotin-bridge for the immobilisation of avidin

ayers on an electrode surface [65]. Additionally, a nickel(salen)-
iotin conjugate that can couple with highly accessible guanine
esidues in DNA has been reported [66]. Incubation of a model
ligonucleotide with this conjugate yielded a high molecu-
ar weight DNA adduct that can be isolated using avidin.
ecently, biotin has been attached to ruthenium(II) polypyridine
omplexes and the binding to avidin has been studied by spectro-
copic titrations [67,68]. Specifically, the binding of diastereo
ure ruthenium(II) bipyridine biotin complexes to avidin and
treptavidin has been examined in detail by CD titrations [67].
he results suggested strong cooperativity between the first and

he second binding events and a pronounced difference in affinity
etween avidin and streptavidin for the cationic ruthenium(II)
omplex due to the high positive charge of avidin. Additionally,
odest enantiodiscrimination with avidin as the host has been

bserved. In another interesting study, an organometallic ruthe-
ium(II) biotin complex has been incorporated into avidin or
treptavidin to give artificial metalloenzymes for the reduction
f ketones by transfer hydrogenation [69]. Up to 94% (R) enan-
iomeric excess for the reduction of p-methylacetophenone has
een achieved.

Since avidin has four biotin-binding sites, theoretically,
mmobilised biotinylated biomolecules can be recognised by
iotin-reporter conjugates when avidin is used as a bridge [43].
hile the use of biotin–fluorophores is limited due to self-

uenching, for the purpose of a recognition assay, luminescent
ransition metal complexes could be used as markers or affinity
abels in view of their characteristic photophysical properties
23,70–75]. The insignificant overlap integrals prevent them
rom self-quenching when the complexes bind to avidin. In
iew of this, we have synthesised a number of luminescent
henium(I) [76,77], iridium(III) [78,79] and ruthenium(II) [80]
iotin complexes and studied their binding to avidin [49]. Our
ey results are summarised as follows. (1) All the complexes
xhibit increased emission intensities and lifetimes upon bind-
ng to avidin. (2) More hydrophobic complexes show higher
vidin-induced emission enhancement factors (I/Io). (3) Vari-
us quenchers (energy and electron acceptors) have been used
n the development of new bioassays. To increase the sensitiv-
ty of detection, it is desirable to maximise the avidin-induced
mission enhancement factors. One strategy involves the iden-
ification of a system that inherently shows very weak emission
n aqueous buffer, but intense emission in more hydrophobic

edia. In view of the interesting DNA-induced emission of
ruthenium(II) amidodipyrido[3,2-f:2′,3′-h]quinoxaline com-

lex reported by Kelly and co-workers [81], we anticipate
hat related rhenium(I) amidodipyridoquinoxaline complexes
re very promising candidates as sensitive biological probes.
uminescent rhenium(I) amidodipyridoquinoxaline biotin com-
lexes [Re(dpqa)(CO)3(L)](PF6) (L = py-4-CH2-NH-biotin (1),
y-3-CONH-C2-NH-biotin (2), py-4-CH2-NH-C6-NH-biotin

3)) and their biotin-free counterpart [Re(dpqa)(CO)3(py)](PF6)
4) have been synthesised and characterised [82]. Their struc-
ures and those of the dpq analogues [77] are shown in Fig. 1.
xcitation of complexes 1–4 in fluid solutions at 298 K results

f
T
(
s

ig. 1. Structures of complexes 1–4 and 1a–4a. Reproduced from Ref. [82],
ith permission of The American Chemical Society.

n green to yellow 3MLCT (d�(Re) → �*(dpqa)) luminescence
83,84]. The photophysical data of complexes 1–4 and their dpq
nalogues 1a–4a are summarised in Table 1. The emission of
omplexes 1–4 occurs at slightly lower energy than that of their
pq analogues 1a–4a (Table 1). It is obvious that the electron-
ithdrawing amide substituent of the dpqa ligand stabilises the

mpty �* orbitals of the diimine ligand and thus lowers the
MLCT transition energy of the complexes. Whilst complexes
–4 in relatively non-polar CH2Cl2 show emission quantum
ields that are comparable to their dpq counterparts (Table 1) and
ther rhenium(I) polypyridine complexes [83,84], their quantum
ields in more polar aqueous buffer are extremely small (ca.
0−3) (Table 1). In other words, they undergo very significant
eduction in emission quantum yields upon changing the solvent
rom CH Cl to aqueous buffer (Φ : Φ = 1.8%).
2 2 buffer CH2Cl2
he corresponding changes for complexes 1a–4a are milder
Φbuffer : ΦCH2Cl2 = 14.4%). The substantial decrease in emis-
ion quantum yields for complexes 1–4 is ascribed to both the
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Table 1
Photophysical data of complexes 1–4 and 1a–4a

Complex Medium (T (K)) λem (nma) τo (�sa) Φem
a I (τ (�s))b,c I (τ (�s))b,d I (τ (�s))b,e

1 CH2Cl2 (298) 553 0.92 0.19 1.00 (0.19) 8.05 (0.34) 0.96 (0.21)
CH3CN (298) 573 0.34 0.049
Bufferf (298) 574 0.23 0.0021
Glassg (77) 506 6.06

2 CH2Cl2 (298) 552 1.03 0.12 1.00 (0.19) 7.86 (0.30) 1.00 (0.19)
CH3CN (298) 568 0.47 0.038
Bufferf (298) 572 0.31 0.0030
Glassg (77) 502 5.57

3 CH2Cl2 (298) 550 0.86 0.22 1.00 (0.20) 3.05 (0.25) 1.09 (0.19)
CH3CN (298) 573 0.32 0.037
Bufferf (298) 577 0.24 0.0023
Glassg (77) 505 5.90

4 CH2Cl2 (298) 552 1.05 0.20 1.00 (0.21) 1.00 (0.21) 1.09 (0.21)
CH3CN (298) 573 0.37 0.065
Bufferf (298) 571 0.25 0.0049
Glassg (77) 504 5.72

1a CH2Cl2 (298) 548 1.12 0.28 1.00 (0.11) 1.75 (0.21) 0.99 (0.11)
CH3CN (298) 568 0.40 0.086
Bufferf (298) 572 0.11 0.034
Glassg (77) 506 6.67

2a CH2Cl2 (298) 544 1.24 0.15 1.00 (0.18) 1.20 (0.26) 1.03 (0.19)
CH3CN (298) 562 0.52 0.065
Bufferf (298) 566 0.21 0.033
Glassg (77) 504 6.18

3a CH2Cl2 (298) 548 1.10 0.24 1.00 (0.12) 1.15 (0.16) 0.98 (0.12)
CH3CN (298) 568 0.40 0.054
Bufferf (298) 572 0.13 0.032
Glassg (77) 504 6.45

4a CH2Cl2 (298) 549 1.00 0.34 1.00 (0.13) 1.05 (0.13) 1.01 (0.13)
CH3CN (298) 565 0.45 0.057
Bufferf (298) 574 0.12 0.034
Glassg (77) 506 6.53

Reproduced from Refs. [77,82], with permission of The American Chemical Society.
a In degassed solvents. Excitation wavelength = 455 nm except for lifetime measurements for which the excitation wavelength = 355 nm.
b Relative emission intensities in aerated 50 mM potassium phosphate buffer pH 7.4. [1] = 17.5 �M, [2] = 16.7 �M, [3] = 15.5 �M, [4] and [1a]–[4a] = 15.2 �M.
c [avidin] = 0 �M, [unmodified biotin] = 0 �M.
d [avidin] = 3.8 �M, [unmodified biotin] = 0 �M.
e
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[avidin] = 3.8 �M, [unmodified biotin] = 380.0 �M.
f In 50 mM potassium phosphate buffer pH 7.4 containing 2.5% DMSO.
g EtOH/MeOH (4:1, v/v).

igher solvent polarity and hydrogen bond interactions between
he amide group of the dpqa ligand and water [81].

Binding of complexes 1–3 to avidin has been justified by the
ABA assay [43]. The binding of HABA to avidin is associated
ith an absorption feature at ca. 500 nm. Since the affinity of
ABA to avidin (Kd = 6 × 10−6 M) is much weaker than that of
iotin (Kd = ca. 10−15 M) [50,51], addition of biotin will replace
he bound HABA molecules from the protein, leading to a
ecrease in the absorbance at 500 nm. Addition of the rhenium(I)
iotin complexes to a mixture of HABA and avidin decreases
he absorbance at 500 nm, indicating that the bound HABA
olecules are replaced by the rhenium(I) biotin complexes.
he plots of −�A500 nm versus [Re]:[avidin] for complexes 1–3
how that the equivalence points occur at [Re]:[avidin] = from
a. 4.3 to 4.7. Assuming that avidin can only specifically bind

p
a
t
l

he complexes at the four biotin-binding sites, the occurrence of
quivalence points at [Re]:[avidin] > 4 reveals that the binding
f these rhenium(I) biotin complexes to avidin is not substan-
ially stronger than that of HABA. Similar to other luminescent
henium(I) biotin complexes [76,77], complexes 1–3 display
nhanced emission in the presence of avidin. At the equiva-
ence points of emission titrations, complexes 1–3 reveal a ca.
.1–8.1-fold increase in emission intensities and a ca. 1.3–1.8-
old extension in emission lifetimes (Table 1). The emission
nhancement factors are related to the chain lengths of the
pacer-arms between the luminophore and biotin moieties. Com-

lex 1 shows an 8.1-fold increment whilst complex 3 displays
smaller enhancement factor of 3.1 (Table 1). It is likely that

he C-6 aminocaproic acid spacer-arm of complex 3 renders the
uminophore to be more exposed to the polar bulk solution even
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Fig. 2. Emission spectra of An-Av (3.8 �M) in the presence of 0 (—) and 17.3
(
(
i

c
s
a
o
f
R
A

d
c
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L
i
(
(10)) (Fig. 4) have been studied [95]. Upon photoexcitation,
complexes 5–10 display long-lived green to orange lumines-
cence (Table 2). The emission of complexes 5–9 in fluid
solutions is assigned to a 3MLCT (d�(Ir) → �*(N N)) excited
296 K.K.-W. Lo et al. / Coordination Ch

fter the biotin moiety binds to the protein. Also, the increase
f rigidity for this complex is lower as a result of its longer
nd more flexible spacer-arm. Most importantly, the emission
nhancement factors of complexes 1–3 (ca. 3.1–8.1) are signifi-
antly larger than those of the dpq biotin complexes 1a–3a (ca.
.2–1.8) (Table 1). These observations are the consequence of
he very low emission intensities of the free rhenium(I) dpqa
iotin complexes in aqueous solution (Table 1). The Kd val-
es of the rhenium-avidin adducts range from ca. 1.6 × 10−9 to
.7 × 10−8 M.

Anthracene has been employed to study the avidin-binding
ehaviour of the rhenium(I) biotin complexes. When anthracene
s in close proximity to a luminescent rhenium(I) polypyri-
ine complex, it quenches the emission of the complex via the
xchange mechanism; meanwhile, its own fluorescence is also
uenched by the rhenium(I) complex by RET [85]. Schanze
nd co-workers have exploited these quenching properties and
esigned a series of interesting rhenium(I)-spacer-anthracene
omplexes as probes for double-stranded DNA molecules
86,87]. In our studies, avidin is labeled with 9-anthraldehyde
y reductive animation to yield a fluorescent conjugate An-Av.
onomeric avidin has nine lysine residues and the crystal struc-

ure of this protein shows that most of these resides are located at
he surface and thus can be readily modified [52–54]. From the
pectroscopic data, the [anthracene]:[avidin] ratio of the conju-
ate An-Av is determined to be ca. 4.4. In aqueous buffer, An-Av
xhibits vibronically structured emission bands at ca. 420, 440
nd 477(sh) nm, typical of the fluorescence of anthracene. Com-
lexes 1–3 still display small emission enhancement at ca.
65 nm upon binding to the quencher-modified conjugate An-
v. The emission lifetimes of these complexes are increased

rom ca. 0.19 to 0.28 �s, attributable to the binding of the
omplexes to An-Av. However, this increase is less substantial
ompared to the titrations of native avidin with the complexes
Table 1), indicative of emission quenching of the complexes
y the anthracene molecules. The fluorescence of An-Av is
lso quenched by the rhenium(I) biotin complexes. The emis-
ion spectra of anthracene-modified avidin in the absence and
resence of complex 1 are shown in Fig. 2. The results of the
itrations of An-Av with the same complex in the absence and
resence of excess biotin are displayed in Fig. 3. At the equiv-
lence points, complexes 1, 2 and 3 reduce the fluorescence
ntensities of An-Av at 420 nm by ca. 60, 53 and 55%, respec-
ively. However, An-Av also exhibits fluorescence quenching in
he control experiments in which (i) the An-Av is blocked with
xcess biotin molecules (Fig. 3) and (ii) the biotin-free com-
lex 4 is used as the titrant. The reasons are that (i) the added
henium(I) complexes also absorb at the excitation wavelength
nd (ii) non-specific hydrophobic interactions exist between the
omplexes and conjugate. However, in these controls, no equiva-
ence points are observed and the fluorescence is lowered by only
a. 14% at [Re]:[An-Av] = 4:1. The higher extents of quenching
f An-Av by complexes 1–3 indicate that the quenching is a

onsequence of the specific binding of the complexes to An-Av.
he fluorescence quenching of anthracene possibly occurs via

he distance-dependent RET mechanism [86,87]. This is reason-
ble because docking studies of a related ruthenium(II) biotin

F
a
e
R

- - -) �M of complex 1 in 50 mM potassium phosphate buffer pH 7.4/DMSO
97:3, v/v) at 298 K. Reproduced from Ref. [82], with permission of The Amer-
can Chemical Society.

omplex reveal that while the biotin moiety is bound at the
ubstrate pocket of the protein, the metal polypyridine unit is
ctually located on the surface [67]. Thus, it is conceivable that
ur rhenium(I) polypyridine moieties can interact with the sur-
ace anthracene molecules, resulting in emission quenching by
ET. The Kd value for the binding of complex 1 to the conjugate
n-Av is determined to be ca. 4.1 × 10−7 M.
The interesting emission properties of iridium(III) polypyri-

ine complexes [88–94] and our recent interest in using these
omplexes as biological labelling reagents [21,38,40,42] have
rompted us to design new iridium(III) biotin complexes.
uminescent cyclometallated iridium(III) complexes contain-

ng an extended planar diimine ligand, [Ir(ppy)2(N N)](PF6)
N N = dpq (5), dpqa (6), dpqB (7), dppz (8), dppn (9), dppzB
ig. 3. Luminescence titration curves for the titrations of (i) 3.8 �M An-Av (�),
nd (ii) 3.8 �M An-Av and 380 �M unmodified biotin (�) with complex 1. The
mission intensities of the solution at 420 nm are monitored. Reproduced from
ef. [82], with permission of The American Chemical Society.
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Fig. 4. Structures of complexes 5–10. Reproduced from Ref. [95], with permission of Wiley–VCH.

Table 2
Photophysical data of complexes 5–10

Complex Medium (T (K)) λem (nma) τo (�sa) Φem
a

5 CH2Cl2 (298) 590 0.67 0.24
CH3CN (298) 601 0.34 0.11
MeOH (298) 603 0.18 0.064
Glassb (77) 528, 561 sh 4.72

6 CH2Cl2 (298) 599 0.48 0.17
CH3CN (298) 608 0.13 0.034
MeOH (298) 598 1.46 (8%), 0.14 (92%) 0.0009
Glassb (77) 532, 566 sh 3.86

7 CH2Cl2 (298) 597 0.43 0.13
CH3CN (298) 606 0.09 0.019
MeOH (298) 596 1.13 (7%), 0.15 (93%) 0.0006
Glassb (77) 529, 565 sh 3.93

8 CH2Cl2 (298) 603 0.56 0.072
CH3CN (298) 630 0.077 0.0023
MeOH (298) 600 0.38 <10−4

Glassb (77) 544 (max), 563 sh, 589, 643 sh 1224

9 CH2Cl2 (298) 585 0.58 0.0016
CH3CN (298) 588 0.36 0.0012
MeOH (298) 583 0.42 0.0016
Glassb (77) 535 4.45

10 CH2Cl2 (298) 510, 535 sh 0.71 0.019
654 sh 0.13

CH3CN (298) 492 sh,520 1.40 0.0064
612 sh 0.83

MeOH (298) 490, 530, 556 (max) 1.71 0.0010
650 sh 0.36

Glassb (77) 547 (max), 591, 644 sh 1040

Reproduced from Ref. [95], with permission of Wiley–VCH.
a In degassed solvents. Excitation wavelength = 455 nm except for lifetime measurements for which the excitation wavelength = 355 nm.
b EtOH/MeOH (4:1, v/v).
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Fig. 6. Emission spectra of complex 5 (137 �M) in a mixture of Tris-Cl buffer
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490 nm and a shoulder at ca. 520 nm. The emission spectra of
complex 7 in the absence and presence of avidin are displayed in
Fig. 7. At [Ir]:[avidin] = 4, the emission intensities of complexes
7 and 10 at 490 nm are increased by ca. 31- and 8-fold, respec-
ig. 5. Emission spectrum of complex 10 in CH2Cl2 at 298 K. Reproduced from
ef. [95], with permission of Wiley–VCH.

tate, which is supported by the shorter emission lifetimes and
ower emission quantum yields of the complexes in more polar
olvents such as CH3CN and MeOH than in less polar CH2Cl2
Table 2). Among complexes 5–7, the decrease of the emis-
ion quantum yields on going from CH2Cl2 to MeOH is much
ore significant for the amido complexes 6 and 7 compared to

he dpq complex 5 (Table 2). Similar to the rhenium(I) dpqa
ystem described above, the reduced quantum yields of com-
lexes 6 and 7 are due to hydrogen bonding interactions between
he amide groups of the diimine ligands and protic solvent

olecules [81]. Among the dppz and dppn complexes 8–10,
omplexes 8 and 10 also show solvent-dependent emission quan-
um yields (Table 2). Both complexes do not emit in aqueous
olution; hydrogen bonding interactions between the phenazine
itrogens of both complexes (and the amide moiety of com-
lex 10) and water molecules may also exist [96,97]. The dppn
omplex 9 does not display similar solvent-dependent emis-
ion but exhibits very similar emission lifetimes and quantum
ields in different solvents, suggestive of a 3IL (� → �*) (dppn)
missive state. Unlike complexes 5–9, the dppzB complex 10
isplays dual emission in fluid solutions at room temperature;
or example, the emission spectrum of this complex in CH2Cl2
isplays two emission features (Fig. 5). The higher-energy emis-
ion band at ca. 510 nm is tentatively assigned to an excited
tate of 3IL (� → �*) (dppzB) character in view of its longer
mission lifetime (τo = 0.71 �s) and structural features. The
ower-energy emission shoulder at ca. 654 nm is of a shorter life-
ime (τo = 0.13 �s), which is likely to originate from a 3MLCT
d�(Ir) → �* (dppzB)) excited state.

Of the six complexes, the biotin-free complexes 5, 6, 8 and
display emission enhancement in the presence of double-

tranded calf thymus DNA. The emission intensity of the dpq
omplex 5 at ca. 591 nm is enhanced by ca. 33-fold (Fig. 6). Both
he dpqa complex 6 and the dppz complex 8 do not emit in aque-

us buffer solution. However, upon addition of double-stranded
NA, new emission bands are observed at ca. 602 and 606 nm

or these two complexes, respectively; the emission intensities
re ca. 40 and 12 times that of the background in the absence of

F
p
p
o

50 mM, pH 7.4) and methanol (7:3, v/v) in the absence (- - -) and presence (—)
f double-stranded calf thymus DNA (744 �M). Reproduced from Ref. [95],
ith permission of Wiley–VCH.

NA. The emission enhancement is ascribed to the intercalation
f the complexes to the base-pairs of the double-stranded DNA
olecules [96,97]. Although the photophysical properties of the

iotin complexes 7 and 10 are very similar to those of their dpq
nd dppz counterparts (complexes 5 and 8), respectively, their
pectra do not show any changes in the DNA titration experi-
ents. It is likely that the steric bulk of the biotin moiety inhibits

he complexes from intercalating into the double-stranded DNA
olecules.
The avidin-binding properties of complexes 7 and 10 have

een confirmed by HABA assays [43]. Although both complexes
re non-emissive in aqueous buffer, addition of avidin leads to
he appearance of a new emission band with a maximum at ca.
ig. 7. Emission spectra of complex 7 (22 �M) in a mixture of potassium phos-
hate buffer (50 mM, pH 7.4) and methanol (9:1, v/v) in the absence (- - -) and
resence (—) of avidin (5.5 �M). Reproduced from Ref. [95], with permission
f Wiley–VCH.
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ively. Interestingly, the emission band of the adduct (7)4-avidin
ccurs at much higher energy compared to the free complex
n organic solvents (ca. 596–606 nm) (Table 2) and the DNA-
dducts of the dpq complex 5 and dpqa complex 6 (ca. 591 and
02 nm, respectively). The appearance of a new emission band
or this iridium(III) biotin complex at higher energy could be
artly due to the hydrophobic biotin-binding site of the protein
ecause many cyclometallated iridium(III) polypyridine com-
lexes possess solvatochromic behaviour [88–94]. However,
omplex 7 does not show very different emission wavelengths in
ifferent solvents (Table 2), and such a large difference in emis-
ion energy (ca. 3755 cm−1) compared to the DNA adduct of the
pqa complex 6 cannot be solely due to hydrophobic effects. The
ost probable reason is that the emission of this adduct origi-

ates from a state of higher energy than the MLCT state, which
s likely to be a state of predominant 3IL (� → �*) (dpqB) char-
cter. This assignment is supported by the long emission lifetime
ca. 2.2 �s) and the vibronic features of the emission band. The
eason for the switching of excited-state nature from suppos-
dly 3MLCT (d�(Ir) → �*(dppzB)) to 3IL (� → �*) (dppzB)
s unknown at this stage. However, these observations could
e unique to cyclometallated iridium(III) polypyridine com-
lexes because the 3IL/3MLCT emission of these complexes
esponds very sensitively to subtle changes of the identity of
he cyclometallating and polypyridine ligands as well as their
ocal environments [88–94]. Emission titration studies show that
he adduct (6)4-avidin also displays a structured emission band
t ca. 490 nm (a spacing of ca. 1177 cm−1) with a lifetime of
.8 �s. This band is tentatively assigned to an excited state of
IL (� → �*) (dppzB) character. The Kd values of complexes
and 10 are determined to be 2.0 × 10−7 and 8.2 × 10−7 M,

espectively.
A new series of luminescent ruthenium(II) dpq-biotin com-

lexes [Ru(N N)2(N N′)](PF6)2 (N N = bpy, N N′ = dpqB
11a), dpq-C6-B (11b); N N = phen, N N′ = dpqB (12a), dpq-
6-B (12b); N N = Ph2-phen, N N′ = dpqB (13a), dpq-C6-B

13b)) (Fig. 8) has been synthesised and characterised [98]. All
he complexes feature intense 1IL (� → �*) (N N) absorption
ands at ca. 258–286 nm (ε on the order of 104 dm3 mol−1 cm−1)
nd 1MLCT (d�(Ru) → �*(N N)) bands in the visible region
ca. 420–458 nm). Interestingly, all these complexes do not
how a remarkably low-energy 1MLCT absorption band asso-
iated with the dpq-biotin ligands despite their extended
-conjugation, suggestive of the bichromophoric (i.e. “bpy”
nd “quinoxaline-amide”) character of these ligands [99]. The
uthenium(II) dpq-biotin complexes exhibit orange-red 3MLCT
d�(Ru) → �*(N N)) emission upon visible-light excitation
Table 3). While the emission energies of the complexes are
ery similar, the Ph2-phen complexes 13a and 13b display
ore intense and longer-lived emission than the other com-

lexes (Table 3). In addition, the photophysical properties of
he complexes are comparable to those of their corresponding
omoleptic counterparts [Ru(bpy)3]2+ [100,101], [Ru(phen)3]2+
102] and [Ru(Ph2-phen)3]2+ [103] in CH3CN. These results
uggest the possible involvement of the ancillary diimine lig-
nds in the 3MLCT emissive states of the current complexes.
imilar to the rhenium(I) and iridium(III) dpqa and/or dpqB

t
(
d
P

ig. 8. Structures of complexes 11a–13a, and 11b–13b. Reproduced from Ref.
98], with permission of Elsevier.

omplexes described above, the emission quantum yields of the
uthenium(II) complexes decrease substantially from CH3CN
o aqueous buffer (Table 3). These quantum yield values are

uch lower than that of the related complex [Ru(bpy)2(dpq)]2+

n buffer, highlighting the interactions between the amide moiety
f the dpq-biotin ligand and water molecules [81]. Interest-
ngly, Meyer and co-workers reported that the solvent-induced
ight-switch behaviour of [Ru(bpy)2(dppz)]2+ originates from a
ynamic equilibrium between a “dark” and a “bright” MLCT
tate [104,105]. The “dark” MLCT state localises on the
henazine fragment of dppz ligand, which is lower in energy
han the bpy-based “bright” MLCT state. A similar model could
ccount for the different emission properties of the ruthenium(II)
pq-biotin complexes in CH3CN and buffer. Although it is pos-
ible that the LUMO’s of the complexes involve the quinoxaline
oiety of the dpq-biotin ligands as concluded in related sys-

ems [99], the bpy-fragment of these dpq-biotin ligands or the
ncillary diimine ligands (especially the Ph2-phen ligands in the
ases of complexes 13a and 13b due to their long lifetimes)
ay contribute to the “bright” MLCT emission in CH3CN. In

queous solution, it is probable that the “dark” state associated
ith the quinoxaline-fragment of the dpq-biotin ligands is sta-
ilised by hydrogen-bonding interactions between their amide
oieties and water molecules, resulting in very low emission

uantum yields of the complexes [81].
Addition of avidin to the current ruthenium(II) dpq-biotin

omplexes in aqueous buffer results in emission enhance-
ent. As an example, the emission spectra of complex 13b

n the absence and presence of avidin in aqueous buffer are
hown in Fig. 9. At [avidin]:[Ru] = 0.25, the emission intensi-
ies of the complexes are increased by ca. 3.8–8.2-fold (Table 3
nd Fig. 10 for complex 13b). The excited-state lifetimes of

he complexes are also elongated from 0.3–0.6 to 0.6–1.3 �s
Table 3). The degree of emission intensity enhancement
epends strongly on the diimine ligands and follows the order:
h2-phen > phen > bpy, which is in accordance with our previ-
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Table 3
Photophysical data of complexes 11a–13a and 11b–13b

Complex Medium (T (K)) λem (nma) τo (�sa) Φem
a I (τ (ns))b,c I (τ (ns))b,d I (τ (ns))b,e

11a CH3CN (298) 616 1.05 0.058 1.00 (263) 4.57 (561) 1.14 (270)
Bufferf (298) 620 0.79 0.0009
Glassg (77) 582 (max), 629, 683 sh 5.83

11b CH3CN (298) 616 1.12 0.057 1.00 (298) 3.83 (848) 1.11 (324)
Bufferf (298) 619 0.73 0.0010
Glassg (77) 583 (max), 626, 686 sh 5.98

12a CH3CN (298) 612 0.85 0.067 1.00 (290) 5.26 (1017) 1.09 (286)
Bufferf (298) 617 0.83 0.0006
Glassg (77) 574 (max), 618, 677 sh 7.65

12b CH3CN (298) 611 1.09 0.073 1.00 (355) 5.89 (999) 1.05 (342)
Bufferf (298) 615 0.89 0.0010
Glassg (77) 570 (max), 615, 677 sh 7.73

13a CH3CN (298) 613 2.56 0.12 1.00 (606) 5.94 (1149) 1.13 (607)
Bufferf (298) 617 1.55 0.0009
Glassg (77) 589 (max), 634, 690 sh 7.98

13b CH3CN (298) 613 2.57 0.11 1.00 (464) 8.24 (1264) 1.51 (484)
Bufferf (298) 617 1.62 0.0013
Glassg (77) 590 (max), 641, 692 sh 8.38

Reproduced from Ref. [98], with permission of Elsevier.
a In degassed solvents. Excitation wavelengih = 455 nm except for lifetime measurements for which the excitation wavelength = 355 nm.
b Relative emission intensities in aerated 50 mM potassium phosphate buffer pH 7.4. [Ru] = 2.8 �M.
c [avidin] = 0 �M, [unmodified biotin] = 0 �M.
d [avidin] = 0.70 �M, [unmodified biotin] = 0 �M.

o
c
a
e
b
r
b

F
p
R

r
s
t

e [avidin] = 0.70 �M, [unmodified biotin] = 70 �M.
f In 50 mM potassium phosphate buffer pH 7.4 containing 10% DMSO.
g EtOH/MeOH (4:1, v/v).

us observations that more hydrophobic transition metal biotin
omplexes exhibit more significant avidin-induced emission
mplification [76–79]. Most importantly, the avidin-induced

mission enhancement factors of the current ruthenium(II) dpq-
iotin complexes (ca. 3.8–8.2) are much larger than those of
elated ruthenium(II) bipyridine [80] and phenanthroline [68]
iotin complexes (1.2–1.6-fold). The reason is that the free

ig. 9. Emission spectra of complex 13b (2.8 �M) in the absence (- - -) and
resence of 0.70 �M (—) of avidin in potassium phosphate buffer at 298 K.
eproduced from Ref. [98], with permission of Elsevier.

p
4
a
i

F
(
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uthenium(II) dpq-biotin complexes show extremely weak emis-
ion in aqueous buffer. The Kd values vary from ca. 6.2 × 10−9

o 9.5 × 10−8 M. The current ruthenium(II) dpq-biotin com-
lexes show significant broad 1MLCT absorption bands at ca.

50 nm, which is similar in energy to the 488-nm excitation of an
rgon laser, rendering them promising candidates as probes for
mmunoassays and in vitro analysis using laser-scanning confo-

ig. 10. Luminescence titration curves for the titrations of complex 13b
2.8 �M) with avidin (�) and biotin-blocked avidin (�). Reproduced from Ref.
98], with permission of Elsevier.
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ig. 11. Bright field (a) and fluorescent (b) images of a buffer solution containin
onditions are the same as those of (a) and (b), respectively, except that the av
ermission of Elsevier.

al microscopy. To investigate these possibilities, the binding of
omplex 11a to avidin molecules immobilised on microsphere
articles has been examined. A solution of complex 11a is added
o avidin-coated microspheres in the absence and presence of
xcess biotin, respectively, and the samples are visualised with
confocal microscope. Bright field and fluorescent images of

hese two sample solutions are shown in Fig. 11(a–d). Without
xcess biotin, the avidin-modified microspheres reveal intense
uminescence upon excitation owing to avidin-bound complex
1a on the surface of the particles (Fig. 11(b)). However, when
xcess biotin is initially present, addition of complex 11a to
he microspheres only results in a very small number of weakly
uminescent particles (Fig. 11(d)), indicating the lack of substan-
ial binding of the complex to the immobilised protein. These
esults demonstrate that the current ruthenium(II) dpq-biotin
omplexes can act as luminescent probes for immobilised avidin
nd can be employed in the development of new heterogeneous
ioassays.

. Indole complexes

The indole unit occurs naturally in a variety of structures
nd over a thousand indole alkaloids are known to date. Due to
he broad existence and the important physiological activities

f these indole compounds [106,107], the search for their spe-
ific receptors has been met with increasing attention. Serum
lbumins are the most common indole-binding proteins in the
irculatory system and are responsible for the maintenance of

i
t
d
[

in-modified microspheres and complex 11a in the absence of biotin. (c and d):
olecules used are blocked by excess biotin. Reproduced from Ref. [98], with

lood pH and colloid osmotic blood pressure [108]. The unique
apability of albumins is their reversible binding of a large
umber of endogenous and exogenous compounds. Serum albu-
ins contain six specific binding sites including two for small

eterocyclic or aromatic carboxylic acids (sites I and II), two
or long-chain fatty acids (sites III and IV) and two for metal
ons (sites V and VI) [109–111]. Indole and its derivatives are
elieved to bind to site II of serum albumins [109–111]. Trypto-
hanase (TPase) is another indole-binding protein that catalyses
he �,�-elimination and �-replacement reactions of various
ubstrates such as l-tryptophan in the presence of the cofac-
or pyridoxal 5-phosphate [112,113]. Indole has been found to
nhibit the catalytic functions of this protein [112,113].

The design of biological probes for indole-binding proteins
elies mainly on functionalised indole derivatives. Various app-
oaches such as radioactive and fluorescent labels [114–116],
nzyme inhibition assays [117,118] and biotinylated indole
ompounds [119] have been used. In fact, the fluorescence of
ndole and its derivatives is sensitive to the environment and
hus these compounds have been exploited as reporters of their
urroundings [116,120]. Although indole and its derivatives
ave been used as ligands to form a number of transition
etal complexes [121], the incorporation of an indole unit into

uminescent transition metal complexes to develop probes for

ndole-binding biomolecules has not been explored. In view of
he remarkable luminescence properties of rhenium(I) polypyri-
ine complexes [83,84], we have utilised the indole complexes
Re(N N)(CO)3(L)](CF3SO3) (N N = Me4-phen, L = py-3-
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Fig. 12. Structures of complexes 14a–17a, 14b–17b and 14c–17c. Repr

ONH-C2H4-indole (14a), py-3-CONH-C5H10-CONH-C2H4-
ndole (14b); N N = phen, L = py-3-CONH-C2H4-indole (15a),
y-3-CONH-C5H10-CONH-C2H4-indole (15b); N N = Me2-
hen, L = py-3-CONH-C2H4-indole (16a), py-3-CONH-
5H10-CONH-C2H4-indole (16b); N N = Ph2-phen, L = py-
-CONH-C2H4-indole (17a), py-3-CONH-C5H10-CONH-C2

4-indole (17b)) (Fig. 12) as probes for indole-binding proteins
122,123]. Their indole-free counterparts [Re(N N)(CO)3(py-
-CONH-Et)](CF3SO3) (N N = Me4-phen (14c), phen (15c),
e2-phen (16c), Ph2-phen (17c)) (Fig. 12) have also been

tudied.
Upon visible-light excitation, all the complexes display

reen to orange-yellow luminescence under ambient conditions
Table 4). The solution emission of these indole-containing com-
lexes is generally assigned to a 3MLCT (d�(Re) → �*(N N))
xcited state [83,84]. However, the structural features and long
mission lifetimes of the Me4-phen complexes 14a–14c in solu-
ions at room temperature (Table 4) suggest that the excited state
f these complexes exhibits substantial 3IL (� → �*) (Me4-
hen) character. When the indole-containing complexes are
xcited in the ultra-violet region (λex = 250 nm), they exhibit

n additional emission band at ca. 365 nm that originates from
he indole moiety.

The rhenium(I) indole complexes display much lower
uminescence quantum yields and shorter emission lifetimes

b
t
v
i

d from Ref. [123], with permission of The American Chemical Society.

han those of their indole-free counterparts (Table 4). Also,
nlike their indole-free counterparts, these complexes show
oncentration-dependent emission lifetimes, suggesting a self-
uenching process. The self-quenching rate constants (ksq) and
ifetimes at infinite dilution (τi.d.) of the indole-containing com-
lexes in CH3CN have been determined from plots of τ−1 versus
Re] to be on the order of 109 dm3 mol−1 s−1 and 2.1–13.9 �s,
espectively. These emission lifetimes are comparable to those
f the indole-free complexes 14c–17c (Table 4), indicative of the
mportance of intermolecular interactions in the self-quenching
f the complexes. As the triplet-state energy of indole (ca.
4,800 cm−1) [124] is much higher than the emission energy of
he rhenium(I) indole complexes, and there is no spectral overlap
etween the emission band of the indole-free complexes and the
bsorption band of indole, it is unlikely that the self-quenching of
he indole-containing complexes occurs via an energy-transfer

echanism. From the potentials of the diimine-based reduction
f [Re(N N)(CO)3(py-3-CONH-Et)]+ (between ca. −1.1 and
1.4 V versus SCE) and the low-temperature emission energy of

Re(N N)(CO)3(py-3-CONH-Et)]+ (E00 = 2.44–2.67 eV), the
xcited-state reduction potentials, E0[Re+*/0], are estimated to

e ca. +1.25 to +1.49 V versus SCE. On the basis of these poten-
ials and the redox potential of indole (E0[indole+/0] < +1.06 V
ersus SCE), reductive quenching of the excited complexes by
ndole is favoured by >0.2–0.4 eV. It is likely that the mechanism
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Table 4
Photophysical data and results of BSA-titrations and TPase-inhibition assays for complexes 14a–17a, 14b–17b and 14c–17c

Complex Medium (T (K)) λem (nma) τo (�sa) Φem
a I/Io

b,c τ/τo
b,d Ka (M−1b,e) nb,f Inhibition

(%g,h)
Km

(mMg,i)

14a CH3CN (298) 518 8.21 0.0085 2.4 1.7 1.0 × 104 0.6 61 143
MeOH (298) 516 8.60 0.0083
Bufferj (298) 516 8.14 0.0057
Glassk (77) 464, 497, 530 sh 86.38 (52%),

19.77 (48%)

14b CH3CN (298) 514 6.33 0.0091 17.1 2.0 1.7 × 104 0.7 74 172
MeOH (298) 520 6.19 0.0035
Bufferj (298) 514 6.11 0.0053
Glassk (77) 465, 497, 533,

540 sh
95.17 (49%),
21.43 (51%)

14c CH3CN (298) 515 14.12 0.54 1.1 1.0 –l –l 3 166
MeOH (298) 516 14.25 0.39
Bufferj (298) 515 12.83 0.25
Glassk (77) 464, 497, 534 sh,

577 sh
117.65 (44%),
28.98 (56%)

15a CH3CN (298) 548 1.91 0.021 2.1 1.3 0.9 × 104 0.5 43 154
MeOH (298) 548 1.36 0.019
Bufferj (298) 550 1.06 0.014
Glassk (77) 476 sh, 494 10.11

15b CH3CN (298) 545 1.87 0.020 3.2 1.3 1.1 × 104 0.8 72 179
MeOH (298) 547 1.31 0.016
Bufferj (298) 548 1.09 0.0093
Glassk (77) 462 sh, 497 10.23

15c CH3CN (298) 548 2.11 0.33 1.1 1.1 –l –l 7 154
MeOH (298) 546 1.56 0.23
Bufferj (298) 548 1.16 0.17
Glassk (77) 476 sh, 494 11.21

16a CH3CN (298) 530 1.79 0.0076 8.1 1.6 0.9 × 104 0.5 64 161
MeOH (298) 532 1.66 0.0059
Bufferj (298) 532 1.47 0.0049
Glassk (77) 475 sh, 496 15.31

16b CH3CN (298) 534 1.62 0.038 5.0 1.3 1.1 × 104 0.7 74 167
MeOH (298) 537 1.72 0.018
Bufferj (298) 536 1.55 0.0089
Glassk (77) 470 sh, 497 15.67

16c CH3CN (298) 536 2.30 0.30 1.3 1.1 –l –l 8 157
MeOH (298) 531 2.57 0.30
Bufferj (298) 533 2.10 0.24
Glassk (77) 475 sh, 497 15.69

17a CH3CN (298) 558 4.38 0.029 1.0 1.1 –l –l 55 158
MeOH (298) 556 3.96 0.021
Bufferj (298) 561 2.99 0.015
Glassk (77) 508, 534 sh 22.78

17b CH3CN (298) 554 3.82 0.037 1.1 1.1 –l –l 77 176
MeOH (298) 556 3.62 0.036
Bufferj (298) 561 3.05 0.016
Glassk (77) 508, 534 sh 22.99

17c CH3CN (298) 560 6.06 0.34 0.9 1.0 –l –l 6 154
MeOH (298) 556 5.04 0.27
Bufferj (298) 562 3.36 0.18
Glassk (77) 508, 534 sh 23.68

Reproduced from Ref. [123], with permission of The American Chemical Society.
a In degassed solvents. Excitation wavelength = 355 nm. [Re] = 50 �M.
b In 50 mM potassium phosphate buffer pH 7.4 at 298 K.
c Io and I are the emission intensities in the presence of 0 and 1 mM BSA, respectively.
d τo and τ are the emission lifetimes in the presence of 0 and 1 mM BSA, respectively.
e Binding constants to BSA.
f Binding stoichiometries to BSA.
g In 0.15 mM potassium phosphate buffer pH 8.0 at 310 K.
h Percentage inhibition of TPase activity by the rhenium(I) polypyridine complexes at [l-serine] = 800 mM.
i Michaelis constants for TPase assays.
j In 50 mM potassium phosphate buffer pH 7.4 containing 20% MeOH.
k EtOH/MeOH (4:1, v/v).
l These complexes do not show BSA-binding properties.
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Fig. 13. Transient absorption difference spectrum of a degassed acetonitrile
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TPase-catalyzed conversion of l-serine to pyruvate in a non-
competitive fashion.

The synthesis, characterisation, electrochemical, photo-
physical and protein-binding properties of four luminescent
olution of complex 16c (5.5 mM) and indole (55 mM) at 298 K recorded 6 �s
fter laser flash. Reproduced from Ref. [123], with permission of The American
hemical Society.

f the emission quenching of the rhenium(I) indole complexes is
lectron-transfer in nature. To obtain more direct spectroscopic
nformation on the mechanism of the photo-reactions between
he indole-free complexes 14c–17c and indole, nanosecond tran-
ient absorption experiments have been performed. The transient
bsorption difference spectrum of an acetonitrile solution of
omplex 16c and indole at 298 K recorded 6 �s after laser
ash is shown in Fig. 13. The spectrum displays an absorp-

ion band at ca. 420 nm and a broader one of higher intensity at
a. 550 nm. It is unlikely that these bands are associated with
iimine-localised anion of the rhenium(I) polypyridine com-
lex, [ReI(Me2-phen•−)(CO)3(py-3-CONH-Et)]0 because the
bsorption band of the diimine anion radical is expected to
ccur at ca. 350–400 nm [125,126]. With reference to the pulse
adiolysis and transient absorption studies of a series of indole
erivatives [127,128], these bands at ca. 420 and 550 nm are
ssigned to the absorption of the indolyl radical. These results
onclude that the emission quenching of the complexes by indole
s electron-transfer in nature.

The interactions of the rhenium(I) indole complexes with
SA, an indole-binding protein, have been studied by emission

itrations. The emission intensities of the indole-containing com-
lexes are enhanced in the presence of BSA. At [BSA] = 1 mM,
he indole-containing complexes reveal up to a 17-fold increase
n emission intensities and a 2-fold increase in emission life-
imes (Table 4). These observations are ascribed to the specific
inding of the indole moiety of the complexes to the protein.
revious studies show that indole and its derivatives bind to a
pecific hydrophobic site of BSA [109–111]. The increase in
he emission intensities and lifetimes of the indole-containing
omplexes should be closely related to the enhanced hydropho-
icity and rigidity of their local surroundings upon binding to the
rotein. Another possible reason is that intermolecular electron

ransfer between the rhenium(I) indole complexes is inhibited
pon the protein-binding event. Nevertheless, in the cases of
he Ph2-phen complexes 17a and 17b, the emission properties
o not show significant changes, which may be due to the rela-
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ively bulky Ph2-phen ligand that inhibits the protein-binding of
hese complexes. The binding constants (Ka) of the complexes
o BSA and the binding stoichiometries (n) have been deter-

ined (Table 4). These values are comparable to those observed
or the albumin-binding of tryptamine (Ka = 1.1 × 104 M−1,
= 1) [129], indole-3-acetic acid (Ka = 1.7 × 104 M−1, n = 1)

129] and 5-hydroxyindole-3-acetic acid (Ka = 2.0 × 104 M−1,
= 1) [129], and a platinum(II) polyethylene glycol complex

Ka = 2.7 × 104 M−1, n = 1) [48].
To study the possible inhibition of TPase by the rhe-

ium(I) indole complexes, a standard assay that is on the
asis of the conversion of l-serine to pyruvate by the enzyme
as been carried out [113]. Under our experimental condi-
ions, at [l-serine] = 800 mM, free indole inhibits 53% of the
nzyme activity, while the indole-containing complexes and
heir indole-free counterparts cause ca. 43–77 and 3–8% inhibi-
ion, respectively (Table 4). These results reveal that TPase can
nteract with these rhenium(I) indole complexes instead of their
ndole-free counterparts. Complexes 14b–17b cause a higher
xtent of inhibition to the TPase-catalyzed reaction compared to
omplexes 14a–17a, suggestive of the importance of the linker
n alleviating the steric hindrance between the rhenium(I) indole
omplexes and the enzyme. The Michaelis constants (Km) for
he enzyme activity have been determined from plots of the lin-
ar transform of the Michaelis–Menten equation [130], and the
esults are listed in Table 4. Plots of v−1 versus [l-serine]−1 for
he TPase inhibition assays using complexes 16a–16c, indole
nd no inhibitor are shown in Fig. 14. From the x-intercepts
f the linear fits, the Km values for the complexes have been
etermined to be 143–179 mM. Since the x-intercepts of all the
ts are very similar, the indole-containing complexes inhibit the
ig. 14. Plots of v−1 vs. [l-serine]−1 for the TPase inhibition assays, in which
omplexes 16a (�), 16b (�) and 16c (�), indole (�) or no inhibitor (+) is
sed. Reproduced from Ref. [123], with permission of The American Chemical
ociety.
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Table 5
Relative emission intensities and lifetimes of complexes 18–20 and 18a–20a in
the absence and presence of BSA

Complex I (τ (ns))a,b I (τ (ns))a,c I (τ (ns))a,d I (τ (ns))a,e

18 1.00 (388) 1.15 (430) 1.00 (82) 2.08 (118)
19 1.00 (398) 1.07 (441) 1.00 (80) 2.58 (137)
20 1.00 (354) 1.01 (368) 1.00 (75) 1.60 (81)
18a 1.00 (418) 1.38 (618) 1.00 (113) 9.07 (511)
19a 1.00 (484) 1.19 (552) 1.00 (104) 3.90 (478)
20a 1.00 (389) 1.03 (392) 1.00 (80) 1.35 (95)

Reproduced from Ref. [131], with permission of Elsevier.
a Relative emission intensities and lifetimes in aerated 15 mM potassium phos-

phate buffer pH 7.4. [Ru] = 12.5 �M.
b [[Fe(CN)6]4−] = 0 M, [BSA] = 0 M.
c [[Fe(CN)6]4−] = 0 M, [BSA] = 75 �M.
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ig. 15. Structures of the ligands L1–L3. Reproduced from Ref. [131], with
ermission of Elsevier.

uthenium(II) indole complexes [Ru(bpy)2(L1)](PF6)2 (18),
Ru(bpy)2(L2)](PF6)2 (19), [Ru(L1)3](PF6)2 (18a) and [Ru
L2)3](PF6)2 (19a) (L1 = bpy-CONH-C2H4-indole; L2 = bpy-
ONHC5H10CONH-C2H4-indole) have been reported [131].
heir indole-free counterparts [Ru(bpy)2(L3)](PF6)2 (20) and

Ru(L3)3](PF6)2 (20a) (L3 = bpy-CONH-Et) have also been
ynthesised for comparison studies [131]. The structures of the
igands L1–L3 are shown in Fig. 15. The ruthenium(II) indole
omplexes display intense and long-lived orange-red 3MLCT
d�(Ru) → �*(bpy-indole)) luminescence upon visible-light
rradiation (Table S1 of Supplementary Information). The emis-
ion properties of all the complexes are very similar and resemble
hose of ruthenium(II) derivatives coordinated with amide-
ontaining bpy ligands [80,132,133].

In contrast to the rhenium(I) indole complexes described
bove, the indole moiety does not quench the emission of the
uihenium(II) polypyridine complexes. It appears that there is
nsufficient driving force for electron transfer reactions to occur
ecause the reduction potential of indole (E0[indole+/0] = ca.
1.1 V versus SCE) renders the reduction of the excited
uthenium(II) polypyridine moiety (E0[Ru2+*/+] = from +0.77
o +0.88 V versus SCE, estimated from E00 (from +2.04 to
2.08 eV) and E0[Ru2+/+] (from −1.20 to −1.27 V versus SCE))

y indole thermodynamically unfavourable.

The emission quenching of all the complexes by [Fe(CN)6]4−
n the absence and presence of BSA in 15 mM potassium phos-
hate buffer pH 7.4 has been studied. The Stem–Volmer results

p
2
s
b

d [[Fe(CN)6]4−] = 1 mM, [BSA] = 0 �M.
e [[Fe(CN)6]4−] = 1 mM, [BSA] = 75 �M.

how that the emission of all the complexes is quenched effi-
iently by [Fe(CN)6]4− in the absence of BSA; however, in the
resence of BSA (75.0 �M), the emission quenching of all the
omplexes becomes much less efficient (data not shown). The
ecrease of the quenching efficiency is much more significant
or the ruthenium(II) indole complexes 18, 19, 18a and 19a than
heir indole-free counterparts complexes 20 and 20a, sugges-
ive of the binding of the indole moieties of complexes 18, 19,
8a and 19a to BSA [109–111]. The reduced quenching effi-
iency could be due to the immobilisation of the complexes
y the protein matrix and/or the coulombic repulsion between
he anionic [Fe(CN)6]4− and the high negative charge of BSA,
hich renders the quencher ions less accessible to the protein-
ound complexes.

The emission properties of all the complexes in the absence
nd presence of BSA have been studied. Unfortunately, the emis-
ion intensities and lifetimes of the ruthenium(II) complexes
re only slightly increased by 1.01–1.38- and 1.01–1.48-fold,
espectively) in the presence of BSA (Table 5). However, the
nhancement factors are substantially improved after using
Fe(CN)6]4− as a quencher. For example, the emission intensi-
ies are enhanced by 1.35–9.07-fold; and the emission lifetimes
re elongated by 1.19–4.60-fold (Table 5), which indicates
hat ferrocyanide ions preferentially quench the free complexes
ompared to the BSA-bound ones. On the basis of these results,
e have performed emission titrations of the complexes using
SA as the titrant and [Fe(CN)6]4− (4.8 mM) as a quencher in

he bulk solution. The titration curves for all the complexes are
hown in Fig. 16. The ruthenium(II) indole complexes display
ore significant enhancement in emission intensity in the pres-

nce of BSA (2.5-, 3.1-, 19.7- and 6.3-fold for complexes 18, 19,
8a and 19a respectively, at [BSA] = 61.2 �M) (Fig. 16), owing
o the less efficient quenching of the complexes by [Fe(CN)6]4−
fter their binding to the protein. Although the indole-free
omplexes also show an increase in emission intensity in the

resence of BSA (ca. 1.5- and 1.4-fold for complexes 20 and
0a, respectively, at [BSA] = 61.2 �M), the increase is relatively
mall and is probably caused by non-specific interactions. The
inding constants of the ruthenium(II) indole complexes to
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Fig. 16. Emission titration curves for the titrations of complexes 18 (�), 19
(�), 20 (�), 18a (�), 19a (©) and 20a (×) with BSA in the presence of 4.8 mM
[Fe(CN)6]4−. Io and I are the emission intensities of the complexes in the absence
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nd presence of BSA, respectively. Reproduced from Ref. [131], with permission
f Elsevier.

SA are estimated to be ca. 6.6 × 104 to 9.5 × 104 M−1 from
he Scatchard analysis [134].

. Estrogen complexes

The role of estrogen receptors (ERs) in hormone-dependent
reast cancer is the focus of many clinical studies because
he receptor content gives the most accurate index of the can-
er [135–137]. ERs are considered to be target proteins of a
umber of compounds known as endocrine disrupters, some of
hich are environmental pollutants and hazardous to humans

nd animals [138,139]. The design of probes for these pro-
eins includes radioactive estradiol derivatives such as those
ontaining tritium [140] and technetium [141,142] because
f their high detection sensitivity. Estradiol molecules labeled
ith biotin [143,144], organometallics [141,142,145–147], tran-

ition metal complexes [148,149] and organic fluorophores
150–152] have also been reported. However, the possibil-
ty of using luminescent organotransition metal complexes
s probes for ERs has not been explored. Thus, we have
esigned a series of luminescent rhenium(I) estradiol complexes
Re(N N)(CO)3(L)](CF3SO3) (N N = phen, L = py-est (21a),
y-C6-est (21b); N N = Me4-phen, L = py-est (22a), py-C6-
st (22b); N N = Ph2-phen, L = py-est (23a), py-C6-est (23b))
Fig. 17) [153]. The lipophilicity and ER-binding properties of
hese complexes have also been examined. Upon photoexcita-
ion, all the complexes display intense and long-lived green to
range-yellow luminescence (Table S2 of Supplementary Infor-
ation). The emission origin of the complexes is assigned

o a 3MLCT (d�(Re) → �*(N N)) excited state [83,84]. The
xcited state of the py-C6-est complexes is expected to be

onger-lived due to their more hydrophobic local environment
ssociated with the longer spacer-arms. However, the py-C6-
st complexes 21b–23b actually display shorter excited-state
ifetimes, especially in CH2Cl2, compared to their py-est coun-

t
c
s
(

ig. 17. Structures of complexes 21a–23a and 21b–23b. Reproduced from Ref.
153], with permission of The American Chemical Society.

erparts (Table S2 of Supplementary Information). There are
wo possible reasons for these interesting observations. First, the
lectron-withdrawing ethynyl substituent on the pyridine ligand
f the py-est complexes reduces the non-radiative decay rate
f the complexes, as observed in other rhenium(I) polypyridine
ystems [154]. Second, it is possible that the longer and more
exible spacer-arms of the py-C6-est complexes facilitate their
on-radiative decay, giving rise to a shorter-lived excited state.

The lipophilicity of estradiol derivatives is a good correla-
ion with their in vivo uptake rate in fatty tissues and their
on-specific binding affinity to the receptor [155]. These two fac-
ors affect the in vivo distribution and transportation of estradiol
erivatives. The log Po/w values of these rhenium(I) estradiol
omplexes, determined by reversed-phase HPLC [156], are
ummarised in Table 6. Most of the complexes display larger
og Po/w values than that of 17�-ethynylestradiol (3.20). We
ttribute these observations to the hydrophobic nature of the
henium(I) polypyridine moieties despite their formal cationic
harge. The log Po/w values of the complexes follow the orders:
1a < 22a < 23a and 21b < 22b < 23b, which is consistent with
he hydrophobic character of the diimine ligands (phen < Me4-
hen < Ph2-phen). The presence of a spacer-arm in complexes
1b–23b increases the log Po/w values by ca. 1.3–1.5. In general,

he log Po/w values of the py-C6-est complexes (4.34–6.48) are
omparable to those of other organometallic estradiol derivatives
uch as 17�-[(C CCH2N(CH3)C2H4N(CH3)2)Pt(I)2]-estradiol
4.02) [142], 17�-[(C CC6H5)Cr(CO)3]-estradiol (5.03) [145],
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Table 6
Lipophilicity (log Po/w values) and results of ER�-titrations of complexes 21a–23a and 21b–23b

Complex log Po/w I/Io
a,b τo (�sa,c) τ (�sa,c) Ka (M−1a,d) nH

a,e

21a 3.07 1.08 0.53 0.53 –f –f

21b 4.34 5.06 0.56 1.32 (14%), 0.25 (86%) 2.0 × 107 2.1
22a 3.91 0.84 1.03 1.03 –f –f

22b 5.44 6.08 1.30 4.60 (14%), 0.70 (86%) 1.5 × 107 2.1
23a 4.99 1.38 1.24 1.31 –f –f

23b 6.48 5.05 1.20 1.82 (14%), 0.26 (86%) 1.9 × 107 2.0

Reproduced from Ref. [153], with permission of The American Chemical Society.
a In aerated 50 mM potassium phosphate buffer at pH 7.4/methanol (9:1, v/v) at 298 K.
b Io and I are the emission intensities of the complexes in the presence of 0 and 250 nM of ER�, respectively.
c τo and τ are the excited-state lifetimes of the complexes in the presence of 0 and 250 nM of ER�, respectively.
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steric hindrance between the complexes and the receptor.
Nevertheless, these binding constants are comparable or
d Binding constants to ER�.
e Hill coefficients for the binding to ER�.
f These complexes do not show ER�-binding properties.

7�-[(C CC5H4)Re(CO)3]-estradiol (5.31) [145], and 7�-
(C6H12SC2H4SCH3)Re(CO)3Br]-estradiol (6.29) [146].

In the presence of ER�, the emission intensities of the
y-C6-est complexes 21b–23b are enhanced and the emission
axima are blue-shifted. The emission spectral traces of

omplex 21b are shown in Fig. 18. The emission intensities of
omplexes 21b–23b are increased by 5.1-, 6.1- and 5.1-fold,
espectively (Table 6). The emission decays are bi-exponential.
he longer-lived components vary from 1.3 to 4.6 �s, which
re longer than the lifetimes of the free complexes (Table 6).
he increase of emission intensities and excited-state lifetimes

s ascribed to the specific binding of the estradiol moieties of
he complexes to ER� because the estradiol-free complexes
Re(N N)(CO)3(py)](CF3SO3) (N N = phen (21c), Me4-phen
22c) and Ph2-phen (23c)) do not display similar observations.
lso, when ER� which has been bound with excess estradiol

s used, no significant changes are observed. The emission

itration curves for complexes 21a, 21b and 21c with ER�
re shown in Fig. 19. The protein-induced emission enhance-
ent and lifetime elongation of complexes 21b–23b are due

ig. 18. Emission spectral traces of complex 21b in 50 mM potassium phosphate
uffer pH 7.4/methanol (9:1, v/v) at 298 K in the presence of 0, 50, 100 and
00 nM ER�. Reproduced from Ref. [153], with permission of The American
hemical Society.

l
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F
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c
C

o the increase in hydrophobicity and rigidity of the local
nvironment of the metal complexes. The emission intensities
f the py-est complexes 21a–23a do not show significant
hanges in the presence of ER�. It is likely that the lack of

long spacer-arm substantially reduces the protein-binding
ffinity of these complexes [77,82,122,123]. The binding
arameters of complexes 21b–23b to ER�, determined using
he Hill equation [157], are summarised in Table 6. Similar
o other estradiol systems [151,158], positive cooperativity is
bserved for the binding of the py-C6-est complexes to ER�,
s evidenced by convex Scatchard plots and that the nH values
re >1. The binding constants of these complexes are smaller
han that of unmodified estradiol (Ka = 5 × 109 M−1) [159].
he lower binding affinity may be a result of the bulkiness
f rhenium(I) polypyridine moieties, which increases the
arger than those of other related estradiol systems such
s 17�-[(L)Re(CO)3]-estradiol (L = 4′,4′-bis(ethanethio)-4′-

ig. 19. Emission titration curves for complexes 21a (�), 21b (�) and 21c
�) with ER�. The emission intensities of the complexes are monitored at
a. 548 nm. Reproduced from Ref. [153], with permission of The American
hemical Society.
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arboxy-butyn-1′-yl, 6′,6′-bis(ethanethio)-6′-carboxy-hexyn-
′-yl; Ka = 1.3 × 107 and 1.1 × 107 M−1, respectively) [141]
nd 17�-[(C ≡ CCH2N(CH3)C2H4N(CH3)2)Pt(X)]-estradiol
X = diiodide, malonato; Ka = 1.0 × 107 and 2.5 × 106 M−1,
espectively) [142].

. Concluding remarks

Many luminescent transition metal complexes possess
ariable coordination geometry and rich photophysical and elec-
rochemical properties that can be exploited in understanding
iological systems. It is evident that luminescent rhenium(I),
ridium(III) and ruthenium(II) polypyridine complexes can act
s probes for various proteins. Given the high environment-
ensitive emission behaviour of these complexes, and the use of
ther entities such as quenchers, macromolecular architectures
uch as hydrophobic micellar and dendritic systems, we antici-
ate that luminescent metal complexes can further contribute to
he design of new biological probes and analytical assays.
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[84] A. Vlček Jr., Coord. Chem. Rev. 230 (2002) 225.
[85] K.S. Schanze, D.B. MacQueen, T.A. Perkins, L.A. Cabana, Coord. Chem.

Rev. 122 (1993) 63.
[86] N.B. Thornton, K.S. Schanze, Inorg. Chem. 32 (1993) 4994.
[87] N.B. Thornton, K.S. Schanze, New J. Chem. 20 (1996) 791.
[88] A.P. Wilde, K.A. King, R.J. Watts, J. Phys. Chem. 95 (1991) 629.
[89] E. Baranoff, I.M. Dixon, J.-P. Collin, J.-P. Sauvage, B. Ventura, L.

Flamigni, Inorg. Chem. 43 (2004) 3057.
[90] S. Lamansky, P. Djurovich, D. Murphy, F. Abdel-Razzaq, H.-E. Lee, C.

Adachi, P.E. Burrows, S.R. Forrest, M.E. Thompson, J. Am. Chem. Soc.
123 (2001) 4304.

[91] S. Serroni, A. Juris, S. Campagna, M. Venturi, G. Denti, V. Balzani, J.
Am. Chem. Soc. 116 (1994) 9086.

[92] I. Ortmans, P. Didier, A. Kirsch-De Mesmaeker, Inorg. Chem. 34 (1995)
3695.
[93] M. Licini, J.A.G. Williams, Chem. Commun. (1999) 1943.
[94] T. Yutaka, S. Obara, S. Ogawa, K. Nozaki, N. Ikeda, T. Ohno, Y. Ishii, K.

Sakai, M. Haga, Inorg. Chem. 44 (2005) 4737.
[95] K.K.-W. Lo, C.-K. Chung, N. Zhu, Chem. Eur. J. 12 (2006) 1500.
[96] R.M. Hartshorn, J.K. Barton, J. Am. Chem. Soc. 114 (1992) 5919.
ry Reviews 251 (2007) 2292–2310 2309

[97] C.J. Murphy, M.R. Arkin, Y. Jenkins, N.D. Ghatlia, S.H. Bossmann, R.E.
Holmlin, J.K. Barton, Science 262 (1993) 1025.

[98] K.K.-W. Lo, T.K-M. Lee, Inorg. Chim. Acta 360 (2007) 293.
[99] A. Delgadillo, P. Romo, A.M. Leiva, B. Loeb, Helv. Chim. Acta 86 (2003)

2110.
[100] K. Kalyanasundaram, Coord. Chem. Rev. 46 (1982) 159.
[101] A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser, A. von

Zelewsky, Coord. Chem. Rev. 84 (1988) 85.
[102] K. Shinozaki, T. Shinoyama, Chem. Phys. Lett. 417 (2006) 111.
[103] D.V. Kozlov, F.N. Castellano, J. Phys. Chem. A 108 (2004) 10619.
[104] M.K. Brennaman, J.H. Alstrum-Acevedo, C.N. Fleming, P. Jang, T.J.

Meyer, J.M. Papanikolas, J. Am. Chem. Soc. 124 (2002) 15094.
[105] M.K. Brennaman, T.J. Meyer, J.M. Papanikolas, J. Phys. Chem. A 108

(2004) 9938.
[106] T. Ishida, M. Hamada, M. Inoue, A. Wakahara, Chem. Pharm. Bull. 38

(1990) 851.
[107] B. Bartel, Annu. Rev. Plant Physiol. 48 (1997) 51.
[108] J.D. Lang Jr., M. Figueroa, P. Chumley, M. Asian, J. Hurt, M.M. Tarpey,

B. Alvarez, R. Radi, B.A. Freeman, Anesthesiology 100 (2004) 51.
[109] D.C. Carter, J.X. Ho, Adv. Protein Chem. 45 (1994) 153.
[110] F.A. de Wolf, G.M. Brett, Pharmacol. Rev. 52 (2000) 207.
[111] K.N. Houk, A.G. Leach, S.P. Kim, X. Zhang, Angew. Chem. Int. Ed. 42

(2003) 4872.
[112] W.A. Newton, Y. Morino, E.E. Snell, J. Biol. Chem. 240 (1965) 1211.
[113] Y. Morino, E.E. Snell, J. Biol. Chem. 242 (1967) 2793.
[114] J. Bilang, H. Macdonald, P.J. King, A. Sturm, Plant Physiol. 102 (1993)

29.
[115] R. Zettl, J. Schell, K. Palme, Proc. Natl. Acad. Sci. U.S.A. 91 (1994) 689.
[116] A. Mazzini, P. Cavatorat, M. Iori, R. Favilla, G. Sartor, Biophys. Chem.

42 (1992) 101.
[117] M. Shinitzky, E. Katchalski, V. Grisaro, N. Sharon, Arch. Biochem. Bio-

phys. 116 (1966) 332.
[118] I.D.A. Swan, J. Mol. Biol. 65 (1972) 59.
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[146] M.B. Skaddan, F.R. Wüst, J.A. Katzenellenbogen, J. Org. Chem. 64
(1999) 8108.

[147] A. Vessières, S. Top, A.A. Ismail, I.S. Butler, M. Louer, G. Jaouen,
Biochemistry 27 (1988) 6659.
[148] E. Gabano, C. Cassino, S. Bonetti, C. Prandi, D. Conangelo, A. Chiglia,
D. Osella, Org. Biomol. Chem. 3 (2005) 3531.

[149] V. Gagnon, M.-E. St-Germain, C. Descôteaux, J. Provencher-Mandeville,
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