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ABSTRACT A protein fluorescence probe system, cou-
pling excited-state intermolecular Forster energy transfer and
intramolecular proton transfer (PT), is presented. As an
energy donor for this system, we used tryptophan, which
transfers its excitation energy to 3-hydroxyflavone (3-HF) as
a flavonol prototype, an acceptor exhibiting excited-state
intramolecular PT. We demonstrate such a coupling in human
serum albumin-3-HF complexes, excited via the single intrin-
sic tryptophan (Trp-214). Besides the PT tautomer fluores-
cence (Apax = 526 nm), these protein—probe complexes exhibit
a 3-HF anion emission (Ayax = 500 nm). Analysis of spectro-
scopic data leads to the conclusion that two binding sites are
involved in the human serum albumin-3-HF interaction. The
3-HF molecule bound in the higher affinity binding site,
located in the IIIA subdomain, has the association constant
(k1) of 7.2 X 10° M~! and predominantly exists as an anion.
The lower affinity site (k; = 2.5 x 105 M), situated in the
IIA subdomain, is occupied by the neutral form of 3-HF
(normal tautomer). Since Trp-214 is situated in the immediate
vicinity of the 3-HF normal tautomer bound in the IIA
subdomain, the intermolecular energy transfer for this donor/
acceptor pair has a 100% efficiency and is followed by the PT
tautomer fluorescence. Intermolecular energy transfer from
the Trp-214 to the 3-HF anion bound in the IIIA subdomain
is less efficient and has the rate of 1.61 X 10% s~!, thus giving
for the donor/acceptor distance a value of 25.5 A.

Excitation by light may initiate both intramolecular and inter-
molecular transformations of a molecule. Among excited-state
intramolecular processes, the most important are electron
transfer (1-4), proton transfer (PT; refs. 5 and 6), and
conformational transformation (e.g., twisting, torsion, and
isomerization; refs. 7-9). The most conspicuous intermolecu-
lar events are electron, proton, and energy transfer (10, 11).
Excited-state transformations can be coupled with each other
and with the surrounding medium. Dependence of the excited-
state intramolecular electron transfer on environmental relax-
ation (2, 3) and the twisting of solute groups in response to the
excited-state charge transfer (12-15) are well-established phe-
nomena. When joined in one molecular system, excited-state
events can compete dynamically. An example of such compe-
tition is the mutual exclusion of intramolecular electron and
PT in 4'-diethylamino-3-hydroxyflavone (16—-19). Proper pair-
ing of excited-state transformations can be a source of struc-
tural/dynamical information about the molecules possessing
these transformations, the excited-state transformations them-
selves, and the medium where the coupling takes place.

The present paper focuses on the coupling between the
Forster intermolecular energy transfer (11, 20, 21) and in-
tramolecular PT (refs. 6 and 22; Fig. 1). The first step of such
a coupling is the R™%dependent (R is the intermolecular
distance) dipole—dipole intermolecular energy transfer from
excited donor to unexcited acceptor. FOrster energy transfer
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occurs for the very weak range of dipole—dipole interaction
energies (1071-10' cm™1) and has a rate range of 10°-10!! s~!
(20). Generation of the acceptor excited state (S;) may initiate
in the latter an intramolecular excited-state PT with the final
formation of the PT-excited tautomer (S;"). PT-excited tau-
tomer may emit light undergoing transition to the PT tautomer
ground state (Sy’), followed by a reverse PT to the normal
tautomer ground state (Sp). Excited-state PT occurs in fem-
toseconds to picoseconds (23, 24) and results in a PT tautomer
fluorescence that is shifted from the normal tautomer absorp-
tion by 8000-13,000 cm™1.

As a donor for the system coupling intermolecular energy
transfer and intramolecular PT, we chose tryptophan. This
molecule efficiently absorbs and emits light in the UV spectral
region. A molecule capable of exhibiting intramolecular ex-
cited-state PT, which absorbs light in the same region where
tryptophan emits (the critical Forster criterion), is 3-hydroxy-
flavone (3-HF; ref. 22). We chose 3-HF both as a PT fluo-
rescence probe and also as a prototype for biologically signif-
icant flavonols. Coupling between intermolecular energy
transfer and excited-state PT may transform the excitation
energy of tryptophan (Aex = 280-290 nm) to the green
fluorescence of the PT tautomer of 3-HF over distances
appropriate for efficient Forster energy transfer (=50 A). As
an environment for the coupling between intermolecular
energy transfer and intramolecular PT, we used a protein,
human serum albumin (HSA). This protein easily binds various
agents and transports them in the blood stream. HSA contains
a single intrinsic tryptophan and has internal dimensions (25)
favorable for the Forster type of energy transfer.

MATERIALS AND METHODS

Spectroscopic Measurements. The absorption spectra were
recorded on a Shimadzu UV-2100 Spectrophotometer. The
fluorescence spectra and time-resolved phase-modulation ex-
periments were performed with a Fluorolog-2 Spectroflu-
orometer (Spex Industries, Edison, NJ).

Preparation of HSA-3-HF Complexes. The commercial
product of 3-HF (Aldrich) was recrystallized twice from
methanol and once from cyclohexane and then vacuum-
sublimed. Essentially fatty acid-free HSA was a product from
Sigma. The 3-HF was dissolved in ethanol, and then 3 ul of the
stock solution was added to the protein solution in 0.05 M
Hepes buffer (pH 7.0; 2.2 ml). After incubation and mixing for
3 h at room temperature, the solutions were centrifuged for 30
min at 23,000 X g.

Distance Determination for the HSA-3-HF Complexes.
Distance between the donor/acceptor pair for the HSA-3-HF
complexes was determined utilizing the Forster theory of
excitation energy transfer (11). According to this theory, the
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Coupling between intermolecular Forster-type energy transfer and intramolecular PT. Donor transfers UV energy with an R™¢

dependence to acceptor, undergoing intramolecular PT and emitting in the visible region.

rate of energy transfer from an excited donor to an unexcited
acceptor is given by the following equation:

8.8 X107 PPpk* Lip
AD — n4TDR6 b

where 7p is the donor fluorescence lifetime, ®p is the donor
quantum yield, # is the refractive index of the medium between
the donor and acceptor, « is the dipole—dipole orientation
factor, R is the distance between the donor and acceptor, and
Jup is the overlap integral between the donor fluorescence
spectrum and acceptor absorption spectrum:

(1]

[

Jap = f Fp(v)eq(v)v*dv. [2]
0

The distance Ry at which the rate of energy transfer is equal
to the sum of the rates of all other deexcitation modes of the
donor is called the Forster radius:

Ry’ = 8.8 X 1075®pk’n~* I 4p. [31

RESULTS AND DISCUSSION

Stoichiometry of HSA-3-HF Interaction. HSA has two
principal binding sites located in the IIA and IIIA subdomains
(25). The single intrinsic tryptophan of this protein, Trp-214,
is situated in the IIA subdomain, where Lys-199 and His-242
play a key role in the protein-ligand interaction. The most
important residues of the IITA subdomain binding site are
Tyr-411 and Arg-410. Fig. 2 shows the absorption spectra of
HSA-3-HF complexes formed at 1:1 and 1:2 protein—probe
concentration ratios. In both cases, the absorption spectra
consist of three distinct bands. Comparison of these bands with
the 3-HF absorption in aprotic and protic solvents (26-28)
suggests that both 3-HF normal tautomer (Apmax = 345 nm) and
anion (Amax = 417 nm) contribute to the probe absorption.
Large spectral shift between the ionic forms of 3-HF allows to
separate their relative contributions to the absorption of

HSA-3-HF complexes (Fig. 2) and determine concentrations
of both forms in the protein—probe solutions (see Appendix A).
Employing absorption of individual species of 3-HF and
assuming that each binding site of HSA hosts predominantly
one of the two ionic forms of the probe, depending on specific
interactions of the ligand with surrounding amino acid resi-
dues, we determined the association constants for each of the
two binding sites involved (see Appendix A). The higher affinity
site of HSA has association constant (k;) of 7.2 X 10° M~! and
predominantly hosts the 3-HF anion, while the lower affinity
site (k, = 2.5 X 10° M~1) is occupied by the normal tautomer.
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F1G. 2. Absorption spectra of HSA-3-HF complexes at 298 K.
(Upper) [HSA] = 40 uM, [3-HF] = 40 uM; (Lower) [HSA] = 40 uM,
[3-HF] = 80 uM. Decomposition of the absorption spectra into the two
components corresponding to the two ionic forms of 3-HF is shown by
--- for 3-HF normal tautomer; and - for 3-HF anion.
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Since the aforementioned constants have the same order of
magnitude, the HSA-3-HF complexes formed at the 1:1
protein-ligand concentration ratio contain 3-HF molecules
bound in the higher affinity as well as lower affinity binding
sites. Fluorescence spectra of HSA-3-HF complexes exhibit
dependence on excitation wavelength characteristic of a two
component mixture with dominant contributions coming from
the PT tautomer and the anion (Fig. 3). Excitation at 350 nm
corresponding to the absorption maximum of the 3-HF normal
tautomer and minimum of the anion yields a fluorescence of
almost pure PT tautomer (Amax = 526 nm). Excitation at the
anion absorption maximum, 420 nm, reveals fluorescence of
pure anionic form (Amax = 500 nm).

Excited-State Intermolecular Energy Transfer in HSA-
3-HF Complexes. 3-HF molecules bound to HSA cause an
efficient quenching of the tryptophan fluorescence (Fig. 4).
Simultaneously, the probe emission excited via the intermo-
lecular energy transfer from Trp-214 appears. The latter can
be decomposed into the two components arriving from the
3-HF PT tautomer and anion (Fig. 5). Relative contributions
of the two ionic forms to the 3-HF fluorescence are deter-
mined by the occupancy of the two principle binding sites of
HSA with the probe molecules and by the rates of energy
transfer from Trp-214 to the bound ligands. As Fig. 5 shows,
the PT fluorescence dominates over the anion emission for the
HSA-3-HF complexes formed at 1:1 and 1:2 protein—probe
concentration ratio and excited at 297 nm, indicating much
faster energy transfer from Trp-214 to a normal tautomer than
to an anion. That suggests that the site hosting a normal
tautomer is much closer to Trp-214 than the one binding an
anion. It appears reasonable to associate the 3-HF normal
tautomer binding site with the tryptophan-containing IIA
subdomain characterized by x-ray crystallography (25) and
assume that the bound ligand is located in close proximity from
Trp-214, which enables very fast and efficient energy transfer.
On the other hand, the energy transfer to 3-HF anion bound
in the higher affinity site has much lower rate though it is still
fast enough to compete with the Trp-214 fluorescence in
complexes with a vacant lower affinity site. The data on HSA
fluorescence quenching allows the determination of the rate of
energy transfer from Trp-214 to the 3-HF anion, k.4 (see
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F1G. 3. Fluorescence of HSA-3-HF complexes excited at 350 nm
(Upper) and 420 nm (Lower). ——, [HSA] = [3-HF] = 40 uM; -,
[HSA] = 40 uM, [3-HF] = 80 uM.
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F1G. 4. Fluorescence spectra of HSA (40 uM) in absence (——)
and presence of 40 uM (---) and 80 uM (++) 3-HF. Aex = 297 nm.

Appendix B). The k.4 value of 1.61 X 108 s™! can be used to
estimate the distance between Trp-214 and 3-HF anion situ-
ated in the IITA subdomain. Employing a water solution of
tryptophan as reference [® = 0.14 (29)], we determined the
fluorescence quantum yield of HSA tryptophan to be 0.11. The
modeling of HSA fluorescence decay data (A, = 297 nm),
obtained in the phase-modulation experiments, yields the best
fit for the double-exponential decay with the following param-
eters: a1 = 0.8, 7, = 6.2 ns; ap = 0.2, » = 1.5 ns; ¥ = 0.6. For
the distance determination, we used the average integral
lifetime of HSA tryptophan of 4.5 ns, giving the best fit for the
one-exponential decay model. A refractive index value equal
to that of water (n = 1.4) and an orientation factor k> = 2/3
were employed. The value of Forster radius for the Trp-214~
3-HF anion donor/acceptor pair was determined to be 25.4 A,
indicating the 25.5 A separation between Trp-214 and 3-HF
anion (see Appendix B).

Summing up the results on the HSA-3-HF complexes, we
propose the following model. The higher affinity binding site
with association constant of 7.2 X 10° M~! is located in the
IITA subdomain. At this site, the 3-HF molecule is bound
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Fi6. 5. Component analysis of 3-HF fluorescence excited via the
energy transfer from Trp-214: (Upper) [HSA] = [3-HF] = 40 uM;
(Lower) [HSA] = 40 uM, [3-HF] = 80 uM. ——, Total fluorescence
of 3-HF; ---, PT tautomer of 3-HF; and -+, 3-HF anion. Aex = 297 nm.
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predominantly in anionic form. Tyr-411 is the most probable
candidate for the 3-HF anion formation in this site, since the
phenolic hydroxyl group has approximate pK values of 9.8-
10.4, which are comparable with the pK value of the Sy state
of 3-HF (28). The lower affinity binding site of 3-HF, having
binding constant of 2.5 X 10° M1, is situated in the ITA
subdomain and is occupied by the normal tautomer. 3-HF
molecule bound in this site is located in immediate vicinity of
Trp-214, thus serving as a very efficient energy acceptor
(energy trap) for the excited tryptophan. Coupling between
the Trp-214 — 3-HF normal tautomer intermolecular energy
transfer and the intramolecular PT in 3-HF is followed by the
PT fluorescence of 3-HF.

An important aspect of the HSA-3-HF interaction derives
from the physiological significance of some of flavonols and
their analogs. These molecules exhibit not only different
excitation modes, but also are known as antioxidants (30) and
dietary-derived inhibitors of various types of cancer (31, 32).
The flavonols have figured prominently in the new spectro-
scopic phenomenology, which is the basis of this paper.
Intrinsic fluorescence of flavonols provides the unique possi-
bility to monitor their interaction with physiologically impor-
tant targets in situ. For example, flavonols (3-HF, fisetin, and
quercetin) can be used as biologically active fluorescence
probes of enzymes involved in carcinogenesis, such as tyrosine
kinase (33) and DNA topoisomerase (34).

Appendix A: Decomposition of the Absorption Spectra of
the HSA-3-HF Complexes into Two Components

The 3-HF absorption of HSA-3-HF complexes represent a
sum of absorption bands of the two ionic forms of 3-HF: an
anion and a neutral molecule. On the basis of the pH-
dependence of the 3-HF absorption (26-28), it is known that
the band with Apa.x = 420 nm corresponds to the anion, while
the band with Apax = 340 nm corresponds to the neutral form.
The absorption of the neutral form is only weakly dependent
on the surrounding medium exhibiting slight spectral shift in
different solvents. The absorption spectrum of an ethanol
solution of 3-HF, where all the molecules are in the neutral
form, was taken for a basis of spectral decomposition of the
absorption of HSA-3-HF complexes. Experimentally mea-
sured spectra can be represented as:

A = AN + AP = cliea) + clfien(V), 4]

where A4 and Ay are absorbances of the anion and the neutral
form, &4 and ey are corresponding molecular extinction co-
efficients, and c4; and cp; are total concentrations of each form
in the ith solution. The extinction coefficient of the neutral
form was taken to be en(A) = egon(A + AX), where egou(N)
is the extinction of an ethanol solution and AA is a spectral shift
to be determined. As follows from Eq. 4:

ADN) = cepon(n + AX)
ea(A) = C O [5]
At

AP = cRepon(X + AN

- L ,
e/

A non-linear fitting of parameters c4;, cnr, and AA to Eq. 5 was
performed using the Marquart-Levenberg algorithm under
constraints ¢§) + ¢f) = ¢® (i = 1, 2), where ¢@ is a total
concentration of the probe in the ith solution. This procedure
gives the concentrations of each ionic form in each of the
solutions as well as the value of the spectral shift AA = 2.7 nm.
The concentrations of the 3-HF normal tautomer and anion
for a solution of 40 uM HSA and 40 uM 3-HF are 16.1 uM and
23.9 uM, respectively, and for a solution of 40 uM HSA and
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80 uM 3-HF, they are 41 uM and 39 uM, respectively. Having
found the concentrations, we can proceed to determine the
binding constants for HSA-3-HF complexes. We will do it
using a model taking into account only first two strongest
binding sites of HSA and neglecting cooperativity of binding.
Within such a model the ratio of concentrations of the two
ionic forms bound to protein is:

ca _ ki (¥ kacp) 6]
CNb kz (1 +k16f)’

where ¢y is the concentration of free probe molecules in
solution. This ratio varies from k1 /k; for solutions with excess
of protein to 1 for solutions with excess of probe. On the other
hand, the ratio of concentrations of anion and neutral form
bound in the 1:1 protein—probe complex is:

Caa:n) /ﬂ

ey ko

These concentrations can be determined as c4(1:1) = c4p — €(1:2)
and cn(1:1) = cap — €(1:2), Where ¢(1.2) s concentration of the 1:2
protein—-probe complexes. Assuming noncooperative binding,
c(1:2) can be determined as c¢(1.2) = cnpCap/cp, Where cp is an
initial concentration of protein. For large excess of protein, we
can neglect both concentration of the 1:2 protein—probe
complexes and concentration of free probe and determine the
k1/k> ratio. Absorption measurements on the solutions with
large excess of protein over probe (40 uM HSA and 5 uM
3-HF) provide the k;/k, ratio of 2.8. One can propose that for
the HSA-3-HF complexes, c4, = c4,, because there is no free
anion in solution at pH = 7.0, while determined concentration
of neutral form includes both bound and free molecules: cy;, =
cnp + ¢ We can first determine cyp from the equation:

Cap — CNpCan/Cp _ /&

- )
cnp — CnsCan/cp ko

and then find ¢ = cxv — cap. This procedure gives the ¢ value
of 2.25 uM in the solution of 40 uM HSA and 40 uM 3-HF.
Now we can determine the binding constants from Eq. 6,
getting values of ky = 7.2 X 10° Mt and k, = 2.5 X 10° M~ L.

Appendix B: Determination of the Rate of the Resonant
Energy Transfer and the Distance from Trp-214 to 3-HF
Anion Bound in the Higher Affinity Binding Site

Within the previously described model, the solution of HSA-
3-HF complexes contains four different species relevant for
analyzing the fluorescence quenching data. They are:

(i) Free protein with concentration cpr and quantum yield of
tryptophan fluorescence:

_ K
= kf + knr ’

(if) A complex of protein with 3-HF anion bound in the
higher affinity binding site with concentration c,;.1) and
quantum yield:

ky
Na@a:1) = kf + knr T ketA 5
(iif) A complex of protein with neutral 3-HF molecule bound
in the lower affinity binding site with concentration cx(i.1y and
quantum yield:

ky

K+ Ky + kegy® and

NN@1:1) =
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(iv) A complex of protein with both ionic forms occupying both
binding sites with concentration c(;.2) and quantum yield:

kg
2D = e b ey + e + ey’

where ky is a radiative rate of fluorescence, k,, is a total rate
of all nonradiation relaxation processes other than the reso-
nance energy transfer, and k.4 and k. are the rates of the
resonance energy transfer from Trp-214 to 3-HF anion and
neutral molecule, respectively. Because the Trp-214 is one of
the hydrophobic residues lining the binding pocket of the lower
affinity site, Forster-type energy transfer to a 3-HF molecule
located there is very efficient, with kv => krand my(1:1) = ma2)
= (. The concentration of each species can be determined
from known concentration of each ionic form bound to protein
(see Appendix A), assuming noncooperativity of binding as:

_ CNbCab _ cnvlep = cap)
Caz) = cp CN(1:1) = 7@ >
cap(cp — Cnp) (cp— cap)cp — cnp)
Ca1:1) = 7@) s Cpr = cp .

Relative fluorescence intensity of a solution of HSA-3-HF
complexes in respect to a solution of intact HSA is:

L _cpmp t Caa:yMa:y T EvayIva:y t CaMaz)
Iy cpMp

_ @_’_ CA(1:1) MA(1:1)

cp cp Mp

. [71

From Eq. 7, we can find n4(1.1)/np and then, using the relation:

Na@:n !

np ' ke’

where 7p is the measured fluorescence lifetime of intact HSA,
7 = (ks + ku)”!, we can determine:

_ np
ketA = Tp 1( - 1)
NA1:1)

In this way we obtain a value of k4= 1.61 X 108s~1. According
to the Forster theory of resonance energy transfer, this rate is
related to intermolecular separation, R, as:

ket = 0~ {(Ro/R)S,

where Ry is a Forster radius found from Eq. 3 in Materials and
Methods. The value of spectral overlap integral, 1.64 X 10714
M~ l-cmS, was calculated using extinction coefficient of the
3-HF anion, 10,000 M~ '-cm ™. The calculated value of Forster
radius is 25.4 A, and estimated distance from Trp-214 to the
3-HF anion situated in the IIIA subdomain is 25.5 A.
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