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Abstract Homogenous bioaffinity analysis with trypto-
phan/tyrosine residues in native proteins as FOrster-reso-
nance-energy-transfer (FRET) donors is feasible when
suitable fluorophors can act as FRET acceptors in ligands
(FRET probes) and FRET efficiency in complexes of pro-
teins and FRET probes is high enough. In complexes of
proteins and FRET probes, suitable acceptors should have
excitation peaks around 335 nm and high rotation freedom,
are preferred to have sufficient quantum yields and excita-
tion valleys around 280 nm. In protein binding sites mim-
icked with mixtures of neutral phosphate buffer and organic
solvents, quantum yields of candidate acceptors are altered
inconsistently but their excitation peaks show tiny changes.
Fluorophores as acceptors in such FRET probes are buried
inside glutathione-S-transferase and have low rotation free-
dom, but are localized on streptavidin surface and display
high rotation freedom; FRET efficiency in complexes of
streptavidin and its FRET probes is much stronger than that
in complexes of glutathione-S-transferase and its FRET
probes. Specially, the quantum yield is about 0.70 for free
1-naphthylamine probe in neutral phosphate buffer, about
0.50 for 1-naphthylamine probe bound by streptavidin, and
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about 0.15 for that bound by glutathione-S-transferase. The
quantum yield is about 0.06 for free dansylamide probe,
about 0.11 for dansylamide probe bound by streptavidin
and about 0.27 for that bound by glutathione-S-transferase.
Therefore, 1-naphthylamine and dansylamide are effective
acceptors when they localize on surfaces of complexes of
proteins and FRET probes.
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Quantum yield - Excitation peak

Introduction

Homogenous bioaffinity analyses are important for estimat-
ing both affinities of candidate ligands and quantities of
ligands or proteins in mixture samples [1-7]; they usually
employ FOrster-resonance-energy-transfer (FRET) with a
donor and a paired acceptor whose excitation peak overlaps
the emission peak of the donor [8—16]. For such analyses,
proteins are frequently labeled with fluorophores to act as
donors/acceptors while fluorescent ligands are used as the
counterparts to exert FRET in their complexes. However,
the labeling of proteins with fluorophores may alter their
functions and cause false results. In fact, common proteins
contain tryptophan and/or tyrosine residues and exhibit
emission peaks around 335 nm under the excitation around
280 nm [16-21]; tryptophan and tyrosine residues in native
proteins can thus act as intrinsic donors to carry out homog-
enous bioaffinity analysis when fluorescent ligands bearing
excitation peaks around 335 nm are made available to act as
both acceptors and FRET probes. This new type of homo-
geneous bioaffinity analysis is proven to be effective to
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some native proteins [19-21]. Therefore, the strategies to
design such FRET probes should be established while the
universal applicability of this new method still needs
investigations.

The conjugation of non-fluorescent moieties bound by
proteins with fluorophores suitable as the acceptors for tryp-
tophan and tyrosine residues in native proteins can be a
general strategy to design FRET probes [22—-24]. In practice
of this new method, the changes of fluorescence of proteins or
FRET probes in reaction solutions under the excitation around
280 nm can be measured. FRET is sensitive to changes of
distance between a donor and its paired acceptor and only
fluorescence of aromatic residues close to binding sites is
quenched by the bound FRET probes. The assay of protein
fluorescence thus suffers high background and low sensitivity.
As an alternative, the fluorescence of a FRET probe under the
excitation around 280 nm can be quantified providing, (a) the
emission of the FRET probe under the excitation around
335 nm is much higher than that under the excitation around
280 nm, and (b) the quantum yield of the bound FRET probe
is high enough. However, acceptors in FRET probes can be
buried inside protein binding sites, or else be localized on
protein surfaces; protein binding sites are non-aqueous and
quantum yields of fluorophores are sensitive to changes of
environments. As a result, an acceptor in FRET probes of
different proteins may exhibit different quantum yields due to
different binding modes. More importantly, reasonable FRET
efficiency in complexes with proteins requires an angular
factor that is usually approximated to be about 2/3 when the
acceptors and/or donors display random orientation. For this
new method, therefore, acceptors or donors in complexes with
proteins should have sufficient rotation freedom [16]. An

Fig. 1 Structure of tested
fluorophores
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acceptor buried inside protein binding sites should have low
rotation freedom while tryptophan and tyrosine residues inev-
itably exhibit restricted rotation; such low rotation freedom of
an acceptor and donors inevitably reduces the FRET efficien-
cy in the complexes with proteins and thus devalues this new
method. Furthermore, suitable fluorophores in FRET probes
should have small sizes for reasonable affinities of the probes
to proteins. Hence, fluorophores as the unique acceptors in
FRET probes should be rigorously selected and effects of
binding modes of acceptors in FRET probes on reliability of
this new method should be carefully investigated.

Derivatives of acridinine, 1-naphthylamine, coumarin, and
dansylamide have excitation peaks close to 335 nm and are
candidate acceptors (Fig. 1). Herein, to facilitate the design of
FRET probes and the selection of candidate fluorophores as
suitable acceptors, we compare their properties relevant to the
sensitivity of this new type of homogenous bioaffinity analy-
sis and further examine effects of binding modes of acceptors
on the reliability of this new method.

Materials and Methods
Materials, Reagents, and Apparatus

Dansyl chloride (DNS-CI), N-(1-naphthyl)-ethylenediamine
(NEDA) hydrochloride, 4-methyl-7-hydroxycoumarin, 4-
(diethylamino)-salisylaldehyde, acridine-9-carboxyl acid
and 9-methylacridine were from Alfa Aesar. Glutathione-
Sepharose 4B was from Sigma-Aldrich. Streptavidin (SAV)
was from Promega. Other chemicals were domestic analyt-
ical reagents. Mapada UV 1600 PC spectrophotometer was
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used. Agilent Cary Eclipse fluorospectrometer was used
with the excitation and emission slits of 10 nm, unless
otherwise stated. Structures were determined by electro-
spray-ionization high-resolution-mass-spectrometry (ESI-
HRMS) on API QSTAR LC-Q-TOF, and by NMR data of
"H and ">C on DRX 500 M Hz NMR spectrometer (Kunm-
ing Institute of Botany, Chinese Academy of Sciences,
Yunnan 650224).

Preparation of Glutathione-S-Transferase (GST)
and Estimation of Kinetic Parameters

Fresh porcine liver (200 g) was homogenized with 400 ml
10 mM Tris—HCI buffer at pH 6.8 containing 0.25 M su-
crose, 1.0 mM EDTA, and 0.50 mM dithiothreitol. After
centrifugation at 10,000 rpm for 30 min, the supernatant was
fractionated with ammonium sulfate between 45 % and
85 % saturation. The resulting precipitates were collected
by centrifugation, and dissolved in 50 ml Tris—HCI buffer
(10 mM, pH 8.0) for dialysis against several changes of
500 ml distilled water. The supernatant after centrifugation
at 10,000 rpm for 30 min was loaded for DEAE-cellulose
(DE52) chromatography using the equilibrating buffer of
10 mM Tris—HCI buffer at pH 8.0. After removal of
loosely-bound proteins with the equilibrating buffer, bound
GST was eluted out with a linear gradient of NaCl from 0.10
to 0.40 M in 10 mM Tris—HCI buffer at pH 8.0. The pooled
active portions were loaded on GSH-Sepharose 4B affinity
column equilibrated with buffer A (10 mM sodium phos-
phate at pH 7.3 plus 0.14 M NaCl and 2.7 mM KCI).
Unbound proteins were washed out with buffer A while
bound proteins were eluted with buffer B (pH 8.0, 50 mM
Tris—HCI contains 10.0 mM glutathione). Active portions
were collected and stored below —15 °C. Before use, the
preparation was dialyzed at 4 °C against 10 mM sodium
phosphate buffer at pH 7.0. Native PAGE analysis sup-
ported homogenecity of the preparation. GST activity was
determined with 1.0 mM GSH and 1.0 mM 2,4-dinitrochlor-
obenzene at 25 °C by absorbance at 340 nm with absorp-
tivity of 9.6 (mM-cm) '. The prepared GST accounted for
nearly 30 % of the total activity of GST in pig liver homo-
genates. For estimating kinetic parameters, glutathione and
2,4-dinitrochlorobenzene concentrations were varied from
0.05 to over 2.0 mM; initial rates were analyzed by
Lineweaver-Burk plot according to GST kinetics [25, 26].

Preparation of Fluorophores and FRET Probes
1-Naphthylamine Probes
(a) N-(biotinyl)-N'-(1-naphthyl)-ethylenediamine (BNEDA)

were prepared as described previously [19, 20, 27, 28]. (b)
N-(1-naphthyl)-glycine was prepared with 1-naphthylamine

(10.0 g) and chloroacetic acid (4.0 g) in 20 ml NaOH
solution (0.10 M) [29]. (¢) cyclohexanylcarboxylic acid
was activated in chloroform with N-hydroxysuccinimide
and dicylcohexanylcarbadiimide for 3 h at 25 °C; after the
removal of precipitates, NEDA at 1:1 molar ratio was di-
rectly added for further reaction of 3 h in dark. The solution
was repetitively washed with 0.1 mM HCl, water and 1.0 M
NaOH; the removal of solvents finally gave N-(1-naphthyl)-
N'-cyclohexanylcarbonyl-ethylenediamine (NCHEDA).
NCHEDA was verified by ESI-HRMS with molecular
weight (MW) of 297.4136 Dalton while the calculated
MW for its monocation derivatised from the complexing
with single 'H" was 297.4142 Dalton.

Dansylamide Probes

(a) DNS-CI was reacted with ethylenediamine at 1:10 molar
ratio in dichloromethane to prepare mono-dansylated ethyl-
enediamine followed by purification via silica chromatogra-
phy. N-biotinyl-N'-dansyl-ethylenediamine (BDEDA) was
prepared with mono-dansylated ethylenediamine as de-
scribed previously [20], and stored below —20 °C till use.
(b) Dansylglycine was prepared with DNS-CI in THF and
glycine in 0.10 M NaOH. After the concentration of reaction
mixture, dansylglycine was purified by precipitation with
HCI at pH 4.5 and wash with water. (c) DNS-CI and 1,3-
propanyldiamine (2.2:1) were mixed in chloroform : pyri-
dine (5:1) under stirring at 25 °C. After reaction for 3 h,
solvents were removed under reduced pressure and the
residuals were washed vigorously and repetitively with
0.10 M NaOH and 0.10 mM HCI. The green residuals were
dissolved in dichloromethane, washed again with 0.10 M
NaOH, water and 0.10 mM HCI repetitively, and dried over
Na,SOy4. The removal of solvents gave N,N'-didansyl-1,3-
propanyldiamine (DDPDA). DDPDA was verified by
HRMS with molecular weight of 541.7009 Dalton while
the calculated MW for its monocation derivatised from the
complexing with single 'H" was 541.7012 Dalton.

Acridine Probes

Acridine-9-carboxylic acid (0.4 g) was refluxed in 12.0 ml
dichlorosulfoxide for 2 h; after the removal of solvents,
acridine-9-acylchloride was obtained and dissolved in
10.0 ml chloroform. This acylchloride solution was added
to 3.0 ml ethylenediamine in 50 ml chloroform, and the
resulting solution was refluxed for 3 h. To the residuals after
removal of solvents, 5 ml 0.5 M NaOH solution was added
and the collected precipitates were purified via chromatog-
raphy to give N-(aridinyl-9-carboxyl)-ethylenediamine. In
30 ml THF solution of 0.3 g N-(aridinyl-9-carboxyl)-ethyl-
enediamine, 150 mg active ester of biotin in THF was added
for reaction at room temperature in dark for 3 h. After the
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removal of solvents, the concentrated residuals in methanol
were purified via chromatography to give N-(biotinyl)-N'-
(acridine-9-carbonyl)-ethylenediamine (BACEDA) for stor-
age below —20 °C. ESI-HRMS of BACEDA gave only two
principal peaks, one with MW of 492.2068 Dalton (the
calculated MW for its monocation derivatised from the
complexing with single ' H" was 492.2063) and the other
with MW of 514.1889 Dalton (the calculated MW for its
monocation derivatised from the complexing with single
2Na" was 514.1883 Dalton). NMR data also supported
the expected structure of BACEDA (data not given).

Nonfluorescent Biotin Derivatives
They were prepared as previously described [20].
Coumarin Fluorophores

4-diethylamino-salicylaldehyde (1.4 g), diethylmalonate
(1.3 g), piperidine (0.1 ml) and acetic acid (0.2 ml) were
mixed in 20 ml n-BuOH; the mixture was refluxed for 12 h
[30]. Orange solids were formed after cooling to room
temperature. The solids were recovered, washed with n-
BuOH and dried in vacuum (~1.5 g, ~90 %).

Fluorescence Properties and Quantum Yields

All samples were used in 10 mM sodium phosphate buffer
at pH 7.0, unless otherwise stated. Fluorescence signals and
spectra were recorded routinely at room temperature. To
quantify quantum yield, quinine in 0.50 M sulfuric acid
was used as the reference with a putative quantum yield of
0.58. All fluorophores were excited at 325 nm to record
their emission spectra, unless otherwise stated. Concentra-
tions of fluorophores were adjusted for absorbance below
0.030 at 325 nm. Signals from buffer and Raman scattering
were corrected. Emission from 350 nm to that equal to the
emission peak (A¢pn) plus 100 nm was integrated. Quantum
yield is calculated considering their integrated signals and
their absorbance at the same excitation wavelength [16].

Docking of FRET Probes to GST

Molegro Virtual Docking (V2011.5.0 on Windows XP) was
used. Structure models of FRET probes were generated with
ACDfree 11.0 and saved as .mol2 files. The structure mode
of porcine liver GST 7t was from Protein DataBank (ID:
3gss.pdb). Water molecules and the bound ligands were
removed manually from the crystal structure. The selected
region of the active site covered the whole binding cleft
including the interface of the other interacting subunit, and
the diameter of active site was preset at 1.2 nm. Tryptophan
and tyrosine residues in the active site were displayed.

@ Springer

Coordinates of complexes were saved for analysis by Pymol
(v 11.0).

Estimation of Relative Affinity

The procedure and equation to calculate relative affinity of a
nonfluorescent candidate ligand against an analytical FRET
probe were as those described previously [20]. Relative
affinities were from assays in duplicate with coefficients of
variation below 15 %. Quantum yields (¢) were estimated
with data in at least duplicate and coefficients of variation
were below 10 %.

Results and Discussion

Comparison of Properties of Readily-Available
Fluorophores

For favorable sensitivity of this new homogenous method,
the following properties of acceptors in FRET probes are
primarily concerned: (a) their rotation freedom in bound
probes and thus the angular factor affecting FRET efficien-
cy, (b) the overlapping regions between their excitation
peaks and the emission peaks of proteins, (c) their sizes
and affinities of the resulting FRET probes, (d) the differ-
ences in their emission under the excitation around 335 nm
and around 280 nm, (e) their quantum yields in the bound
states. The sensitivity to quantify changes of protein fluo-
rescence is primarily determined by the first three factors
while that to quantify probe fluorescence is affected by all
the five factors. Moreover, the ease to conjugate acceptors
with binding moieties for common proteins, the cost and the
storage stability of the resulting FRET probes should also be
considered.

Many fluorophores have excitation peaks around 335 nm
and reasonable sizes to act as candidate acceptors (Fig. 1).
Such acceptors display two binding modes in FRET probes
of different proteins. BNEDA is a FRET probe of SAV; 1-
naphthylamine as the acceptor in BNEDA bound to SAV
exhibits an emission peak around 430 nm while free
BNEDA in neutral phosphate buffer shows an emission
peak around 445 nm [19, 20]. Final 15 % tetrahydrofurane
(THF) causes the blue-shift of the emission peak of free
BNEDA comparable to that of BNEDA bound to SAV
(Fig. 2). Hence, mixtures of organic solvents and neutral
phosphate buffer are employed to mimic protein binding
sites for the preliminary screening of candidate acceptors.

Excitation spectra of 7-diethylaminocoumarin, 1-
naphthylenol and 8-hydroxyquinine in neutral buffer are
unfavorable and exhibit tiny changes in mimicked binding
sites (Table 1). Excitation peaks of other fluorophores con-
sistently exhibit small red-shifts in binding sites mimicked
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Fig. 2 Effects of THF on fluorescence spectra of representative fluo-
rophores in 10 mM sodium phosphate buffer at pH 7.0 (PBS). a.
BNEDA at 10 nM. b. BDEDA at 10 nM. ¢. BACEDA at 10 nM

with organic solvents (Fig. 2). Hence, most tested fluoro-
phores seem suitable as FRET acceptors to quantify protein

fluorescence with this new homogenous method.

Candidate fluorophores show emission peaks with blue-
shifts in mimicked binding sites, which is most pronounced
with dansylamide. In neutral phosphate buffer, the quantum
yields of I-naphthylamine, 7-hydroxycoumarin, and 9-
methylacridine are about 0.70, 0.45 and 0.35, respectively,
while those of other tested fluorophores are below 0.25
(Table 2). 2-naphthylenol is an unfavorable acceptor to

Table 1 Effects of THF on excitation properties of candidate fluorophores

Fluorescence parameters at different levels of THF in sodium phosphate buffer at pH 7.0

Fluorophores

ch, maxiSnm/ch, 280+5nm

ch, 33315nm/ch, 280+5nm

ch, 330:&5nm/ch, 280+5nm

Aex (nm)

15 %
3.00
232

10 %
3.02
2.38
1.17
0.75
3.06
8.82
2.24
6.38
9.83

5%
3.29
2.49
1.15
0.72
3.00
8.34
2.26
6.68

0%
9.

15 %
2.22
2.18
0.10
0.56
293
2.36
1.97
2.78
4.99

10 %
2.34
2.21
0.10
0.44
2.88
2.39
2.19

5%
2.78
2.25
0.09
0.42
2.78
2.44
2.20
3.19
5.26

0%
3.27
2.31
0.09
0.38
2.70
2.62
2.47
4.09
5.84

15 %
1.78
2.28
0.18
0.73
3.02
2.10
1.45
2.43
4.22

10 %
1.98
2.32
0.16
0.59
2.97
2.13
1.54
2.66
4.38

5%
2.10
2.38
0.15
0.56
2.88
2.19
1.77
2.76
4.40

0%
2.57
2.47
0.15
0.51
2.81
2.36
245
3.52
4.86

15 %

330
325
296
324
323
385
329
357
356

10 %
328
325
295

5%
327
324
295

0%
325
324
293

(THF levels)

Al

3.47
2.60
1.15
0.67
2.93
8.25
2.53
8.72
10.74

A2

1.20
0.90
3.10
9.43
2.00
5.70
9.42

B1

324
323
384
328
357
355

324
323
384
327
357
355

324
323
384
327
357
354

B2

Cl1
C2

3.06
5.22
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Table 2 Effects of THF on emission properties of candidate fluorophores

Emission spectrum parameters at different levels of THF in 10.0 mmol/L sodium phosphate buffer at pH 7.0

Fluorophores

Springer

O x (FemiSHm/Fem all)

FemiSnm/F em all

Aem (nm)

quantum yield (®)

15 %
0.099

10 %
0.093

5%

0.092
0.074
0.014

0%
0.090

0.069

15 %
0.111

10 %
0.113

5%

0.123
0.104
0.108
0.079

0 %
0.127

0.101

15 %
431
439
466
407
451
473
551
433
430
488

10 %

435
443

5%
441
446
468
410
451
480
560
436

0 %
443
447
468
411
451
481
562
436
448
491

15 %
0.89
0.81
0.15
0.25
0.37
0.16
0.15
0.25
0.23
0.08

10 %
0.83
0.80
0.14
0.25
0.40
0.14
0.11
0.22
0.25
0.06

5%
0.75
0.72
0.13
0.24
0.45
0.10
0.08
0.18
0.31
0.05

0%
0.71
0.68
0.12
0.24
0.45
0.10
0.04
0.17
0.35
0.04

(THF levels)

Al

0.094

0.087

0.117
0.106

0.061

0.109
0.107
0.074
0.166
0.154
0.089

A2

0.016

0.015

0.013

0.109

0.086

467
409
451

B1

0.019 0.018 0.015

0.021

B2

0.064
0.025

0.067

0.070
0.016

0.070
0.015

0.173
0.156
0.089

0.157
0.153
0.099
0.138
0.108
0.092

0.154
0.153
0.081

Cl

0.021

478
555
435
433
488

C2

0.008 0.010 0.013

0.006
0.023

0.139 0.140 0.025 0.031 0.034
0.098

0.098

0.136
0.113

El

0.034 0.026 0.023

0.039

438
491

E2

0.071 0.004 0.004 0.005 0.006

0.081

0.096

Femesnm 18 the integrated signal from the peak wavelength minus 5 nm to the peak wavelength plus 5 nm (emission slit is 10 nm). F,,, .y was the integrated signal from 350 nm to 100 nm after the

peak of emission.

quantify probe fluorescence because it has two emission
peaks (data not given). Mimicked binding sites with THF,
methanol, or ethanol below 15 % exert positive effects on
quantum yields of dansylamide, acrindine-9-carboxyl acid,
and 1-naphthylamine; such a positive effect on the quantum
yield of dansylamide is the largest, but its quantum yield is
just about 0.15 even in the presence of 15 % THF. At higher
THF levels, fluorescence of 1-naphthylamine and acridine-
9-carboxyl acid decreases slowly while that of dansylamide
continues to increase with larger blue-shifts of emission
peaks (data not given). Unfortunately, environments in bind-
ing sites mimicked with THF or methanol negatively impact
the quantum yield of 9-methylacridine; acetone at 5 %
quenches the fluorescence of 1-naphthylamine, and effec-
tively decreases the fluorescence of other tested fluoro-
phores except acridine-9-carboxyl acid (Table 3). For large
differences in the emission under the excitation around
335 nm and around 280 nm, 9-methylacridine seems more
favorable as the acceptor in FRET probes. However, the
ratio of the detected signals (which was indexed by the
integrated signals from an emission peak for detection
(Aem) minus half of the slit to A, plus half of the slit) to
the total integrated emission (from 350 nm to that equal to
Aem plus 130 nm) directly determines the sensitivity for
quantifying a FRET probe. Based on such ratios of candi-
date fluorophores in neutral buffer, 1-naphthylamine ranks
the first, 7-hydroxycoumarin stands the second while acri-
dine derivatives are the third (Table 3). Hence, (a) 7-
hydroxylcoumarin, acridine-9-carboxyl acid and 1-
naphthylamine seem suitable for quantifying probe or pro-
tein fluorescence while dansylamide seems suitable for
quantifying protein fluorescence only; (b) representative
proteins are needed to examine effects of binding modes
on their quantum yields.

In general, moieties in ligands bound by proteins can be
linked with fluorophores via reactions among carboxyl acid,
amino and/or hydroxyl groups. FRET probes with dansyla-
mide as the acceptor can be easily prepared at low cost; 1-
naphthylamine is easy to be derivatised for the conjugation
with common binding moieties at favorable cost; such two
types of FRET probes have reasonable storage stability.
Fluorescence of 7-hydroxycoumarin requires its 7-
hydroxyl group, but 7-hydroxycoumarin is too hard to be
derivatised for conjugating with common binding moieties
to prepare FRET probes with 7-hydroxycoumarin as the
acceptor. Additionally, methyl group on 9-methylacridine
is suitable for the linkage to binding moieties, but all result-
ing candidate FRET probes display quite low storage stabil-
ity [31]. However, acridine-9-carboxyl acid is easily
conjugated with binding moieties to give intended FRET
probes with reasonable storage stability. Hence, 1-
naphthylamine, dansylamide and acridine-9-carboxyl acid
are tested with representative proteins for their suitability
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Table 3 Effects of different organic solvents on quantum yields of FRET probes

Quantum yield (®) of probes in 10 mmol/L sodium phosphate buffer at pH 7.0

conditions

Acetone

Ethanol

Methanol

THF

PBS

5%
0.047

1%

0.179
0.046
0.128
0.046
0.128

15 %
0.80
0.099
0.148
0.065
0.88

5% 10 % 15 % 5% 10 % 15 % 5% 10 %
0.83 0.89 0.74 0.76 0.81 0.76 0.78

0.75

0 %
0.71

Probes

BNEDA
BDEDA

0.031

0.110 0.062 0.072 0.097 0.061 0.080
0.138

0.134
0.86

0.064 0.071
0.118

0.066
0.79

0.059

0.142
0.041

0.142
0.062
0.85

0.138
0.061
0.84

0.113

0.126
0.065
0.82

0.123
0.055
0.78

0.120
0.071
0.85

0.110

BACEDA

0.067
0.84

0.054
0.72

DDPDA*

0.040

NCHEDA

?Quantum yield of BDEDA is 0.138 in methanol, and 0.368 in 95 % ethanol

as acceptors in FRET probes and FRET efficiency in the
complexes of proteins and such FRET probes.

Fluorescence Properties of Bound Probes, FRET Efficiency
and Applications

Glutathione-S-transferase (GST) binds hydrophobic inhibitors
inside its active site with low selectivity [25, 26]. Of porcine
liver GST 7, one tryptophan residue and several tyrosine
residues localize inside its active site of diameter within
1.5 nm. Such an active site will provide distances short
enough for FRET between a bound acceptor and tryptophan
and tyrosine residues inside the active site when all other
prerequisites are met (Fig. 3). Series of candidate FRET
probes to GST are screened. Among GST inhibitors deriva-
tised from dansylamide and 1-naphthylamine, N-(1-naph-
thyl)-N'-cyclohexanylcarbonyl-ethylenediamine (NCHEDA)
and didansyl-1,3-propanydiamine (DDPDA) have the inhibi-
tion constants of about 4.3 uM and 6.7 uM, respectively, and
few other candidate FRET probes of GST display sufficient
affinities. On the other hand, SAV has a very small binding
site for biotin with excellent selectivity; SAV is rich in trypto-
phan residues in the vicinity of the binding site for biotin;
fluorescent biotin derivatives are ligands to SAV. The accept-
ors in FRET probes of SAV are localized on SAV surface and
thus have high rotation freedom to adjust their orientations
with respect to donors [10]. Hence, SAV and GST are used as
two representative proteins to test the effects of acceptor
binding modes on their quantum yields and FRET efficiency
in the complexes with proteins.

The binding of N-(biotinyl)-N'-(9-acridinyl)-carbonyla-
mide-ethylenediamine (BACEDA) to SAV reduce SAV
fluorescence at 335 nm while the complexes display the
typical emission peak of BACEDA around 435 nm with
an additional excitation peak around 280 nm (Fig. 4). Both
the excitation peak and emission peak of the bound
BACEDA display negligible differences from those of free
BACEDA, respectively. The bound BACEDA has a quan-
tum yield of about 0.20 under excitation at 325 nm, compa-
rable to that at 15 % THF (Table 4). With BACEDA,
relative affinities of some biotin derivatives are consistent
with those obtained with BNEDA or BDEDA as the FRET
probe, respectively (Table 5) [20, 27]. However, the reaction
mixtures of GST and tested acridine-9-carboxyl acid deriv-
atives exhibit no detectable changes of emission spectra
under the excitation around 280 nm or 335 nm, indicating
that there are no complexes formed between GST and such
acridine-9-carboxyl acid derivatives. Therefore, acridine-9-
carboxyl acid is an effective acceptor in FRET probes when
it has sufficient rotation freedom in bound FRET probes and
the resulting FRET probes have reasonable affinities.

Free BDEDA exhibits an excitation valley around 280 nm
with the emission peak around 545 nm while BDEDA bound
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Fig. 3 DDPDA and NCHEDA in GST active site and BNEDA in
SAV. a. BNEDA in SAV. The ring in blue is 1-naphthylamine that
is conjugated with biotin in red. Tryptophan residues are dis-
played as sticks with carbon atom in green, nitrogen atom in blue
while oxygen atom in red. The coordinates for the complexes of
SAV and BNEDA are those prepared before [19]. b. DDPDA in
GST. Tryptophan and tyrosine residues are displayed as sticks
with carbon atom in green, nitrogen atom in blue while oxygen
atom in red. The molecule in red is DDPDA. Amino acid residues
in close proximity are shown. ¢. NCHEDA in GST. Tryptophan
and tyrosine residues are displayed as sticks with carbon atom in
green, nitrogen atom in blue while oxygen atom in red. The
molecule in red is DDPDA. Amino acid residues in close prox-
imity are shown
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Fig. 4 Fluorescence spectra of BACEDA and its complexes with SAV
in the PBS. Final BACEDA and SAV (binding site) are 35 nM and
40 nM, respectively. a. Excitation spectra of SAV, BACEDA and their
complex. b. Emission spectra of SAV, BACEDA and their complex

to SAV has an additional excitation peak close to 280 nm with
the emission peak around 520 nm [20]. Under the excitation at
285 nm, the decrease in the emission at 335 nm of complexes
of BDEDA and SAV is larger than the increase in the emission
of the bound BDEDA around 520 nm. Under the excitation at
285 nm, GST exhibits an emission peak around 335 nm; the
reaction mixture of DDPDA and GST exhibits an emission
peak around 500 nm higher than that of free DDPDA at
545 nm, but such an increase in the emission around 500 nm
is absent for the reaction mixture of SAV and DDPDA. These
results support that complexes are formed between GST and
DDPDA, but are not formed between SAV and DDPDA. The
larger blue-shift of the emission peak of the bound DDPDA
indicates that the active site of GST is more hydrophobic than
the surface of SAV where dansylamide in BDEDA localizes.
The increase in the emission at 500 nm of the complexes of
GST and DDPDA is very small while the change of the
emission at 335 nm can hardly be detected under the excita-
tion at 285 nm (Fig. 5). Free BDEDA and DDPDA display
quantum yields of about 0.04 and 0.06 under the excitation at
325 nm, correspondingly. The quantum yield of DDPDA
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Table 4 Quantum yields of FRET probes bound by representative proteins

Probes Target Quantum yields (@) and quantification sensitivity
Free in PBS Bound (®,) * Bound (®y,) ° @y % (Femzsnm/Fem al) ©
BNEDA SAV 0.71 0.49 0.49 ~0.060
BDEDA SAV 0.04 0.11 0.11 ~0.011
BACEDA SAV 0.11 0.20 0.20 ~0.024
DDPDA GST 0.06 0.16 ~0.27 ~0.023
NCHEDA GST 0.72 0.46 ~0.15 ~0.018

For each biotin derivative as a probe, its quantum yield in bound state is determined with final 40 nM SAV (binding sites) and 35 nM probe. For
DDPDA, its quantum yield in bound state is determined with 4 uM GST (binding sites) and 0.80 uM probe under the excitation slit of 5 nm while
emission slit of 10 nm. For NCHEDA, its quantum yield in bound state is determined with 4 uM GST (binding sites) and 0.80 uM probe under the
excitation and emission slits of 5 nm

#The contributions of free probes are not corrected to give the apparent quantum yield (®,)

®Due to extremely high affinities of SAV probes [20], the correction of roles of free probes makes no changes of quantum yields. It is assumed that
free probe and bound probe of GST have the same absorbance. The quantum yield of DDPDA is corrected with an inhibition constant of 6.7 uM,
while that of NCHEDA is corrected with an inhibition constant of 4.3 puM, to estimate the concentration of bound probe (Cy) and that of free probe
(Cp) in reaction mixture. Assigning the quantum yield of a free probe to ¢ while that of the bound probe to ¢y, the correction is made according to
0.8 x o, =C¢x ¢f+ Cp % C[)b to estimate ¢’b

€ Femesnm 18 the integrated signal from the peak wavelength minus 5 nm to the peak wavelength plus 5 nm. F,,, .y was the integrated signal from

350 nm to 100 nm after the emission peak

bound to GST is about 0.16 when the role of free DDPDA is
not corrected, but about 0.27 after the role of free DDPDA is
corrected (Table 4). BDEDA bound to SAV has a quantum
yield of just about 0.11, but FRET efficiency in its complexes
with SAV is much stronger than that in the complexes of
DDPDA and GST. These results support that acceptors in
FRET probes buried in GST binding sites exert negligible
FRET; dansylamide in FRET probes is preferred to be buried
inside protein binding sites for higher quantum yield to quan-
tify probe fluorescence, but FRET efficiency in such cases is
quite low for this new method. Moreover, homogenous assays
of affinities of biotin derivatives with BDEDA to quantify
SAV fluorescence are effective [20], but the affinity of
DDPDA to GST can not be reliably estimated due to quite
small changes of fluorescene after the formation of com-
plexes. Hence, (a) this new method is effective to proteins
when acceptors in FRET probes are not buried inside protein
binding sites; (b) dansylamide is a suitable acceptor in FRET
probes only to quantify protein fluorescence when other cri-
teria are met concurrently.

BNEDA in complexes with SAV exhibits an excitation
peak around 280 nm besides that around 325 nm and its
emission peak display a small blue-shift from about 445 nm
to 430 nm. Under the excitation at 280 nm, the increase in
the emission at 430 nm after the binding of BNEDA to SAV
is stronger than the decrease in SAV emission at 335 nm.
More importantly, BNEDA bound to SAV under the excita-
tion at 280 nm produces stronger emission around 430 nm
than free BNEDA under the excitation at 325 nm, and much
higher than that of BDEDA bound to SAV under the exci-
tation at 325 nm. BNEDA bound to SAV display a quantum

yield that is just about 70 % of free BNEDA, but is much
higher than that of the bound BDEDA (Table 4). The use of
BNEDA as a FRET probe to SAV gives consistent affinities
of some biotin derivatives by quantifying fluorescence of
SAV or BNEDA [20]. On the other hand, the reaction
mixture of NCHEDA and GST exhibits an excitation peak
around 330 nm and an emission peak around 430 nm while
no detectable excitation peak around 280 nm (Fig. 6). Under
the excitation at 280 nm, there is a decrease in the emission
of the reaction mixture of GST and NCHEDA around
430 nm while no detectable change in the emission around
335 nm; this result supports there are complexes formed

Table 5 Estimation of relative affinities of biotin derivatives with
BACEDA

Methods KX (HM) KX/KA

Reported with BNEDA as the probe BDETA 188 6.7
BMPL 82 2.9
BCHA 28 1

BDETA 225 5.1
BMPL 180 2.5

BCHA 72 1

The use of BACEDA as the probe

The dissociation constant of BACEDA is about 30 fM in the PBS at pH
7.0. Final concentrations of BACEDA and SAV in reaction mixtures
are 100 nM and 80 nM, respectively. The half-effective concentration
of each candidate biotin derivative is estimated as reported before to
derive the dissociation constant [19, 20]. Fluorescence is monitored at
435 nm under the excitation at 285 nm. Results were from duplicated
assays with CV below 13 %. Biotin derivatives under test are N-
biotinyl-diethanolamine (BDETA), N-biotinylmorphiline (BMPL),
and N-biotinylcyclohexanylamine (BCHA)
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Fig. 5 Fluorescence spectra of DDPDA and its complexes with GST
in the PBS. Final DDPDA and GST (binding site) are 0.80 uM and
4.0 uM, respectively. Slit width for excitation is preset at 5 nm while
that for emission is still 10 nm. a. Excitation spectra of GST, DDPDA
and their complex. b. Emission spectra of GST, DDPDA and their
complex

between GST and NCHEDA but negligible FRET
effects in such complexes. Meanwhile, the mixture of
SAV and NCHEDA produces no detectable changes of
fluorescence around 430 nm or 335 nm. Consequently,
the stronger FRET in complexes of SAV and BNEDA
should be due primarily to higher rotation freedom of
the acceptor in the bound probe and thus a larger
angular factor. The quantum yield of the bound
NCHEDA is about 0.46 when the role of free
NCHEDA 1is not corrected, but is about 0.15 after the
contribution of free NCHEDA is corrected (Table 4). It
is reported that 5-aminoquinazoline-2,4-(1 H,3 H)-dione
is an acceptor for tryptophan and tyrosine residues in
native proteins with a quantum yield of about 0.40 in
neutral buffer [21], but it has multiple groups of similar
reactivity that complicate its conjugation with moieties
bound by proteins. Hence, (a) 1-naphthylamine in FRET
probes is a practical acceptor to quantify the emission
of probes or proteins when it is not buried inside
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Fig. 6 Fluorescence spectra of NCHEDA and its complexes with GST
in the PBS. Final NCHEDA and GST (binding sites) are 0.80 uM and
4.0 uM, respectively. Slit width is preset at 5 nm for both excitation
and emission. a. Excitation spectra of GST, NCHEDA and their com-
plex. b. Emission spectra of GST, NCHEDA and their complex

binding sites; (b) an acceptor is more favorable if it
has quantum yield higher than that of 1-naphthylamine
in bound FRET probes but smaller than that of 1-
naphthylamine in free probes.

Taken together, this new method is applicable to proteins
that do not bury acceptors of their FRET probes inside
protein binding sites. Due to hydrophobicity of common
acceptors for tryptophan/tyrosine residues, this new homog-
enous method is inapplicable to proteins bearing low selec-
tivity for hydrophobic ligands. For any protein of high
selectivity for its ligands, however, a suitable acceptor
should be carefully linked to a proper position of its
binding moiety so that the acceptor in the FRET probe
can be localized on protein surface rather than be buried
inside protein binding site. In general, 1-naphthylamine
is a suitable acceptor for quantifying its fluorescence
when it is not buried inside protein binding sites; dan-
sylamide buried inside protein binding sites has high
quantum yield, but FRET efficiency in this case is
usually negligible.
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Conclusions

To apply this new type of homogenous bioaffinity analysis to
proteins that do not bury acceptors of their FRET probes
inside binding sites, (a) 1-naphthylamine is a practical accep-
tor in FRET probes for quantifying the emission of either
probes or proteins; (b) dansylamide is an effective acceptor
in FRET probes to quantify protein fluorescence; (c) any
fluorophore is more favorable when its quantum yield in
environments of protein surfaces is higher than that of 1-
naphthylamine while its quantum yield in free probes is
smaller than that of 1-naphthylamine.
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