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Abstract

A method has been developed for the quantitative determination of fluorescence resonance energy transfer (FRET) based on the modu-
lation of donor fluorescence upon the reversible photoconversion of a photochromic acceptor. A model system was devised, consisting of
Lucifer Yellow cadaverine (LYC, donor) conjugated to the photochromic molecule, 6-nitroBIBSdihydro-1-(2-carboxyethyl)-33'-
dimethyl-6-nitrospiro[2H-1-benzopyran-2;@2H)-indoline]). Near-ultraviolet irradiation catalyzes the conversion of the colorless spiropy-
ran (SP) to the colored merocyanine (MC) form of 6-nitroBIPS. Only the MC form absorbs at the emission wavelengths of the donor,
thereby potentiating FRET, as demonstrated by quenching of the donor. Subsequent irradiation in the visible MC absorption band reverts
6-nitroBIPS to the SP form and FRET is inactivated. The acceptor exhibited high photostability under repeated cycles of alternating
UV-Vis irradiation. In this model system, the intramolecular FRET efficiency was close to 100%. The observed maximal donor quenching
of 34+ 3% was indicative of an equilibrium determined by the high quantum efficiency of forward conversior (8E) induced by
near-UV irradiation and a low but finite quantum efficiency of the back reaction resulting from excitation of the MC form directly as well as
indirectly (by FRET via the donor). A quantitative formalism for the photokinetic scheme was developed. Photochromic FRET (pcFRET)
permits repeated, quantitative, and non-destructive FRET determinations for arbitrary relative concentrations of donor and acceptor and
thus offers great potential for monitoring dynamic molecular interactions in living cells over extended observation times by fluorescence
microscopy. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the donor—acceptor separation. FRET microscigi] of
biological structures offers three unique features: (a) one
In fluorescence resonance energy transfer (FRET), en-can resolve donor—acceptor distances with a resolution far
ergy is transferred non-radiatively from an excited molecu- exceeding the diffraction limit of optical microscopy; (b)
lar fluorophore (donor) to another chromophore (acceptor) the photophysical behavior of specific biomolecules labeled
via intermolecular long-range dipole—dipole couplifig; with the donor and acceptor reflects the static and dynamic
for reviews see[2,3]. FRET occurs over a distance of properties of both intra- and inter-molecular interactions,
1-10nm and its efficiency varies with the 6th power of including molecular proximity, complex formation, struc-
tural features, and microenvironment of the two molecular
entities; (c) one can target specific intracellular compo-
Abbreviations: 6-NitroBIPS, 1,3-dihydro-1-(2-carboxyethyl)-33'- nents by co-expression as fusion proteins with green fluore-

dimethyl-6-nitrospiro[2H-1-benzopyran-2;@2H)-indoline]; LYC, Lucifer scent protein (GFP) serving as indicators of concentration,
Yellow cadaverineN-(5-aminopentyl)-4-amino-3,6-disulfo-1,8-naphthali- . . .
interaction or localizatiof4—6,10-16]

mide; UV, ultraviolet light; Vis, light in the visible spectrum; FRET, . .
fluorescence resonance energy transfer; pbFRET, photobleaching FRET; The strategies for microscope measurements of FRET
pcFRET, photochromic FRET:H-NMR, proton nuclear magnetic reso-  efficiency have been based on two different phenomena.
nance (i) Sensitization of a fluorescent acceptor—manifested
* Corresponding author. Fax:49-551-201-1467. as an increase in its fluorescence upon excitation of the
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Fig. 1. Chemical structures of LYC-BIPS. The donor, LYC, is covalently linked to the photochromic molecule, 6-nitroBIPS. The most stable form of
6-nitroBIPS is the SP (left). Near-UV irradiation converts 6-nitroBIPS to the MC form (right), which acts as an energy acceptor for LYC. The MC form
reverts to the SP form through the action of visible irradiation and in a spontaneous thermal reaction.

in terms of the FRET efficienc{®,17-22] However, these  peated determinations of the FRET process. Photochromic
techniques are difficult to implement in general because compounds can be exploited to achieve this goal. Photo-
they require the acquisition and registration of three or more chromism is the light-induced transformation of a single

images. In addition, the acceptor must be fluorescent. (ii) chemical species between two isomeric structures with dis-

Reduction of the donor fluorescence quantum yi€RH¢ tinct absorption spectf@®4—37] Near-ultraviolet irradiation
measurable through any of the four relationships given induces reversible changes in the structure and absorption
within the square brackets of the following equation: properties of a photochromic molecule from an initial col-
orless to a colored form. Only the latter has an absorption
QPA FDA TdDeAcay o band overlapping the emission band of a selected donor
opb = A-E) = |55 = D — DA and is thereby able to potentiate energy transfer. Subse-
decay bl quent irradiation in the visible absorption band of the col-
FPA(t = 0)/[;° FPA (1) ored form reverts it to the initial colorless form and disables
= FD(t = 0)/f6>°FD(,) (1) the FRET process, thus supplying the required internal ref-

erence state. The FRET efficiency can be derived simply

whereE is FRET efficiency and the superscripts D and DA from the fractional change in donor fluorescence or donor
represent measurements of donor (D) characteristics in thelifétime for each pixel position. In this study, we chose
absence and presence of acceptor (A), respectively. The firsB-NtroBIPS from the relatively well-characterized spiropy-
identity of Eq. (1) constitutes the master relationship for 'an (SP)family{38] as the photochromic acceptor in a model
the FRET efficiency. A decrease of the steady-state emis-Mmolecular system designed to dempnstrate the prlnC|p_Ie of
sion intensity F) and a reduction in the excited state life- PCFRET. A fluorescent donor, Lucifer Yellow cadaverine
time (rdecay are the two classical measures of FRET. FRET (LYC), was conjugated to 6-nitroBIPig. 1). We demon-
can also be deduced from a decrease in the rate of pho_strated through theoretical formalism and steady-state, ki-
tobleaching(rgl) or in the initial intensity normalized by netic, and time-resolved donor lifetime studies that switching
the time-integrated emission during photobleaching. The lastthe energy transfer process on and off can be achieved with
two relationships irEq. (1) were derived from analysis of thls_ system, substantlayr?g and extending prellmmary obser-
the photobleaching properties of the donor and formed the Vations[39]. The reversibility of pcFRET was evidenced by
basis of the ppFRET method introduced in 1980,21] cyclical glo_nor qu_enchlng/dequenchmg during alternations
The determination o requires a reference state in which  0f UV-Vis irradiation. _
the acceptor is absent but the donor is otherwise in the same We employ the terms Spiropyran (SP) and merocya-
environment. The reference states (donor alone) are establine (MC) when referring to the two ISomeric form”s of
lished either from a separate sample (experiment), or af- 6-nitroBIPS. iny the latter qualifies as the agceptor. The
ter selective photodestruction of the acceptor in situ or in Photoconversion from the SP to the MC form is referred to
another region of the same sample7,23-27] For static as forward photoconversion, and the light-induced reverse
systems under cellular fixation, the poFRET techniques are reaction as backward photoconversllon.. Thgre is also a slow,
simple and usefuj28-31] However, photobleaching rates SPontaneous thermal reverse reaction in this system.
are linear or more complg21] functions of irradiance and
dependent on environme_ntal parameters such. as the local rey. Experimental
dox statd32,33] In addition the photodestruction of donor
or acceptor precludes the possibility of multiple FRET mea- 2.1. Reagents, synthesis and analysis
surements at a given spatial location.
Our aim was to design a method that offers an intrinsic ~ 1/,3-Dihydro-1-(2-carboxyethyl)-33-dimethyl-6-nitro-
internal reference and the possibility for continued and re- spiro[2H-1-benzopyran-2Z2H)-indoline] was obtained
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from Chroma (McHenry, IL). We refer to this deriva- 2.3. Steady-state spectroscopy
tive of 6-nitroBIPS as 6-nitroBIPS throughout the paper.
N-(5-aminopentyl)-4-amino-3,6-disulfo-1,8-naphthalimide Steady-state absorption spectra of LYC-BIPS were ac-
(LYC) was from Molecular Probes (Eugene, ORJ,N'- quired at 22C and with 1nm resolution in a Uvikon
dicyclohexyl-carbodiimide (DCC) andN-hydroxysuccini- spectrophotometer (Model 943, Kontron Instruments, Mi-
mide were purchased from Fluka (Fluka Chemie AG, lan, Italy). Steady-state fluorescence measurements were
Buchs, Switzerland). 6-Nitro‘4(2-carboxyethyl) BIPS suc-  performed at 22C with 1 nm resolution in a Model 8000S
cinimidyl ester: 107 mg (0.2 mmol) of BIPS reacted with spectrofluorimeter (SLM Instruments, Urbana-Champaign,
120.3mg (0.6 mmol) DCC and 74 mg (0.6 mmol) hydroxy- IL). The emission spectra were corrected for instrument
succinimide in 5ml of dry acetonitrile at room temper- response, lamp fluctuations and solvent background con-
ature for 12h. The precipitated dicyclohexylurea was tributions. Polarization effects were suppressed by use
filtered out and the BIPS succinimidyl ester dried in vacuo. of “magic angle” conditions. Emission spectra were col-
LYC-6-nitroBIPS (LYC-BIPS): 2mg (4umol) LYC was lected in the 470-700 nm range with excitation at 430 nm
dissolved in a solvent mixture consisting of 280DMF, (donor), using constant slit apertures and gain settings.
280l acetonitrile, and 16Q.1 0.5M Na-borate buffer (pH Unless otherwise indicated, measurements were in sealed
9.2). Eight micromoles of the BIPS succinimidyl ester dis- quartz cuvettes with an optical pathlength of 5mm. The
solved in dry acetonitrile, (excess) was reacted withnbl steady-state spectra were used to estimate the probability
LYC. The reaction was halted after 2 h by addition ofy30 of energy transfer. The Forster distan&g, at which the
(excess) 1M Tris—HCI buffer (pH 7.4). LYC-BIPS was energy transfer rate is equal to the intrinsic donor decay
isolated by HPLC using an RP-C18 column with an elu- rate, is given byR§ = 8.8 x 10~%2&pJIn~* (units, AP),
tion solvent mixture of acetonitrile and triethylammonium wheredp is the quantum yield of the donor in the absence
acetate buffer (1M, pH 7.0) at a ratio of 35:65 (v/v), in an of acceptorn is the refractive index of the medium? is
isocratic mode. The conjugation and identity of LYC-BIPS the orientation factor between donor and acceptor transition
were confirmed bylH-NMR and electrospray mass moments (assumed to t% valid for rapidly reorienting
spectroscopy. donor and acceptor), anidlis the integral expressing the
1H-NMR (300 MHz, C;0D) §: 9.05 (1H, d, 1.5Hz, overlap between the donor emission and acceptor absorp-
H-7 LYC); 8.90 (1H, d, 1.5Hz, H-5 LYC); 8.88 (1H, s, tion;J = [ FPe2x*da, whereFP is the normalized donor
H-2); 8.10 (1H, d, 3Hz, H-5 BIPS); 8.00 (1H, dd, 8.5 and fluorescence spectrum amQ is the molar absorption co-
3Hz, H-7 BIPS); 7.10 (1H, dt, 3 and 8.7 Hz, H-12 BIPS); efficient (M1 cm™1) of the acceptor at wavelength(nm).
7.06 (1H, d, 10.5Hz, H-4 BIPS); 7.02 (1H, d, 8.7Hz, H-14
BIPS); 6.75 (1H, d, 8.5Hz, H-8 BIPS); 6.77 (1H, t, 8.7Hz, 2.4. Kinetic spectroscopy
H-13 BIPS); 6.65 (1H, d, 8.7 Hz, H-11 BIPS); 5.96 (1H,
d, 10.5Hz, H-3 BIPS); 4.6 (1H, broad sHY 4.05 (2H, Absorption and fluorescence kinetic measurements were
m, NCH,CCCCNHCO); 3.75 (2H, m, NCCCO&;NHCO); performed with a stopped-flow system (Model SX.18MV,
2.54, 2.52 (2H, m, COB,CN); 1.22 (3H, s, CH BIPS); Applied Photophysics, Leatherhead, UK). The2< 10 mm
1.15 (3H, s, CH BIPS). The'H-NMR signals at 9.05, 8.90, flow cell was adapted for dual light sources, with the pho-
and 8.88 ppm (LYC H-7, H-5 and H-2) and at 8.10 and toconversion light path perpendicular to the detection path
8.00 ppm (H-5 and H-7 BIPS) integrated with a ratio of (10 and 1 mm for absorption and fluorescence, respectively).
1:1:1:1:1. Atriplet at 3.75 ppm was assigned td/BIHCO. Absorption and fluorescence (MC form) were measured at
The signal at 2.80 ppm characteristic foHgNH; in free 535 and 53@& 3 nm, respectively; excitation of fluorescence

LYC was absent. was by the combination of the near-UV irradiation and a
4304 6 nm source. The forward and backward conversions

2.2. Photoconversion were initiated by 320-380 and 520-580 nm irradiation, re-
spectively.

The light source for photochromic conversion was a
200 W DC super-pressure short arc mercury lamp coupled2.5. Fluorescence lifetime
to a liquid lightguide with high UV transmission (Lumatec
GmbH, Munich, Germany). A near-UV bandpass filter ~ Donor fluorescence lifetimes were determined with a
(320-380 nm) was used for forward photoconversion, and frequency-domain lifetime systefd0]. A deuterium light
a green filter (520-580 nm) for backward photoconversion. source (Cathodeon, Cambridge, UK) was modulated at
The maximum irradiance was 1.8 Wcfat 365nm and  10-110MHz[41]. The reference was 3M fluorescein
1.1Wecnt? at 547nm (estimated for the spectral band in 95% EtOH, 5% 1mM NaOHyzs = 4.13ns[42]. The
about the central wavelength). Unless otherwise indicated, excitation band was selected with a 310nm or a 450 nm
all forward photoconversions were accomplished with the bandpass filter and the emission collected at >520 nm. Both
320-380 nm band, and the backward photoconversion usingphase shift and modulation depth were recorded and ana-
the 520-580 nm band at the maximum irradiance. lyzed with the program Globals Unlimited (University of
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lllinois at Urbana-Champaign, IL). A single discrete life-
time model sufficed for fitting the decay curves of both
LYC-BIPS and LYC-MC samples.

3. Results and discussion
3.1. LYC-BIPS, a model system for pcFRET

LYC was selected as the donor for the photochromic ac-
ceptor for two reasons: (i) at its absorption maximum, the
absorbances of the SP and MC forms of 6-nitroBIPS are
minimal; (ii) the LYC emission spectrum coincides with the
absorption peak of the MC forni(g. 2.

For the donor—acceptor pair LYC and MC, the Forster
transfer distancBy was calculated as 30-40 A. The distance,

r, between the central carbon atoms of the donor and the MC

acceptor of the energy minimized structure wak3 A. The
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Fig. 3. Photokinetic model for pcFRET. Each rectangular box denotes a

given molecular species in which a donor is covalently linked to the photo-

chromic acceptor. The abbreviations D, SP and MC refer to donor, SP
and MC moieties, respectively. The ground-state species are D-SP and
D-MC, and their respective excited-state speciésSP, D-SP, D*-MC

and D-MC. The asterisk*{) denotes the singlet excited state. The rate
constants are defined by a superscript and subscript denoting a given
molecular moiety and the associated photophysical process, respectively.
Dashed arrows indicate that a process is not necessary a single elemen-

FRET efficiency, based on these values in the relationshiptary step and may involve transient intermediates..mc = 1x 10t1s1

E = [1+(r/R0)®]1is >0.99, and would increase further if
intramolecular diffusional donor—acceptor reorientation oc-
curs during the excited state lifetime.

3.2. Photokinetic modeling

The photochromic FRET (pcFRET) system is photo-
physically bistable. When the SP form is photoconverted to

[46,47} kmc—sp = 80k3"e%ay derived from the fluorescence quantum
yield for MC* in ethanol 0.01243]; kfjez,, = 2.5 x 10°s™1 [43,47,48]
kggcay= 5% 10 s~1, based on the quantum yield of photocoloration, albeit
of a benzothiazolinic SRpsp = 0.15+0.03[49]; kT = 6.5x10~*s ! and

7P = 4.0 x 10"%s were measured in this studigrer = kEeca)(Ro/r)G,
where Rg = 30A, r = 13A (see text). The only input variables
in the simulation arekD, xS, and kM€, the rate constants for ab-
sorption (excitation), proportional to the product of the molar extinc-
tion coefficient (M"2cm™1) and the irradiancé (Wcm2) at a given

the MC form, the change in the absorption spectrum and wavelengthi (nm); kex = 7.6 x 107%;A1. The extinction coefficients

consequent increase in the overlap integrdand thus in

Rp) potentiates the FRET process (the ON state). Reversion

of the MC form to the SP form upon light exposure or

are: efygpy = 1L000Mem™* [50], 295 550y ~ 4000 M cm ™,
derived from spectral data,eS,,, = 17.000M‘cm! and
eMC = 28,000 M~tcm! [44,51] For completeness and symmetry, a
FRET D* — SP* transition could be included although such a step was

by spontaneous (thermal) reaction turns FRET OFF. The not operative in the system under study.

fluor | o
)
b . 5
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S : i
2| \JJ/ " S -
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Fig. 2. Absorption and emission spectra of the donor LYC and pho-

tochromic acceptor in its ON and OFF states. Left axis: absorbances of the.

donor (displaced upward), and of the SP and MC forms of 6-nitroBIPS.

factors determining the equilibrium are the wavelength and
irradiance of the photoconversion light that is absorbed by
the photochromic moiety and to some extent by the donor.
The kinetic formulation presented below was designed
to explore the conditions that determine the equilibrium
photostationary state and to optimize experimental design.
The generalized photokinetic schentag( 3) takes into

account the main reaction steps but omits photodegra-
dation processes or the intervention of doubly excited
species. Key parameters were deduced in part from the
known properties of a closely related 6-nitroBIPS analog
(1',3-dihydro-1,3,3-trimethyl-6-nitro-Spiro[2H-1-benzop-
yran-2,2-[2H]indole], CAS Registry No. 1498-88-0). The
resulting system of differential equations corresponding
to the photokinetic scheme was first solved by numerical
integration. The results indicated that intermediates occur

Right axis: fluorescence spectrum of the donor excited at 430 nm. Note @t very low fractional concentration and all excited-state
that there is no overlap between the donor fluorescence emission spectrunspecies are rapidly depopulated. Thus, analytical solutions
and the absorption spectrum of the SP form (OFF state). After near-UVv were derived based on the assumption of Steady_state equi_
irradiation, the overlap between the donor emission and the absorption libria indicating that the system d?ig 3 reduces to an
spectrum of the MC form enables the FRET process (ON state). Irradia- ' . ’ .
exchange reaction between the two ground-state species

tion at the absorption maximum of the MC form reverts 6-nitroBIPS to - ] . .
the initial SP form. D-SP and D—-MC. Symbolic and numerical manipulations
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of the equations usinglathematica(Wolfram Research)
yielded the following wavelength-dependent relationships.

k
D-SP2'D-MC @)

korF
kon = kSXPQS%MC,
korr = (kMC + kB Erren Omc—sp+ k(1 + yM©)  (3)

Ospone = —SPoMC
kspomc + k(?:,say’
kmc—sp
OMCosp= ————— 1= 4)
kmc— P+ kgecay
Errer — krreT N krret
kT + k(?ecay+ kFreT kg)ecay-i- kFRET
MC _ [D*_MC] ~ kEX (5)

~ [D-MC] kRt kFreT

The overall rate constants are designatekbasandkorr to

eration far from saturation) iggs. (3)—(5yeflect the distri-
bution between branches in the reaction pathway. The only
rate constants defining the kinetics of the system are those
for excitation and the thermal return from the MC to the SP
form.

The dependence of the equilibrium state on the excita-
tion level of SP and MC is shown iRig. 4A and B The
population of the MC species increases monotonically with
kSP and decreases witkf!C. For a FRET efficiency close
to unity (our model system), boti!C and k2, contribute
equally to the overall rate of backward photoconversion
(Fig. 3 and the first term oEq. (5), corresponding to the
two parallel pathways(D—-MC — D-MC* — D-SP and
(D-MC — D*-MC — D-MC* — D-SB), respectively.
The rate of the spontaneous thermal backward reackipn (
in Fig. 3 varies widely depending on the substituents and
polarity of solvent, even within the SP fami[43,44)]. For
6-nitro BIPS under our experimental conditions, the reaction
was slow gt = 0.032 mir 1) and thus of significance only
in the absence of light and as a determinant of long-term
stability.

emphasize the reaction pathways turning the FRET process The kinetics of re-equilibration upon changing the ex-

ON and OFF, respectively. The various quantum yiel@s (

citation conditions (wavelength, irradiance) is monoexpo-

andEgreT) and the donor excited-state/ground-state equilib- nential (rate constant kon + korF), as represented in the

rium (yMC, most generally of negligible magnitude for op-

(©) time [s]

following expression for the fraction of the photochromic

0.4

02

0.0
0

(B)

1.0

| —37

L —1

0.0 0.50 1.0 1.5 20
(D) time [s]

Fig. 4. Mathematical simulations of pcFRET. (A) Fraction of photochromic 6-nitroBIPS acceptor in the D-MC form at equilifsguie ) as a function
of the excitation rateg” and k3 (s™%); kg = 0. Other constants (3): photodeactivationkgy, ., = 5 x 10M, ke, = 2.5 x 10°, k3., =2.44 x 10P);

decay decay

photochromism(kspmc = 1 x 10M, kmcsp = 80kieq, k7 = 6.5 x 10°); FRET (rrer = [30/13PkR,c,)- (B) fro-mc as a function ofkgC and
increasing values ok3Y (1-300). (C) Time course dirp-yc for different values ofkSP (1-100); kMC and k2 = 0. (D) Time course offrp-mc for
different values ofSP (1-300) and forMC = kD = 1. See text for interpretations.
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compound in the MC form (D-MC):

k k — kon(l — e~ (kon+koFp! 1
fr(I)D—MC = ON + [ OFF ON( 06)] 03r fluor =
koN + koFr © S
(6) 2 £
< 3
The initial state is given byr(0)p—avuc = « and the final 2 9]
. e . O =~
photostationary equilibrium state by < 3
=
kon =

fr(c0)pmc = —— (7

kon + koFF

These features are illustratedrig. 4C and D Starting from
a population entirely in the SP form (at thermal equilibrium
and in the absence of irradiatioa, = 0 for the MC-SP —~
system), excitation leads to conversion to the MC state with _§'
arate (panel C) and to an extent (panel D) that increase with £
kSP (for fixed values ofkMC and kB,) in accordance with z
Egs. (3), (6) and (7) @
Py
2
3
5
5
=
23

“ 60r

Excitation at a wavelength absorbed by all three species
(D, SP, MC; panel D) initiates parallel reactions leading to
an equilibrium state characterized by an incomplete con-
version of SP to MC becauderr # 0 (Egs. (3) and (6)

These different cases show that the dynamic range avail-

able for the pcFRET system is determined by the available (B)
irradiances and the degree of selectivity with which the

two photochromic states can be activated by light. This Fig. 5. Absorption and fluorescence spectra during cyclical SP-MC pho-
property is easy to achieve in the visible region (for in- tochromic transitions of LYC-BIPS. (A) Absorption spectra and donor
ducing backward photoconversion) but is more difficult in fluorescence spectra ‘(exci_tat_ion 430nm) of LYC-BIPS in me_than_ol_be—
the near-UV (or forward phooconversion), where most Y2 SRS 1y diaten (3, sty (20 et adter
organic compounds absorb. Nonetheless, for 6-nitroBIPS, 1.1Went 2 for 15s (—O—). First cycle data. (B) Ten continuous cycles
the interconversion between SP and MC with near[U%] monitored by fluorescence.

strongly favors the MC form (see values @fsp_,mc and

Omc—sp EQ. (4) Fig. 4).

The excited-state species iig. 3 never achieved frac-  the donor fluorescence was at a maximufiy( 5A). After
tional concentrations higher than 10in the simulations, exposure to near-UV light, formation of the MC form and
although conceivably the relatively long-lived excited state the simultaneous decrease of the SP form were reflected
of the donor could be saturated. However, in practice donor py the changes in absorbance at 500-600 nm (increase) and
excitation is maintained at the lowest level compatible with gt 270 nm (decrease). Thus, the photochromic moiety was
a suitable (from a signal-to-noise standpoint) analytical de- converted to a FRET acceptor (ON state). The donor fluores-
termination offrp-mc during a kinetic process or at equilib-  cence showed a concomitant decre#sg.5A). Upon expo-
rium. The underlying assumption is that changes in the donor syre to green light for 15 s, the absorption and fluorescence
fluorescence quantum yield arise solely from the FRET pro- spectra returned to their initial values, indicating that the MC
cess. Thus, the quenching of the donor can be expressed agrm had reverted to the SP form. That is, the photochromic

cycle

a function offrp-mc and the FRET efficiency: moiety no longer acted as an energy acceptor (OFF state).
) Fig. Srepresents a typical experiment in which the UV-Vis
quenching =1 — [(1 — frp—mc) + fro—mc(1 — EFre)] cycle was repeated 10 times and monitored by fluorescence
= ErretffD-MC (8) (Fig. 5B). In this particular data set, the forward photocon-
_ version led to an increase k39 (MC) of 0.065+ 0.004,
It follows that for ErreT ~ 1, quenching = frp—vic. a decrease ilz70 (SP) of 0042+ 0.002, and a decrease in
the donor fluorescence intensity by 34%30%, N = 10).
3.3. Steady-state cyclical spectroscopy The concomitant changes in the absorbance of the pho-

tochromic acceptor and in the fluorescence of the donor
The LYC-BIPS concentration was adjusted to maintain induced by the UV-Vis irradiation cycles constituted a
the absorbances at 0.02—-0.07 (path length 0.5cm) to avoiddirect demonstration of pcFRET. The decrease in the SP
inner filter effects. Prior to near-UV irradiation, the pho- form monitored byAs70 was paralleled by an increase in
tochromic moiety was in its initial, most stable SP form and the MC form monitored afAs30 and by changes in donor
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0.08 . . . . . > non-optimal geometry (the photolyzed volume was smaller
. - z than the measured volume) and a possible stray light signal
o 006F 153 originating from the donor fluorescence. The equilibration
5 004l % rate constant was linearly dependent on the irradiance over
% — |, % a 25-fold range, but the degree of conversion (to the final
< om| = photostationary state) achieved a maximal value (34—36%),

;3 in accordance witlgs. (3) and (7)
—— 0

0 1 1 1
1 0 1 2 3 4 5 6

time (s)

The donor fluorescence kinetics was monitored under
the same conditiong=(g. 6). At the instant of turning on
the near-UV source, the signal at 530 nm was at a maxi-
Fig. 6. Absorption and fluorescence kinetics during forward photoconver- mum, then decreased exponentially to a constant level as
sion from the SP to the MC form. Near-UV irradiation at 320-380nm the system attained equilibrium. The rate constant was
(O-GWC”TZ_)t- AZSOIPFO” kinetics ”;g’(’)“ored ?‘tth535 ':”: Doqojgf(')uoresl' 1.4+0.1s ! and the relative amplitude (fractional decrease)
cence monitorea at Its maximum nm) witnh excitation al nm. In . .
the fluorescence experiment, the (near-U\)/ photoconversion light source 36-2% (meafns and S.D. from three experiments), in good
was turned on for 5. agreement with the value from the steady-state measure-

ment (34%). Various control measurements (solvent, BIPS
and LYC alone) confirmed that the near-UV exposure to
fluorescence emission. The latter decreased by 34% uporeach individual chemical component did not lead to either
near-UV irradiation but reverted to its Original fO“OWing photob|eaching of the donor, a new fluorescent SpecieS, or
photoreversion induced by visible (green) light. We ex- g perceptible fluorescence kinetic process.
cluded inner filter eﬁects, trivial reabsorption, and phOtO' The kinetics of the backward reaction induced by green
degradation as processes accounting for the observationsjght were also studied (data not shown). In the absence
For example, control samples (donor alone) treated underof |ight and at room temperature, the MC form reverted
the same experimental conditions showed a constant emisspontaneously to the SP form in a slow, first-order process
sion. A ground-state donor—acceptor complex was not in- [3g] with a rate constank¢) of 0.032 mirrL.
volved in the quenching in view of the invariant absorption
(430nm) and fluorescence (530 nm) peaks of LYC before 3.5. Donor fluorescence lifetimes
and after conjugation to the photochromic moiety.

The absorption spectrum of D-SP species could be mea- The donor fluorescence lifetimes of LYC—SP and
sured directly on a previously dark-stored sample, and |yc_MC were determined by the frequency-domain
scanned from long to short wavelengths. The absorption method. The observed lifetimes of both molecular forms
spectrum of the pure D-MC species was determined by measured at the donor emission wavelength were the same:
taking advantage of its virtually 100% FRET efficiency, 404+ 0.05ns. Based on the fundamental relationships in
such_ that donor quenching _is directly proportional to the Eg. (1) the relative change in donor lifetime should be
fractional molecular population of the D-MC form. The aqyal to fractional quenching of the donor. The molecular
D-MC absorption spectrum has absorption maxima at 270 mode| system in this study presented a special case in as
and 370 in addition to 530nm. The finite absorption of mych as the intra-molecular FRET process was calculated
both MC and the donor in the near-UV implies that the {5 have a transfer efficiency close to 100%. Thus, the donor
back reaction is also photoinduced to a certain degéee ( flyorescence from the fractional population undergoing
(5)). In fact, this circumstance defines the photostationary FReT would be quenched completely, such that the ob-
equilibrium state achieved under any specific condition. It geryed donor fluorescence lifetime would correspond exclu-
follows that the donor-acceptor conjugate photoconverts gjyely to the fractional population D-SP, i.e. the molecules
to slightly lesser degree (upon near-UV irradiation) than ot undergoing FRET. At the same time, the degree of

SP-6-nitroBIPS alone. donor quenching would reflect the fractional population of
o D-MC. In the general case, where donor and acceptor are
3.4. Kinetic spectroscopy not directly coupled to each other (via a spacer), but to

biomolecule(s) of interest, the donor fluorescence will not
The formation of the MC form was studied by absorption be completely quenched¢. (1) and a second component

kinetics (at 530 nmFig. 6) as a function of the near-UV  with a distinct lifetime should be discernible.
irradiance to determine the relevant rate constants and
the conditions maximizing the dynamic range (degree of
conversion). The absorbance increased as the MC form4. Conclusions and per spectives
was generated under constant illumination. Analysis of
the absorbance traces yielded results similar to those of The process of energy transfer from a fluorescent donor
fluorescence (see below), but there were slight deviationsto a photochromic acceptor, as evidenced through donor
from strictly mono-exponential behavior attributable to a fluorescence quenching, can be switched on and off by



184

L. Song et al./Journal of Photochemistry and Photobiology A: Chemistry 150 (2002) 177-185

photo-induced conversion between the colorless and coloredgrant 1/77897 from the Volkswagen Foundation to E.A.
forms of the photochromic molecule. The current model Jares-Erijman and T.M. Jovin.

system, in which a donor and an acceptor molecule were co-
valently linked, yielded an energy transfer efficiency close
to 100%. The donor fluorescence quenching and relate
theoretical analysis demonstrate that the equilibrium be-
tween the forward photochromic conversion and the reverse
reaction is dictated by: (i) the relative absorption spectra
of the two forms of the photochromic moiety; (ii) the ex-

tent to which donor-mediated energy transfer contributes to
photoreversion, and (iii) the respective quantum yields for
the two opposing reactions. The extremes of the fractional
population of D—SP and D—MC define the dynamic range

of the observed fluorescence. To achieve a complete con-

version of the colorless to the colored form, the wavelength
for photochromic conversion should be in the spectral
region in which the donor and the colored form do not
absorb, a requirement that is difficult to fulfill in practice.
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