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PHOTOCHROMISM-FRET (phFRET): MODULATION OF FLUORESCENCE 
RESONANCE ENERGY TRANSFER BY A PHOTOCHROMIC ACCEPTOR 

ELIZABETH A. JARES-ERUMAN, LOLING SONG and THOMAS M. JOVIN 
Department of Molecular Biology, Max Planck Institute for Biophysical Chemistry, 
P.O. Box 284 1, D-370 18 Gottingen, Germany 

Abstract We have designed a new method for the quantitative determination of 
fluorescence resonance energy transfer (FRET) based on the modulation of the 
fluorescence emission of a donor by a photochromic acceptor. Light induces a change 
in the structure and thus the absorption properties of the acceptor. Only one of the 
absorption spectra overlaps with the emission of the donor, thereby providing the 
means for switching the process of FRET on and off reversibly. A direct evaluation 
of the change in the donor quantum yield due to FRET is possible. A test molecule 
was devised consisting of a Lucifer Yellow donor bound covalently to a 6-nitroBIPS 
acceptor via a cysteine linker molecule. Photoisomerisation of the acceptor by near- 
UV irradiation from the spiropyran to the merocyanine form potentiated the FRET 
process, as evidenced by quenching of the donor. This effect disappeared upon 
thermal reversion to the initial spiropyran form. Photokinetic simulations were also 
carried out. 

INTRODUCTION 

Fluorescence resonance energy transfer (FRET) is a physical process by which energy is 
transferred nonradiatively from an excited molecular fluorophore (donor) to another 
chromophore (acceptor) via intermolecular long-range,dipole-dipole coupling '. The 
FRET efficiency varies with the 6th power of the donor-acceptor separation over the range 
of -15-100 A; the critical distance for 50%.transfer ( R , )  requires favorable spectral 
overlap between the emission of the donor and the absorption of the acceptor. FRET is 
frequently used in biology as a spectroscopic ruler in order to detect interactions at the 
molecular level, and its potential in cell biology has been reviewed recently 293. In the 
microscope, FRET provides information about molecular proximity in the nm range 
characteristic of the specific binding and structural interactions mediating most cellular 
activities, i.e. far exceeding the optical resolution (-0.3 pm) of most instruments. That is, 
the evaluation of molecular association within a given pixel or voxel is based on the 
underlying photophysical process (FRET) and not the constraints imposed by the optical 
system per se. 

determinations in the microscope: (i) the local donor and acceptor concentrations and 
There are two fundamental problems associated with quantitative FRET 
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consequentiy their ratio are generally unknown: thus, the formalism for estimating the 
FRET efficiency E must be appropriate for arbitrary stoichiometries; and (ii) for some 
preparations, e.g. living cells, continuous methods of observation are required. Condition 
(i) can be satisfied by various combinations of the donor and sensitized emission signals 
but at least three separate images are required '. We have developed and applied 
alternative techniques for FRET microscopy based on fluorescence lifetime imaging 
(FLIM) and photobleaching protocols (pbFRET) 4-9. Condition (i) is met by evaluating E 
via the quenching of the donor, assessed from the relative fluorescence lifetime (FLIM), 
relative photobleaching kinetics (pbFRET), or normdized donor intensity. In all three 
cases, a reference state for the unquenched donor is required, i.e. one in which the 
acceptor is absent. This can be achieved in the case of pbFRET by preparing a 
corresponding separate but comparable sample or from a (different) region in which the 
acceptor is removed photodestructively '. The latter approach also serves for FRET 
estimations within a given region in the case of fluorescence lifetime or relative donor 
emission measurements . 7 

In tlus communication, we describe a new procedure for FRET microscopy in which 
the acceptor is created and removed locally in a reversible manner, thus potentially 
satisfying the above condition (ii) as well as (i). The two probes are selected according to 
their spectroscopic properties, such that only one of the photochromic forms of the 
acceptor is competent for the transfer of excitation energy from the donor. The 
fluorescence emission of the donor is modulated by systematic photochemical 
manipulation of a photochromic acceptor. That is, the donor fluorescence is measured in 
the "presence" and "absence" of the acceptor, the latter case corresponding to the reference 
state described above. 

MATERIALS AND METHODS 

Chemicals and Methods 
The spirobenzopyran ( I -carboxyethy1-3,3-dimethyl-6-nitrospiro-[indoline-2,2'- 
[2H]benzopyran]) (6-nitroBIPS) was obtained from Chroma and purified by 
recrystalization in ethanol. N-(iodoacetamido-2-N-ethyl)-4-amino-3,6-disulfo- 1,8- 

naphtalimide (Lucifer Yellow iodoacetamide) was from Molecular Probes. Cysteine and 
N,N-bis[2-hydroxyethyl]-glycine (bicine) were from Sigma. 

The model molecule LY-BIPS (Figure 1) was prepared by reaction of cysteine with 
Lucifer Yellow iodoacetamide at room temperature in 0.1 M TEAA (triethylammonium 
acetate, pH 7) for 2 h. The solution was then equilibrated at pH 9 (1 M bicine buffer) and 
reacted at room temperature for 1 h by subsequent addition of 6-nitroBIPS succinimidyl 
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ester (in DMF). The product was purified by HPLC (reversed phase RP- 18, 35/65 
CH3CN/1 M TEAA). 

SDectroscopy 
Absorption spectra were acquired with a Kontron Uvicon 820 spectrophotometer at 
room temperature and with 1 nm resolution. Steady-state fluorescence measurements were 
performed with an SLM 8000s spectrofluorimeter at 4 "C and with 1 nm resolution. The 
emission spectra were corrected for instrument response, lamp fluctuations and solvent 
background contributions. Polarization artifacts were avoided by using "magic angle" 
conditions. Emission spectra were collected in the 440-700 nm range with excitation at 
430 nm (donor), using constant slit apertures and gain settings. 

FRET Formalism 
The FRET efficiency E varies as a function of the donor-acceptor separation ( rdn) 

normalized by the characteristic transfer distance ( Ru)  for 50% transfer '.lo. 

R," = 8.79.10-*'. Jn4ic2@d 

J is the spectral overlap integral, n the refractive index of the medium separating donor and 
acceptor, K the donor-acceptor orientation factor, and Gd the donor emission quantum 
yield in the absence of FRET. 

The determination of E is based on the evaluation of donor quenching from a 
comparison of signals in the donor emission region corresponding to solutions (or volume 
elements resolved in the microscope) of molecules containing either both donor and 
acceptor ( f;') or donor alone ( dfi) .  

r d  

RESULTS 

Lucifer Yellow-BIPS. a Model System for Photochromism-FRET 
In order to test the feasibility of the method we synthesized a molecule containing a 
photochromic acceptor moiety covalently attached to a fluorescent donor (Figure I). 
An estimation of the range of distances between the center of the donor (Lucifer Yellow) 
and the merocyanine acceptor was performed by energy minimization with Sybyl 
(AMBER 4.1 package), obtaining a range for rdn of 15-20 A. 
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FIGURE 1 LY-BIPS model compound. See Materials and Methods. 

Photochemical Conversion of the Spiropvran to the Merocyanine Form 
Merocyanine formation was studied as a function of time in order to determine the 
condition of maximum conversion avoiding photodegradation. A final concentration of 5: 

pM 6-nitroBIPS in ethanol was exposed to the UV (254 nm) at room temperature up 
to 20 min. In Figure 2, the absorption spectra taken at 2,5, 10 and 15 min of UV 
exposure are shown. The conversion to the merocyanine form reached a maximum after 
15 min of UV irradiation. 

0.6 
W 

Bo.4 E 
L 

4 
6 0 . 2  
9 

0.0 
200 300 400 500 600 
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FIGURE 2 The photochemical conversion from the spiropyran to the merocyanine 
form as a function of the duration of UV irradiation. Absorption spectrum after a 2 
min (0) and 15 min (0) exposure to UV (254 nm) are depicted. The arrows indicate 
the decrease in the spiropyran form or the increase in the merocyanine form. The 
initial spiropyran state is not shown (see Figure 4A). 
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Thermal Back Reaction 
The same solution was irradiated for 30 sec at 254 nm, and was allowed to recover to the 
spiropyran form at room temperature. The thermal reversion was monitored as a function 
of time. The absorbance change at the peak of the merocyanine form (546 nm) was fit to a 
monoexponential function (a + bexp[-kFtl) where a was the absorbance at 546 nm 
before photoconversion andor after the thermal back reaction. The data fit to the 
monoexponential function very well, in agreement with other findings ' ' * I 2 ,  and yielded a 
rate for the thermal reversion of 0.039 min-'. 

':, A 
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1 ": 
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FIGURE 3 Thermal back reaction of 6-nitroBIPS merocyanine to spiropyran at 
room temperature. The fit to the exponential function yielded a = 0.009, b = 0.058, 
and kT = 0.039 min-I. 

FRET Modulation bv Changes in the Overlap Integral 
The feasibility of the proposed FRET method was tested by evaluating the change in the 
overlap integral calculated from the emission spectrum of the donor and the absorption 
spectra of the acceptor in the two photochromic forms. 

FIGURE 4 The absorption spectra (----) of 6-nitroBIPS (acceptor) in the spiropyran 
(A) or merocyanine form (J3) compared to the emission spectrum of the Lucifer 
Yellow donor (-). The kernel of the overlap integral (shaded area) '0 increases 
substantially in B. 
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Figure 4 compares the absorption spectra of 6-nitroB1PS as the spiropyran and 
merocyanine forms with the fluorescence emission spectrum of Lucifer Yellow. The 
spiropyran exhibited negligible overlap. In contrast, the large increase in the absorption of 
the merocyanine form at 450-650 nm led to a very substantial overlap (shaded area in 
Figure 4 B). 

The FRET efficiency E was then determined in the LY-BIPS molecule by evaluation 
of the'donor quenching. Figure 5 shows the fluorescence of LY-BIPS in the spiropyran 
form and after conversion to the merocyanine by irradiation at 254 nm for 15 min. The 
emission at < 600 nm, excited at 430 nm, originated solely from the Lucifer Yellow 
donor. The substantial quenching observed with the merocyanine acceptor corresponded 
to a transfer efficiency of 0.32. The sample was allowed to recover spontaneously to the 
original spiropyran form at room temperature for 1 h, after which the fluorescence 
emission regained its initial value. 

Ly 
$50 500 550 sdo' ' 650 7do 

wavelength (nm) 

FIGURE 5 Lucifer Yellow fluorescence of LY-BIPS before (a) and after (b) light- 
induced conversion of spiropyran to merocyanine. After 1 h at room temperature, the 
molecule reverted to the spiropyran form, as evidenced by the restoration of the 
fluorescence to its original value (c). Inset: corresponding FRET efficiency values. 

Photokinetic Modeling 
The combination of photochromic conversion and fluorescence resonance energy transfer 
gives rise to a photochemically bistable system. When the spiropyran is photoconverted to 
the merocyanine form, the change in absorption spectral region and consequent increase in 
overlap integral potentiates FRET ("on" state). On the other hand, as the merocyanine 
form is thermally (or photochemically) reverted back to the spiropyran form, the overlap 
integral decreases dramatically and thus the FRET is in the "off' state. This bistability 
critically depends on the modulation of the excitation irradiance of the photochromic 
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compound with concomitant excitation of the fluorescent donor. The kinetic simulation 
presented here was designed to theoretically explore the conditions for controlling 
bistability and thereby providing guidance for the practical implementation of quantitative 
photochromism-FRET measurements in the light microscope. The photokinetic simulation 
demonstrates the temporal course of the major molecular forms determining the overall 
“on“ and “off“ states of the FRET system. 

The generalized reaction mechanisms are depicted in Figure 6. The model takes into 
account only the main photokinetic events, omitting transient isomeric states and 
photodegradation of either the photochromic acceptor or the fluorescent donor molecules. 

FIGURE 6 Schematic diagram of the main photokinetic events and mathematical 
formulation of photochromism-FRET. The excited (fluorescent) states of the donor 
are species C and E, and of the merocyanine acceptor species D. Definitions: 
kPi oc csp . irradiance (UV), rate constant for photoisomerization with an absorption 
cross-section of the spiropyran = asp ; kEa,, , inverse of the singlet excited state 
lifetime of the merocyanine; k ,  , rate constant for thermal reversion from the 
merocyanine to the spiropyran form; k f y  = odonor . irradiance (visible), rate constant 
for excitation of the donor: k;::, inverse of the singlet excited state lifetime of the 
donor; k ,  = k:::ay [E/( 1 - E)] ,  rate constant for resonance energy transfer. 

Based on this reaction scheme, a system of differential equations was formulated 
(Equation 3) and solved by numerical integration. The photochemical parameters and the 
rate constants used in the simulations were either measured, derived from our own 
experimental data, or extracted from the existing literature * ‘*12  on the same photochromic 
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compound. Some of the parameters determined experimentally were also used in the 
photokinetic simulation depicted below (Figure 7). The visible light source required for 
excitation of the fluorescent donor was first turned on for 2 min. In the absence of the 
merocyanine acceptor, the donor fluorescence was at a maximal level. In the second step, 
the UV light source was turned on for 20 min to photoconvert the acceptor from the 
spiropyran to the merocyanine form. The UV source was then removed and the visible 
excitation of the donor reactivated. The photoconverted merocyanine now functioned as 
an acceptor for the singlet excited state energy of the fluorescent donor, thereby leading to 
a quenching of the latter. The donor fluorescence recovered in a slow process (Figure 7), 
reflecting the thermal reversion of the merocyanine to the spiropyran form. 

1.0, 1 

FIGURE 7 Simulation of the donor fluorescence in the absence and presence of the 
merocyanine form. The relative fluorescence intensity corresponds to the fraction of 
the total donor population in the excited state. Before UV exposure no FRET process 
takes place. Following UV irradiation a decrease (quenching) of the fluorescence 
emission of the donor due to FRET is observed. Subsequently the donor fluorescence 
emission recovers to the original level as the merocyanine reverses thermally to the 
spiropyran. 
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DISCUSSION 
The process of energy transfer can be activated and deactivated by inducing the conversion 
between spiropyran and merocyanine forms, as demonstrated by the experiments in 
Figures 4 and 5.  The model molecule yielded a fluorescence energy transfer efficiency of 
32%. For the calculated donor-acceptor separation of 15-20 A, the R, calculated from 
Equation 1 would be 13-22 A. This value is approximately half of that derived from the 
measured parameters defining R, (Equation I ) ,  using the usual assumption of K’ = 2/3. 
Conceivably, the orientation between the donor-acceptor moieties of the model compound 
LY-BIPS may not be random. In any event, this preliminary study establishes the 
feasibility of using bistable acceptors for reversible FRET determinations. 

for the field of reversible optical data storage. One can conceive of a system for non- 
destructive readout based on appropriate combinations of fluorescent dyes, such as 
thermally stable diarylalkenes or fulgides. The fluorescent dye (donor) would be excited 
selectively in a region of minimum absorption by the photochromic acceptor molecule. 

In addition to the anticipated uses in biological studies, the concept has implications 
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