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A new method for evaluating the rate constants of chemical reactions has been
developed based on the differential photoconversion efficiencies of photochromic
FRET acceptors incorporated into molecules on both sides of a chemical equilib-
rium. In the application of Photochromic Relaxation Kinetics (pcRelKin) to a bimo-
lecular binding reaction, one of the two interacting molecules bears a FRET donor
and the second a photochromic acceptor. The close proximity required for FRET is
achieved only in the complex. After photoconversion, the system exists in a thermo-
dynamically asymmetric state, which relaxes according to first order kinetics.
PcRelKin offers unique advantages over classical relaxation kinetics.
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INTRODUCTION

The underlying principle of pcRelKin is that embodied in photo-
chromic FRET (pcFRET) [1–6], a general conceptual and experi-
mental scheme based on a coupled system of a fluorescent
donor and a photochromic acceptor. The procedure involves the

EAJ-E is indebted to the Agencia Nacional de Promoci�oon de la Ciencia y Tecnologı́a
(ANPCyT), Fundaci�oon Antorchas, Consejo Nacional de Investigaciones Cientı́ficas y Téc-
nicas (CONICET), Secretarı́a de Ciencia, Tecnologı́a e Innovaci�oon Productiva (SECyT),
the German-Argentine DLR-BMBF-SECyT, and the Universidad de Buenos Aires
(UBA) for financial support. TMJ was supported by the Max Planck Society. EAJ-E
and TMJ were the recipients of a joint grant I=77 897 from the Volkswagen Foundation.

Address correspondence to Thomas M. Jovin, Department of Molecular Biology,
Max Planck Institute for Biophysical Chemistry, Am Fassberg 11, D-37077 Göttingen,
Germany. E-mail: tjovin@gwdg.de

Mol. Cryst. Liq. Cryst., Vol. 430, pp. 281–286, 2005

Copyright # Taylor & Francis Inc.

ISSN: 1542-1406 print=1563-5287 online

DOI: 10.1080/15421400590946514

281

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
9:

32
 2

2 
A

ug
us

t 2
01

2 



reversible and cyclic spectroscopic depletion of the acceptor, and
was initially conceived for the determination of FRET efficiency
on a continuous, pixel-by-pixel basis in the microscopy of living
cells. However, the modulation of donor fluorescence in pcFRET
has implications for a wide range of applications, such as the
one illustrated here.

Fluorescence resonance energy transfer (FRET) is a physical pro-
cess by which energy is transferred non-radiatively from an excited
molecular fluorophore (donor) to another chromophore (acceptor) via
long-range dipole–dipole coupling [5]. The FRET acceptor need not
be fluorescent, but must fulfill the requirement of having an absorp-
tion spectrum overlapping the emission spectrum of the donor with
the respective transition moments in a favorable, i.e. non-orthogonal,
relative orientation. The FRET efficiency between a single donor (D)-
acceptor (A) pair varies with the 6th power of the D-A separation and
is generally operative over the range of �1�10 nm, distances corre-
sponding to most biologically significant molecular interactions on
and within cells. Applied in the fluorescence microscope, FRET is a
highly selective and sensitive tool for resolving details of molecular
complexes with a spatial resolution far exceeding that inherent to con-
ventional optical microscopes. In addition to molecular proximity, the
photophysical behavior of extrinsic or intrinsic (e.g. genetically
expressed) fluorescent entities in biomolecules reflects static and
dynamic features of both intra- and intermolecular interactions such
as complex formation, conformational transitions, and changes in
the microenvironment.

Photochromic FRET (pcFRET) is a member of a subcategory of
FRET techniques we have designated as acceptor depletion FRET
(adFRET) in a review of FRET imaging techniques [5]. pcFRET pro-
vides the required reference state (unperturbed donor) in a local
(single pixel) and reversible manner by cyclical light-driven on-off
switching of the FRET process. This circumstance is achieved by the
use of photochromic compounds as programmable FRET acceptors,
exploiting their reversible transformations induced by illumination
at appropriate wavelengths, between two structural forms with differ-
ent absorption properties. In pcFRET, the two probes (donor and
acceptor pair) are selected according to the spectroscopic criteria indi-
cated above. The fluorescence emission (degree of quenching) of the
donor can be modulated reversibly by systematic photochemical
manipulation of the photochromic acceptor. That is, the donor fluores-
cence is measured in the virtual spectroscopic presence and absence of
the acceptor, the latter case corresponding to the reference state of the
FRET-unperturbed donor.
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PHOTO-STATIONARY STATES AND KINETIC SCHEME
FOR PCFRET

The reversible process of photochromic conversion of the acceptor in
pcFRET gives rise to a two-state photophysical system. The FRET sig-
nal monitors the equilibrium distribution between visible non-
absorbing (FRET�) and the visible absorbing (FRETþ) forms of the
photochromic moiety. In practice it may be difficult to drive the system
exclusively into either of these states, and in general one oscillates
between two photostationary equilibria dictated by the irradiance
and spectral distribution of the two photoconversion light sources.
That is, the system is manipulated such as to cycle between a predo-
minantly off state and a predominantly on state, the term predomi-
nantly implying a significant but variable=arbitrary extent of
conversion lying between the two extreme conditions [3]. Three spec-
tral domains are operative: (i) near-UV: both forms of the acceptor
(and generally the donor as well) absorb; (ii) visible domain 1: (þ) form
of the acceptor absorbs; and (iii) visible domain 2: donor absorbs pre-
ferentially. Switching is achieved by alternating the exposure to light
of relatively high intensity in the near-UV and visible domain 1. The
system is monitored by excitation of the donor at low intensity in vis-
ible domain 2 and measurement of its emission in visible spectral
domain 1. The corresponding photokinetic scheme is given in Figure 1.

PCRELKIN APPLIED TO SECOND ORDER REACTION

Consider a second order reaction, a biomolecular binding reaction
between two partners, one of which carriers a FRET donor and the
second a photochromic acceptor (Fig. 2). The close proximity required
for FRET is achieved only in the complex, i.e. the product of the
reaction.

Assume the system is initially entirely in the off state, e.g. corre-
sponding to the open form of a diheteroarylethene acceptor [3]. Appli-
cation of a suitable (e.g., near-UV or blue) light pulse leads to
photoconversion to the FRET on or ‘‘þ ’’ state to a lesser degree for
the acceptor in the complex than in the free state, due to the enhance-
ment of the overall rate of the back reaction (kcomþ� ) via FRET-mediated
excitation of the acceptor [3,4], Figs. 1 and 2). Because of the creation
of two new chemical species (acceptor on and complex on), the system
is in a thermodynamically asymmetric state comprising two parallel
reactions, which proceed to redistribute to a new equilibrium in
accordance with mass action considerations. Since the chemical rate
constants are the same for both reactions, the donor concentration
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remains constant (is ‘‘buffered’’). Thus, spectroscopic signals arise
solely from the redistribution of the two acceptor forms during the
relaxation process. As in the case of classical relaxation kinetics (T-
jump, P-jump) [7], evaluation of concentration dependencies yields
the rate constants for the chemical reaction under study (Fig. 3).
The relaxation is first-order regardless of the extent of the photocon-
version because of the invariant donor concentration. Thus, the
reciprocal relaxation time is given by the expression s�1 ¼ kf
½donor� þ kr. The simulations generated by direct solution of the rel-
evant differential equations confirm this relationship (Fig. 3).

FIGURE 1 pcFRET photophysical-photochromic scheme. The elementary
reaction steps reduce to overall transitions (central vertical arrows) between
the two ground states of the acceptor (DA�, DAþ) as a consequence of the very
rapid photochromic transitions. The excited states of D and A are denoted by
an asterisk. The central region comprises the ring closure and opening reac-
tions of the photochromic acceptor. The external pathways represent the inter-
vention of the donor contributing to the photochromic cycle through coupled
excitation and FRET but functioning primarily as a monitor of the photosta-
tionary equilibrium state and thus of the FRET process (via low-level exci-
tation in visible spectral domain 2). The photochromic transitions are
initiated by excitations in the near-UV (or visible spectral regions (domain 1).
Decay rates are indicated by the subscript d; off (�), states devoid of signifi-
cant FRET between donor and acceptor; on (þ), states potentiating FRET.

284 T.M. Jovin and E.A. Jares-Erijman

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
9:

32
 2

2 
A

ug
us

t 2
01

2 



FIGURE2 pcFRET applied to a bimolecular reaction. See text for explanation.

FIGURE 3 Simulations of a biomolecular system relaxing according to the
pcRelKin mechanism. The differential equations corresponding to the scheme
depicted in Figure 2 were solved numerically by Mathematica. In the two
simulations, the ratio of kr=kf was kept constant but the absolute values were
adjusted by a factor of 4 (panel a: kf ¼ 0:5, kr ¼ 0:25; panel b: kf ¼ 2, kr ¼ 1).
Left panels: The initial light pulse induces the absorbing (open) form of the
pc acceptor, which increases further during the relaxation to the final equilib-
rium state. Middle panels: Relaxation phase expanded. The relaxation rate
increases (b vs a) for the larger rate constants in accordance with the
expression for the relaxation time (see text). The small changes in amplitude
are due to the finite relaxation occurring during the photochromic light pulse
(0.2 time units in width). Right panels: Corresponding decrease of the sum of
the donor (invariant) and complex off concentrations.
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CONCLUSIONS

PcRelKin offers numerous and unique advantages as a kinetic tech-
nique: isothermal and isobaric transitions; arbitrarily small volumes;
first order kinetics even for large displacements due to buffering of
the donor-carrying reactant; lack of inherent temporal limitation; high
sensitivity and precision due to averaging over many cycles; applica-
bility to high throughput procedures, including those based on micro
(nano)arrays; low cost; and ease of implementation. The technique is
currently being implemented experimentally and has been submitted
for patenting [8].

REFERENCES

[1] Jares-Erijman, E. A., Song, L., & Jovin, T. M. (1997). Mol. Cryst. Liq. Cryst., 298,
151.

[2] Giordano, L., Macareno, J., Song, L., Jovin, T. M., Irie, M., & Jares-Erijman, E. A.
(2000). Molecules, 5, 591.

[3] Giordano, L., Jovin, T. M., Irie, M., & Jares-Erijman, E. A. (2002). J. Amer. Chem.
Soc., 124, 7481.

[4] Song, L., Jares-Erijman, E. A., & Jovin, T. M. (2002). J. Photochem. Photobiol. A,
150, 177.

[5] Jares-Erijman, E. A. & Jovin, T. M. (2003). Nat. Biotechnol., 21, 1387.
[6] Jares-Erijman, E. A., Giordano, L., Spagnuolo, C., Kawior, J., Vermeij, R. J., &

Jovin, T. M. (2004). SPIE Proc., 5323, 13.
[7] Bernasconi, C. F. (1976). Relaxation Kinetics, Academic Press: New York.
[8] Jovin, T. M. & Jares-Erijman, E. A. (2004). European Patent Appl. PCT=EP

2004=008729.

286 T.M. Jovin and E.A. Jares-Erijman

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
9:

32
 2

2 
A

ug
us

t 2
01

2 


