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aDépartement de Chimie, Ecole Normale Supérieure (UMR CNRS 8640 PASTEUR),
24 rue Lhomond, 75231 Paris Cedex 05, France. E-mail: Pascale.Changenet@ens.fr;
Fax: þ33 144323325; Tel: þ33 144322413

bLaboratory for Microbiology, Swammerdam Institute for Life Sciences, Nieuwe Achtergracht
166, 1018 WV Amsterdam, The Netherlands. E-mail: K.Hellingwerf@science.uva.nl;
Fax: þ31 205257056; Tel: þ31 205257055

Received (in Montpellier, France) 2nd December 2004, Accepted 28th February 2005
First published as an Advance Article on the web 8th March 2005

PYP, the Photoactive Yellow Protein, is a small water-soluble protein extracted from the cytosol of the
halophilic purple bacterium Halorhodospira halophila. PYP is thought to mediate the phototactic response of
the bacterium against blue light. Its chromophore is the deprotonated trans-p-hydroxycinnamic acid
covalently linked, via a thioester bond, to the unique cysteine residue of the protein. Upon blue-light
irradiation, PYP undergoes a photocycle. As for rhodopsins, the trans to cis isomerization of the
chromophore was shown to be the first overall step of this photocycle. From time-resolved spectroscopy
measurements on native PYP in solution, it emerged that the reaction involves a series of fast events on the
subpicosecond and picosecond timescales, but the reaction path that leads to the formation of the cis isomer
is not clear yet. A few years ago, we initiated a comparative study of native PYP and several chromophore
analogues in solution in order to try to further clarify the early steps of the photocycle. Our experimental
approach consists in probing, in real-time, the ultrafast photoinduced events by transient absorption and
gain spectroscopy using the pump–probe technique. In the present paper, we review our experimental results
and discuss them within the context of the recent literature.

Introduction

Many microorganisms are highly sensitive to signals from their
environment. They are able to detect and to respond to various
external stimuli (mechanical impact, concentration gradients of
various chemical species, pH, gravity, etc.). Particularly inter-
esting is the ability of some free-living microorganisms like
algae and bacteria to respond to light irradiation by a cellular
movement (photomotility). Different kinds of photomotile
responses have been reported (for a review see ref. 1). Among
them, phototaxis produces an oriented movement with respect
to the light source; the cell swims either toward it (positive
phototaxis) or against it (negative phototaxis). At the molecu-
lar level, the photomotility is initiated by a photoreceptor that
is composed of a chromophore linked to a protein. The
absorption of a photon by the chromophore initiates a cyclic
chain of reactions, called a photocycle, localized first on the
chromophore itself, then extended to the whole protein struc-
ture. This leads to the formation of a long-lived state (the
signalling state) which is stable enough to interact with another
partner downstream in the signal transduction chain, ulti-
mately leading to the observed directed change in the motility.
In addition to its fundamental interest, the understanding, at
the molecular level, of light-induced behavioural processes,
such as phototaxis, is of crucial importance for future advances
in microbial ecology and biotechnology. It opens up interesting
perspectives for the development of new nanodevices mimick-
ing the capabilities of biological systems to convert light into
mechanical, chemical, or electrical energy (see for example
ref. 2).

Pascale Changenet-Barret obtained her PhD in 1996 at the
University of Orsay (France), studying by subpicosecond
spectroscopy intramolecular charge transfer in dimethylamino-
benzonitrile (DMABN) and dimethylamino-substituted triphe-
nylphosphines. In 1997, she spent one year as a post-doctoral

researcher in the group of

Prof. M. Glasbeek at the Uni-
versity of Amsterdam (The
Netherlands), working on
the ultrafast events in Photo-
active Yellow Protein in col-
laboration with Prof. K.
Hellingwerf. Then, she spent
one year in Prof. R. Hoch-
strasser’s group at the De-
partment of Chemistry at the
University of Pennsylvania, in
Philadelphia (USA), work-
ing on the ultrafast contribu-
tions of protein motions to the
dielectric response. In 1999,

she came back to France as CNRS researcher inMoniqueMartin’s
group at the Laboratoire de Photophysique Moléculaire at the
University of Orsay. In 2000, the group moved to the Department
of Chemistry at Ecole Normale Supérieure in Paris (France).
Pascale Changenet-Barret received the CNRS Bronze medal in
2002 for her work on PYP and its chromophore analogues.
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A limited number of photoreceptor proteins for photomoti-
lity have been identified.1,3 They have in common broad
absorption spectra with high extinction coefficients which
explains their high sensitivity to sunlight. Rhodopsins form a
well-known family of photoreceptors found in many photo-
motile microorganisms. Rhodopsins have been extensively
studied since they are also involved in another light transduc-
tion phenomenon of higher organisms, vision.4,5 The chromo-
phore of rhodopsin is retinal, a polyene derivative bound to the
protein via a protonated Schiff base linkage (see Fig. 1). As to
vision, it is generally admitted that the primary photochemical
reaction of rhodopsin is the ultrafast cis–trans isomerization of
retinal in a few hundred femtoseconds, followed by a protein
conformational change.6

Photoactive Yellow Protein (PYP) is a photoreceptor pro-
tein isolated from the phototrophic purple bacterium Halorho-
dospira halophila (formerly named Ectothiorhodospira
halophila).7 PYP is thought to be the photoreceptor of the
bacterium’s negative phototactic response towards blue light.8

It contains a new type of chromophore, the deprotonated
trans-p-hydroxycinnamic acid (see Fig. 1) covalently linked,
via a thioester bond, to the unique cysteine residue of the
protein.9–12 Studying PYP provides thus a renewed opportu-
nity to better understand light transduction phenomena, with
the advantage that the PYP chromophore is simpler than that
of rhodopsins.

Upon irradiation with blue light, PYP undergoes a photo-
cycle characterized by several intermediates formed on a time-
scale spanning from several hundred femtoseconds to seconds.
From the earliest experimental observations, it emerged that,
as for rhodopsins, the primary events in the PYP photocycle
are related to the trans to cis isomerization of the chromo-
phore,13,14 but the reaction path that leads to the formation of
the cis isomer is nevertheless not clear yet.15–26

Our experimental approach

In order to shed light on the isomerization mechanism involved
in the PYP photocycle, it is crucial to know the intrinsic
photophysics of the chromophore. Until very recently, little
was known about the photophysics of hydroxycinnamic acids
in solution,27,28 whereas for rhodopsins, the intrinsic relaxation
properties of retinal had been the subject of detailed time-
resolved studies (see for example ref. 29, and references there-
in). For the last few years, we have been carrying out a
comparative study of the photophysics of native PYP, guani-
dinium-denatured PYP and several chromophore analogues in
solution.24,25,30–32 In denatured PYP, the chromophore is still
linked to the protein by the thioester bond but exposed to the
solvent. This comparative study addresses the role of both the
intrinsic properties of the chromophore and the local environ-
ment on the short-time dynamics of the PYP photocycle. The
ultimate goal is to obtain some direct information on the
nature of the reacting potential energy surfaces.

Our experimental approach consists in probing, in real-time,
the ultrafast photoinduced events by transient absorption and
gain spectroscopy using the pump–probe technique. Compared
to fluorescence up-conversion techniques, the transient absorp-
tion technique has the advantage of detecting both fluorescent
and non-fluorescent species. A subpicosecond laser33 provides
the pump pulse for exciting the sample and the probe pulse is a
continuum of white light produced by focusing part of the laser
output in a water cell. For illustration, our pump–probe set-up
is sketched in Fig. 2. Production of the appropriate wavelength
for excitation has been described in detail elsewhere.30,31 Our
set-up allows the measurement of differential absorbance
spectra on a broad spectral range, from 340 nm to 750 nm.
The delay between the pump and probe pulses is optically
varied to follow the temporal evolution of the differential
absorbance spectra with a time resolution of about 1.5 ps.
The differential absorbance is the difference of the excited
sample absorbance, Ap and the steady-state absorbance, A0:

DA(l,t) ¼ Ap (l,t) � A0(l)
A0(l) ¼ 0.43lsa(l)N

where sa is the absorption cross section of the ground state S0,
N is the total population and l is the sample thickness. For
example, in a simple three-state model (see Fig. 3), the expres-
sion for the excited sample absorbance is the following:

Ap(l,t) ¼ 0.43l[sa(l,t)N0(t) þ su(l,t)N1(t) � se(l,t)N1(t)]

Fig. 2 Scheme of the pump–probe experiments. For the present
experiments, 500 fs pulses were generated simultaneously at 355 nm
(or 430 nm) and 570 nm. The pulses at 355 nm (or 430 nm) were used as
the pump, and a white-light continuum probe was produced by
focusing the 570 nm pulses in a 1 cm water cell.

Fig. 3 Three energetic state model with sa the absorption cross
section of the ground state S0, su and se the absorption and stimu-
lated-emission cross sections of the first excited state S1. N is the
population associated with each state.

Fig. 1 Structure of Schiff-base linked retinal and methyl thioester
linked 4-hydroxycinnamic acid.
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where N ¼ N0(t) þ N1(t), with N1 being the excited-state
population at time t and N0 the ground-state population at
time t. su is the absorption cross section of the excited state S1
and se is the stimulated-emission cross section. The differential
absorbance is then:

DA(l,t) ¼ 0.43l[su (l,t) � sa (l,t) � se(l,t)]N1(t)

At a given wavelength, the sign of DA depends on the value of
su, se and su. DA is positive when the excited state absorption
su dominates. DA is negative when the stimulated emission se
dominates or when the ground-state absorption dominates
(bleaching signal). When the cross sections are constant, the
spectro-temporal evolution of the DA spectra is directly related
to the dynamics of the transient populations. On the contrary,
in polar solvents, the stimulated-emission cross section of the
solute can vary with time. When the charge distribution of the
solute is significantly altered by the excitation, the solvent
dipoles suddenly become out of equilibrium. They subse-
quently relax toward a new equilibrium distribution with a
lower free energy of solvation. This induces a red shift of the
stimulated emission cross spectrum. The rate of this shift is
directly correlated to the solvation dynamics.

Photoactive yellow protein from H. halophila

PYP isolated from the cytosol of H. halophila is a small
(14 kDa) water-soluble protein that contains 125 amino-acid
residues.34 Fig. 4 sketches the structure of PYP in the vicinity
of the chromophore. The latter, the deprotonated trans-p-
hydroxycinnamic acid, is embedded in the main PYP hydro-
phobic core and protected from the solvent by the Arg52
residue. The negatively charged oxygen of the chromophore
is involved in a hydrogen-bond network with the hydroxy
groups of Glu46 and Tyr42 and is further stabilized by the
nearby positively charged Arg52.12 In protein monocrystals,
Arg52 is linked by two hydrogen bonds to the carbonyl oxygen
atoms of Thr50 and Tyr98.11 In solution, the protein structure
differs slightly since these two hydrogen-bonds between Arg52
and Thr50 and Tyr98 do not exist any more.35 However, the
main hydrophobic core containing the chromophore remains
rather rigid and solvent inaccessible.35

Although the complete signal-transduction chain in which
PYP functions has not been elucidated yet, the photophysics of
PYP has drawn much interest these last ten years. Detailed
reviews have been already published on PYP photoactivity (for
example see refs. 36 and 37). In this section, we will thus only
give a brief description of the protein photocycle. We will focus
on the early events and discuss our experimental results on
native PYP within the context of this recent literature.

PYP photocycle: a brief overview

After the absorption of blue light, PYP in solution exhibits a
photocycle involving at least two well characterized intermedi-
ates I1 and I2 (see Fig. 5; please note that I1 and I2 are also
referred to as pR and pB).9,38 I1 is an intermediate whose
absorption spectrum is red-shifted (lmax ¼ 465 nm) with
respect to that of the ground state PYP, pG (lmax ¼ 446
nm). I1 is formed in 3 ns and is converted in a few hundred
microseconds into I2, a blue-shifted intermediate (lmax ¼ 355
nm) that returns to the dark state pG in the millisecond regime.
Over the years, the PYP photocycle has become significantly
more complex and new intermediates have been identified
(for details see ref. 37).
It was shown that the chromophore in the intermediate I1

has a cis conformation.39,40 The structure of I1, as determined
with time-resolved FTIR, is characterized by the absence of the
hydrogen bond between the chromophore and the Cys69
residue while those with Glu46 and Tyr42 are preserved.39–42

This observation lends weight to a trans to cis isomerization
mechanism involving the rotation of the carbonyl group rather
than the large-scale rotation of the phenolate group.39–42 DFT
computations estimated that the energy of I1 is about 25 kcal
mol�1 higher than that of pG. This strong destabilization is
due to the protein environment which induces a large deviation
from the initial planar configuration of the chromophore.43

This, in addition to the disruption of the hydrogen bond
between the chromophore and Cys69, accounts for the red
shift of the I1 absorption spectrum with respect to that of the
dark state, pG.
The formation of I2 involves an important conformational

change of the protein, leading to the exposure of a hydro-
phobic surface to the solvent and to the reprotonation of the
chromophore (see ref. 37, and references therein).
Time-resolved X-ray diffraction showed that the PYP photo-

cycle occurs also in protein monocrystals but that the kinetics
and the nature of the protein conformational changes are
altered by the constraints of the crystal lattice.44 The inter-
mediates I1 and I2 have been clearly identified.45–47 In addition,
an early intermediate with a highly distorted geometry, formed
by flipping the thio-ester group and rotating the vinyl bond
about half way between the trans and cis conformations, has
been cryotrapped in PYP crystals and characterized by X-ray
diffraction.48 This species has been proposed to be a precursor
of the well characterized cis isomer I1.

48,49 However, the
existence of this highly distorted intermediate is now ques-
tioned since recent X-ray diffraction measurements gave
evidence of an early cryotrapped intermediate with a full cis
conformation.50

Fig. 4 Schematic representation of PYP structure in the ground state
in the vicinity of the chromophore.

Fig. 5 Simplified scheme of the photocycle of native PYP. Only the
two main intermediate states, initially identified in the PYP photocycle
at room temperature, are represented.
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Early events in PYP photocycle: precursors of I1

Although much experimental work in solution has been de-
voted to the characterization of the early photocycle inter-
mediates, i.e. the precursors of I1, the number and the nature of
these precursors are not clear yet.18,20,21,26 Time-resolved spec-
troscopy showed that the excited-state deactivation of PYP
involves a series of fast events on the subpicosecond and
picosecond timescales, prior to the formation of I1.

14–26,51,52

As an illustration, Fig. 6 displays the differential absorbance
spectra (DA) we measured for native PYP in buffer, together
with the corresponding steady-state absorption and emission
spectra. A detailed analysis of these spectra has already been
published in refs. 24 and 25. Upon excitation, one observes the
rise of the excited-state absorption band peaking at 370 nm and
of the ground-state bleaching and the excited-state stimulated
emission bands, both located in the region of the steady-state
spectra. For pump–probe delays up to 50 ps, the three bands
exhibit a biexponential decays with 1.9 ps and 16 ps lifetimes.
After 50 ps, the 370 nm transient absorption band is no longer
observed and the stimulated emission band has been replaced
by a broad transient absorption band at 500 nm. At longer
delays, while the bleaching band is still decaying, the 500 nm
band turns into a blue-shifted transient absorption band
corresponding quite well to the absorption spectrum of I1.

17,53

The DA spectra of native PYP are quite complex, exhibiting
multiexponential decays likely due to the contribution of
several overlapping absorption bands especially in the 480–
540 nm spectral region. Consequently, modeling the DA spec-
tra leads to several possible kinetic schemes with competing
and cascading steps.18,20,21,26 Generally, the multiexponential
decays in the 480–540 nm spectral region are attributed to the
formation of one or two distinct precursors of I1.

17,18,20–22,24–26

The earliest one, named I0, has been associated with the
cryotrapped intermediate reported in refs. 18, 19, 48 and 54
but recent time-resolved pump–probe anisotropy measure-
ments as well as visible pump–mid-IR probe spectroscopy gave
support to the hypothesis that the precursors of I1 could have
already the cis conformation.21,22 The geometrical change of
the PYP chromophore would occur in 2 ps or less.22

In addition to the hypothesis of a sequential formation of the
precursors of I1, the multiexponential decays of the DA signals
have also been attributed to competing pathways due to the
existence of close-lying excited states, simultaneously popu-
lated upon excitation.17,21,25,32 The nature of these excited
states has not been identified yet, but they could be related to
the steady-state spectra of native PYP.25 We will discuss this
point further in the next section.

PYP chromophore analogues

A complementary way to further investigate the complex
short-time dynamics of the PYP photocycle is to characterize
the intrinsic photophysics of the free chromophore in solution,
in order to separate the internal and external coordinates that
may be involved in the early processes. In this section, we will
review the results we obtained in comparative experiments on
three different chromophore analogues and on denatured PYP.
We will compare their photophysics with that of native PYP
and discuss the isomerization mechanism. Most of these results
have been previously published.24,25,30–32 Fig. 7 shows the
chemical structure of the studied analogues, the fully deproto-
nated trans-p-hydroxycinnamic acid (pCA2�), the trans-p-
hydroxycinnamide (pCM�) and the trans-S-phenyl-p-hydro-
xythiocinnamate (pCT�). At this point, it is worth mentioning
that other PYP chromophore analogues, one of them being
the deprotonated trans-S-methyl-p-hydroxythiocinnamate
(pCTMe�), have recently been studied by transient absorption
and time-resolved fluorescence up-conversion by another
group.55–57

Electronic transitions and solvent effects

Fig. 8 gives an overview of the normalized steady-state absorp-
tion and emission spectra recorded in water for native and
denatured PYP and for the three deprotonated chromophore
analogues sketched in Fig. 7. We estimated the fluorescence
quantum yield of all these molecules to be lower than 1%.
The absorption spectrum of denatured PYP, even at pH

values considerably higher than the pK of its coumaryl chro-
mophore (i.e. B8.8), is considerably blue-shifted with respect
to that of native PYP. This difference is likely due to the
environment of the chromophore, since denaturation disrupts
the specific interactions of the chromophore with the protein
and exposes it to the solvent.28,54,58 The absorption spectra of
denatured PYP and pCT� are quite similar, which suggests
that pCT� is a good model compound for the PYP chromo-
phore. The massive blue shift of the absorption spectra of
pCA2� and pCM� with respect to that of denatured PYP can
be explained, both by the absence of the thioester group43 and
the presence of a strong hydrogen-bond network formed by the
solvent with the carboxylic acid and amid groups, respectively.
As a matter of fact, in dimethylformamide, an aprotic solvent,
the absorption spectrum of pCM� is red-shifted by about 3700
cm�1 as compared to that in water.59 On the other hand, DFT
computations performed on pCA2� in a vacuum gave a similar
red-shift (about 3890 cm�1) for the lowest transition.43

In addition, we have reported that the steady-state emission
spectrum of pCM� and pCT� undergoes a red shift with
increasing the solvent polarity.25,30,32 This positive solvato-
chromism is due to the electronic transition promoting an
electron transfer from the phenolate oxygen to the carbonyl
group.60,61 In pCA2�, the presence of the negatively charged
carboxylic acid group probably affects this charge displace-
ment.

Fig. 6 Differential absorbance DA(l,t) of native PYP in water (pH
7.5) between (a) 1 and 150 ps and (b) 150 ps and 1.4 ns after excitation
at 430 nm with 0.5 ps laser pulses. The scattered pump light around
430 nm has been masked. The steady-state absorption and fluorescence
spectra are presented as dotted lines.

Fig. 7 Structure of deprotonated trans-pCAH2, trans-pCMH and
trans-pCTH.
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Finally, coming back to the point discussed in the PYP
section, we attributed the distinct shoulder in the blue side of
the absorption spectra of pCA2� and pCM� to the presence of
a second electronic transition rather than to a vibrational
structure.25 This also explains why the absorption spectra of
pCT�, denatured PYP and native PYP are broader than the
corresponding emission spectra, which arises from only one of
the two states.25 Ab initio and DFT computations performed
on pCTMe� have indeed shown the existence of an np*
transition localized on the phenolate oxygen, close to the pp*
lowest transition.60,62

pCA2� and pCM�: a ‘‘stilbene-like’’ isomerization mechanism

Transient spectroscopy. Fig. 9 illustrates the differential
spectra measured for pCA2� in water and the corresponding
normalized steady-state spectra; pCM� in water exhibits rather
similar spectra.25,32 As was previously reported, the transient
spectroscopy of these two analogues is quite different from that
of native PYP (for comparison see Fig. 6).25,30,32 The rapid and
concomitant decay of the stimulated emission band at 450 nm
and of the excited-state absorption band below 420 nm, in
10 ps for pCA2�and 4 ps for pCM�, indicates that an efficient
non-radiative process occurs from the excited state of those
two molecules. On the other hand, the broad positive band
observed above 550 nm is attributed to the absorption of the
solvated electron formed by a biphotonic ionization of the
phenolate group.25,30,32 For pCA2�, the associated radical
absorption band, which is expected around 330 nm,63 could
not be observed since it is outside the probed region (Fig. 9).
Taking into account our experimental resolution, the forma-
tion of the radical-solvated electron pair can be considered as
an ‘‘instantaneous’’ process initiated upon excitation. This
non-linear process has no relationship with the one-photon
process contributing to the differential spectra in the 340–550
nm spectral region.

As expected from steady-state fluorescence, a positive dy-
namic Stokes shift of the stimulated emission band has been
observed for pCM�.25,32 It is due to the solvation dynamics
induced by the charge displacement in the chromophore upon
excitation.

Isomerization mechanism. We demonstrated previously that
the efficient non-radiative process that causes the rapid deac-
tivation of the excited state of pCA2� and pCM� is the trans to
cis isomerization reaction.25,30,32 The trans excited state leads
to the formation of the ground-state cis isomer without any
detectable intermediate, following a mechanism comparable to
that of trans-stilbene in solution.64

The ground-state absorption spectra of cis-pCA2� and cis-
pCM� in water have been determined by steady-state photo-
lysis measurements.30,59 They are centered around 35 090 cm�1

and 32 790 cm�1, respectively. They are blue-shifted with
respect to those of the trans isomers. For stilbene, it is well
known that the steric hindrance in the cis-isomer causes a
decrease in the oscillator strength and a blue shift of the
absorption spectrum.64 A similar effect is expected for pCA2�

and pCM�.43 From our kinetics we can estimate that, for
pCA2� and pCM� in water, the isomerization reaction barrier
is a few kcal mol�1 in the excited state. The quantum yield of
photoisomerization was found to be 0.46 for pCA2�.65 In
the ground state, the isomerization barrier is estimated to be
30 kcal mol�1 for pCA2� in vacuum.43

pCT� and denatured PYP: puzzling behavior

Transient spectroscopy. Fig. 10 illustrates the differential
spectra measured for pCT� in water with the corresponding
steady-state spectra. The transient spectra of pCT� have been
described in detail in two previous publications.25,32 They are
quite different from those of pCA2� and pCM�. One of the
main differences is the observation, on the picosecond time-
scale, of a rising short-lived intermediate absorbing at 450 nm,
a spectral region that falls between the bleaching and the
stimulated emission bands. The lifetime of this intermediate
is about 3 ps. At 15 ps, after the decay of the excited-state
absorption band at 350 nm, a weak bleaching signal and a
small absorption band peaking at 355 nm remain. This signal,
which persists over a nanosecond timescale, is due to the
formation of a long-lived photoproduct absorbing at 355 nm
and causing incomplete ground-state repopulation. The
formation of a similar photoproduct has been reported for
pCTMe� in water by Larsen et al.55,56 It has been attributed to
the chromophore radical cation produced by biphotonic ioni-
zation. In addition, the absorption band of the associated
solvated electron was also observed by these authors.56 In

Fig. 9 Differential absorbance DA(l,t) of pCA2� in buffer (pH 4 12)
between 2 and 50 ps, after excitation at 355 nm with 0.5 ps laser pulses.
The steady-state absorption and fluorescence spectra are presented as
dotted lines.

Fig. 8 Steady-state absorption (dotted line) and fluorescence spectra
(solid line) of the native and guanidinium chloride denatured PYP and
of the three analogues (pCT�, pCM� and pCA2�) in water.
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the case of pCT�, the presence of the solvated electron band is
not obvious in Fig. 10 but it has been confirmed very recently
in additional measurements carried out by exciting the sample
at 355 nm.59

As for native PYP, the transient spectra of pCT� exhibit
complex kinetics. For instance, the formation of the 450 nm
absorption band in 1.1 ps is concomitant with the decay of the
red side of the 350 nm excited-state absorption band. Mean-
while, the decay of the blue side of the excited-state absorption
band in 2 ps corresponds quite well to the decay of the
stimulated emission band. The complexity of the transient
spectroscopy of pCT� is not clarified yet. It might be due to
the presence of several overlapping absorption bands related to
the two electronic transitions underlying the ground-state
absorption spectrum.25,32

The early differential spectra of denatured PYP are displayed
in Fig. 11. They look similar to those of pCT�. However, some
differences can be seen. The relative amplitude of the absorp-
tion band of the 450 nm intermediate is smaller and the
stimulated emission exhibits a slower decay with an averaged
lifetime of about 10 ps. These differences have been attributed
to some solvent effects due to the high concentration of
denaturing agent required for PYP denaturation.25 On the
other hand, a clear dynamic Stokes shift of the denatured
PYP emission band has been observed by time-resolved fluor-
escence measurements.54 We have also reported a similar
behavior for pCT� in alcohols, as expected from its steady-

state spectroscopy.25,32 Moreover, the excited-state lifetime is
found to be related in part to the solvent polarity.59

Nature of the 450 nm intermediate. Making the hypothesis
that an isomerization reaction occurs from the excited state of
pCT� or denatured PYP, it is tempting to attribute the 450 nm
intermediate to the ground-state cis isomer. However, unlike
pCA2� and pCM�, the formation of a stable cis isomer has not
been observed by steady-state photolysis of pCT� in water.31

The presence of the thioester group has been proposed to be
responsible in part for a possible destabilization of the ground-
state cis isomer making its observation difficult by steady-state
photolysis. In the light of recent calculations, this first hypoth-
esis is now questioned because the energy of the isolated pCT�

and pCTMe� in their ground state cis conformation is esti-
mated to be only 5 kcal mol�1 higher than in their trans
conformation, like pCA2�.43,49 Moreover, the isomerization
barrier of the isolated pCT� and pCTMe� is estimated to be
about 30 kcal mol�1,43,49 a priori excluding the existence of a
ground-state cis isomer with a short lifetime.
Another possibility is that the excited-state deactivation of

pCT� involves another non-radiative process faster than the
photoisomerization reaction. This would explain why the cis
isomer was not observed by steady-state photolysis. For in-
stance, it is known that asymmetrically substituted stilbenes
with electron donor and acceptor groups undergo an efficient
charge transfer in the excited state. In such compounds, it is
proposed that a photoinduced mechanism involving the for-
mation of a twisted intramolecular charge transfer state can
occur in competition with the photoisomerization process.66

Ultrafast photoinduced charge transfer has also been reported
for the merocyanine dye DCM in a few polar solvents where
the photoisomerization yield of this molecule is low.67 Com-
petition between photoisomerization and photoinduced charge
transfer with a possible change in geometry was also reported
recently for some push–pull polyenes, depending on the sol-
vent.68,69 In the latter case isomerization can also occur from
the charge transfer state. The solvent polarity and the electron
donor–acceptor character of the substituents are then deter-
mining factors able to affect both the decay kinetics and the
deactivation pathway of the PYP chromophore analogues
studied here. The excited-state deactivation of pCM� is un-
ambiguously correlated with the photoisomerization process,
but one might infer that the formation of such a twisted charge
transfer intermediate might become the dominant relaxation
pathway for pCT�. In the hypothesis that the photoisomeriza-
tion reaction is prevented in the free PYP chromophore, it
would be clear, then, that the protein environment forces the
chromophore to deactivate along a particular reaction path
that cannot be reached in polar solution. At present, our
experimental data in water do not allow us to reach a conclu-
sion on the exact nature of the non-radiative process involved
in pCT� and denatured PYP. A careful data analysis of the
experiments carried out on pCT� in several alcohols is in
progress in order to clarify this point.

Comparison with native PYP. It is worth mentioning the
similarity of the 450 nm intermediate of pCT� and denatured
PYP with the earliest intermediate of the PYP photocycle
found to appear in the same spectral region, on the same
timescale. This similarity led us to propose that the early events
in PYP could be, in part, controlled by the intrinsic properties
of the chromophore.25 These intrinsic properties are closely
related to the presence of the thioester group since pCA2� and
pCM2� exhibit a quite different transient spectroscopy. From
Fig. 8, it is clear that the two electronic transitions underlying
the steady-state absorption spectra are quasi-degenerate when
the chromophore structure contains the thioester group. In
addition to the fact that the two excited states may both be
directly excited in most of the reported experiments, the

Fig. 11 Differential absorbance DA(l,t) of denatured PYP in buffer
(pH 9.6, guanidinium chloride 7 M) between 1 and 10 ps, after
excitation at 430 nm with 0.5 ps laser pulses. The scattered pump light
around 430 nm has been masked. The steady-state absorption and
fluorescence spectra are presented as dotted lines.

Fig. 10 Differential absorbance DA(l,t) of pCT� in buffer (pH 10.2)
between (a) 1 and 3 ps and (b) 3 and 15 ps, after excitation at 430 nm
with 0.5 ps laser pulses. The scattered pump light around 430 nm has
been masked. Steady-state absorption and fluorescence spectra are
presented as dotted lines.
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proximity of these two states may strongly affect the shape of
the lowest excited adiabatic surface, providing channels to
escape the Franck–Condon region that are common to pCT�

and PYP and differ from those of pCA2� and pCM2�.
On the other hand, we showed that solvent properties such

as hydrogen-bonding ability and polarity strongly affect the
steady state and the transient spectroscopy of the PYP chro-
mophore analogues, independently of their chemical structure.
In the protein, the effect of the environment on the excited-
state deactivation of the chromophore may be rather different.
This has been demonstrated in studies of the photodynamics of
several mutants.19,23,52,54,70–73 These studies showed that a
partial disruption of the H-bonding network in the chromo-
phore binding pocket slows down the early kinetics of
PYP.19,54,73 Moreover, an oscillatory behavior of the time-
resolved spontaneous emission has been observed for native
PYP and several mutants but not in denatured PYP. These
oscillations, which are found to depend strongly on the local
environment, are supposed to be coupled to the chromophore
reconfiguration and to enhance the isomerization process.23,73

On the other hand, recent calculations show that the isomer-
ization reaction is facilitated by the electronic stabilization of
the chromophore excited state by the nearby positively charged
Arg52. Interestingly, the isomerization reaction of the chro-
mophore is not found to occur in a vacuum.74 The presence of
a thioester group in the chromophore structure and the nature
of the environment both influence the relaxation path and
kinetics.

Conclusions and perspectives

Throughout the years, PYP has become a model system for
studying the primary photochemistry involved in bacterial
photomotility since it is highly photostable and because its
high resolution 3D structure is known.11 In our work, the
excited-state deactivation of native PYP is found to involve the
formation, in the picosecond regime, of at least one distinct
precursor of the well-characterized cis isomer, I1, absorbing in
the 480–500 nm spectral region, in agreement with the recent
literature. The complicated kinetics associated with the differ-
ential spectra likely result from the existence of competing
pathways in the PYP photocycle possibly due to two close-
lying excited states populated upon excitation.

In a first attempt to approach the intrinsic properties of the
PYP chromophore, we carried out subpicosecond transient
absorption on the fully deprotonated trans-p-hydroxycinnamic
acid (pCA2�) and trans-p-hydroxycinnamide (pCM�) in solu-
tion. These two analogues exhibit a quite different transient
spectroscopy from native PYP. The ground-state cis isomer
was found to be formed directly from the excited trans
conformation without any detectable intermediate with a
mechanism comparable to that of trans-stilbene.

In contrast, the photophysical behaviors of trans-S-phenyl-
p-hydroxythiocinnamate (pCT�) and denatured PYP in water
are found to be close to that of the protein, highlighting the
determining role of the thioester bond in the primary molecular
events of PYP. The main excited-state deactivation channel is
found to involve the formation of an early intermediate
absorbing around 450 nm with a picosecond lifetime. As for
native PYP, the complex kinetic behavior of pCT� and of
denatured PYP is proposed to result from competing relaxa-
tion pathways likely due to the presence of two close-lying
excited states simultaneously populated by the excitation pulse.
The main excited-state deactivation channel of pCT� and
denatured PYP has not been elucidated yet since the formation
of the ground-state cis isomer has not been proved. This
puzzling behavior is tentatively explained by the existence in
polar solutions of another very efficient non-radiative process
in competition with the photoisomerization process. According
to this hypothesis, it would be clear that the protein environ-

ment would force the chromophore to deactivate along a
particular reaction path, leading to the formation of the cis
isomer, that cannot be reached in polar solutions. The solvent
effects (hydrogen-bond and polarity) are indeed determining
factors in the spectroscopy and the photophysics of pCT� and
denatured PYP.
If the ultrafast events on the femto–picosecond time scale in

native PYP seem related to the chromophore restructuring, the
reaction path that leads to the formation of the cis isomer is
still unclear. The determination of the structure of the I1
precursors is then crucial. Time-resolved vibrational spectro-
scopy can be a useful tool to probe the structure of the
transients of PYP photocycle and a first study by UV-pump–
IR-probe spectroscopy has already been reported.22 In addi-
tion, theoretical approaches should address the possible ex-
istence of two degenerate excited states and their role in the
deactivation path.
The elucidation of the early kinetics of pCT� is a potentially

efficient way to understand the isomerization mechanism of
PYP. Further studies are nevertheless still needed to under-
stand what coordinate (internal or external, or both) provides
the driving force for the excited-state evolution of this analog
of the PYP chromophore. The study of the solvent effects on
the excited-state deactivation of pCT� is thus crucial. This
study will bring important elements to understand the effect of
the chromophore constrained environment in native PYP. It is
known that the hydrogen-bond network involving the chro-
mophore plays a key role in the excited-state deactivation of
PYP.19,54,73 On the other hand, the determination of the
structure of the early intermediate observed by the transient
absorption spectroscopy will bring important information on
the nature of the non-radiative processes possibly in competi-
tion with the isomerization reaction. A recent study of
pCT� by UV-pump–IR-probe spectroscopy gave promising
results since it led to the observation of a modification in the
stretching motions of the phenolate group upon electronic
excitation.75
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43 A. Sergi, M. Grüning, M. Ferrario and F. Buda, J. Phys. Chem. B,

2001, 105, 4386.
44 A. Xie, L. Kelemen, J. Hendriks, B. J. White, K. J. Hellingwerf

and W. D. Hoff, Biochemistry, 2001, 40, 1510.
45 U. K. Genick, G. E. O. Borgstahl, K. Ng, Z. Ren, C. Pradervand,

P. M. Burke, V. Srajer, T.-Y. Teng, W. Schildkamp, D. E. McRee,
K. Moffat and E. D. Getzoff, Science, 1997, 275, 1471.

46 B. Perman, V. Srajer, Z. Ren, T.-Y. Teng, C. Pradervand,
T. Ursby, D. Bourgeois, F. Schotte, M. Wulff, R. Kort,
K. J. Hellingwerf and K. Moffat, Science, 1998, 279, 1946.

47 Z. Ren, B. Perman, V. Srajer, T.-Y. Teng, C. Pradervand,
D. Bourgeois, F. Schotte, T. Ursby, R. Kort, M. Wulff and
K. Moffat, Biochemistry, 2001, 40, 13788.

48 U. K. Genick, S. M. Soltis, P. Kuhn, I. L. Canestrelli and E. D.
Getzoff, Nature, 1998, 392, 206.

49 M. J. Thompson, D. Bashford, L. Noodleman and E. D. Getzoff,
J. Am. Chem. Soc., 2003, 125, 8186.

50 R. Kort, K. J. Hellingwerf and R. B. G. Ravelli, J. Biol. Chem.,
2004, 279, 26417.

51 H. Hanada, Y. Kanematsu, S. Kinoshita, M. Kumauchi, J. Sasaki
and F. Tokunaga, J. Lumin., 2001, 94, 593.

52 N. Mataga, H. Chosrowjan, Y. Shibata, Y. Imamoto, M. Katao-
ka and F. Tokunaga, Chem. Phys. Lett., 2002, 352, 220.

53 W. D. Hoff, I. H. M. van Stokkum, H. J. van Ramesdonk,
M. E. van Brederode, A. M. Brouwer, J. C. Fitch, T. E. Meyer,
R. van Grondelle and K. J. Hellingwerf, Biophys. J., 1994, 67,
1691.

54 H. Chosrowjan, N. Mataga, Y. Shibata, Y. Imamoto and F.
Tokunaga, J. Phys. Chem. B, 1998, 102, 7695.

55 D. S. Larsen, M. Vengris, I. H. M. Van Stokkum, M. A. van der
Horst, R. A. Cordfunke, K. J. Hellingwerf and R. van Grondelle,
Chem. Phys. Lett., 2003, 369, 563.

56 D. S. Larsen, M. Vengris, I. H. M. van Stokkum, M. A. van der
Horst, F. L. de Weerd, K. J. Hellingwerf and R. van Grondelle,
Biophys. J., 2004, 86, 2538.

57 M. Vengris, M. A. van der Horst, G. Zgrablic, I. H. M. van
Stokkum, S. Haacke, M. Chergui, K. J. Hellingwerf, R. van
Grondelle and D. S. Larsen, Biophys. J., 2004, 87, 1848.

58 M. Yoda, H. Houjou, Y. Inoue and M. Sakurai, J. Phys. Chem. B,
2001, 105, 9887.

59 A. Espagne, P. Changenet-Barret, P. Plaza and M. M. Martin, to
be published.

60 V. Molina and M. Merchán, Proc. Natl. Acad. Sci. USA, 2001, 98,
4299.

61 L. L. Premvardhan, F. Buda, M. A. van der Horst, D. C. Lührs,
K. J. Hellingwerf and R. van Grondelle, J. Phys. Chem. B, 2004,
108, 5138.

62 G. Groenhof, M. F. Lensink, H. J. C. Berendsen, J. G. Snijders
and A. E. Mark, Proteins: Struct., Funct., Genet., 2002, 48,
202.

63 S. Foley, S. Navaratnam, D. J. McGarvey, E. J. Land, T. G.
Truscott and C. Rice-Evans, Free Radical Biol. Med., 1999, 26,
1202.

64 D. H. Waldeck, Chem. Rev., 1991, 91, 415.
65 K. Takeshita, N. Hirota and M. Terazima, J. Photochem. Photo-

biol. A: Chem., 2000, 134, 103.
66 R. Lapouyade, K. Czeschka, W. Majenz, W. Rettig, E. Gilabert

and C. Rullière, J. Phys. Chem., 1992, 96, 9643.
67 M. M. Martin, P. Plaza and Y. H. Meyer, Chem. Phys., 1995, 192,

367.
68 P. Plaza, D. Laage, M. M. Martin, V. Alain, M. Blanchard-Desce,

W. H. Thompson and J. T. Hynes, J. Phys. Chem. A, 2000, 104,
2396.

69 D. Laage, P. Plaza, M. Blanchard-Desce and M. M. Martin,
Photochem. Photobiol. Sci., 2002, 1, 526.

70 T. M. Masciangioli, S. Devanathan, M. A. Cusanovich, G. Tollin
and M. A. El-Sayed, Photochem. Photobiol., 2000, 72, 639.

71 Y. Zhou, L. Ujj, T. E. Meyer, M. A. Cusanovich and G. H.
Atkinson, J. Phys. Chem. A, 2001, 105, 5719.

72 S. Devanathan, S. Lin, M. A. Cusanovich, N. Woodbury and
G. Tollin, Biophys. J., 2001, 81, 2314.

73 H. Chosrowjan, S. Taniguchi, N. Mataga, M. Unno, S. Yamau-
chi, N. Hamada, M. Kumauchi and F. Tokunaga, J. Phys. Chem.
B, 2004, 108, 2686.

74 G. Groenhof, M. Bouxin-Cademartory, B. Hess, S. P. de Visser,
H. J. C. Berendsen, M. Olivucci, A. E. Mark and M. A. Robb,
J. Am. Chem. Soc., 2004, 126, 4228.

75 A. Usman, O. F. Mohammed, K. Heyne, J. Dreyer and E. T. J.
Nibbering, Chem. Phys. Lett., 2005, 401, 157.

534 N e w J . C h e m . , 2 0 0 5 , 2 9 , 5 2 7 – 5 3 4

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 0

8 
M

ar
ch

 2
00

5 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

41
81

34
D

View Article Online

http://dx.doi.org/10.1039/b418134d

