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initiation of the photocycle of this photoreceptor protein
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ABSTRACT The chromophore of photoactive yellow pro-
tein (PYP) (i.e., 4-hydroxycinnamic acid) has been replaced by
an analogue with a triple bond, rather than a double bond (by
using 4-hydroxyphenylpropiolic acid in the reconstitution,
yielding hybrid I) and by a ‘‘locked’’ chromophore (through
reconstitution with 7-hydroxycoumarin-3-carboxylic acid, in
which a covalent bridge is present across the vinyl bond,
resulting in hybrid II). These hybrids absorb maximally at 464
and 443 nm, respectively, which indicates that in both hybrids
the deprotonated chromophore does fit into the chromophore-
binding pocket. Because the triple bond cannot undergo
cisytrans (or EyZ) photoisomerization and because of the
presence of the lock across the vinyl double bond in hybrid II,
it was predicted that these two hybrids would not be able to
photocycle. Surprisingly, both are able. We have demon-
strated this ability by making use of transient absorption,
low-temperature absorption, and Fourier-transform infrared
(FTIR) spectroscopy. Both hybrids, upon photoexcitation,
display authentic photocycle signals in terms of a red-shifted
intermediate; hybrid I, in addition, goes through a blue-
shifted-like intermediate state, with very slow kinetics. We
interpret these results as further evidence that rotation of the
carbonyl group of the thioester-linked chromophore of PYP,
proposed in a previous FTIR study and visualized in recent
time-resolved x-ray diffraction experiments, is of critical
importance for photoactivation of PYP.

The primary importance of light-induced cisytrans (or EyZ)
isomerization of the chromophore of biological photorecep-
tors, such as rhodopsins, phytochromes, and xanthopsins, for
the initiation of signal transduction is generally accepted,
although this issue has long been controversial (1–4), almost
since the discovery of the molecular basis of vision by Wald in
1968 (5). As an alternative for the now well-accepted concept
of light-induced cisytrans isomerization, mechanisms have
been proposed, such as light-induced proton transfer (2), that
subsequently were largely rejected.

The importance of cisytrans isomerization has been studied
not only with several forms of transient spectroscopy but also
in experiments in which the retinal chromophore of (bacte-
rio)rhodopsin was replaced through reconstitution by an an-
alogue, equipped with a covalent ‘‘bridge’’ (i.e., forming a five-
to eight-membered ring across the double bond), which was
anticipated to prevent isomerization (6, 7). Following this

approach for bacteriorhodopsin (Brh), Delaney et al. (8)
reported that a six-membered ring across CAC(9,10) or
CAC(11,12) of retinal does allow formation of the interme-
diates J and K, albeit with slower kinetics than in Brh con-
taining unmodified retinal. However, even a five-membered
ring across CAC(13,14) blocks this primary photochemistry
only partially (4). Very recently, it was reported that, by using
atomic force microscopy, conformational changes can be
detected in the microsecond time domain in Brh hybrids,
reconstituted with a modified chromophore that would not be
expected to allow primary photochemistry (9). This observa-
tion led these authors to conclude that ‘‘our data question the
current working hypothesis which attributes all primary events
in retinal proteins to an initial trans-cis isomerization.’’

The interpretation of these experiments, however, is com-
plicated because isomerization across one of the double bonds
of retinal, neighboring the one that is locked or modified, may
allow for alternative isomerization pathways in the rhodopsins
containing a retinal analogue. We therefore have addressed
the point of the importance of chromophore isomerization for
photoreceptor activation by studying the photoactive yellow
protein (PYP) (10). This is a photoreceptor from the purple
bacterium Ectothiorhodospira halophila (11), which shows
many similarities with the archaeal sensory rhodopsins (12,
13), although PYP contains 4-hydroxycinnamic acid as its
chromophore (14, 15) and is water soluble. Activation of PYP
function is supposed to proceed through light-induced cisy
trans isomerization of the 7,8-vinyl bond of its chromophore
(16, 17). The apo form of this photoreceptor can be produced
heterologously in Escherichia coli (18), and then can be
converted to functional holoprotein through reconstitution
with the endogenous chromophore (19) or with analogues,
resulting in the formation of hybrids (20).

Here we report reconstitution of PYP with chromophores in
which (i) the vinyl double bond of 4-hydroxycinnamic acid is
replaced by a triple bond (by using 4-hydroxyphenylpropiolic
acid in the reconstitution; the resulting holoprotein is referred
to below as hybrid I) or (ii) the vinyl double bond of the
chromophore is locked against isomerization by the presence
of a covalent ‘‘bridge’’ over the vinyl bond (by using 7-hy-
droxycoumarin-3-carboxylic acid in the reconstitution; the
resulting holoprotein is referred to below as hybrid II). The
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results obtained show that in both hybrids authentic photocycle
signals can be observed. These experiments therefore lead to
the conclusion that isomerization across the double bond of
the chromophore of the PYP photoreceptor is not a strict
prerequisite for photoactivation of PYP.

MATERIALS AND METHODS
Materials. ApoPYP was produced heterologously in E. coli

as described previously (18, 20) and was used without prior
removal of its polyhistidine tail. This method results in slightly
slower kinetics of the recovery step of the photocycle of
reconstituted holoPYP (see Fig. 2).

7-Hydroxycoumarin-3-carboxylic acid was obtained from Mo-
lecular Probes. 4-Hydroxyphenylpropiolic acid (21) was synthe-
sized from 4-t-butyldimethylsilylbenzaldehyde, via 4-t-butyldim-
ethylsilyl-a,a-dibromostyrene. Purity of the final product was
checked with 1H NMR (20) and demonstrated to be better than
98%. A small fraction of the contaminants consisted of 4-hy-
droxycinnamic acid (see Results). All other materials were reagent
grade and obtained from commercial sources.

Reconstitution. Reconstitution of holoPYP and hybrid II was
carried out by means of formation of the anhydride derivative of
their chromophore, according to Imamoto et al. (19). Hybrid I,
because of a more limited availability of its chromophore, was
formed with the procedure described by Genick et al. (22), which
makes use of chromophore activation via derivatization with
carbonyl diimidazole in tetrahydrofuran.

Spectroscopy. Spectroscopic experiments were routinely
carried out in 10 mM TriszHCl, pH 7.0.

UVyVis (visible) static and transient absorption spectra
were recorded with model 8453A and model 8452A Hewlett
Packard diode array spectrophotometers, which have a time
resolution of 0.1 and 0.5 sec, respectively. To measure light-
induced transient absorption spectra, actinic flashes were
provided with a conventional photoflash, with an output
intensity of 25 Wzsec.

Low-temperature spectra were recorded as described by
Hoff et al. (23). Samples were illuminated with a conventional
slide projector, equipped with a 24-Vy150-W tungsten lamp
and fiber optics, through a narrow-band interference filter with
maximal transmission at 460 nm and a bandwidth of 9 nm. The
intensity of the output beam was 0.16 mWzcm22.

Fourier-transform infrared (FTIR) spectra were recorded
with home-made sandwich cells of 13, 26, or 52 mm thickness,
constructed from polyethylene spacers and CaF2 plates. Sam-
ples for FTIR measurements were concentrated to between 2.5
and 5 mM, with a 30-kDa cut-off Millipore NMWL filter spin
column, at room temperature, in 10 mM TriszHCl, pH 7.0.
FTIR difference spectra of white-light photoconverted minus
dark-adapted samples were measured on a Bio-Rad FTS-60A
IR spectrophotometer and corrected for drift and H2O vapor.
Data manipulation was performed with software provided by
the manufacturer. Visible light from a 150-W Oriel (Stratford,
CT) xenon lamp and fiber optics were used to illuminate the
sample in the IR spectrometer.

RESULTS
The three proteins formed with the chromophores displayed in
Fig. 1A—i.e., holoPYP, hybrid I, and hybrid II—all show a major
optical transition in the visible part of the spectrum, with maximal
absorbance at 446, 464, and 443 nm, respectively. This indicates
that each reconstituted protein contains a highly tuned chro-
mophore, most likely inserted properly into the chromophore-
binding pocket, with the phenolic hydroxyl group deprotonated
and in hydrogen-bonding contact with Glu-46 (cf. refs. 24 and 25).
Nevertheless, some differences are noticeable: Both hybrids have
a more symmetrical main absorption band in the visible part of
the spectrum [which indicates that they have less pronounced
high-energy sidebands, characteristic for holoPYP (23); see fur-
ther below]. Hybrid II has a much narrower visible absorption

band than either holoPYP or hybrid I (full width at half-
maximum: 35 nm). Furthermore, its extinction coefficient ap-
pears to be slightly higher than the one for holoPYP [45.5
mM21zcm21 (26)], thus significantly higher than the extinction
coefficient of free 7-hydroxycoumarin-3-carboxylic acid, which
absorbs maximally at 388 nm, with an extinction coefficient of 32
mM21zcm21 (27). Hybrid I has a much more red-shifted absorp-
tion band than hybrid I, but also a considerably lower extinction
coefficient than holoPYP. Because we have not been able to
ascertain that reconstitution of this hybrid was complete, we
cannot yet precisely calculate its extinction coefficient. Hybrids I
and II also fluoresce, with a quantum yield that has increased in
hybrid II and decreased in hybrid I, as compared with holoPYP.
Furthermore, the Stokes shift of fluorescence is considerably
decreased in hybrid II, which is in agreement with a more limited
flexibility of the latter chromophore.

Next, it was tested whether hybrids I and II would also display
photocycle characteristics, by assaying the recovery step of the
photocycle with transient absorption spectroscopy (Fig. 2), using
holoPYP as a control, and excitation with a conventional phot-
oflash. Trace a of Fig. 2A shows the result of this control
experiment. The polyhistidine tail slightly retards the recovery

FIG. 1. Chemical structure of the chromophores used for the
reconstitution of PYP in this investigation and the absorption spectra
of holoPYP and the two hybrids. (A) Chemical structure of 4-hydroxy-
cinnamic acid (a), 4-hydroxyphenylpropiolic acid (b), and 7-hydroxy-
coumarin-3-carboxylic acid (c). (B) Room temperature UVyVis ab-
sorption spectra of apoPYP, reconstituted with the three chro-
mophores shown in A, resulting in (holo)PYP (trace a), hybrid I (trace
b), and hybrid II (trace c). The spectrum of hybrid I was recorded after
equilibration in the dark for 30 min. The protein concentration in each
sample was approximately 10 mM. The three spectra have been
normalized to A 5 0.5 at 278 nm. The structure of 4-hydroxycinnamic
acid and the spectrum of holoPYP are shown for comparison. The
irregularities in these spectra at 363 and 488 nm are artifacts, caused
by the diode array spectrophotometer.
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kinetics. Using a monoexponential fit, a rate constant of 3.5 sec21

is obtained from these data (which is to be compared with 6.5
sec21 as obtained after removal of the polyhistidine tail; see also
ref. 13). Surprisingly, hybrid I did show modified, but authentic,
photocycle characteristics, as was concluded from the experiment
shown in trace b of Fig. 2A. By measuring during a much more
extended period of time, the rate constant for its recovery
reaction was determined to be 3.5 (60.02) 3 1023 sec21 (i.e.,
1000-fold retarded compared with holoPYP). The complete
spectra of this actinic flash-induced bleaching process of hybrid
I (from 250 to 550 nm, as shown in Fig. 2B), reveal that it is
paralleled by an increase in absorbance in the near-UV region,
which is indicative for the formation of a blue-shifted (pB)-like
intermediate (12, 13). Maximal absorbance of this state is at 326
nm, which is considerably blue-shifted as compared with pB [355
nm; (13, 28)]. It should be noted that in the UV region of this
spectrum, no significant changes take place, in contrast to the
parallel process in holoPYP (28). In hybrid II this bleaching at the
(sub)second time scale has not been detectable (see trace c of Fig.
2A).

To investigate whether hybrids I and II would show signals
characteristic for the formation of pR [the red-shifted photo-
cycle intermediate (12, 13)], we recorded visible absorbance
spectra, with and without narrow-band actinic illumination, at
77 K. The resulting difference spectra allow one to demon-
strate formation of pR (see Fig. 3) (23, 29). Fig. 3A shows that
the conditions selected allow registration of pR formation. The
spectra of the dark-equilibrated state of holoPYP in glycerol
and at 77 K are slightly red-shifted and significantly sharpened
(23, 29). The difference spectrum clearly shows increased
absorbance in the range from 470 to 550 nm (indicative of pR
formation) and bleaching of the ground state. The sharpening
of the absorption band makes it more evident than in the
room-temperature spectrum (cf. Fig. 1B) that the visible
absorption of the 4-hydroxycinnamic acid chromophore of
PYP shows fine structure on the high-energy side of the main
maximum. Interestingly, this fine structure becomes somewhat
more pronounced upon partial bleaching. In the difference
spectrum of holoPYP at least three (sub)maxima can be

discerned, with a spacing of '1500 (650) cm21. Such a spacing
is typical for the absorption of many conjugated polyene
systems and is related to the excited-state vibrational fre-
quency of a CAC double bond in such a system.

The fact that the fine structure appears more pronounced
after bleaching and shows up most clearly in the difference
spectrum implies that the absorption of PYP in glycerol at 77
K is inhomogeneously broadened and that the monochromatic
bleaching light selectively excites a subset of molecules. It
appears quite likely that this phenomenon relates to different
conformers of the protein andyor various aggregates that are
frozen into the wateryglycerol matrix (see also Discussion).

In hybrid I (Fig. 3B) the visible absorption band also
sharpens and undergoes a slight red shift at 77 K, but no clear
fine structure of the absorption band can be discerned. Bleach-
ing of this hybrid occurs very efficiently. Its bandshape clearly
changes upon bleaching, demonstrating that also for hybrid I
this band is inhomogeneously broadened and that spectral
selectivity of bleaching can be achieved. For hybrid II (Fig. 3C)
again the sharpening and slight red-shift occur at 77 K, but in
this case the change in bandshape upon bleaching appears to
be minor, if any. It should be noted that in this case the extent
of bleaching is smaller. Although much less pronounced than
for holoPYP, also for hybrid II some indication for vibrational
fine structure is evident in the low-temperature spectra (with
a spacing similar to that in holoPYP and hybrid I).

FIG. 2. Transient UVyVis absorption measurements with hol-
oPYP and hybrids I and II. (A) Absorbance transients, recorded at 450
nm. After 1-sec incubation in the dark, each sample [containing 5 mM
holoPYP (trace a), hybrid I (trace b), or hybrid II (trace c)] was
exposed to an actinic flash. (B) Absorption spectra of hybrid I, in the
seconds time domain, subsequent to an actinic flash. Time series of
(six) absorbance spectra of hybrid I, subsequent to an actinic flash,
recorded at intervals of 3 min and 45 sec.

FIG. 3. Light-induced formation of pR and a pR-like intermediate
in PYP (A), hybrid I (B), and hybrid II (C), at low temperature (77 K).
Each protein was dissolved, at a concentration of 20 mM, in a buffer
of 10 mM TriszHCl, pH 7.0, containing 50% (volyvol) glycerol.
Samples were frozen in 1-cm acrylic cuvettes in the dark. After
recording of the dark spectra (a traces), each sample was illuminated
in the cryostat, as described in Materials and Methods, for 20 min, to
induce pR formation (b traces). The absorbance in both spectra was
set to zero at 600 nm for background subtraction. The dotted line in
each panel represents the difference spectrum between traces a and b.
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Whereas hybrid I (Fig. 3B) and hybrid II (Fig. 3C) both
display bleaching of the main absorption band by actinic
illumination, with neither hybrid was evidence for the forma-
tion of a red-shifted intermediate obtained, in contrast to
holoPYP, which clearly shows this intermediate with an ab-
sorbance maximum at '490 nm. The small increase observed
in the absorbance of hybrid II in the 500-nm region does not
show the typical characteristics of a specific absorption band.
However, we interpret these low-temperature (difference)
spectra as evidence that a pR-like state is formed in both
hybrids, but that this latter state absorbs at a wavelength
similar to that of its corresponding pG state, albeit with a
considerably decreased extinction coefficient. This interpre-
tation is fully in line with the results of room-temperature
nanosecond transient absorbance measurements. In these
latter experiments also, hybrid I does not show the increase in
absorbance in the 500-nm region in the nanosecond to micro-
second time scale (typical for pR formation in holoPYP), prior
to formation of the blue-shifted intermediate, as shown in Fig.
2. Hybrid II shows only a transient bleaching of the ground
state in the micro- to millisecond time scale; signals from a
pB-like state could not be detected in the latter hybrid.

To obtain further evidence that authentic photocycle signals
had been obtained, particularly from hybrid I, light 2 dark
(i.e., pB 2 pG) FTIR difference spectra were recorded in
solution, again using holoPYP as a control (Fig. 4). Steady-
state accumulation of pB was accomplished by illumination of
the sample in the IR spectrophotometer. For holoPYP, be-
cause of the relatively low light intensity available, a maximal
conversion of 15% of the pigment was achieved. For hybrid I,
at least in part because of its much slower recovery rate, a

maximal conversion of 40% of the pigment into the pB-like
state was achieved during steady-state illumination. For hybrid
I, this level of photoconversion was calculated from UVyVis
detection of photoconversion in the FTIR cell, directly after
removal of the sample from the FTIR spectrometer, and from
the complete conversion, obtained with much higher light
intensities than obtainable within the FTIR set-up, outside the
spectrometer. Similar difference spectra were obtained from
samples of holoPYP and hybrid I incubated at pH 5.0.

The FTIR difference spectrum, here displayed from 1400 to
1000 cm21, has a suboptimal signal-to-noise ratio, in part because
of the relatively inefficient photoconversion conditions used in
this experiment (Fig. 4). Nevertheless, this figure clearly shows
two of the most typical features of the pB 2 pG difference
spectrum, characteristic for holoPYP (ref. 30; A. Xie, W. D. Hoff,
and K.J.H., unpublished experiments) at 1163 and 1303 cm21.
Both features are characteristic for phenolates. This interpreta-
tion has been documented for (para-substituted) phenols, ty-
rosine, etc. (in both their neutral and anionic forms) by FTIR and
resonance Raman spectroscopy (31–33). In the nomenclature of
vibrational modes derived for benzene (34), these features have
been assigned to the Y9a (COH in-plane bending) and Y7a9
(predominantly COO stretch) modes of the phenolate group,
respectively. For hybrid I, a very similar difference spectrum was
obtained, with the corresponding main peaks at 1172 and 1297
cm21, indicating that in this hybrid also a protonated chro-
mophore is transiently formed. The shift from 1163 to 1172 cm21

was predicted on the basis of pH-titration studies of ester model
compounds of the chromophore of hybrid I.

The rate of formation and decay of the signal at 1172 cm21

was recorded in a series of measurements in which a smaller
number of transients was averaged, to allow for time resolution
of the FTIR measurements. The pB state of hybrid I was
populated with a rate of '0.01 sec21, which is dependent on
the intensity of actinic illumination. For the recovery of the
ground state of hybrid I, a rate constant of 3.2 (60.5) 3 1023

sec21 was obtained (Fig. 4B), in close agreement with the rate
of recovery of the ground state of this pigment, measured by
using visible absorbance measurements (Fig. 2A).

Additional typical characteristics of the pB 2 pG FTIR
difference spectra, such as the signals from Glu-46 at 1739
cm21, were recorded, but are not shown in Fig. 4. FTIR, as a
technique, was selected for these measurements because we
anticipated to be able also to detect the C'C triple bond of
hybrid I, of which the stretch vibration is expected to absorb
at '2200 cm21, as was concluded from measurements on
derivatives of 4-hydroxyphenylpropiolic acid at neutral and
alkaline pH. This is a region with little absorbance originating
from the apoprotein. However, this band was not detected in
the spectra. The explanation for this lack of detection may be
related to the relatively large width of this latter band, as
compared with the Y9a marker band at 1172 cm21.

Because bleaching of hybrid II with continuous actinic
illumination at room temperature could not be accomplished
(presumably because of its very rapid recovery rate; see also
Fig. 2A), no FTIR measurements with this hybrid have been
performed. With hybrid I, care should be taken to allow full
relaxation of the pigment to the ground state before measure-
ments are started, because ambient light already causes sig-
nificant accumulation of the pB-like intermediate.

1H NMR analysis (see Materials and Methods) indicated that a
small fraction of the impurities in 4-hydroxyphenylpropiolic acid
consisted of 4-hydroxycinnamic acid. Because apoPYP might
selectively recognize this contaminant in the reconstitution ex-
periments, we have carried out chromophore reextraction exper-
iments. These, however, have not allowed us to make an estimate
of the maximal level of contamination of the reconstituted
chromophore in hybrid I, because only very small (far less than
stoichiometric) amounts of 4-hydroxyphenylpropiolic acid were
released by alkaline hydrolysis. This limited release may be

FIG. 4. FTIR pG 2 pB difference spectra of PYP and hybrid I (A)
and the kinetics of the transition between pG and the pB-like
intermediate of hybrid I (B). (A) FTIR difference spectra of PYP
(upper trace) and hybrid I (lower trace), before minus after illumi-
nation (i.e., pG 2 pB spectra) were recorded as described in Materials
and Methods, at pH 7.0. By using a combination of UVyVis and IR
spectroscopy, it could be derived that the levels of photoconversion of
pG into the pB intermediate in the IR spectrometer, for PYP and
hybrid I, were 10% and 40%, respectively. (B) A time series of spectra
was measured by averaging 381 scans for each time point, during
light-induced formation, and dark decay, of the pB-like intermediate
of hybrid I, over a period of 20 min. Acquisition of each spectrum takes
'4 min. The data obtained were fitted to an exponential rise (■) or
decay (F) function.
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because of a nucleophilic attack of the liberated thiolate anion of
Cys-69 on the triple bond of the 4-hydroxyphenylpropiolic acid.
Nevertheless, the results presented in Figs. 2A and 4 lead to the
conclusion that the level of contamination by 4-hydroxycinnamic
acid was below the level of detection of the techniques used in
these experiments (estimated to be 5%).

Besides the two chromophore analogues described in this
study, more have been made and tested. In addition to the ones
reported in ref. 20, a particularly relevant one for this report
is a ring-locked chromophore in which the a-pyrone ring of
7-hydroxycoumarin-3-carboxylic acid was replaced by a ben-
zene ring (i.e., 2-carboxy-6-hydroxynaphthalene). However,
we have not succeeded in reconstituting any functional or
tuned pigment with this analogue. The same applies to recon-
stitution experiments with 2- and 3-hydroxycinnamic acid
anhydride. Chromophore analogues that were successfully
used to form hybrid PYPs include chromophores with a
deuterated and a brominated vinyl bond. The latter, because
of its increased capacity to scatter electrons, should prove
useful in (time-resolved) x-ray diffraction studies.

DISCUSSION
The role of cisytrans isomerization as the chemical basis of the
primary reaction of photoperception in sensory transduction
in the rhodopsin-based visual process is under intense discus-
sion. Understanding this system, however, is complicated by
the polyenic character of retinal, which makes it necessary to
consider isomerization across alternative bonds when this
process across one particular bond is prohibited by chemical
derivatization of the chromophore (9). Furthermore, both
visual rhodopsin and Brh hold their chromophore—i.e., reti-
nal—bound in a distorted conformation, which may signifi-
cantly affect its basic photochemistry (35, 36) and thus com-
plicate comparisons with model compounds.

We have therefore decided to study the role of chromophore
isomerization in a member of the xanthopsin protein family
(18), PYP, from Ectothiorhodospira halophila (10). The 4-hy-
droxycinnamic acid chromophore of this photoreceptor con-
tains a unique double bond, which is subject to isomerization
upon photoactivation (16, 17). On the basis of FTIR measure-
ments, it has been proposed that this isomerization process
involves a rotation across two bonds: the 7,8-vinyl bond of the
chromophore and the SOC single bond through which the
chromophore is linked to the apoprotein (37). Very recently,
the atomic displacements during nanosecond laser activation
of PYP have been revealed through subjecting crystals of this
photoreceptor to time-resolved x-ray diffraction experiments
(38). These experiments clearly demonstrated that the change
in the position of the aromatic ring of the chromophore of PYP
is very small: it can best be described as a rotation of 60°, within
the plane in which it is clamped in its binding pocket, between
the aromatic amino acid side chains (i.e., Phe-62 and Phe-96)
on one side, and the hydrogen-bonding Arg-52 and Tyr-98 on
the other. The largest atomic displacement that is seen in these
diffraction experiments, however, is the trans-to-cis displace-
ment of the vinyl bond of the chromophore and—in particu-
lar—the rotation of the carbonyl group of the chromophore
across the long axis through the chromophore and Cys-69.

This carbonyl group is therefore subject to a crankshaft-like
motion, in which the initial hydrogen bond to the backbone-N-H
of the cysteine is disrupted and a new hydrogen bond to Tyr-98
is transiently formed (38). Subsequent recovery of the ground
state thus includes nonphotochemical cisytrans reisomerization of
the double bond of the chromophore. In the absence of the
apoPYP protein this reisomerization process displays a very high
activation barrier (the isolated 4-hydroxycinnamic acid chro-
mophore is thermally stable in both the cis and the trans forms).
His-108 of the apoprotein may be of critical importance in the
‘‘catalysis’’ of the latter process by the apoprotein.

We have investigated the (in)dispensability of transycis isomer-
ization of the chromophore for activation of the PYP photore-
ceptor (i) by replacing the double bond of the endogenous
chromophore by a triple bond and (ii) by using a chromophore
with a locked double bond. Both modified chromophores have no
possibility to undergo transycis isomerization across the double
bond that corresponds with the 7,8-vinyl bond of the authentic
chromophore. Nevertheless, the resulting hybrid pigments do
show absorption characteristics and photoactivity that are typical
for holoPYP. Of the two, hybrid II is most restricted in its
photochemistry. Formation of a pR-like intermediate could be
demonstrated at 77 K, albeit the pR-like intermediate formed
does not show a shift in its absorption maximum with respect to
its corresponding pG. Hybrid I behaved similarly in this respect;
however, from the latter also authentic signals originating from a
pB-like intermediate could be recorded (see Figs. 2 and 4). These
latter results strongly argue that the pB-like intermediate of
hybrid I also contains a protonated chromophore (20, 24, 25, 30,
37).

These observations can be interpreted within the framework of
a model that assumes that photoactivation induces rotation of the
carbonyl group of the chromophores (see above). In both hybrids
the carbonyl function of the chromophore is part of an extended
conjugated system, ranging from the phenolate oxygen to the
sulfur atom of Cys-69, just as in holoPYP. After photoactivation
of both hybrids, dipole formation in both chromophores leads to
CAO rotation, which will be very much sterically limited in
hybrid II, because of the presence of the second ring of the
chromophore; most likely to such an extent that the CAO group
cannot reach the stabilizing position in which it can form a
hydrogen bond with Tyr-98 (38). Hence, a very rapid decay from
the pR-like state, back to the ground state, will occur in this
hybrid, which is in agreement with preliminary results of nano-
second time-resolved transient absorption spectroscopy experi-
ments (see Results). In contrast, the CAO group of the chro-
mophore of hybrid I does reach a similar position as in holoPYP,
which therefore subsequently leads to disruption of the hydrogen-
bonding network of the phenolate oxygen and to partial unfolding
of hybrid I into a pB-like signaling state (39). Return from this
state may be dependent on interaction with, and catalysis by, side
chains from the apoprotein (40). Subångström changes in the
mutual distance of the atoms involved can already dramatically
slow down this catalytic function (41), which may explain why the
overall recovery reaction of hybrid I is 1,000-fold retarded, even
though this process in hybrid I does not require the reisomeriza-
tion of a double bond. Nevertheless, this retardation can be
exploited as a convenient alternative for lowering the pH in
holoPYP (28).

These experiments unequivocally demonstrate that transycis
isomerization of the vinyl bond of the chromophore of PYP is
not required for photoactivation of this photoreceptor.

As discussed above, hybrid II most likely, upon photoacti-
vation, goes through a short-circuited photocycle in which the
(locked) chromophore remains deprotonated. Consequently,
no major rearrangements in the backbone structure of PYP are
involved in this process and thus the photocycle can be
completed very rapidly. Evidence for other forms of short-
circuiting of the photocycle of holoPYP is available: Both from
pR and from pB, the ground state can be recovered in a
photochemical reaction (23, 42). In addition, short-circuiting
of the major conformational transitions associated with the
formation of the signaling state of pB has also been obtained.
First, limited hydration of PYP leads to a photocycle with only
limited conformational rearrangements, as reflected in the
changes in various parts of the IR spectrum of the protein (43).
Furthermore, comparison of the structural rearrangements
associated with pB formation, as determined with time-
resolved x-ray diffraction and 1H NMR spectroscopy (refs. 17
and 38; G. Rubinstein, G. W. Vuister, F. A. A. Mulder, P. E.
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Düx, R. Boelens, K.J.H., and R. Kaptein, unpublished results),
lead to the same conclusion.

The transient absorption spectra and the pB 2 pG FTIR
difference spectra (Figs. 2 and 4) suggest that intramolecular
proton transfer remains a key step in the photocycle of hybrid
I. The strongly prolonged recovery times of this hybrid may
help to further characterize the path of the proton that is
transferred while PYP progresses through its photocycle.

The low-temperature spectra (Fig. 3) show a striking fine
structure in the spectrum of the PYP molecules that were
photoconverted to an intermediate state at 77 K (see also refs.
23 and 29). These results suggest that the sample of PYP
molecules, frozen in glycerol, contains a very heterogeneous
population of molecules, of which only a subpopulation is
excited. From the absence of well-resolved sidebands in the
absorbance spectrum of PYP in buffer at room temperature,
one is led to conclude that a similar heterogeneity exists under
those conditions. The results of 1H NMR experiments, which
have led to a resolution of the structure of PYP in solution,
have already revealed some forms of heterogeneity (44). It will
be of great interest to resolve this relation between (variations
in) PYP structure and its absorbance characteristics.

The results obtained with hybrids I and II support the idea that
the fine structure in the visible absorption band of holoPYP is
related to a vibrational progression, connected to the double
bond (cf. ref. 45). Thus it is also weakly detectable in hybrid II, but
not in hybrid I. The wavelength maxima of the intermediates of
hybrid I reveal an extremely large magnitude of chromophore
tuning, as induced by protonation: from 464 nm (in pG) to 326
nm (in the pB-like intermediate). This magnitude is unprece-
dented in the previously characterized hybrids (20).

CONCLUSION
The results presented in this study unequivocally demonstrate
that transycis isomerization of the vinyl bond of the chro-
mophore of PYP is dispensable for activation of the PYP
photoreceptor and suggest that rotation of its carbonyl group
may be of higher importance. Furthermore, the results ob-
tained suggest that in hybrid I intramolecular proton transfer
still takes place and that the dark reisomerization of the
chromophore is strongly retarded.

We thank Hans Bieräugel, Herman Fennema, Andrea Haker, Louis
Hartog, Jan Geenevasen, and John van Ramesdonk for sharing their
expertise in chromophore synthesis and analysis. K.J.H acknowledges
fruitful and stimulating discussions with W. D. Hoff and A. Xie
(Oklahoma State Univ., Stillwater).

Note. The x-ray structure of a pR-like intermediate of holoPYP was
recently published by Genick et al. (46). These data are in agreement
with the model describing the initial photoisomerization of the chro-
mophore of PYP as a rotation of the carbonyl group of the chro-
mophore around the long axis of the 4-hydroxycinnamic acid (37). This
study even provides an explanation for the apparent contradiction
between the results obtained with FTIR (37) and time-resolved Laue
diffraction experiments (38), through the difference between pR77 K
and pRRT.
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