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ABSTRACT: The absorption spectra of photocycle intermediates of photoactive yellow protein mutants were
compared with those of the corresponding intermediates of wild type to probe which amino acid residues
interact with the chromophore in the intermediate states. B and H intermediates were produced by irradiation
and trapped at 80 K, and L intermediates at 193 K. The absorption spectra of these intermediates produced
from R52Q were identical to those from wild type, whereas those from E46Q and T50V were 7-15 nm
red-shifted as those in the dark states. The absorption spectra of M intermediates were measured by flash
photolysis at room temperature. Those of Y42F, T50V, and R52Q were identical to that of wild type,
whereas that of E46Q was 11 nm red-shifted. Assuming that the intermediates of mutants have a structure
comparable to that of wild type, these findings suggest the following: Glu46 interacts with the chromophore
throughout the photocycle, interaction between the chromophore and Thr50 as well as Tyr42 is lost upon
the formation of M intermediate, and Arg52 never interacts with the chromophore directly. The hydrogen-
bonding network around the phenolic oxygen of the chromophore would be thus maintained until L
intermediate decays, and the global conformational change would take place by the loss of the hydrogen
bond between the chromophore and Tyr42. This model conflicts with some of the results of previous
crystallographic studies, suggesting that the reaction mechanism in the crystal may be different from that
in solution.

Photoactive yellow protein (PYP)1 (1), a putative photo-
receptor protein for the negative phototaxis of purple
phototrophic bacteria (2), is a relatively small (14 kDa) water-
soluble protein. Due to this advantage, X-ray crystallography
(3, 4) and NMR (5) have been applied to the structural
analysis of PYP. PYP fromEctothiorhodospira halophilais
composed of 125 amino acids (6) and a chromophore,
p-coumaric acid binding to the cysteine residue by a thioester
bond (3, 7, 8). The phenolic oxygen of the chromophore (O4)
is deprotonated and forms hydrogen bonds with the hydroxy
groups of Tyr42 and Glu46, and a hydroxy group of Thr50
forms a hydrogen bond with Tyr42 (4). These three residues
regulate the absorption maximum of PYP (9-11). Arg52
exists near the chromophore and stabilizes the hydrogen-
bonding network. On photon absorption, atrans-p-coumaroyl

chromophore is isomerized to the cis form (12-16). After-
ward, a proton is transferred from Glu46 to the chromophore
(17, 18), and a global conformational change of the protein
moiety takes place (19-22). The photocycle intermediates
have been identified by UV-visible spectroscopy using
transient measurements at room temperature (23-27) and
steady-state measurements at low temperature (28, 29). On
the basis of these results, the structures of photocycle
intermediates have been analyzed by X-ray crystallography
and a model for the structural change has been proposed
(13-15). PYP is now thought to be the most suitable target
to understand the light-capturing mechanism of a photore-
ceptor protein at the atomic level.

The intermediate of PYP, the structure of which was first
proposed, is I2 (also called pB) (13). This intermediate has
an absorption band in the near-UV region because Glu46
donates a proton to the chromophore (17, 18). The lifetime
is ∼100 ms at room temperature. The corresponding
intermediate is trapped at-40 °C and is called PYPM (18).
On analogy to the meta intermediates of retinal proteins, it
is thought to be a physiologically important intermediate.
Its structure was analyzed by time-resolved crystallography
on a millisecond time scale. The resulting model shows that
the phenol part of the chromophore rotates on photoisomer-
ization. As a result, the hydrogen-bonding network among
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the chromophore, Tyr42 and Glu46, is broken and a new
hydrogen bond is formed between the chromophore and
Arg52.

The structure of pR (also called I1), a precursor of I2,
was later proposed by time-resolved crystallography on a
nanosecond time scale (14). pR is a red-shifted intermediate
observed on a nanosecond-microsecond time scale (23, 24).
The intermediate corresponding to pR is trapped at-80°C
and is called PYPL (29). Structural modeling reveals that
the phenol part rotates for formation of pR. As a result, while
the movement of the phenol ring is small, the O4 of the
chromophore is removed from Glu46, and the hydrogen bond
is broken.

The early intermediate of PYP has been trapped at-124
°C and the structure analyzed (15). Irradiation condition
suggests that this intermediate is PYPBL, the blue-shifted
intermediate which appears between PYPL and the primary
intermediate trapped at liquid-nitrogen temperature (PYPB)
(29). In this model, the thioester part is flipped upon
isomerization, and the hydrogen-bonding network around O4
of the chromophore is maintained in PYPBL.

If PYP chromophore sequentially assumes such structures
as proposed by crystallography, the thioester part first flips
for isomerization (PYPf PYPBL), and then the whole of
the chromophore rotates (PYPBL f PYPL). Subsequently,
the phenol part of the chromophore relaxes to form a
hydrogen bond with Arg52 (PYPL f PYPM), and finally PYP
is recovered by flipping the phenol part for reisomerization
(PYPM f PYP). This reaction scheme shows a large
movement of the chromophore. In the case of rhodopsin,
one of the most efficient photoreceptor proteins, it is
considered that theâ-ionone ring region of an11-cis-retinal
chromophore is fixed, and the Schiff base linkage part rotates
to minimize the movement (30, 31). While the chemical
structure of retinal is completely different from that of
p-coumaric acid, the primary photochemical event in both
systems is the isomerization of the chromophore. Therefore,
the movement of PYP chromophore during the photocycle
is possibly small. In fact, recent FTIR studies suggested that
the hydrogen bond between chromophore and Glu46 is
conserved in PYPL (16, 32, 33). The difference in the
experimental condition (low temperature or room tempera-
ture, excitation energy, crystal condition) might cause the
difference in the reaction pathway.

Because the possibility that the reaction in the crystal is
different from those in other conditions cannot be excluded,
spectroscopic evidences which provides structural informa-
tion must be sufficiently obtained. Moreover, such compara-
tive investigation would reveal the essence of the photore-
action mechanism. In the present study, to analyze the
interaction between chromophore of PYP and nearby amino
acid(s), site-directed mutagenesis was applied (9-11, 34).
We previously prepared several PYP mutants in which an
amino acid residue near the chromophore is replaced (9).
The absorption maximum of R52Q (446 nm) was similar to
that of wild type (446 nm), whereas those of Y42F, E46Q,
and T50V are red-shifted (458, 460 and 457 nm, respec-
tively). This indicates that Tyr42, Glu46, and Thr50 are
proximate to the chromophore and involved in the spectral
tuning, but direct interaction between the chromophore and
Arg52 is not present (9, 10). Point mutation thus provides
clear information about the environment of the chromophore.

For the intermediate, the same analysis should be possible:
the mutation at the amino acid residue which interacts with
the chromophore in the intermediate would shift the absorp-
tion spectrum of the intermediate. For this purpose, mutations
at Tyr42, Glu46, and Arg52 would be suitable since it is
proposed that O4 of the chromophore forms hydrogen bonds
with Tyr42 and Glu46 in the dark state and PYPBL and with
Arg52 in PYPM. However, a mutant which lacks Tyr42 is
much less stable than the wild type: Y42F and Y42A are in
equilibrium between yellow form and colorless form even
at neutral pH (9, 11, 35). The coexistence of the colorless
form prevents the precise measurement of the absorption
spectra of the intermediates in the steady-state measurements
at low temperature. Therefore, a mutation at Thr50 has been
noted, which forms a hydrogen bond with Tyr42. Although
Thr50 interacts with the chromophore indirectly, it is
involved in color tuning as shown by the red-shift of T50V
and T50A (9, 11). In this study, the absorption spectra of
the intermediates of wild type, E46Q, T50V, and R52Q were
compared with each other and the interactions between the
chromophore and nearby amino acid(s) investigated.

MATERIALS AND METHODS

Sample Preparation.Wild-type PYP ofE. halophilaand
its mutants, E46Q, T50V, and R52Q, were produced using
a heterologous overexpression system byEscherichia coli
and purified by ammonium sulfate precipitation and DEAE-
Sepharose CL6B (Amersham Pharmacia Biotech) column
chromatography as reported previously (9). For low-tem-
perature measurements, PYP was suspended in Tris buffer
(10 mM Tris-HCl, 150 mM NaCl, pH 8.1) and mixed with
2 volumes of glycerol to lower the turbidity on freezing. For
measurements at ambient temperature (∼25 °C), PYP was
suspended in MOPS buffer (10 mM MOPS, 150 mM NaCl,
pH 7.0).

Low-Temperature UV-Visible Spectroscopy.Low-tem-
perature UV-visible spectroscopy was carried out using a
Shimadzu (Kyoto, Japan) UV-2400PC spectrophotometer
equipped with an optical cryostat (Optistat DN, Oxford).
Temperature was controlled by an Oxford ITC502 (18). A
silicon rubber spacer (6 mm inner diameter and 2 mm
thickness) was sandwiched between a quartz window and
an opal glass (Sigma-Koki, Saitama, Japan), which was used
as a sample cell. Reference beam of the spectrophotometer
was also diffused by another opal glass. Opal glasses
compensated the light scattering caused by the crack of the
sample at 80 K. A 1 kW slide projector (Rikagaku, Tokyo,
Japan) was used as an irradiation light source. Blue light
(436 nm) and green light (500 nm) were obtained using
optical interference filters (BJ43161 and BJ43169, Edmund
Scientific), and yellow light (>450 nm) was with a glass
cutoff filter (Y47, Asahi Techno Glass, Tokyo, Japan). The
irradiation light was passed through a 4-cm water layer to
remove heat radiation. A removable mirror at an angle of
45° was placed on the path of the monitoring beam of
spectrophotometer to lead the irradiation light.

Flash Photolysis at Ambient Temperature.The transient
difference absorption spectra on a millisecond time scale
were measured by a multichannel CCD/fiber optic spectros-
copy system (S2000 system, Ocean Optics). The deuterium
lamp of a Beckman DU650 spectrophotometer was used as
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a monitoring light source. The integration time was set at 4
ms, and spectral data were stored every 20 or 170 ms. The
first spectrum (dark state) was used as a baseline, and just
before the measurements of the second spectrum, PYP was
excited by a short arc xenon flash lamp (SA200, Eagle,
Kawasaki, Japan) which was triggered by a delay pulse
generator (DG535, Stanford Research Systems). A glass
cutoff filter (Y43, Asahi Techno Glass, Japan) was used to
obtain a yellow flash (>410 nm), which was guided to the
top of the quartz sample cell (1 cm× 1 cm) by an optical
fiber. The absorbance of the sample at the absorption
maximum was about 0.6 in 1 cm light path length. The data
presented here are the averages of 64 measurements.

RESULTS AND DISCUSSION

Spectral Analysis of Primary Intermediates at Low Tem-
perature.The absorption maxima of wild type, E46Q, T50V,
and R52Q are 446, 460, 457, and 446 nm, respectively (9).
They are 1-4 nm red-shifted in 66% glycerol buffer (450,
463, 458, and 448 nm, respectively, at 20°C) (Figure 1).
To study the changes in the chromophore/protein interaction
during the photocycle, the spectral shapes of the intermedi-
ates were analyzed by low-temperature UV-visible spec-
troscopy (29) (Figure 2). Our preliminary experiments on
mutants demonstrated that the intermediates corresponding
to PYPB, PYPH, and PYPL of wild type are trapped at the
same temperatures as for the wild type (data not shown).
The spectra for E46Q measured at low temperature were in
good agreement with those measured at room temperature
(10, 36). These facts made it possible to compare the spectral
shapes of intermediates produced from mutants simply and
unambiguously.

The samples used for the spectral analyses of PYPB, PYPH,
and PYPL contained 66% glycerol. It has been reported that
glycerol has large effects on the kinetics of the formation
and decay of PYPM as a consequence of its viscosity (37),
which may also affect the nature of the protein conforma-
tional change occurring on the other conversion steps.
However, the recent FTIR studies at room temperature
demonstrated that no remarkable protein conformational
change takes place in PYPf PYPL conversion (32, 33).
The structural changes for formation of these intermediates
are thus considered to be localized to the chromophore and
nearby amino acids even at room temperature. In fact, the
difference absorption spectrum between PYP and PYPL

measured at 193 K using 66% glycerol sample (29) is
identical to that obtained by transient spectroscopy on a

microsecond time scale at room temperature using the sample
without glycerol (23, 24). It indicates that at least the
chromophore/protein interactions in the frozen sample are
identical to those at room temperature before the decay of
PYPL. The wild-type PYP/66% glycerol sample was set in
the optical cryostat and cooled to 80 K. It was then irradiated
with 436 nm light (Figure 2a). By irradiation, the absorbance
at 350-470 nm decreased and that at 470-550 nm increased,
indicating the formation of the primary intermediate of PYP
(PYPB) (29). To show the spectral changes more clearly, the
difference absorption spectra before and after the irradiation
were calculated (Figure 2a, inset). A clear isosbestic point
was observed at 470 nm. However, PYPH, a blue-shifted
intermediate, was also formed at this temperature (29). In
fact, PYPB disappeared following subsequent irradiation with
>450 nm light and 500 nm light, but the absorption spectrum
(curve 7) was remarkably different from that of PYP (curve

FIGURE 1: Absorption spectra of wild-type PYP, E46Q, T50V, and
R52Q in 66% glycerol buffer at 20°C.

FIGURE 2: Photoreaction of PYP and mutants at 80 K. Wild-type
PYP (a), E46Q (b), T50V (c), or R52Q (d) in 66% glycerol buffer
was cooled to 80 K (curve 1) and irradiated with 436 nm light for
a total of 5, 10, 20, 40, and 80 s (curves 2-6, respectively). It was
then irradiated with>450 nm light for 2 min, followed by 500 nm
light for 1 min (curve 7). Insets: Difference absorption spectra
before and after the irradiation were calculated by subtracting curve
1 from curves 2-7 in each data set.
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1). Because the extinction coefficient of PYPH is comparable
to or lower than that of PYP over the whole visible region
(29), the difference spectra (curve 7 in inset of Figure 1a)
has no positive absorbance region.

The same experiments were performed using E46Q (Figure
2b), T50V (Figure 2c), and R52Q (Figure 2d). Qualitatively
similar spectral changes were observed in these mutants upon
irradiation with 436 nm light (curves 2-6 in the insets) and
500 nm light (curves 7 in the insets). The former had a broad
positive band and characteristic negative band having a
prominent fine structures. The latter had negative band with
fine structures but no positive absorbance region. These
spectral changes indicate the formation of intermediates
corresponding to PYPB and PYPH.

The spectral changes in the mutants observed at 80 K were
compared with those of wild-type PYP (Figure 3). In Figure
3a, curves 6 in the insets of Figure 2a-d are reproduced
after normalization. These are the mixtures of B and H
intermediatesminus dark states. At 80 K, the regions of
wavelength at which the absorbance of dark states are small
enough (less than 5% of maximal absorbance) are>477 nm
for wild type, >484 nm for E46Q,>479 nm for T50V, and
>475 nm for R52Q (Figure 2). Therefore, the difference in
the spectral shapes of PYPB, E46QB, T50VB, and R52QB can
be examined by comparing the positive bands in these
regions. The shape and location of the positive band in R52Q
were identical to those of wild type, whereas those in E46Q
and T50V were 15 and 12 nm red-shifted, respectively
(Figure 3a).

Similarly, curves 7 in the insets of Figure 2a-d are
reproduced after normalization to compare the absorption
spectra of PYPH, E46QH, T50VH, and R52QH (Figure 3b).
The difference spectrum in wild-type PYP was almost
identical to that in R52Q. Because the absorption spectra in
their dark states are identical, those of PYPH and R52QH

are also considered to be identical. Although the difference
absorption maximum in E46Q and T50V were 9 and 7 nm

red-shifted, respectively, the spectral shape was similar to
those in wild type and R52Q: they had two sharp negative
bands and only a small positive absorbance region. The
similar spectral shape indicates that the absorption maxima
and extinction coefficients of E46QH and T50VH relative to
those of E46Q and T50V are similar to those in the wild
type. In addition, the extinction coefficients of PYPH are
smaller than that of PYP at>413 nm but comparable at
<413 nm (29). Therefore, if the absorption spectrum of the
dark state is red-shifted without a red-shift of H intermediate,
the difference spectrum between H intermediate and dark
state should have a positive band at around 410 nm unlike
the experimental data. The absorption spectra of E46QH and
T50VH were therefore considered to be red-shifted as in their
dark state.

It has been reported that the PYP mutants in which the
hydrogen bond between the chromophore and nearby amino
acid was altered have the structures comparable to that of
wild type (35). On the other hand, the conformational change
up to the formation of PYPL is considered to be small (32,
33). Thus, it is reasonable to speculate that the shape of
chromophore binding pocket of the early intermediates of
PYP mutant is comparable to that of wild type and that the
difference in absorption spectra is attributable to the changes
in the interaction between the chromophore and nearby amino
acid residues. Because the absorption maximum ofp-
coumaric acid thioester in deprotonated form is about 400
nm (38), nearby amino acid residues are responsible for the
red shifts of the absorption spectra of PYPB and PYPH as
well as that of PYP. The mutation of the amino acid residue
which interacts with the chromophore causes the shift of
absorption spectrum (9, 10). In fact, the absorption maxima
of E46Q and T50V are 13 and 8 nm red-shifted from that of
the wild type, respectively. Therefore, the red shifts in the
absorption spectra of E46QH, E46QB, T50VH, and T50VB

show that the chromophores of PYPB and PYPH also interact
with Glu46 and Thr50. It should be noted that the extents of
red shifts in E46QH and E46QB were larger than those of
T50VH, and T50VB. This trend was the same as that in the
dark state, and thus, the hydrogen-bonding network is not
altered upon formation of the primary intermediates.

Although structural analysis at liquid-nitrogen temperature
has not been reported, the structure of PYPBL trapped at-124
°C was previously analyzed by crystallography (15). PYPBL

is a blue-shifted intermediate thermally formed from PYPB

(29). This model shows that the thioester part is flipped in
PYPBL, and the hydrogen-bonding network around the
phenolic oxygen of the chromophore (O4) is maintained. The
distances from O4 to Oη of Tyr42 and Oε of Glu46 are 2.49
and 2.61 Å for the dark state and 2.46 and 2.77 Å for PYPBL,
respectively, suggesting that the relation of these three
oxygen atoms is not altered in PYPBL. Our spectroscopic
data agree with this model.

Spectral Analysis of L Intermediates at Low Temperature.
Wild-type PYP in 66% glycerol buffer was cooled to 193 K
and irradiated with 436 nm light to trap PYPL (Figure 4).
Upon irradiation of PYP (Figure 4a), the absorbance at 350-
460 nm decreased and that at 460-510 nm increased with a
clear isosbestic point at 462 nm. The spectral changes before
and after the irradiation are calculated by subtracting curve
1 from curves 2-6 and shown in the inset in Figure 4a. E46Q
(Figure 4b), T50V (Figure 4c), and R52Q (Figure 4d) were

FIGURE 3: Comparison of the absorption spectra of PYPB (a) and
PYPH (b). Curves 6 and curves 7 in the insets of Figure 2a-d were
reproduced after normalization at their difference absorption
maxima (a and b, respectively).
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similarly irradiated with 436 nm light, and the difference
absorption spectra before and after the irradiation were
calculated (insets). They were qualitatively similar to that
of wild type, indicating the formation of the intermediates
corresponding to PYPL. Curves 6 in the insets of Figure 4a-d
were reproduced in Figure 5 after normalization for com-
parison of the spectra of PYPL, E46QL, T50VL, and R52QL.
At 193 K, the region of wavelength at which the absorbance
of the dark state is small enough (less than 5% of maximal
absorbance) is>482 nm for wild type,>490 nm for E46Q,
>485 nm for T50V, and>480 nm for R52Q (Figure 4).
Because the shapes of positive bands in wild type and R52Q
were identical, the absorption spectra of their L intermediates
are considered to be identical. However, the difference
absorption maxima in E46Q and T50V were 12 and 7 nm
red-shifted, respectively. As discussed in the previous section,
this finding shows that the interaction among the chro-

mophore, Glu46, and Thr50 in PYPL is essentially similar
to that in the dark state.

The structure of pR has been analyzed by time-resolved
crystallography on a nanosecond time scale (14). As men-
tioned, the difference absorption spectrum between PYP and
PYPL measured at 193 K (29) is identical to that at room
temperature (23, 24). Therefore, pR and PYPL are the same
species and the spectral similarity indicates that the structure
around the chromophore is not changed by cooling. In the
model proposed for pR by crystallography, the phenol part
is rotated on isomerization. Although the movement of the
phenol ring is small, the direction is altered. As a result, O4
of the chromophore no longer faces Glu46 to break the
hydrogen bond and approaches Arg52. In contrast, recent
FTIR studies for PYPL at low temperature (16) and room
temperature (32, 33) strongly suggested that the hydrogen
bond between chromophore and Glu46 is maintained in
PYPL. The latter model agrees with our present result that
the hydrogen-bonding network in PYPL is similar to that in
PYP, PYPB and PYPH.

Spectral Analysis of M Intermediates by Flash Photolysis
on a Millisecond Time Scale.Because PYPM was not trapped
at low temperature using 66% glycerol sample (29, 37), it
was analyzed by a flash photolysis experiment at room
temperature using the sample without glycerol. PYP (Figure
6a), E46Q (Figure 6b), T50V (Figure 6c), and R52Q (Figure
6d) were excited by a yellow flash, and the transient
difference absorption spectra before and after excitation were
recorded using a multichannel CCD spectroscopy system.

In all samples, absorbance decreases at 380-500 nm and
increases at 290-380 nm were observed after excitation. The
dark states then recovered as time elapsed. The absorbance
changes against time could be fitted by single-order kinetics
(data not shown), indicating that only M intermediates were
present in this time scale in these samples. The time constants
of the decay of PYPM, E46QM, T50VM, and R52QM were
0.24, 0.053, 1.8, and 1.3 s, respectively.

The absorption spectra of M intermediates were calculated
from the transient spectra. Namely, the negative bands of
curves 1 in Figures 6a-d were canceled by adding the
absorption spectra of the respective pigments in the dark
states. They are shown in Figure 7 after normalization based
on the extinction coefficients of the dark states (11). The
absorption maxima of PYPM, E46QM, T50VM, and R52QM

were located at 357, 368, 357, and 358 nm, respectively.
The fact that the absorption maximum of E46QM was 11

FIGURE 4: Photoreaction of PYP and mutants at 193 K. Wild-type
PYP (a), E46Q (b), T50V (c), or R52Q (d) in 66% glycerol buffer
was cooled to 193 K (curve 1) and irradiated with 436 nm light
for a total of 5, 10, 20, 40, and 80 s (curves 2-6, respectively).
Insets: Difference absorption spectra before and after the irradiation
were calculated by subtracting curve 1 from curves 2-6 in each
data set.

FIGURE 5: Comparison of the absorption spectra of PYPL. Curves
6 in the insets of Figures 4a-d were reproduced after normalization
at their difference absorption maxima.
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nm red-shifted shows that the chromophore/protein interac-
tion in the M intermediate is altered by replacement of Glu46
by Gln. In contrast, the absence of a difference in the
absorption spectra between PYPM and T50VM shows that

the interaction between the chromophore and Thr50 is lost
in M intermediate.

The interaction between the chromophore and Thr50 is
mediated by Tyr42. To clarify whether the interaction
between chromophore and Tyr42 is altered in M intermedi-
ate, the absorption spectrum of Y42FM was calculated. We
have previously measured the transient spectra for Y42F at
room temperature (11). Y42F is in the equilibrium between
yellow and colorless form at pH 7.0, but the interconversion
is much faster than the decay of Y42FM (11). Therefore,
even if only the yellow form was excited with>450 nm
flash, the repopulation takes place immediately. As a
result, the negative band of transient spectra having the
spectral shoulder can be canceled well by adding the
spectrum of dark state. The absorption spectrum of Y42FM

thus calculated is shown in Figure 7. It is identical to that of
PYPM.

The present data demonstrate that Glu46 is involved in
the spectral tuning of PYPM, but Tyr42, Thr50, and Arg52
are not. The most straightforward explanation for the red
shift of the absorption spectrum of E46QM would be that
PYPM retains the hydrogen bond between the chromophore
and Glu46. On formation of PYPM, the proton at Glu46 is
transferred to the chromophore. The-OH group of the
chromophore is hydrogen-bonded with-COO- group of
Glu46, which would be replaced by-CONH2 group of
Gln46, resulting in the red shift of the absorption spectrum.
This interpretation is based on the assumption that the shape
of chromophore binding pocket of E46QM is comparable to
that of PYPM. Alternatively the amino acid residues near the
chromophore would be rearranged by the local or global
protein conformational change induced by the mutation,
resulting in the different chromophore/protein interaction
in E46QM. FTIR spectroscopy demonstrated that the absor-
bance change in amide band upon the conversion from
E46Q to E46QM is smaller than that from PYP to PYPM (33).
This may suggest the conformational difference between
PYPM and E46QM. However, the amide bonds which are
responsible for this change in amide mode have not been
identified.

The absorption spectrum of PYPM is not readily changed:
it is identical to those of M intermediates from Y42F, T50V,
R52Q (this work), and PYPs which lack N-terminal several
amino acids (39). Therefore, the shape of the chromophore
binding pocket in PYPM is unlikely to be changed by
mutation. However, because the experimental evidence to
examine the similarity in shapes of chromophore binding
pockets of PYPM and E46QM is not sufficient, both pos-
sibilities should be taken into consideration.

The structure of PYPM has previously been analyzed by
time-resolved crystallography on a millisecond time scale
(13) and was the first example of a structure of a PYP
intermediate to be determined at high resolution. The model
shows that the phenol part of the chromophore rotates on
photoisomerization and the movement of this part is much
larger than that in the model for PYPL (14). As a results, the
hydrogen-bonding network among O4 of the chromophore,
Oη of Tyr42 and Oε of Glu46 is broken and a new hydrogen
bond is formed between O4 of the chromophore and Arg52.
If this model is applicable to the reaction in the solution,
the absorption spectrum of PYPM would be similar not to
R52QM but to E46QM.

FIGURE 6: Transient difference absorption spectra of wild-type PYP
(a), E46Q (b), T50V (c), and R52Q (d) at room temperature. The
spectra were recorded at 2, 20, 40, 80, 160, 320, and 640 ms (a
and b) or 2, 170, 340, 680, 1360, 2720, and 5440 ms (c and d)
after excitation with yellow flash (>410 nm) (curves 1-7,
respectively).

FIGURE 7: Calculated absorption spectra of PYPM, Y42FM, E46QM,
T50VM, and R52QM.
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In the dark state PYP, Arg52 is located near the chro-
mophore, but it is not as close to the chromophore as Tyr42
and Glu46. The guanidinium group of Arg52 is not close
enough to O4 of the chromophore to form a hydrogen bond.
The mutational analyses reported so far demonstrated that
the replacements of the amino acid residues which are
involved in the hydrogen-bonding network around the
chromophore induce the spectral shift. However, the amino
acid residue which forms no hydrogen bond with the
chromophore is not responsible for the spectral tuning even
if it is close to the chromophore (for example P68A or Y98F,
unpublished result), suggesting that the hydrogen bond
between the chromophore and Arg52 is not present in PYPM.
Another explanation would be that the chromophore of PYPM

is hydrogen-bonded with Arg52 but it is replaced by the free
moving cations in the solution in R52QM, resulting in no
spectral change. However, this cannot explain the absorption
spectrum of PYPM (357 nm), which is different from that in
the denatured state (340 nm). If free-moving cations can play
the equivalent role to the guanidinium group of Arg52, the
absorption maximum of PYPM would be close to that in the
denature state, in which the chromophore is completely
exposed to the solvent. Therefore, the former interpretation
seems to be likely.

Model of the PYP Photocycle.The analysis based on the
UV-visible absorption spectra demonstrated that the hy-
drogen-bonding network around the chromophore is con-
served up to PYPL, but it is rearranged upon the formation
of PYPM. We recently applied FTIR spectroscopy for analysis
of photocycle of PYP (16). The results demonstrated that
Glu46 is protonated in PYP, PYPB, PYPH, and PYPL and
that it is deprotonated in PYPM. The CdO stretching mode
of Glu46 in PYP was located at 1740 cm-1, but those of
PYPB, PYPH, and PYPL were located at 1732-1733 cm-1.
Because the present UV-visible spectroscopy has suggested
that Glu46 interacts with the chromophore in PYPB, PYPH,
and PYPL, it is reasonable to speculate that the partner of
the hydrogen bond of Glu46 is O4 of the chromophore.
Therefore, the downshift in CdO stretching mode suggests
that the hydrogen bond between chromophore and Glu46 in
the intermediate is stronger than that in the dark state. The
fact that the wavenumber values for CdO stretching modes
of PYPB, PYPH, and PYPL were constant further indicates
that the environment of the hydrogen bond is not altered in
these intermediates. The possible model based on our data
is shown in Figure 8. The chromophore of PYP in the dark
is in a deprotonated trans form, and Glu46 is protonated.
On photon absorption, the photocycle of PYP starts with the
isomerization of the chromophore. Because it is considered
that no large change of the hydrogen-bonding network takes
place in PYPB and PYPH, the ester part of the chromophore
would be flipped like the previous model proposed by
crystallography of PYPBL (15). PYPB and PYPH have the
chromophores in twisted and deprotonated cis forms, and
Glu46 is still protonated. Both of them are relaxed to PYPL.
On this conversion process, because the hydrogen bond of
Glu46 is not altered as shown by the constant frequency of
CdO stretching mode, only a small structural alternation
around the phenol part and Glu46 takes place. In contrast,
remarkable difference in the vibrational mode of ethylene
bond is observed among these intermediates (16). Therefore,
the distortion of the chromophore at the ethylene bond would

be relaxed by rotating the ester part. PYPL then converts to
PYPM with proton transfer from Glu46 to the chromophore,
which is considered to be the principal cause of the large
blue shift. Assuming that the structure of chromophore
binding pocket of PYPM is comparable to that of E46QM,
the red shift of the absorption spectrum of E46QM strongly
suggests that the hydrogen bond of chromophore with Glu46
is maintained but that with Tyr42 is broken in PYPM,
resulting in the global conformational change (22).

Our spectroscopic evidence supports the structural model
of PYPBL derived from crystallography and that of PYPL

from FTIR. However, there are inconsistencies with the
models for PYPL and PYPM from crystallography. One
possible explanation is that the reaction pathway in the crystal
is not necessarily the same as that in the solution. The
combination of spectroscopic technique and crystallography
is expected to reveal the nature of the photoreaction of PYP.
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