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Structure and Photoreaction of Photoactive Yellow Protein
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ABSTRACT: The chromophore/protein interactions in the photocycle intermediates of photoactive yel-
low protein (PYP) were probed by site-directed mutagenesis. The absorption spectra of L-
intermediates produced from E46Q, T50V, and R52Q mutants were calculated using the absorption
spectra of dark states and difference absorption spectra between L-intermediates and dark states, and
compared with that of PYP,. The absorption spectrum of R52Q), agreed with that of PYP,, but those
of E46Q; and T50Vy were red-shifted. The effect of these mutations on the absorption spectrum for L-
intermediate was comparable to that for the dark state, suggesting that the interaction around the phe-
nolic oxygen of the chromophore is conserved in PYPy, unlike the crystal structure. On the other hand,
we have reported that the absorption spectra of Y42F,;, TS50V, and R52Q,, agreed with that of PYP),,
but that of E46Qy was red-shifted, suggesting that the hydrogen bond of the chromophore with Glu46
is conserved but that with Tyr42 is broken in PYPy. These results suggest that the chromophore inter-
acts with Glu46 throughout the photocycle, but never directly interacts with Arg52. This model con-
flicts with some of the structural model of PYP intermediates proposed based on the high-resolution

X-ray crystallography.
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INTRODUCTION

Photoactive yellow protein (PYP) found in a purple
phototropic bacterium, Ectothiorhodospira halophila, is
proposed to be a photoreceptor protein for the negative
phototaxis of the bacterium (for recent review see [1]). It is
composed of 125 amino acid residues and a chromophore,
p-coumaric acid (4-hydroxycinnamic acid) binding to
Cys69 by a thioester bond. PYP is comprised of a six-
stranded anti-parallel f-sheet, chromophore binding loop,
and N-terminal loop [2]. The phenolic oxygen of the chro-
mophore is deprotonated and hydrogen-bonded with Tyr42
and Glud46. Thr50 is hydrogen-bonded with Tyr42, and in-
directly interacts with the chromophore. Because these
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residues are involved in the color regulation of PYP, the
mutation for these residues alters the absorption spectrum
of PYP {3]. Arg52 is located near this region and thought to
stabilize this hydrogen-bonding network. However, because
Arg52 forms no direct hydrogen bond with the chromo-
phore, the mutation for Arg52 has little effect on the ab-
sorption spectrum. On photon absorption, the chromophore
is isomerized from trans form to cis form {4]. As a result,
two photocycle intermediates, PYPg and PYPy [5] are
formed. They are thermally converted to PYP,, and then
revert to PYP via PYPy. These intermediates can be distin-
guished by their characteristic absorption spectrum.
Because PYP is a water-soluble protein of 14 kDa, the
X-ray crystallographies for photocycle intermediates as
well as dark states have been attempted [6-8]. Based on the
structural models of the photocycle intermediates revealed
by crystallography, the reaction mechanism of PYP has



been proposed. On the other hand, the photoreaction of
PYP in the physiological condition has recently studied by
various spectroscopic techniques. However, reaction mod-
els based on the crystallography do not explain the recent
spectroscopic data [9-12]. In the present study, the chromo-
phore/protein interactions in the photocycle intermediates
of PYP were probed by site-directed mutagenesis on the
chromophore-binding pocket. On the basis of the results,
the behavior of the chromophore during the photocycle is
discussed.

MATERIALS AND METHODS

Wild-type PYP, E46Q, T50V, and R52Q mutants were
produced using a heterologous overexpression system by
Escherichia coli and purified by ammonium sulfate precipi-
tation and DEAE-Sepharose column chromatography. Fi-
nally they were suspended in 10 mM Tris buffer containing
150 mM NaCl and 66 % glycerol at pH 8.1. Low-
temperature UV-visible spectroscopy was carried out using
a Shimadzu UV-2400PC spectrophotometer equipped with
an optical cryostat (Optistat DN, Oxford) [10]. The absorp-
tion spectra of L-intermediates were calculated using the
absorption spectra of the dark states and difference absorp-
tion spectra between the dark states and L-intermediates
assuming that the extinction coefficients of L-intermediates
of the mutants are comparable to that of wild type.

RESULTS AND DISCUSSION

The absorption maximum of wild-type PYP is located
at 446 nm, whereas those of E46Q, T50V and R52Q are at
460, 456, and 446 nm, respectively (Figure 1) [3]. It is con-
sistent with the crystal structure of dark-state PYP in which
phenolic oxygen of the chromophore is hydrogen-bonded
with Tyr42, Glu46, and Thr50, but not with Arg52. There-
fore, the site-directed mutagenesis is the most simple and
straightforward method to probe the chromophore/protein
interaction. Similarly, the absorption spectra of the photo-
cycle intermediates of PYP mutants were examined. We
have previously recorded the difference absorption spectra
between L-intermediates and dark states [10]. However,
because L-intermediate is a red-shifted intermediate, the
wavelength at which only dark state has absorbance was
not present. That makes it difficult to estimate the amount
of the L-intermediate, which is essential to calculate the
absorption spectra of L-intermediates. Here, they were cal-
culated assuming that the extinction coefficients of L-
intermediates of the mutants are comparable to that of wild
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Figure 1: The absorption spectra of PYP and mutants.
Top: The absorption spectra of PYP, E46Q, TS50V, and
R52Q in the dark. Middle: The absorption spectra of L-
intermediates measured at 193 K. Bottom: Absorption
spectra of M-intermediates measured at 293 K (repro-
duced from [10}).

type L-intermediate (PYPL).

The absorption spectra of dark states were measured at
193 K. Then they were irradiated with blue-light, and the
difference absorption spectra between the dark states and L-
intermediates were recorded. The absorption spectra of L-
intermediates were calculated by adding difference spectra
to the dark-state spectra. The factors were determined so
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Figure 2: Model for the structural change of the chromophore based on the spectroscopic evidence.

that their extinction coefficients are comparable to that of
wild type (Figure 1). The shape of the spectrum of R52Q,
agreed with that of PYP,, while those of E46Q; and T50V,
were red-shifted. The effect of these mutations on the spec-
tral shift for L-intermediate was comparable to that for the
dark state and PYPg, a precursor of PYPg, [10], suggesting
that the hydrogen-bonding network around the phenolic
oxygen of the chromophore is conserved in PYP,. For
comparison, the absorption spectra of PYPy, E46Qy,
T50Vy, and R52Qy [10] are shown in Figure 1. The ab-
sorption spectrum of E46Qy, was red-shifted from PYPy,
while those of Y42Fy, TS50V, and R52Q,, agreed with that
OfPYPM

The structures of the photocycle intermediates of PYP
have been extensively analyzed by a high-resolution X-ray
crystallography. The structure of PYPy (also called 12 or
pB) was first proposed by time-resolved crystallography on
a millisecond time scale. It has shown that the phenol part
of the chromophore rotates on photo-isomerization, and the
hydrogen-bonding network among the chromophore, Tyr42
and Glu46, is broken and a new hydrogen bond is formed
between the chromophore and Arg52. If this reaction takes
place in the solution, the absorption spectrum of PYPy
should agree not with R52Qy but with E46Qy unlike the
spectroscopic data.

The structure of PYP, (also called I1 or pR) was later
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proposed by time-resolved crystallography on a nanosec-
ond time scale. Structural modeling revealed that the phe-
nol part rotates for formation of PYP,. As a result, while
the movement of the phenol ring is smali, the phenolic
oxygen of the chromophore is removed from Glu46, and
the hydrogen bond is broken. This model conflicts with the
present spectroscopic data which suggests that the hydro-
gen-bonding network in the dark state is conserved in
PYP,.

PYPg,, the intermediate that appears between PYPy and
PYP,, has been trapped at 150 K and the structure was ana-
lyzed. In this model, the thioester part is flipped upon isom-
erization, and the hydrogen-bonding network around the
phenolic oxygen of the chromophore is maintained in
PYPg,. This structure is consistent with the previous spec-
troscopic data [10].

The analysis based on the UV-visible absorption spectra
demonstrated that the hydrogen-bonding network around
the chromophore is conserved up to PYPy, but it is rear-
ranged upon the formation of PYPy. Our recent low-
temperature FTIR spectroscopy of PYP demonstrated that
the C=O stretching mode of Glu46 of PYPg, PYPy and
PYP, was constant (1732-1733 cm™). It indicates that the
environment of the hydrogen bond is not altered in these
intermediates. In contrast, remarkable difference in the vi-
brational mode of ethylene bond is observed among these



intermediates. Therefore, the structural difference of the
chromophore in these intermediates lies in the ethylene
bond region rather than the phenolic oxygen.

The possible mode! based on our spectroscopic data is
shown in Figure 2. The chromophore of PYP in the dark is
in a deprotonated frans form, and Glu46 is protonated. On
photon absorption, the frans chromophore is isomerized to
cis form. Because it is considered that no large change of
the hydrogen-bonding network takes place in PYPg, the
ester part of the chromophore would be flipped. PYPg has
the chromophore in twisted and deprotonated cis form and
Glu46 is still protonated. On the conversion process to
PYP,, only a small structural alternation around the phenol
part and Glu46 takes place. In contrast, the distortion of the
chromophore at the ethylene bond would be relaxed by
rotating the ester part. PYP_ then converts to PYPy with
proton transfer from Glu46 to the chromophore [13]. The
red shift of the absorption spectrum of E46Qy strongly
suggests that the hydrogen bond of chromophore with
Glu46 is maintained but that with Tyr42 is broken in PYPy,,
resulting in the global conformational change.

Our spectroscopic evidence supports the structural
model of PYPy, derived from crystallography. However,
there are inconsistencies with the models for PYP, and
PYPy from crystallography. The crystallization of PYP
would alter the reaction pathway of PYP especially in the
latter stage.

REFERENCES

1. Shimizu, N., Imamoto, Y. and Kataoka, M. (2002) The
progress and problem of X-ray crystallography of
photocycle intermediate of photoactive yellow protein.
Biophysics 42, in press. (in Japanese).

2. Borgstahl, G. E. O., Williams, D. R. and Getzoff, E. D.
(1995) 1.4 A structure of photoactive yellow protein, a
cytosolic photoreceptor: unusual fold, active site, and
chromophore. Biochemistry 34, 6278-6287.

3. Imamoto, Y., Koshimizu, H., Mihara, K., Hisatomi, O.,
Mizukami, T., Tsujimoto, K., Kataoka, M. and Toku-
naga, F. (2001) Roles of amino acid residues near the
chromophore of photoactive yellow protein. Biochem-
istry 40, 4679-4685.

4. Imamoto, Y., Shirahige, Y., Tokunaga, F., Kinoshita,
T., Yoshihara, K. and Kataoka, M. (2001) Low-

129

10.

11.

12.

13.

temperature Fourier transform infrared spectroscopy
of photoactive yellow protein. Biochemistry 40, 8997-
9004.

Imamoto, Y., Kataoka, M. and Tokunaga, F. (1996)
Photoreaction cycle of photoactive yellow protein
from Ectothiorhodospira halophila studied by low-
temperature spectroscopy. Biochemistry 35, 14047-
14053.

Genick, U. K., Borgstahl, G. E., Ng, K., Ren, Z., Prad-
ervand, C., Burke, P. M., §rajer, V., Teng, T. Y,
Schildkamp, W., McRee, D. E., Moffat, K. and Get-
zoff, E. D. (1997) Structure of a protein photocycle in-
termediate by millisecond time-resolved crystallogra-
phy. Science 275, 1471-1475.

Genick, U. K., Soltis, S. M., Kuhn, P., Canestrelli, I. L.
and Getzoff, E. D. (1998) Structure at 0.85 A resolu-
tion of an early protein photocycle intermediate. Na-
ture 392, 206-209.

Perman, B., §rajer, V., Ren, Z., Teng, T., Pradervand,
C., Ursby, T., Bourgeois, D., Schotte, F., Wulff, M,
Kort, R., Hellingwerf, K. and Moffat, K. (1998) En-
ergy transduction on the nanosecond time scale: early
structural events in a xanthopsin photocycle. Science
279, 1946-1950.

Heberle, J. and Gensch, T. (2001) When FT-IR spec-
troscopy meets X-ray crystallography. Nat. Struct.
Biol. 8, 195-197.

Imamoto, Y., Mihara, K., Tokunaga, F. and Kataoka,
M. (2001) Spectroscopic characterization of the
photocycle intermediates of photoactive yellow pro-
tein. Biochemistry 40, 14336-14343.

Brudler, R., Rammelsberg, R., Woo, T. T. and Getzoff,
E. D. (2001) Structure of the I1 early intermediate of
photoactive yellow protein by FTIR spectroscopy. Nat.
Struct. Biol. 8,265-270.

Xie, A., Kelemen, L., Hendriks, J., White, B. J., Hel-
lingwerf, K. J. and Hoff, W. D. (2001) Formation of a
new buried charge drives a large-amplitude protein
quake in photoreceptor activation. Biochemistry 40,
1510-1517.

Imamoto, Y., Mihara, K., Hisatomi, O., Kataoka, M.,
Tokunaga, F., Bojkova, N. and Yoshihara, K. (1997)
Evidence for proton transfer from Glu-46 to the chro-
mophore during the photocycle of photoactive yellow
protein. J. Biol. Chem. 272, 12905-12908.



