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ABSTRACT: Photoactive yellow protein (PYP) is a bacterial photoreceptor containing a 4-hydroxycinnamyl
chromophore. Photoexcitation of PYP triggers a photocycle that involves at least two intermediate states:
an early red-shifted PYPintermediate and a long-lived blue-shifted RYRtermediate. In this study,

we have explored the active site structures of these intermediates by resonance Raman spectroscopy.
Quantum chemical calculations based on a density functional theory are also performed to simulate the
observed spectra. The obtained structure of the chromophore int&8Ris configuration and no hydrogen

bond at the carbonyl oxygen. In PyPthe cis chromophore is protonated at the phenolic oxygen and
forms the hydrogen bond at the carbonyl group. These results allow us to propose structural changes of

the chromophore during the photocycle of PYP.
configuration by flipping the carbonyl group to form

The chromophore photoisomerizes from trans to cis
PYW®ith minimal perturbation of the tightly packed

protein interior. Subsequent conversion to RYiRvolves protonation on the phenolic oxygen, followed
by rotation of the chromophore as a whole. This large motion of the chromophore is potentially correlated
with the succeeding global conformational changes in the protein, which ultimately leads to transduction

of a biological signal.

A physical understanding of protein structure, dynamics,
and function is becoming increasingly important in biology.
Since the discovery made by Meyd) (photoactive yellow
protein (PYP) has served as an attractive model for such
studies. PYP is the 125-residue, 14 kDa cytosolic photo-
receptor proposed to mediate negative photota®isn(the
phototrophic bacteriunEctothiorhodospira halophilaThis
protein has a 4-hydroxycinnamyl chromophore, which is
covalently bound to the side chain of Cys69 through a
thiolester linkage 3, 4). In a dark state (PYRW, the
chromophore is stablized in the trans configuration as a
phenolate aniong 6). The phenolate oxygen O1 (see Figure
1 for nomenclature) of the chromophore hydrogen bonds with
the hydroxy group of Tyr42 and the protonated carboxyl
group of Glu46. In addition, the carbonyl O2 of the
chromophore forms a hydrogen bond with the amide group
of Cys69 6). Upon photoexcitation of the chromophore,
PYPsak enters a photocycle that contains, at least, two
intermediate states denoted RY@lso called { or pR) and
PYPRy (also called 4 or pB); PYR« converts to PYPin
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Ficure 1: (A) Chromophore structure in the dark state. (B)
Molecular structure of deprotonatettans-4-hydroxycinnamyl
methyl thiolester (HCMT).

~3 ns and then to PYJPwith a time constant o250 us.
The subsequent recovery of P¥Rby ~350 ms completes
the photocycle ¥, 8).

A mechanism for the photocycle reaction in PYP has been
extensively studied, and it is believed that these processes
are accompanied by a series of structural changes in the
chromophore. The initial photoisomerization of the=€J8
double bond produces the deprotonated cis chromophore in
PYPR. (9, 10), while the transition to PY§ involves
protonation of the phenolic O#4(11). However, it should
be emphasized that determination of the chromophore
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Ficure 2: Structural model of the PYP photocycle reactions in solution at ambient temperature.

structure for these intermediates is not yet complete in liquid PYPy in the crystal has been challenged by recent spectro-
solution at room temperature. For example, the cis config- scopic (5, 16, 18—20) and theoreticalq1) investigations,
uration for the intermediate states in solutions has been onlybecause these studies show larger structural changes in
indirectly demonstrated by a chemical analysis of the solution than that found in the crystalline state. The
chromophore extracted from PYK12). In addition, infor- contradictory observations suggest that the photocycle in the
mation concerning the chromophore orientation within the crystal differs from that in solution. Thus spectroscopic
protein is still lacking. As illustrated in Figure 2, there are, investigations are needed to clarify the active site structures
at least, two possible models for the formation of RYH) of the intermediate states under physiological conditions.

The first model (D— Lo) indicates the photoisomerization  1¢ explore the photocycle mechanism of PYP in solutions,
of the chromophore by rotating the aromatic ring. In this the presence or absence of the hydrogen bond at the carbonyl
model, a backbone amide hydrogen bonds to the carbonylgs 55 well as the chromophore structure will be key
02, whereas the hydrogen bond between Glu46 and thejnformation. Vibrational spectroscopy, such as Raman scat-
phenolic O1 is broken. (i) The second model t® L1)  tering and IR absorption methods, is ideally suited for this
involves rotation of the carbonyl group to form a cis pyrpose. In general, these techniques are able to provide
chromophore in PYP(13, 14), and thereby the carbonyl O2-  yiprational frequencies and intensities of individual functional
to-backbone hydrogen bond is disrupted, while the phenolic groups with high time resolution. An advantage of Raman
O1 maintains hydrogen bonds with Tyr42 and Glu46. Crystal spectroscopy over the IR method is its selectivity; i.e., all
structures of PYPbased on a Laue crystallograptid(and  the protein components contribute to IR spectra, while
a cryotrapped intermediate preceding RY®) supportedthe  chromophore and/or protein vibrations can be selected by
latter model. The carbonyl rotation was also suggested for yning the laser wavelength in the resonance Raman tech-
PYP in solution at ambient temperature by time-resolved pigue. A resonance Raman spectrum contains further infor-
infrared (IR) spectroscopylb, 16). The IR studies showed  mation including proteirchromophore interactions. How-
that Glu46 preserves a hydrogen bond supposedly to thegyer, such information has been rarely analyzed because too
phenolic O1 in PYP. However, the need for a direct many structural factors can potentially affect the vibrational
characterization of the chromophore structure is evident. frequency. Recently great advances have been made in
As in the case of PYR two structural models are  qguantum chemical calculations based on the density func-
conceivable for PYR as shown in Figure 2. Both models  tional theory (DFT), with which the Raman spectrum even
contain a protonated cis chromophore, where its orientationn |arger systems can be simulated without any adjustable
is different. The models Mand M, are thus associated with  yarameters. Using both resonance Raman spectroscopy and
the presence or absence of the hydrogen bond at the carbonythe DFT calculation, we have now determined the chromo-
02, respectively. The figure further indicates that the simplest pnore structure of the intermediate states under physiologi-
mechanism for the PYPto PYR, process comprises cgjly relevant conditions. Moreover, we have successfully
protonation of the phenolic O1 without changing the chro- extracted information on the carbonyl O2-to-protein hydrogen
mophore orientation (.— Mo or Ly — My). It is also  pongd. The results permit us to propose structural models of

possible, however, that in addition to the protonation processnese intermediates, which reveal the photocycle mechanism
the formation of PYR involves large movement of the of pyp in solutions.

chromophore (b— My or Ly — Mo). Time-resolved Laue

crystallographic experiments with 10 ms time resolutibr ( MATERIALS AND METHODS

determined the crystal structure of Py,Rvhose active site

structure corresponds to the mode} Maving the carbonyl Preparation of3C-Labeled Chromophore:3C-Labeled
0O2-to-backbone hydrogen bond. However, the structure of 4-hydroxycinnamic acid was prepared according to the
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Scheme 1: Preparation &fC-Labeled 4-Hydroxycinnamic

Acid?
o~ O\
13CO0C,Hs

(1)

(C2H50)2P(0)CH2'3COOC,Hs

3) o C
" \ 126001

aReagents: (1) sodium hydride in mineral oil (60%) at room
temperature under N30 min; (2) 4-hydroxybenzaldehyde in ether at
room temperature under,N2 h; (3) 30% KOH, reflux for 2 h.

method described previousl23) with minor modification
(Scheme 1). Theé3C-labeled reagent, triethylphosphono-
acetate’*C,; (Aldrich), used was commercially available.

Unno et al.

used for PYP. For the measurements of PyPthe 441.6

nm line of the helium-cadmium laser was used to produce
the intermediate as a photostationary state. The spectra of
PYPR, excited at 325.0 nm were obtained using the spinning
cell apparatus to minimize the contribution of a species that
is photoaltered by the probe light.

DFT Calculation.The optimized geometry, the harmonic
vibrational frequencies, and the Raman intensity were
calculated using the DFT method via the Gaussian98
program 5). The hybrid functional B3LYP and the 6-31G**
basis set were used for these calculations. The calculated
frequencies were scaled using a factor of 0.9613. Although
the experimental spectra were obtained under the resonance
condition, the calculated nonresonance Raman intensities
realized nicely the obtained spectra in our system: the
nonresonance Raman spectra excited at 647.1 nm of.RYP

Under a nitrogen atmosphere, 4-hydroxybenzaldehyde Was_ 1 an acid-induced bleached state RYR are very similar

treated_ with the phosphonate anion, which was generatedto those of their resonance Raman spectra (not shown).
from triethylphosphonoacetate at room temperature. After 4

h of stirring, ethyl 4-hydroxycinnamate was obtained and
then hydrolyzed in 30% potassium hydroxide. After the usual
workup and purification, colorless 4-hydroxycinnamic acid
was obtained. The purity was checked with mass spectrom-

RESULTS AND DISCUSSION

Resonance Raman Spectra and DFT Calculati€igure

etry and*H NMR spectroscopy.

Sample PreparationProduction of the wild-type PYP
apoprotein byEscherichia coli reconstitution of the holo-

3A depicts resonance Raman spectra of the dark state and
two intermediate states of PYP. We measured the resonance
Raman spectra of PYR«with a rapid-flow sampling system
comprised of a flow cell and a single laser beam at 413.1

protein with the chromophore, and the subsequent proteinnm. This technique minimizes a contamination of the

purification were performed as described previous)(

photoproducts that might build up using stationary cell

13C-Labeled PYP was prepared by reconstitution of the formats @4). The resultant spectrum of P¥R s consistent
apoprotein with the above-mentioned 4-hydroxycinnamic ith the previous works€, 11, 26). The experiments on
anhydride whose carbonyl carbon atom (C9) was labeled with pyp, utilized the same rapid-flow apparatus except for a

13C. PYP in buffered BO (90% D0O/10% HO) was

higher incident laser power. By increasing the laser power,

prepared by proper dilution of a concentrated protein in 100 the observed spectrum contains signals from a photocycle

mM Tris-HCI buffer at pH 7.4 into BO, and then the sample

intermediate in addition to that from PY& (24). Since a

was incubated overnight at room temperature before thetransit time of the sample in the beam wag00 us, the

measurements.

Resonance Raman Spectroscdpgsonance Raman spec-
tra were obtained as described earlEl) (A liquid nitrogen

photoproduct in the high-power spectrum can be attributed
to PYR whose lifetime is~250us (7, 15). The lifetimes of
the photocycle intermediates preceding PdRe shorter than

cooled CCD detector (Instrument S.A., Inc.) recorded the that of PYR more than 50-foldZ7), so that their populations
Raman spectra after a Triax190 spectrometer (Instrumentare negligible under the present conditioR4)( Thus,
S.A,, Inc.) removed the excitation light, and a Spex 500M resonance Raman spectra of RYere obtained by sub-
spectrometer (1800 or 3600 grooves/mm grating, 0.5 m focaltracting a fraction of the normalized low-power spectrum
length) dispersed the scattered light. The 413.1 nm line from from the normalized high-power one such that the 1631'cm
a krypton ion laser (BeamLok 2065, Spectra-Physics Lasers,mode of PYRa« disappeared without introducing spurious

Inc.) or the 325.0 nm line from a heliuntadmium
(IK5651R-G, Kimmon Electric Co., Ltd.) laser excited the
samples at a F0angle relative to the axis of the collection

derivative band shapes or negative peaks. Next we measured
the resonance Raman spectrum of RYBRt 325.0 nm
excitation as described previousl§lj. The intermediate

optics. A polarization scrambler is placed at the entrance of PYR, was produced as a photostationary state by continuous
the spectrometer. All spectra were taken at room temperaturelaser illumination at 441.6 nm during the measurement.
(~23 °C), and a homemade software eliminated the noise Because the probe wavelength is only suited for the
spikes in the spectra caused by cosmic rays. The measureresonance enhancement of RY@max = 355 nm), interfer-
ments for PYR.«and PYR were made on samples contained ence from other species is absent. Note that the measurements
in a quartz spinning cell (10 mm in diameter) or a quartz of PYPy« and PYR were also carried out with a spinning
flow cell (0.3 x 0.3 mm). For the experiments of the spinning cell, and the observed spectra are nearly the same between
cell, a rotation speed of 800 rpm was used, whereas the flowthe two methods. Because the spinning cell apparatus requires
rate was adjusted to 3.3 mL/min for the flow cell measure- a minimum amount of samples, we performed a series of
ments. The resonance Raman spectra of R¥&nd PYR experiments with the spinning cell and present the data in
excited at 413.1 nm were obtained by a single-beam methodFigure 3A. It is noted that the figure presents the spectra for
(24), and a transit time of the sample in the beam wa§0 PYPya in D20, because some vibrational modes (evgs,

us. We performed the measurement of Ry¥Pwvith a low andv,g, see below) in KO exhibit vibrational coupling),

laser power [0.23 mW; photoalteration parameff) = which complicates the assignment of these modes. In Figure
0.006], while the higher laser power (8.9 mW#/= 2.9) was 3A, the resonance Raman spectra are also shown for PYP
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Ficure 3: Experimentally obtained resonance Raman and simulated Raman spectra of PYP. (A) The following list gives the protein
concentration and the buffer condition: Py¢Rand PYR, 80uM, 10 mM Tris-HCI buffer, pH 7.4; PYR, 100uM, 10 mM citrate/20 mM
phosphate buffer, pH 5.0. For P¥{R, the sample was dissolved in a buffered 90%0[1.0% HO solution. (B) Gaussian band shapes with

a 10 cntt width are used. For PY@«and PYR, intensities for the four highest frequency bands are reduced by a factor of 4 to make lower
frequency bands visible in the figure.

whose chromophore is labeled witfC at the carbonyl
carbon atom (C9). The figure further illustrates the/**C
difference spectra, where the effect of the isotopic substitu-
tion can be clearly seen. The data shown in Figure 3A
demonstrate that photoconversion of PYP leads to dramatic
changes in the spectrum, indicating significant structural
alterations in the chromophore and its vicinity. To interpret 350 ms hv
the experimental results, we have performed DFT calcula-
tions as described below.

Among the numerous available DFT methods, we have
selected the B3LYP hybrid functional with the 6-31G** basis
set because of its high accuracy for predicting vibrational
frequencies. It has been shown that this level of DFT 250 ps
calculations yields molecular force fields and vibrational FiGURe 4: Active site structures of PYP. The structures after
frequencies in excellent agreement with experiments in a 9eometry optimization are displayed for (A) P¥R (B) PYR,
variety of systems28). Figure 3B displays the calculated and (C) PYR:.
spectra of 4-hydroxycinnamyl methyl thiolester (HCMT; backbone hydrogen bond. The starting geometry was taken
Figure 1), a model of the chromophore. In the present from a crystal structure of PYP(17), and the optimized
calculation, we introduced intermolecular hydrogen bond(s) structure is depicted in Figure 4C. Figure 3 demonstrates
around HCMT to mimic the chromophotgrotein interac- satisfactory agreements between the experimental and cal-
tion(s). In the case of PYRx we used a deprotonaté@ns culated spectra for all species, indicating that the structures
HCMT and placed methanol, acetic acid, and methylamine shown in Figure 4 give good models for the active site of
as a model for Tyr42, Glu46, and the backbone amide of PYP.

Cys69, respectively. These components were arranged on Protonation State of Chromophoné/e previously showed
the basis of the crystal structure of PXR (5 and that the conversion of PYjR«to PYR, leads to significant
subsequently optimized to yield the structure illustrated in changes in the spectrurhil). The most remarkable change
Figure 4A. For PYP, the starting geometry is based on the is an~30 cnr! upshift of the main band at 1553 cfn(1558
crystal structure of the cryotrapped intermediate precedingcm™in H,0), and a doublet appears around 1590 trfhe
PYR. (9), where there is no hydrogen bond for the carbonyl band at 1163 cm' also upshifts by 11 cm to 1174 cn1t.

02 in the deprotonated cis chromophore. The structure afterAs shown in Figure 3B, essentially the same spectral changes
optimization is illustrated in Figure 4B. The DFT calculation are obtained by the DFT calculation. The bands near 1590
for PYR, was also made with a protonateid-HCMT (11). cm! for PYPRy were assigned to coupled~C and G=C

Here we have introduced methylamine to mimic the O2-to- stretching modes of the aromatic ring and vinyl group of
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Table 1: Vibrational Frequencies for Some Important Structural Marker Bands

(A) protonation state markersgs, vis

(B) trans/cis markeng®

(C) hydrogen-bonding marker;1

vy(calcf/em

vos(0bs)/  wvos(calch/ viz(0obs)/  wvig(calc/ voo(0bs)/ voo(calcy/ v11(0bs)/
cm? cmt cm? cm?t cmt cmt cm? no H-bond H-bond
PYPyark 1164 1146 1558 1547 1053 (24) 1052 (13) 1631 1671 1643
PYR 1169 1157 1553 1537 1001 (15) 993 (14) 1666 1675 1642
PYRy 1174 1163 1599 1582 1002 (nd) 1002 (14) 1653 1688 1660
PY Py, dark 1174 1601 1042 1661 1696 1669

a Calculated values. The optimized structures are shown in Figur®¥Pya« in D,O buffer. ¢ Calculated values for HCMT in the presence or
absence of methylamine. The starting geometry was taken fronbréfy and17 for PYPsa, PYR, and PYR, respectively. For PY{gan, the

starting geometry was obtained by referring to the optimized structu

re ofi.RYReferencell ¢ The numbers in parentheses are #@—13C

shift in cm ! units. nd= not determined accurately because of the band overlafCitabeled PYR.

V11 Vi3
m V
Vig 25

Vag

FicurRe 5: Atomic displacement vectors for some vibrational modes
of protonatedcis-4-hydroxycinnamyl methyl thiolester.

the chromophorel(l). Here we denote the bands at 1576
and 1599 cm® by v14 and vz, respectively?, whose atomic
displacements for these modes are presented in Figure
We assign the band near 1170¢mas a G-H bending mode
vy for the chromophore aromatic ring (Figure 5), which is
analogous to Y9a of tyrosin@9). These spectral changes

calculation as 1146, 1157, and 1163 ¢rfor PY Py, PYR,
and PYRy, respectively. These results indicate that the
chromophore is deprotonated in PYP

Trans/Cis Isomerization of Chromophorghe DFT cal-
culations predict that the frequency of the-89 stretching
mode v, (Figure 5) depends on trans/cis isomerization
around the C#C8 bond. As summarized in Table 1B,
deprotonatedransHCMT (PY Pyark model) exhibits thesog
band at~1050 cn1?, whereas,g for cisHCMT (PYP_ and
PYPRy models) is 996-1000 cm't, regardless of protonation
state of the phenolic O1. Theg mode can be assigned by
the typical isotope shift (ca-14 cnt) associated with the
13C substitution of the C9 atom. The experimental resonance
Raman spectra shown in Figure 3A exhibit the corresponding
downshift (ca.—15 cn?) upon*3C labeling for the bands
at 1054, 1001, and 1002 cry identifying these bands as
V29 Of PYPyark PYR,, and PYR, respectively. The,g mode
in both PYR and PYR; downshifts by~50 cm! relative
to the frequency in PYRy, demonstrating a cis configuration
chromophore in PYPand PYR;, while a trans form in
PYPuare This result indicates that theg band is used as a
structural marker for trans/cis isomerization of the chro-
mophore.

Chromophore-Protein Hydrogen BondTo probe the
gpresence or absence of the hydrogen bond at the carbonyl
02 of the chromophore, it is necessary to assign thre@2
stretching vibratiorvy; (Figure 5), because its frequency is
expected to be sensitive to hydrogen bondig@).(In the

have been ascribed to protonation of the phenolic O1 in Prévious study 11), the highest frequency Raman band of

PYPRy (6, 11, 16). In fact, similar spectral alterations were
observed upon protonation of a model chromophéye(d
upon acid-induced conversion of P¥Rto PYRy qark (Table
1A) (11).

In contrast to PYR, the present study has found that the
photoconversion of PYR«to PYR. leads to relatively small

PYPRy at 1653 cm?! has been assigned to thg; mode.
Figure 3A shows that the spectra of RiRand PYR contain
Raman bands at 1629 (1631 chin H,O) and 1666 cm,
respectively, that exhibit a large shift (ca33 cnt?) due to

13C substitution of C9. We assign these bands;gecause
the DFT calculation gives rise to these frequencies at 1646

changes in the spectrum (Figure 3A). The bands at 1553 ancRd 1684 cm' and their'?C/**C isotope shifts of-33 and

1169 cnmtin the spectrum of PY,Pare assigned by the DFT
calculation to bev1z andv,s, respectively. The; mode is
downshifted by 5 cm! compared to that of PYExin H,O
(Table 1A), and the DFT calculation predicts a similar small
shift of —10 cnt. The small downshift for PYPcontrasts

to the case of PYf? or PYRy 4ar, Where we have found an
~30 cntt upward shift. The frequency @bsin PYR. (1169
cm™) is intermediate between those of PYR(1164 cn1?)
and PYR; (1174 cn?), which is also realized by the DFT

2A complete assignment of the chromophore vibrations will be
presented elsewhere.

—38 cm! for PYPyax and PYR, respectively (Figure 3).
These results indicate that the frequency of themode
significantly varies during the photocycle.

We have carried out further DFT calculations to interpret
these dramatic changes in frequency. As a simple model of
the active site, we have calculated the vibrational frequency
of HCMT in the presence and absence of methylamine,
which is a donor of a hydrogen bond for the carbonyl O2.
Table 1C shows that formation of the hydrogen bond
considerably affects the;; frequency; i.e., this mode is
downshifted by~30 cnt?! in the presence of methylamine.
For PYRaxand PYRy, a comparison between the observed
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and calculated frequencies indicates the presence of thamplying that the Glu46— GIn mutant is not suited to
hydrogen bond, since the experimental values of 1631 andcharacterize the physiological structure of RYP

1653 cn1? can be assigned to correspond to those of 1643
and 1660 cm® in the hydrogen-bonded form, respectively.
In contrast, if the calculated frequencies of the RykRNnd
PYR models are compared, we find that trans to cis
isomerization of deprotonated HCMT causes only minor shift
of v1; (=1 ~ +4 cnY). Therefore, the experimental result
that thev;; mode is upshifted by 35 cm on going from
PYPsa to PYR is only explainable by disruption of the
hydrogen bond in PYP This interpretation is consistent with
previous studies on the=€0 stretching frequency in various
systems 30, 31). For instance, Torii et al3{l) demonstrated
that the G=0 stretching frequency df-methylacetamide is
upshifted by about 30 cmd upon removal of a hydrogen
bond from the carbonyl oxygen.

CONCLUSION

We have characterized the active site structures of PYP
and PYR;, by resonance Raman spectroscopy and DFT
calculations. On the basis of the determined structures, we
have proposed a structural model of the PYP photocycle
under physiological conditions. After photon absorption, the
chromophore undergoes trans to cis isomerization by flipping
the carbonyl group to form PYP Subsequent conversion
to PYR, involves protonation of the phenolic O1, followed
by the rotation of the whole chromophore to re-form the
carbonyl O2-to-backbone hydrogen bond.

In this study, quantum chemical calculations are effec-
tively used in assigning and interpreting vibrational spectra

The active site structures shown in Figure 4B indicate that 5 pyp photointermediates. We have introduced protein
the hydrogen bond between the carbonyl O2 and the chromophore interactions in the calculations to obtain

backbone amide of Cys69 is broken in RYRvhile the detailed structural information that cannot be easily derived
hydrogen bonds from Tyr42 and Glu46 to the phenolic O1 oy the experiment alone. The current protocol extends the

are preserved. The presence of the hydrogen bonds to the,,jicability of vibrational spectroscopy to elucidation of

phenolic O1 in PYPis consistent with recent IR studies on
PYP (5, 16), which showed that Glu46 maintains the
hydrogen bond presumably to the phenolic O1. The disrup-
tion of the hydrogen bond from the carbonyl O2 is also
observed in the crystal structures for RY@0) and the
cryotrapped intermediate proceeding RY®. The structures
shown in Figure 4A,B demonstrate that the photocycle of
PYP is initiated by flipping the carbonyl group rather than
its bulky aromatic ring (D— L in Figure 2). This result
implies that the chromophore isomerization requires only

dynamic changes in proteirtofactor interactions at an
atomic level during the function.
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