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Photoactive yellow protein (PYP) is a bacterial photoreceptor containing a 4-hydroxycinnamyl chromophore.
We report the resonance Raman spectra for the long-lived blue-shifted intermediate of PYP whose chromophore
is isotopically labeled witH3C at the carbonyl carbon atom or at the ring carbon atoms. Spectra have been
also measured with PYP in,D where the phenolic hydroxyl group of the chromophore is deuterated. All of

the observed Raman bands are assigned on the basis of the observed isotope shifts and normal mode calculations
using a density functional theory. The complete assignment provides a satisfactory framework for future
investigations of the photocycle mechanism in PYP by vibrational spectroscopy.

Introduction

The photoactive yellow protein (PYP) from phototrophic
bacteriumEctothiorhodospira halophilés a small water-soluble
photoreceptor proteihand it has been an attractive model for

studying protein structures and dynamics. This protein has the

4-hydroxycinnamyl chromophore, which is covalently linked
to Cys69 through a thiolester boAd Photoexcitation of PYP
triggers a photocycle that involves several intermediate states.
A long-lived blue-shifted intermediate denoted RYRFalso
called b or pB) is the putative signaling state of this photore-
ceptor protein.
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To understand the photocycle mechanism of PYP in atomic
details, structural characterizations of the intermediate states are
essential. Such information on the requisite time scales can be (1) Sodium hydride in mineral oil 60 % at RT under Nz, 30 min

. . (2) 4-Hydroxybenz[’“Cg-ringjaldehyde in ether at RT under Ny, 2 hr
provided by resonance Raman spectroscopy, which can probe (3) 30 % KOHagq, reflux for 2 hr
individual functional groups of proteins through their frequencies
and intensities. In fact, this technique has played a key role in
the study of the determination of the chromophore structure
during the photocycl& 1! However, a completely satisfactory
framework for the interpretation of the observed spectra is no
yet available because of a lack of a complete assignment of the
chromophore vibrations.

Previous studiésreported the high-frequency region of the
resonance Raman spectra of RYPlere we have obtained the
spectra of PYR that contains the isotopically labeled chro-
mophore in the 60861700 cnT?! region. We also present the
results of normal mode calculations based on the density Preparation of 3C-Labeled Chromophores.3C-labeled
functional theory (DFT). These studies allow us to assign all 4-hydroxycinnamic acids were prepared according to the method
of the observed Raman bands of R¥HAhe complete assign-  described previousl with its minor modification (Schemes 1
and 2).
unno@  The13C-labeled reagents, triethylphosphonoacetde] (Al-

drich) and 4-hydroxyben#Cglaldehyde (Cambridge Isotope
Laboratory), were used and were commercially available. Under

“N\_cooH

*  *

ment of the chromophore vibrations confirms that the chro-
mophore of PYR in solution is in the cis configuration and its

t phenolic oxygen is protonated. Furthermore, the present normal
mode calculations also have an important implication for the
analysis of the Fourier transform infrared (FTIR) spectra of PYP.
With assignments in hand, vibrational spectroscopy provides a
unique approach for studying protein dynamic processes in PYP.

Materials and Methods
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a nitrogen atmosphere, 4-hydroxybenzaldehyde was treated withrepresent a good approximation in our system. Indeed the
phosphonate anion, which was generated from triethylphospho-nonresonance Raman spectra excited at 647.1 nm ofYP
noacetate at room temperature. Afteh stirring, ethyl 4-hy- and an acid-induced bleached state R¥&k are very similar
droxycinnamate was obtained and then hydrolyzed in 30% to those of their resonance Raman spectra (not shown).
potassium hydroxide. After usual workup and purification, Resonance Raman Spectra of Photodegradable Samples.
colorless 4-hydroxycinnamic acid was obtained. The purity was We consider a system that exhibits simple-AB photode-
checked with mass spectrometry atitl NMR spectroscopy. composition with a rate constakt where A and B stand for

Sample Preparations.Expression of wild-type PYP from  intact and decomposed species, respectively. Raman intensities
E. coli, chromophore reconstitution, and protein purification atv cm™ for species A and B are defined bg(v) andlg(v),
were performed as described previousSiy-C-labeled PYPs respectively. Because the fraction of species A and B at time
were prepared by reconstitution of apo-protein with the above- is e and 1— e™, respectively, the experimentally observed
mentioned 4-hydroxycinnamic anhydride whose carbonyl carbon spectrum can be expressed by
atom (C9) or ring carbon atoms (€L6) were labeled with
13C. These labeled samples are denoted®@s=O and 13Ce- |Vt ty) = fl e ML)+ (@ — eIy dt (1)
ring isotopomers, respectively. PYP in bufferegti(90% DO/ 0
10% HO) was prepared by proper dilution of a concentrated \here the spectrum is measured betwgandt; and the sample
protein in 100 mM citrate/200 mM phosphate buffer at pH 5.0 gi41ts 1o expose to the laser light at= 0. In a slow
into D,O, and then the sample was incubated overnight at room photodegradation limikt < 1, e’k = 1 — ktand the observed
temperature !oefore the measurements. PYR:M B designated spectruml (v,to,t;) is evaluated as follows:
as an O1-D isotopomer.

Resonance Raman SpectroscopResonance Raman spectra (g
were obtained as described previousH.A liquid-nitrogen- 0loly) = L/t; (2= kOl () + ktlg(v) t
cooled CCD detector (Instrument S. A., Inc.) recorded the 2 P
Raman spectra after a 'I('riax190 spectrometer (3500 grooves/mm ={t ~ = 05K — )HAW) +
grating, 0.19 m focal length; Instrument S. A., Inc.) removed 0.5k('[12 - toz)IB(v) (2)
the excitation light, and a Spex 500M spectrometer (3600
grooves/mm grating, 0.5 m focal length) dispersed the scatteredif three spectra of(v,0,At), I(v,At,2At), and|(v,2At,3At) are
light. The 325.0 nm line from a heliurrcadmium (IK5651R- sequentially acquired, we can calculate the following difference
G, Kimmon Electric Co., Ltd.) laser excited the samples at a spectrumAl(v,At), which shows the spectral changes because
90° angle relative to the axis of the collection optics. A of the sample decomposition:
polarization scrambler is placed at the entrance of the spec-
trometer. The depolarization ratio is defined as the intensity of Al(v,At) = I(v,At,2At) — [(v,0,At) =

the scattered light observed with polarization perpendicular to I(v,2At,3At) — 1(v,At,2At)
the polarization of the excitation light divided by the intensity )
of the scattered light with polarization parallel to the incident = KAtTlg(v) = 1,()] )

light. The intensities of the Raman scattered light with polariza- ) o )
tion perpendicular and parallel to that of the incident light were Equation 3 indicates that the difference spectuifv,At) does
measured using an ultra-violet sheet polarizer, which is placed ot change during the measurement. In this situation, the
in front of the polarization scrambler. PY;Rvas produced as  following equation is derived:
a photostationary state by continuous laser illumination at 441.6
nrﬂ during the myeasuren)wlent. Because the probe wavelength is La(v) = {I(v,0A1) — 0.5A1 (v, AD}/At (4)
only suited for the resonance enhancement of RPY{Pnax =
355 nm), interference from other photocycle intermediates is
absent. The measurements were made on samples contained
a quartz spinning cell (10 mm in diameter). All spectra were eq
taken at room temperature23°C), and a homemade software Results and Discussion
eliminated the noise spikes in the spectra caused by cosmic rays.
The 100 um slit width employed in these measurements 1. Resonance Raman Spectrum of PYJ. The time
corresponds to an instrumental resolution-~ef cm . All dependence of the resonance Raman spectrum af iBYdhown
Raman spectra were calibrated using neat fenchone. The pealin Figure 1A, which illustrates the gradual changes of the
positions in the Raman spectra are measured by fitting the dataprominent doublet near 1600 crh This is clearly seen in the
with Gaussian line shapes on a polynomial background using adifference spectra dfv,7 min,14 min)— I(»,0 min,7 min) (trace
nonlinear least-squares fitting routine. d) andl(v,14 min,21 min)— I(»,7 min,14 min) (trace e). Traces
DFT Calculations. Among the numerous available DFT d and e are essentially same, indicating that the present
methods, we have selected the B3LYP hybrid functional with experimental condition fulfils eq 3. Thus, the observed spectrum
the 6-31G** basis set because of its high accuracy for predicting can be corrected with egs 3 and 4 to obtain the resonance Raman
vibrational frequencies. It has been shown that this level of DFT spectrum of intact PYjf. We present the corrected spectra in
calculations yield molecular force fields and vibrational frequen- the rest of this paper.
cies in excellent agreement with experiments in a variety of  Figure 1B examines the resonance Raman spectra oftPYP
systems# The optimized geometry, the harmonic vibrational as a function of the power of the probe laser light (traced.g
frequencies, and Raman intensity were calculated using the DFTThe figure also shows the spectrum of an acid-induced bleached
method mentioned above via the Gaussian 98 progparhe state PYR) qark (trace f), which presumably contains protonated
calculated frequencies were scaled using a factor of 0.9613. Wetrans-chromophoré. Although overall spectral features do not
note that the experimental spectra are obtained under resonanceary with different laser powers, there are some distinct
condition, but the calculated nonresonance Raman intensitiesdifferences in the spectrum as evident in the difference spectrum

This implies that the resonance Raman spectrum of the intact
iﬁpecies A can be obtained with eq 4, if the observed data satisfy
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Figure 1. (A) Time dependence of the resonance Raman spectra ofi RYEO mM citrate/20 mM phosphate buffer pH 5.0 at (&)@ (b) 7—14,

and (c) 14-21 min. The spectra were obtained with 325.0 nm excitation (5.6 mW) under continuous laser illumination at 441.6 nm (5.6 mW). The
sample concentration was 108. Traces d and e are the difference spectra of spectra b minus a and spectra ¢ minus b, respectively. (B) Resonance
Raman spectra of PXRakand PYRy. Trace f: For PYR dan, the sample was dissolved in 20 mM citrate/HCI buffer at pH 2.0 with excitation at

325.0 nm (2.6 mW). Tracesg: The laser power dependence of the resonance Raman spectra @fifPY®mM citrate/20 mM phosphate buffer

at pH 5.0. The spectra were obtained at (g) 5.6, (h) 1.8, and (i) 0.73 mW of the 325.0 nm probe laser power. The pump laser power was 5.6 mW.
Trace j is the difference spectrum recorded at high power (5.6 mW) minus that recorded at low power (0.73 mW) where the sharp Raman band at
1163 cn1t balance out.

(trace j) between those with high (trace g) and low (trace i) Py, T T T
laser powers. The most significant changes are seen at the main FS80M o,y
bands of~1600 cnT?!, and some minor bands appear around
1042, 1144, 1265, and 1300 cf These new features in the
high power spectrum also exist in the spectrum of R¥R.

Thus, we ascribe these Raman bands to a reversible photoprod-
uct of PYRy, whose chromophore is in trans configuration like
PYPRu dark In this study, we have performed a set of experiments
with the intermediate laser power (1.8 mW), where we can get
moderate signal intensity and relatively small fraction of the
photoproduct.

Figures 2 and 3 show the resonance Raman spectra qf PYP
in the low and high-frequency regions, respectively. We
measured the spectrum of Py buffered DO solution, where
the phenolic OH group of the chromophore is deuterated (trace
b). The resonance Raman spectra are also shown for PYP whose
chromophore is labeled witHC at the carbonyl carbon atom
(trace c) or at ring carbon atoms (trace d). In addition, the figure
illustrates the H/D andC/13C difference spectra (traces-g),
where the effect of the isotopic substitutions can be clearly seen.
The observed frequencies and isotope shifts are summarized in Raman Shift (cm™)

Table 1. To interpret these experimental results, we next perform Figure 2. Low-frequency resonance Raman spectra of ?éRd its
normal mode calculations as described below. isotopomers in 10 mM citrate/20 mM phosphate buffer pH 5.0. The

2 Normal Mode Calculations Based on DFT.We have spectra were obtained with 325.0 nm excitation (1.8 mW) under
: ) continuous laser illumination at 441.6 nm (5.6 mW). The spectra for

employed protonatedis-4-hydroxycinnamyl methyl thiolester oy natral abundance, (b) ©D, (c) 13C=0, and (d)*Cs-ring samples
(HCMT) as a chromophore model for normal mode calcula- are shown. The difference spectra of the isotope effects are also given
tions?1° For geometry optimization, the starting geometry was as traces ¢g.

taken from the crystal structure of P}P% and the obtained

structures are depicted in Figure 4. Table 1S (Supporting Although the energy of model 1 is ca. 1.2 kJ midhigher than
Information) gives the optimized geometries along with the that of model 2, the optimized structures are similar to each
experimental parameters of P)Fn crystall® There are two other except for the phenolic OH moiety, e.g., the-@1—-C2
possible conformations having different orientation of the bond angle for model 1 is 122.8whereas the corresponding
phenolic OH group (models 1 and 2). In both cases, optimized angle for model 2 is 117°5Figure 4 also shows the optimized
geometry isCs symmetry, whereas the crystal structure of structure of protonatedissHCMT whose carbonyl O2 forms a
PYPy16 showed a highly distorted chromophore (Table 1S). hydrogen bond with amide nitrogen of methylamine (model 3).
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L observed and calculated frequencies are somewhat large (Table
12 1). Further calculations including proteiichromophore interac-
tions, such as steric and/or electrostatic effects of the protein
moeity, may reduce the deviations. We should also note that
the depolarization ratios of the observed Raman bands were
nearly the same~0.33). This implies that the observed spectra
are truly resonantly enhanced with a nondegenerate excited
state!® and the depolarization ratio is not helpful for the
assignment of the resonance Raman spectra ofPYP

3. Assignment.A. C=C or C=0 Stretching Modey11—v1s.
As depicted in Figure 3, the resonance Raman spectra from the
natural abundance (trace a) &3@=0 labeled (trace c) samples
and their difference spectrum (trace f) confirm previous
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©
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i (b)~(a) results?10showing the Raman band at 1653 ¢hfor the C9=

: 02 stretching mode;;. The DFT calculations indicate that the
GRE (e)~(a) v11 frequency is sensitive to the presence or absence of a
- hydrogen bond at carbonyl O2, i.e., this mode undergoes a 28

¥ [(d)~a)x0.5 cm! downshift in the presence of methylamine (modet-1

3). The observed frequency (1653 thand thel3C=0 shift
(—28 cnTl) are consistent with the calculated values (1660 and
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] ; —33 cntl) of model 3, indicating the presence of the hydrogen
Raman Shift (cm™) bond in PYR/I-lO
Figure 3. High-frequency resonance Raman spectra of P ¥Rd its The DFT calculations show that the 1550650 cnT? region

isotopomers. The experimental conditions and the samples are the sam

as those described in Figure 2. Contains normal modes that are allocated to couple€@nd

C=C stretching modes of the aromatic ring and the ethylenic
Sroup (Figure 5). The intense Raman bands at 1599 and 1576
cm~1 have been assigned tg; andvy4, respectively’,1°which

listed in Table 1S, the formation of the hydrogen bond mainly _(I:_(;ntain T‘”g vib[gtions that é:%rre;;%md to Y8bt0f tyr?r?%ﬁe.
affects the carbonyl moiety of HCMT. For example, the-C9 R IS asstl)gnrgen E_l;:_on ||rme E]/.f f6:22§ spelc rum.lgcese
02 bond distance increases by 0.007 A, whereas theStbnd aman bands exhibit a large shift of cad5 e * upon “Ce-

. 019 A f ; fthe h ring .substitution (Figure.3), and similar isotopg shifts are
(t:i)ljrtlznce decreases by 0.019 A upon formation of the ydrc)genpredmted by the calculations-89 ~ —47 cnt?) (Figure 7).

The strongvis band has a shoulder at 1607 tmWe assign

this band tovi,, which can be related to Y8a of tyrositfe.
Although thevi, band is not clear in the natural abundance
sample (traces a and b in Figure 3), this mode clearly appears
as a shoulder in thé3C=0 isotopomer (trace c) and even
becomes a prominent Raman band at 1591 cfor the 13Cs-

ring derivative (trace d). The simulated spectra shown in Figure
1.7 demonstrate the same trend. The shoulder at 1515 @n

A recent resonance Raman study demonstrates the presence
a hydrogen bond at carbonyl O2 for Pyfn solution!® As

Next we have calculated vibrational frequencies as well as
Raman intensities of protonatet-HCMT using the optimized
structures described above. On the basi€osymmetry, 63
fundamentals of protonated HCMT span the representdtion
=43 A' + 20 A" vibrations. All fundamental modes are Raman
active, and Aand A’ type modes correspond to in-plang) (
and out-of-planey) vibrations, respectively. Figure 5 presents

atomic displacements for selected normal modes of model ioned led ic ecC hi deH
In addition to the observed frequencies, Table 1 summarizes 2SSl9ne t.0/15’ couple symmetrl.c : stre.tc Ing and ©H
bending vibration of the phenolic ring (Figure 5), which is

the computed frequencies as well as approximate descriptions

of the vibrational modes. The calculated isotope shifts for the anzillogous t? qua of tyrosirié.This mode is seen at 1479
01-D, 3C=0, and'®Cs-ring isotopomers are also shown in €M~ I the 3C¢-ring spectrum, and the observed 36 €m
the table. For the O4D isotopomer of model 3, two hydrogen doWnshift coincides with the calculated shift from 1496 to 1460

atoms bound to the nitrogen atom of methylamine are also cm-* for model 3.
replaced by deuterium atoms, because the amide groups are B. C=C or C—C Stretching/C-H Rocking Modesy17—v2s.
expected to be deuterated in@ Figures 6 and 7 illustrate the ~ The DFT calculations demonstrate that the normal modes in
simulated Raman spectra of model 3 in four different isoto- the 1206-1500 cnt* region consist primarily of &C or C-C
pomers (traces-ad) as well as the H/D ant?’C/A3C difference stretching and in-plane-€H rocking vibrations (Figure 5, Table
spectra (traces-eg). Comparison of the observed (Figures 2 1). Theviz and v modes of protonatedissHCMT involve
and 3) and calculated spectra demonstrates satisfactory agree2symmetric stretching motions of the phenolic ring and HC7
ments between the experiment and calculation, allowing us to C8H rocking motions (Bsymmetry in localCz,) with different
assign all of the observed Raman bands of RYBecause phase. The observed bands at 1449 t@and its shoulder at
protonated HCMT contains 10 hydrogen atoms;vio cor- 1433 cn1! are assigned te;7 andwvig, respectively (Figure 3).
respond to the €H or O—H stretching modes. Thus, we expect Because of different contributions of the ring-C stretches,
the remaining 53 normal modes in the-D700 cnt? region. vig is expected to show a largéfCe-ring shift (—29 cn?)
The details of the assignments will be given in the following Ccompared to17 (=10 cnT™). Such shifts 0f-33 (v1g) and—13
section. cmt (vi7) are observed in thé3Csring spectrum. Upon
We note that, although the present DFT calculations reproducedeuterium substitution of the phenolic OH group, the and
main features of the observed spectra, there are some deviationgis modes are predicted to showd cni! downshifts, which
from the experiment. For instance, the calculations nicely predict are experimentally observee-§ ~ —7 cnr?).
spectral features of the intense doublet near 1600t ¢ms and The 12506-1350 cnt! region has four normal modes6,
v14) and its isotope shifts, but the differences between the vy, v2,, andv,z) that are combination of the aromatic ring and
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TABLE 1: Observed and Calculated Vibrational Frequency (cnt?!) of PYPy and Its Models?
veaP model 1
1688 (0,—38,—1)
1608 (0, 0,—25)
1583 (4, —2, —41)
1552 (7, —2, —46)

veaP model 3 Vobs

1660 (0-33,—1)  1653(2,-28,0) vy
1608 (0, 0,-27) 1605 (0, 0-14) V12
1582 (-4, —3,-40) 1599 (-8,—8,—46) w3
1551 (7,4, —45) 1576 (12,—7,—44) vy

vea model 2

1686 (0,-38,—1)
1610 (-1, 0,—26)
1576 (-1, —2, —39)
1558 (-9, —2, —47)

assignmerit

yC9=02
¥CC(8a),yC7=C8
yC7=C8,vCC(8b)
yCC(8h),yC7=C8

1496 (-1, 0,—36) 1499 (-2, 0,—36) 1496 1,0,-36)  1515(2,—2,—36) s yCC+OCH(19a)
1433 (-3, -1, —10) 1433 (3, -1, -9) 1433 (3,—1,—10) 1449 (-7,0,—13) V17 SHC7=C8H(BY),
yCC+OCH(19b)
1416 (4, —1, —29) 1412 €3, -1, —30) 1416 4,-1,-29) 1433 (3, 0,—33) Vs vCCHOCH(19b),
SHC7=C8H(By)
1342 (-8, 0,—26) 1338 ¢-3,0,—-32) 1342 ¢-8,0,-32) 1340 (3,0,-38) V1o vCCHOCH(3),
SHC7=C8H(A)
1324 (-20, 0,—14) 1329 (25, 0,—9) 1323 ¢20,0,—8)  1330(13,0,-10) vz vCCHOCH(14),
SHC7=C8H(A)
1274 (-4, 0,—30) 1274 (-6, 0,—27) 1273 (4,0,-30) 1290 (-4, 0,—31) Vo yC1-01(74),

1255 (-2, 0,—19)

1254 (0, 0-21)

1254 (-2, 0,—-19)

1266 (-3, 0,-22)

SHC7=C8H(A)
SHC7=C8H(A,)

1171 (0, 0,~30) 1174 1, 0,—-22) 1171 (0, 0-30) 1182 (0, 0-27) Vas vC4—C7(7a)
1163 (-1, 0,—4) 1165 (-4, 0,—4) 1163 (-1, 0,—4) 1174 (0, 0-8) Vs dCH(9a)
1154 (-247,0,—7) 1152 (246, 0,~14) 1153 (247, 0,~7) Vas 5COH
1100 (+4, 0,—14) 1097 -5, —1, —15) 1099 ¢4, 0, —14) var SCH(15)
991 (0,~1, —29) 991 (0,~1, —29) 990 (0,+2, —27) Vs yCC+OCCC(18a)
985 (0,—15,-1) 985 (+1, —15,—1) 1002 (0~14,—2) 1002 (0,23, 0) V2o ¥C8-C9
972 (0,0,-1) 972 (0, 0-1) 970 (0,~1, —1) 980 (-3, -1,+1) 2 yHC7=C8H(A)
969 (0, 0,—8) 955 (0, 0-8) 968 (0, 0-8) Va yCH(17a)
903 (0, 0,-8) 922 (0, 0-8) 903 (0, 0,-8) Vs yCH(5)
865 (-2, —7, —4) 865 (-2, —7, —4) 869 (-2,-5,—4)  891(1,-6,—6) v 5C7C8C9
833 (0, 0,-11) 821 (0, 0-12) 833 (0, 0-11) Ve yCH(11)
820 (-5, —1, —23) 820 (-6, -1, —22) 820(6,-0,—23) 855(0~2,—15Ff  ws+  vCCHCO(1)

2 x 421 (0,1, —9) 2x 419 (0,—1, —9) 2 x 421 (0,—1, —9) 837 (7,-2,-19F 2xy;, 1CC(16a)
787(0,0,~7) 794 (-1, 0,-7) 788 (0,0~7) 7 yCH(10a),yCsH
759 (0,~1, -5) 762 (-1, -1, —4) 760 (0,—2, —5) Ve yC8H, yCH(10a)
705 (-3, 0,—6) 706 (-3, 0,—7) 703 (-3, 0,-9) 721¢3,-1,-9) s yCO+vCC(13)
703 (0,—4, —16) 703 (0,~4, —16) 705 (0,-4, —16) Yo yCO+yCH+yCC(4),yCTH
692 (-1, 0,—4) 692 (-1, 0,—3) 686 (0, 0—2) V3 yS—C10
645 (0,—11, —6) 646 (0,—11,—6) 648 (0,~9, —6) 663 (0,9, —6) Y10 yC9=02, yC8H
637 (-2, —1, —20) 637 1, 0,—20) 637 (2,—1,-19) 641 (01, —21) Vs dCCC(6b)

571 (-1,-3,-7) 570 (0,3, —6) 576 (-1,-3,-7) Vs 5C4C7C8
507 (0,—1, —11) 507 (0,~1, —11) 507 (0,—1, —11) Y11 yCH+yCO+yCC(16b)

aThis table summarizes the observed and calculated frequencies in thed BOO cn1* region. Five normal modes that are localized in the
methyl group of HCMT are not showA Calculated vibrational frequencies of protonatéstHCMT. The numbers in parentheses are the isotope
shifts of O1-D — na,*3C=0 — na, and®Cs-ring — na, respectively. na& natural abundancé Observed vibrational frequencies of PY.PThe
numbers in parentheses are the isotope shifts ef@%* na,*C=0 — na, and*Cs-ring — na, respectively. The numbers in italic are not accurately
determined? The observed Raman bands are assigned to the calculated in-p)aoedut-of-plane ;) normal modes of protonategissHCMT.
Approximate descriptions of the calculated modes are also described. For ring vibrations, the corresponding vibrational modes of tyrosine are
indicated. The{-HC7=C8H—) moiety of the chromophore can be approximately described by the point @ndpr the two hydrogens, so that
the local symmetry description is given for the hydrogen bending m&desmi resonance that is analogous to the “tyrosine doublet”.

HC7=C8H (A;) rocking motions. The ring vibration that is
similar to Y3 of tyrosine contributes a9, whereas,;o contains
Y14 like ring vibrations (Figure 5). We assign these modes to
small shoulders around 1330 ci(Figure 3) and tentatively ~ v4-v28. The 1006-1200 cnt? region contains normal modes
locatevig andvy at 1340 and 1330 cm, respectively, on the  that involve significant contributions of the ring-@& rocking
basis of a fitting analysis. In contrast to the natural abundance motions. A sharp Raman band at 1174@érhas been assigned
spectrum, clear bands appear at 1317 and 1301! émthe to v2s, allocated to a Y9a tygé aromatic ring motiond? This
01-D and®Cs-ring spectra, respectively. The 1317 chiand assignment is confirmed by-a8 cnm ! 13Cq-ring shift (Figure
of trace b is assigned te because of its large downshift25 2), which corresponds to a4 cnr?® shift at 1163 cm? for
cm1) upon the deutration of the phenolic OH group (Table 1). model 3 (Table 1). The present DFT calculations further predict
The band at 1301 cm of trace d is assigned tejg, Which a presence ofy4 slightly above (8 cm?) the intenser,s band
shows a large downshift(30 cnT1) upon®3Ce-ring substitution (Figure 6). Because’p, is allocated to C4C7 stretching
(Table 1). coordinate (Y7a), a large isotopic shift 680 cnT!is expected
The v,, and vo3 are coupled vibrations between the ring for the 13Cq-ring derivative. Thet®Cg-ring spectrum of Figure
skeleton (Y79 and the HC#C8H rocking motions (Figure 2 indeed shows a clear shoulder at 1155-&mwhich is
5). We detected well-resolved spectral features at 129§ (  assigned tasy4 of this isotopomer. We tentatively locate,
and 1266 {3 cm L. These features shift down and collapse for the natural abundance sample at 1182 €(® cnm ! above
into a single broad band around 1245 <nfior the 13Cs-ring the v,5 band).
spectrum. A fitting analysis estimates thg andv,3 frequencies Three C-H rocking vibrations of the aromatic ring4s, v27,
for the 13Cq-ring derivative at 1259 and 1244 cfyrespectively, andwag) locate in the 10061150 cn1? region (Table 1). Two
leading to a larger downshift of,; (—31 cnT!) compared to broad bands at 1042 and 1144 ¢hare seen in Figure 3, but
that of vo3 (—22 cnm?). Similar downshifts of 31 and 19 crh these are ascribed to a photoproduct of QY& discussed

are seen in the simulated spectra (Figure 7)grand v,s,
respectively.
C. Aromatic Ring Modes Containing<H Rocking Motions;
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model 1 and the overtone of1, (—11 x 2 = —22 cn1?) are similar,
accounting for the downshift of the whole doubletg0 cnt?!
(traces a— d).

Two skeleton vibrationsigs andvss) are expected to locate
around 700 cm! (Figure 6). Although these modes mix
together,vss (703 cn® for model 3) mainly includes 01C1
and C4-C7 stretching coordinates such as Y13 of tyroste,
whereas the SC10 stretching coordinate significantly contrib-
utes tovzs (692 cnt! for model 3). We assign the 721 ¢t
band tovsz on the basis of its-3 cnm! O1-D and —9 cnr?
13Cq-ring shifts (Table 1). On the other hand, there is no
candidate fows, in the natural abundance spectrum in Figure
2. Note that, however, thes; band in the'®Cg-ring spectrum
has a clear shoulder at 705 chmwhich might correspond to
V34.

The ring deformation modess, which is similar to Y6a of
tyrosine!® can be assigned to a broad feature at 641 %cm
(Figure 2), because the observed frequency and a 21* cm
downshift for the'3Cq-ring isotopomer are consistent with the
calculation (637 cm! and —19 cnt? shift for model 3).

E. Out-of-Plane Vibrational Modesy, and y1o. There are
20 out-of-plane vibrational modes for the protonateeHCMT,
and two of them are observed in Py{PThe 980 cmi* band is
assigned to the Atype of HCA=C8H hydrogen out-of-plane
wagging modey, (Figure 5) based on the calculated frequency
Figure 4. Optimized geometry of three models for protonatisd4- of ~970 cn1™. This band is insensitive to all isotopic substitu-
hydroxycinnamyl methyl thiolester. tions examined here (Figure 2 and Table 1). Although the lack
of sensitivity is consistent with the assignment, a further study
above. Thus, no candidates are found in the 325 nm excitationusing a new isotopomer such as €0 and/or C8-D is
spectra of PYR for these modes. necessary for the firm assignment. Note that the assignment of
D. Chromophore Skeleton Modesse-v3s Below the 1050, is consistent with the case of an ti-retinal chromophore

cm 1 region, normal modes of the chromophore skeleton appearip, rhodopsin, because similar,Aype hydrogen out-of-plane
(Figure 5). Thevzg mode involves a C8C9 stretching motion  ,gde has been detected~a970 cnyl.20

and has been assigned to the band at 1002 om the basis of
its high sensitivity to!3C=0 substitution (Figures 2 and &).
This assignment is also supported by FTIR spectra of \pYP
previous studie®d?226.2ave found an IR band at1000 cn?,
which shows a sensitivity to C8-D isotopic substitutiéMote

that the'3C=0 spectrum (trace c) of Figure 2 has a small band T X LO%
at 1003 cnl, vF\)/hich ca(n be a)ssigngd to a ring-breathing at the aromatic ring and ethylenic part mix into the=€92

vibration of phenylalanine residues denoted!®1n fact, a wag, accounting for the sensitivity #8Cq-ring substitution.
feature at 1003 cnt can be discerned on the relatively broad 4 Implication. A. Chromophore StructurePrevious stud-
v29 band for all spectra displayed in Figure 2. ies>10 have assigned some of the Raman bands ofyP¥Rch

The DFT calculations predict the in-plane €Z8—C9 asviy, Vi3, V14, V25 andveg. These assignments are confirmed
bending moders; at 869 cnt for model 3 (Table 1, Figure 5).  in the present study, which has the benefit of a new isotopomer
Because ring-breathing motions of the aromatic ring also 13C4-ring derivative. In addition, we have successfully assigned
contribute torsy, —5 and—4 cni ! shifts are calculated for the ~ remaining Raman bands in the 660700 cnt* region. The
13C=0 and!3Cg-ring isotopomers, respectively. This mode is complete assignment of the resonance Raman spectrum allows
assigned to a band at 891 ch(Figure 2) on the basis of the ~ Us to unambiguously determine the chromophore structure of
observed-6 cn? shifts for13C=0 and'3Ce-ring substitutions. PYPRy in solution. We previously showed that the conversion

A broad feature at-850 cnt (Figure 2) can be assigned as  0f PYPFsa to PYR, leads to significant changes in the
a doublet at 837 and 855 cththat arises from a Fermi  spectrunf:’°The most remarkable change is-80 cnm* upshift
resonance between the ring-breathing vibratiep and the  Of theviz band at 1558 cr, and thevi/v14 doublet appears
overtone of an out-of-plane ring-bending vibratipp (Figure at 1599 and 1576 cmt. Thevzs band also upshifts by 11 crh
5). Tyrosine residue exhibits a similar “tyrosine doublet” around from 1163 to 1174 cm'. These spectral changes have been
830-850 cnT1.1819 The present normal-mode analysis shows ascribed to protonation of phenolic O1 in PYP 1% In this
that deuteration of the phenolic OH group of the chromophore study, we have found that the deuteration effect omthet
shifts downwvs, greatly 23 cntl) compared toy;, (—0.3 2y1, doublet around 850 cnt also acts as a marker for the
cm1). Thus, the separation between thg, and 2 X yi» protonation state of the chromophore (Figure 2). This is identical
frequencies becomes too large to cause the resonance interactioto the case of the “tyrosine doublet”, where the intensity
between the two energy levels effectively, and the removal of ratio of the doublet is a measure of the protonation or the
the Fermi resonance explains the@induced changes in the  state of hydrogen bonding of the phenolic OH gré@phe vs3
band shape of the doublet (traces-ab in Figure 2). On the band at 721 cm! also exhibits sensitivity toward G1ID
other hand, the calculatédCq-ring shifts of vz, (—19 cnt?) substitution (Figure 2, Table 1) because of an involvement of

The calculated’;o mode at 648 cmt* for model 3 is mainly
allocated to the G502 wagging motion (Figure 5). The Raman
band at 663 cm' is assigned tg/10 on the basis of the-9
cm~1 13C=0 and—6 cn1! 13C4-ring shifts, which coincide with
the calculated shifts. The out-of-plane-8 wagging motions
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V4 (1688 cnrrT) Vy5 (1608 cm-1) V45 (1583 cm1) 4 (1552 cm™1)

Vy5 (1496 cm™) V47 (1433 em™) V(1416 cm™ Vg (1342 cm™
%
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Figure 5. Atomic displacement vectors for some vibrational modes of protor@setthydroxycinnamyl methyl thiolester (model 1 in Figure 4).
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Figure 6. Simulated Raman spectra in the low-frequency region of
protonatectis-4-hydroxycinnamyl methyl thiolester (model 3 in Figure
4). Gaussian band shapes with a 10-&midth are used. The spectra

Figure 7. Simulated Raman spectra in the high-frequency region of
protonatedis-4-hydroxycinnamyl methyl thiolester (model 3 in Figure

for (a) natural abundance and (b) O, (c) *C=0, and (d}=*Cs-ring 4). Gaussian band shapes with a 10-&mwidth are used.
isotopomers are shown. The difference spectra of the isotope effects ) )
are also given as traces-d. The observation of intense Raman bands, (v14) near 1600

cm™%, which are associated with vibrations along the carbon
01—C1 stretching coordinate (Figure 5). The latter observation carbon double bond, is consistent with other cases such as
provides further evidence for a protonated chromophore in bacteriorhodopsiit?? The frequency of the €C stretching
PYPRy. modes has been correlated with the extentmeé&lectron
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delocalization of the retinal chromophdfdn the case of PYP,
the frequency of13 andvi4 for PYRy and PYR) gand (1575
1600 cnt?) is significantly higher than that for PYRx and
PYR. (~1555 cnt?),2%indicating a less delocalized electronic
structure that raises the=&C bond strength in PYJ and
F)YF’f\/I,dark-

As illustrated in Figure 4, there are two stable orientations
of the phenolic OH group of the chromophore (models 1 and
2). The computed vibrational frequencies for these conforma-
tions are similar except for the intenggy/v14 doublet near 1600
cmL. The splitting of the doublet is 31 crfor model 1 and

Unno et al.

In conclusion, this study presents the resonance Raman
investigation of PYR in solution at room temperature. We have
examined the effects of isotopic substitutions of the chro-
mophore, and all of the observed Raman bands are assigned
with the aid of DFT calculations. With these assignments in
hand, resonance Raman spectroscopy provides an important
approach for studying the photocycle mechanism in PYP.
Further studies using time-resolved resonance Raman spectros-
copy as well as complete vibrational assignments of R¥P
and PYR are currently in progress.
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