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ABSTRACT. Photoactive yellow protein (PYP) is a bacterial blue light receptor containing a 4-hydroxy-
cinnamyl chromophore, and its absorption maximum is 446 nm. In a dark state, the hydroxyl group of the
chromophore is deprotonated and forms hydrogen bonds with Tyr42 and Glu46. Either removal of a
hydrogen bond with Tyr42 or addition of chaotropes such as thiocyanate produces a blue-shifted species
called an intermediate wavelength form, in which absorption maximum ranges from 355 to 400 nm. To
examine the structural origin of the intermediate wavelength form, we have performed resonance Raman
investigations of wild-type PYP and some mutants (Tyr42Ala, Tyr42 — Phe, Glu46— GIn, and
Thr50— Val) in the presence or absence of potassium thiocyanate. These studies show that the chromophore
of the intermediate wavelength form is protonated, implying an increase Ky afpthe chromophore.
Hence, the removal of the hydrogen bond between Tyr42 and chromophore or partial protein denaturation
in the presence of thiocyanate results in a spectral blue-shift. Quantum chemical calculations based on
density functional theory further support the idea that tigqd the chromophore is increased by removing

a hydrogen bond or by increasing the dielectric constant in the vicinity of the chromophore.

The photoactive yellow protein (PYPfrom phototrophic Phest Q/

bacteriumHalorhodospira halophilas a small water-soluble

photoreceptor proteirl, and it has been an attractive model Glud6 \ chromophore
for studying protein structures and dynamics. Recently, PYP I“

gained further attention as the structural prototype for the .
PAS and LOV domains of a large class of receptor proteins R
(2). This protein has the 4-hydroxycinnamyl chromophore, \r‘gﬁ’/—’_’ 5o

which is covalently linked to Cys69 through a thiolester bond
(3, 4). In a dark state (PYRx), the chromophore is stabilized Tyr42 [_/_)‘—‘ rros
Args?2 yres

in the trans configuration as a phenolate anisn ). The
phenolate oxygen O1 of the chromophore hydrogen bonds
with the hydroxyl group of Tyr42 and the protonated = 1: Active-site struct f wild-tvoe PYP in the dark stat
carboxyl group of Glu46. The side chain oxygen of Thr50 (éf_ugittéd |icn|£ ii'd?cf;{g“ﬁ];é?ogevﬁ' bo,¥§§ nthe dariesiate
hydrogen bonds with the OH group of Tyr42 (Figure 1).

Photoexcitation of PYP triggers a photocycle that involves '10r PR) and PYR (also calledd or pB) 3, 9—14). A long-

at least two intermediate states, denoted P¥so called lived blue-shifted PYR intermediate is the putative signaling
state of this photoreceptor protein.
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maximum is shifted remarkably. These species are recently(DFT) are performed to examine the effects of hydrogen

classified into four groupsl@): a neutral form (446476 bonding as well as a dielectric constant near the active site

nm), an acidic form (356355 nm), an alkaline form (430 on the chromophore protonation.

440 nm), and an intermediate wavelength form (3880

nm). As mentioned previously, the phenolic O1 in the neutral MATERIALS AND METHODS

form is deprotonated6(-8), whereas the chromophore in

the acidic form is protonated17) as a secondary result of Sample PreparationProduction of WT PYP and Y42A,

acid denaturation 16). Protonation of the chromophore Y42F, E46Q, and T50V mutants apoproteintscherichia

accounts for a large blue shift of the absorption maximum coli, reconstitution of the holoprotein with the chromophore,

from 446-476 to 356-355 nm. The chromophore in the and the subsequent protein purification were performed as

alkaline form is deprotonated like a neutral form, but the described previouslylQ, 23). PYP in buffered RO (90%

carboxylic group of Glu46 is suggested to be ioniz&6)( D,0/10% HO) was prepared by proper dilution of a
In contrast to these forms, the origin of the intermediate concentrated protein in 100 mM Tris/HCI buffer at pH 7.4

wavelength form has not yet been clarified. This form was into D,O, and then the sample was incubated overnight at

first found as a shoulder at 393 nm on the 458 nm peak in room temperature before the measurements were taken. The

the absorption spectrum of Tyr42 Phe mutant PYP10). 13C-labeled 4-hydroxycinnamic acid was synthesized as

Subsequent studies showed an existence of similar inter-described previouslylg). 13C-labeled PYP was prepared by

mediate wavelength forms when Tyr42 is replaced with Ala, reconstitution of apoprotein with 4-hydroxycinnamic anhy-

Phe, or Trp {0, 16). More recently, systematic investigations dride whose ring carbon atoms (€C6) were labeled with

of PYP mutants under various solution conditions demon- *C.

strated that an intermediate wavelength form exists even for Resonance Raman Spectroscdpgsonance Raman spec-

WT PYP in the presence of chaotropes such as thiocyanateira were obtained as described earligr7, 18). A liquid

(16, 20). There are two possible origins for the intermediate nitrogen cooled CCD detector (Instrument S. A., Inc.)

wavelength form. (i) Similar to the case of the acidic form, recorded the Raman spectra after a Triax190 spectrometer

the phenolic O1 of the chromophore is protonated, but (Instrument S. A., Inc.) removed the excitation light, and a

chromophore-protein interactions provide a red-shift of the Spex 500M spectrometer (1800 or 3600 grooves/mm grating,

absorption maximum. (ii) The chromophore is deprotonated 0.5 m focal length) dispersed the scattered light. The 406.7

like a neutral form, but chromophor@rotein interactions  nm line from a krypton ion laser (BeamLok 2065, Spectra-

blue-shift the absorption maximum. For instance, recent Physics Lasers, Inc.) or the 325.0 nm line from a helium

studies using various mutant proteii$,(20) suggested that  cadmium laser (IK5651R-G, Kimmon Electric Co., Ltd.)

the hydrogen bond between Glu46 and phenolate O1 differsexcited the samples at a98ngle relative to the axis of the

between the neutral and the intermediate wavelength forms.collection optics. A polarization scrambler is placed at the

This idea was based on a previous FT-Raman st@@y, (  entrance of the spectrometer. All spectra were taken at room

which showed that the 393 nm form of the Y42F mutant temperature~23 °C), and homemade software eliminated

exhibits a main Raman band atLl572 cn®. Because this  the noise spikes in the spectra caused by cosmic rays. All

frequency is significantly downshifted from a main Raman Raman spectra were calibrated by using neat fenchone. Some

band (1586-1600 cn1?) for the acidic form, it was suggested of the spectra were baseline corrected. The measurements

that the chromophore is not fully protonated. We should note, were made on samples contained in a quartz spinning cell

however, that the FT Raman experiment was performed (10 mm in diameter), and a rotation speed of 800 rpm was

under nonresonance conditions using a 1064 nm light. Thus,used.

both the 393 and the 458 nm forms contributed to the Theoretical Estimation of a pKValue of the Chro-

spectrum, which complicates the interpretation of the data. mophore.The acid-dissociation process for given acid HA
To determine the origin, the protonation state of the may be written as

chromophore is key information. Resonance Raman spec-

troscopy is ideally suited for this purpose because several AH-L—aA_ +H (1)

Raman bands are sensitive to the protonation state of the

chromophoreg, 7, 17, 18, 21, 22). Furthermore, resonance Then the acid-dissociation constat is related to the

Raman technique has an advantage over the FT Ramarstandard thermodynamic relationship

method in its selectivity (i.e., a vibrational spectrum of a

specific component can be selectively enhanced by tuning —RTINK,=AG= G(H*) +G(A7) — G(HA) (2)

the laser wavelength). The resonance enhancement will allow

us to measure the Raman spectrum of the intermediateAt temperatureT, the K, is given by

wavelength forms without interference from the neutral form.

To elucidate the structure of the intermediate wavelength pK, = {GH") + G(A") — G(HA)}/2.30RT (3)
form, we apply resonance Raman spectroscopy to WT PYP
and some mutants (Tyr42- Ala; Y42A, Tyr42 — Phe; In this study, we consider the following equilibrium in the

Y42F, Glu46— GIn; E46Q, Thr50— Val; T50V) in the active site of PYP:
presence or absence of potassium thiocyanate. Quantum
chemical calculations based on density functional theory AH+B =A +BH (4)

2The acidic form was denoted as PYR« in our previous ~ Where AH, B', A~, and BH are protonated Glu46, depro-
publications T, 17, 18). tonated chromophore, deprotonated Glu46, and protonated
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Table 1: Absorption Maxima (nm) of Wild-Type PYP and Mutants A Y42; "as0 !
under Various Conditions 8 pH 11
pH112 pH7.4# PpH4.G PpH2.0' 4MKSCNe §
WT 446 349 365 2
Y42A 440 374 355 351
Y42F 458/398 359 350
E46Q 460 348 359 T T
T50V 457 348 362 D 348
8 E46Q
210 mM Tris-NaOH, pH 11?10 mM Tris-HCI, pH 7.4°10 mM S pH 2.0
Tris-HCI, pH 4.0.9 20 mM citrate/HCI, pH 2.0¢ 10 mM Tris-HCI, 4 'g
M KSCN, pH 7.4.10 mM Tris-HCI, pH 2.59 The 393 nm peak was 2
observed as a shoulder of a main absorption band at 458 héhmM <
Tris-HCI, pH 2.7. 1l P
T LA |
chromophore, respectively. Then the relative, pf BH to 8 E 365
AH is calculated by Z4, 25) § 4MKSCN
<]
ApK,={G(AH + B") — G(A™ + BH)} 2
= AG/2.30RT I [ P T O
300 400 509 300 400 509
— (AE + ApV + TAS)/Z 30RT (5) Wavelength (nm Wavelength (nm

FiGure 2: Optical absorption spectra of wild-type PYP and mutants.
As the ApV and TASterms are very small as compared to The vertical lines indicate the excitation wavelengths at which

the energy differencAE (26), they can be neglected, and €sonance Raman spectra were collected.

ApK,~ AE/2.30RT (6) of 4 M KSCN produces a species whose absorption
maximum is 359-365 nm. The observed absorption spec-
whereAE is obtained as the energy difference in each state trum for WT PYP (Figure 2E) agrees well with that reported
from DFT calculations. previously (@6). We should note, however, that Glu46
DFT Calculations.The gas-phase geometries and elec- mutants including E46Q have been reported to exhibit no
tronic energies were calculated using the DFT method via intermediate wavelength form in the presence KSQB).(
the Gaussian98 prograr®4). The hybrid functional BSLYP  This result contradicts the present observation that the
and the 6-31G** basis set were used for these calculations.absorption spectrum of E46Q PYP fwid M KSCN contains
The geometry optimizations were performed in the gas phasea band at 359 nm (Figure 2F). Because the contribution of
without constraints except for a protonated chromophore the 359 nm species for E46Q PYP is significantly weak as
where the O+H distance was fixed at 0.967 A. Once we compared with those of WT and T50V, small differences in
obtained an optimized geometry, we computed the energyexperimental conditions such as buffer compositions may
using the Onsager reaction field methd@8)(to take into prevent its formation in their case.
account the dielectric constant in the protein. Resonance Raman Spectra of an Intermediatedléagth
Form.Figures 3 and 4 display the resonance Raman spectra
RESULTS of WT PYP and the Y42A, Y42F, E46Q, and T50V mutants
UV—Vis Absorption SpectraFigure 2A-C shows the at various pH values, respectively. These spectra are obtained
dramatic pH-dependence of the absorption spectra of Y42AWith the 325.0 nm excitation, which is in resonance with
PYP, which are consistent with those presented by Imamotothe absorption band for the 34393 nm species, while it is
et al. (L0). The absorption maximum at different pH values out of resonance with the absorption band for the-4460
was calculated from a first derivative of the spectra, and the hm species.
estimated values are summarized in Table 1. As shown in (A) Wild-Type PYPThe resonance Raman spectra of WT
Figure 2A, the absorption maximum at pH 11 is 440 nm PYP above pH 4.0 (Figure 3, traces@ exhibit an intense
with a clear shoulder at 374 nm. Lowering the pH makes doublet near 1577/1596 crhas well as several bands with
the 374 nm band as a main absorption band with a shouldermoderate intensities at 1440, 1289, and 1173%crhese
at 440 nm (Figure 2B). At pH 4.0, the 374 nm form is spectra are distinctly different from the 406.7 or 413.1 nm
converted to a new species whose absorption maximum isexcitation spectrum of WT PYP at pH 7.%,(7, 17),
355 nm (Figure 2C). Further lowering the pH shifts the indicating the presence of a minor species that absorbs light
absorption maximum from 355 t6-350 nm. Y42F PYP at 325 nm. Note that the observed spectrum is distinctly
shows an absorption maximum at 458 nm and a shoulder atdifferent from that of PYR, which can be also observed at
393 nm (not shown). These absorption maxima continuously the 325.0 nm excitation7( 18). For instance, the spectral
shift to 350 nm upon lowering the pH from 7.4 to 2.7. features around 1300 and 70900 cm* are different. The
Although an intermediate wavelength form is not detected resonance Raman spectrum at pH 2.0 (Figure 3, trace e) is
for WT PYP and the E46Q and T50V mutants0), the consistent with that reported previouslly7( 18), and it can
absorption maximum at pH2.5 was~350 nm (Figure 2D; be ascribed to an acidic form of WT PYP. The spectrum at
Table 1). In Figure 2E,F, we also examine the effect of pH 3.0 (Figure 3, trace d) is similar to that obtained at pH
KSCN on the absorption spectra of WT PYP and the E46Q 2.0. The doublet around 1580/1600 ¢nis assigned to
and T50V mutants. As can be seen in the figure, the addition coupled C-C and G=C stretching modes/14v,3 of the
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FIGURE5: (A) The effect of pH on the peak intensity of; relative
to that of v14 for wild-type PYP. The dotted line represents the
fitted curve with K, = 3.4 + 0.4. (B) pH dependence of the
' p = integrated peak intensity ofs for wild-type PYP. The solid line
N represents the fitted curve withiKp= 2.7 £ 0.2. The peak intensity
600 800 1000 1200 1400 1600 1800 is normalized to be 0.9 at pH 2.0 (see text for details). Experimental
Raman Shift cm ™) conditions are the same as those given in Figure 3.

Ficure 3: Resonance Raman spectra of wild-type PYP. The spectra; : : ;
were obtained at 325.0 nm excitation. The protein concentration intensity of thev,s band relative to that of,4 is plotted as

was 100xM in all the experiments. The following list gives the & function of pH. The relative intensity as well as overall
buffer condition: (a) 10 mM Tris/HCl at pH 7.4; (b) 10 mM citrate/  spectral features gradually changes even above pH 4.0
Zgo?p')\ﬂart)g(:)su@;t;bﬁ:‘i gt(gylg.?r;] l\slcz:itlrgté?% %tﬁtsﬁ(; prﬂg/'lte (Figures 3 and 5A). This result indicates that the observed
p ! s ) pH-dependence does not follow a simple two-state model,
buffer at pH 3.0; and (e) 20 mM citrate/HCl buffer at pH 2.0. although an application of a simple Hendersttasselbalch
T T T T T equation R9) to the data (dotted line in Figure 5A) provides

Aox =325 am % Via vy a K, value of 3.4+ 0.4. Another Raman band that is

Va3 = &g sensitive to the protonation state of the chromophore is a
@% PH74 | i C—H bending mode of the chromophore aromatic ring

I ' ok (7, 18), which is assigned to a band near 1173 énThe
frequency ofvos is only slightly affected by the pH. In Figure
5B, the integrated intensities of the shagpband are plotted
by changing pH. The data are fitted to Henderson
Hasselbalch equation with an assumption thavthetensity
at pH 2.0 is 0.9. This assumption implies that the fraction
of the acidic form is 90% at pH 2.A.0, 20) and gives rise
to a Ky of 2.7 £ 0.2. This agrees well with thekp of 2.8
for protonation of the chromophore in WT PYR(Q( 16).

(B) Tyrd42Ala and Tyrd2Phe MutantBigure 4 examines
the effects of pH on the resonance Raman spectra of Y42A
(Figure 4, traces-ac) and Y42F mutants (Figure 4, traces
d—f). Because Y42A PYP mainly contains the 374, 355, and
350 nm species at pH 7.4, 4.0, and 2.0, respectively (Figure
v e b be o b baan 2), the observed spectra can be ascribed to the corresponding

600 800 1000 1200 1400 1600 1800 species. The resonance Raman spectra of the Y42A mutant
Raman Shift (cm ) contain an intense doublet around 1580/1600%amd some
FIGURE 4. Resonance Raman spectra of Y42A, Y42F, E46Q, and phands near 1448, 1300, and 1172 émThese spectral

T50V mutants of PYP. The spectra were obtained at 325.0 nm :
excitation. The following list gives the sample, protein concentra- features resemble those for WT PYP (Figure 3). Furthermore,

tion, and buffer condition: (a) Y42A, 100M, 10 mM Tris/HCI lowering the pH leads to small upshifts of th@/v1s doublet
at pH 7.4; (b) Y42A, 10uM, 10 mM citrate/20 mM phosphate  as well as changes in the intensity ratio. At pH 7.4, the 374
buffer at pH 4.0; (c) Y42A, 5Q:M, 20 mM citrate/HCI buffer at  nm species exhibits the doublet at 1579/1595 {whereas

Fl)gozf\)/;l (‘1)()\(;%/":-Cilt?g‘e'\fzv&%%Mpggzémgt'eam#;f;t (F‘;*")_A“g.':v(f) the corresponding Raman band is observed at 1590/1605
uM, .0; i ; i
Y42F, 50uM, 20 mM citrate/HCI buffer at pH 2.0; (g) E46Q, 100 M for the 350 nm species at pH 2.0. The higher frequency

uM, 20 mM citrate/HCI buffer at pH 2.0; and (h) T50V, 1M, v13 band becomes larger at pH 2.0. Traced th Figure 4
20 mM citrate/HCI buffer at pH 2.0. are the resonance Raman spectra of the-3%8 nm species

of Y42F PYP. The spectra have an intense doublet around
aromatic ring and vinyl group of the chromophore, respec- 1580/1600 cm! and some bands near 1448, 1300, and 1172
tively (17, 18). These Raman bands are important becausecm. These Raman bands exhibit a similar intensity and
their frequency is highly sensitive to the protonation state frequency pattern to those of WT PYP and the Y42A mutant.
of the chromophore@; 7, 17). Lowering the pH slightly In addition, similar to the case of WT and the Y42A mutant,
upshifts the doublet, and the spectrum at pH 2.0 shows thethe v14/v13 doublet slightly upshifts and changes in its
bands at 1582/1600 crh The intensity ratio of the doublet intensity ratio upon lowering pH. In Figure 4, we also present
also changes by decreasing the pH (i.e., the higher frequencythe resonance Raman spectra of the acidic fdrmE 348
v13 band becomes larger at lower pH). In Figure 5A, the nm) of the E46Q and T50V mutants at pH 2.0 (Figure 4,

Intensity (a.u.)

(y: PH20 ¥ i [\rsov
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FicUre 6: Resonance Raman spectra of wild-type PYP and Y42A Figure 7: Effect of potassium thiocyanate on the resonance Raman
mutant. The spectra were obtained at 406.7 nm excitation. The spectra of wild-type PYP and mutants in 10 mM Tris/HCI buffer
following list gives the sample, protein concentration, and buffer at pH 7.4: (a) wild-type; (b) wild-type2 M KSCN; (c) wild-type,
condition: (a) wild-type, 76:M, 10 mM Tris/ HCI buffer at pH 4 M KSCN; (d) E46Q 4 M KSCN; and (e) T50Y4 M KSCN.

7.4; (b) Y42A, 70uM, 10 mM Tris/HCI buffer at pH 7.4, and (C)  The spectra were obtained at 325.0 nm excitation.
Y42A, 140uM, 50 mM bicarbonate/100 mM hydroxide buffer at

leOO Illllllllllllllllllll
Agx =325 nm V32+2‘{12

traces g and h). These spectra are almost the same as that of Vg3 —_—

WT PYP (trace e in Figure 3). N s .83 8 aMKSCNHO

F d
v

Figure 6 shows the resonance Raman spectra of WT PYP AL :
and the Y42A mutant at 406.7 nm excitation. The spectrum
of WT PYP (Figure 6, trace a) is consistent with the previous
works @, 7, 17), although it differs considerably from the

325.0 nm excitation spectrum (Figure 3, trace a). Similarly,
Y42A PYP at pH 7.4 exhibits clear dependence on the
excitation wavelength. The excitation wavelength of 406.7

Intensity (a.u.)

860 N _

nm is on resonance with the absorption band for both the : T3

374 and the 440 nm species of Y42A PYP. The presence of (&) Y42A N E Vg DO
these species explains the 406.7 nm excitation spectra of __,,—M,\_\,/‘"'\/\,/""\_
Y42A PYP (i.e., the 440 nm species has an intens®and S NS F T E e
at~1560 cntt like WT PYP, whereas the 374 nm species 600 700 800 ~ 900 1000

Raman Shift (cm )

Contams.an Intenseyy/vis douplet at 1579/1593 crf). The IGURE 8: Resonance Raman spectra of wild-type PYP and Y42A
contribution from these species makes a broad Raman bang,, tant in 10 mM Tris/HCI buffer pH or pD 7.4: (a) wild-type

centered at 1577 cri Analogously, the observed 1169 cin 100% HO, 4 M KSCN; (b) wild-type, 90% BO/10% HO, 4 M
band is interpreted as a superposition of twe bands at ~ KSCN; (c)*3Ce-ring PYP, 4 M KSCN; (d) Y42A, 100% HO; and
1172 and~1165 cm? for the 374 and 440 nm forms, (&) Y42A, 90% Q;O/lo"ﬁ ?O'tlrhee Vsi?ﬁtgg g;;iiglftiasinffe\/\tlghan
respectively. The resonance Raman spectrum of Y42A Pyp322:0 nm excitation. The fea
at pH 10 supports that the 440 nm species exhibits-the60 imperfect subtraction of the KSCN Raman band.
cmt band: the shoulder at-1560 cnT! increases in  are characterized by an intense doublet near 1580/1600 cm
intensity as the fraction of the 440 nm species is increasedwith some bands around 1440, 1300, and 1173 lcm
by changing pH from 7.4 to 10 (Figure 6, trace-tc). These  although the frequencies as well as the intensities are
results imply that the 440 nm form of Y42A PYP is somewhat different. In Figure 7, we also demonstrate the
characterized by & band at~1165 cn* and an intense  resonance Raman spectra of the E46Q and T50V mutants
v13 band at~1560 cnr™. in the presencefal M KSCN (Figure 7, traces d and e). As
Effect of KSCN on Wild-Type and Glu46GIn and Thr50Val can be seen, these spectra for the mutants are very similar
Mutants. The upper three traces of Figure 7 show the to that of WT PYP.
resonance Raman spectra of WT PYP at pH 7.4 in the Effects of DO on the Resonance Raman Speciie
presence or absence of KSCN. Addition of a high concentra- previously showed that the deuteration effects omthet
tion of KSCN increases Raman intensities. Although both 2y, doublet around 850 cm and thevs; band around 720
the 446 and the 365 nm species are present even at them* act as a marker for the protonation state of the
highe$ 4 M KSCN (Figure 2E), the excitation light at 325.0 chromophore 18). These Raman bands are examined in
nm selectively measures the resonance Raman spectrum oFigure 8, which displays the 686000 cn? region of the
the 365 nm form of WT PYP. The main spectral features resonance Raman spectra of the 365 nm form of WT PYP
for the 365 nm form (Figure 7, trace c) are similar to those in the presencefel M KSCN and the spectra of the 374 nm
for the acidic 350 nm form (Figure 3, trace e). These spectraform of the Y42A mutant. For WT PYP, Figure 8 presents
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(A) deprotonated chromophore

d ©
Gyss[;k

(B) protonated chromophare

Glu46 i
Tyrd2 M

Ficure 9: Optimized structures of the active site model of PYP.

Glu46

Tyr42

the spectra of the 365 nm form in buffered@®and DO

El-Mashtoly et al.

Table 2: Calculated Energy Difference (kJ mdland ApK,
between the Phenolic O1 of the Chromophore and the Carboxylic
Group of Glu46

chr.+ E46, chr.+ E46, C69 chr.+ E46,
Y42, C69 (WT) (Y42A or Y42F) Y42
€ AEP ApKa AEP ApKa AEP ApKa
1 —-52.93 —-9.3 —36.29 —-6.4 —-5194 -9.1
2 —37.92 —6.6 —16.39 —-2.9 4067 7.1
4 —25.19 —-44 1.29 -0.2 —-31.21 -55
10 —14.20 —2.5 17.04 3.0 —2317 —-41
20 -9.86 —1.7 23.64 41 -1992 -35
40 —7.45 -1.3 27.27 48 —18.15 —-3.2
80 -6.20 -1.1 29.18 51 -17.23 -3.0

a Dielectric constant? Based on B3LYP/6-31G** electronic energies.
AE = E(deprotonated HCMT+ protonated Glu46)- E(protonated
HCMT + deprotonated Glu46).

solutions as well as PYP whose chromophore is labeled with and Glu46 by eq 6. We also performed DFT calculations of

13C at the ring carbon atom&3Cs-ring). Either H/D or?C/

other models having no Tyr42 (methanol) or Cys69 (me-

13C isotopic substitution causes some changes around 72¢hylamine) to examine the effect of hydrogen bonds with

and 830-860 cn. Thevzz; mode includes O2C1 and C4-
C7 stretching coordinates such as Y13 of tyrosib@& 80).
This mode is observed at 721 cihnfor the protonated
chromophore in PYR and exhibits 3 and 9 cm downshifts
upon deuterium substitution of the hydroxyl group a#ck-
ring labeling, respectivelyl). We assign the 721 crhband
to v33 on the basis of its-2 cnm! D,O and—10 cnt? 13C,-
ring shifts. The ring-breathing vibration. is observed as a
broad Raman band at850 cni! for WT PYPRy (18). This
band arises from the Fermi resonancesfwith the overtone
of an out-of-plane ring-bending vibratiopn,. Because of

these residues. For each case, the optimized structure was
used for the calculations afpK,. In addition, to consider
the effect of the protein environment, electronic energies were
calculated by taking into account the dielectric constant in
protein. We employed the Onsager reaction field method
(28), which places a model molecular system in a spherical
cavity with a radiusay, surrounded by a continuous medium
of a dielectric constard. In this study,e was varied from

2.0 to 80, and the radium was determined from the volume
of the model molecular system. Table 2 gives the computed
AE andApK, for the three models. It is clear that interactions

the removal of the Fermi resonance upon deuteration of thebetween chromophore and protein significantly affepKa.

phenolic OH group, the band shape of the doublet signifi-

cantly changes in fD solutions. In addition, this band is
expected to show a large downshiftZ0 cnT!) upon®3Cs-
ring substitution {8). Thus, the H/D and?C/*3C-sensitive
features around 838860 cn1! in traces a-c of Figure 8
are assigned at least in part to the + 2y, doublet. Traces

d and e of Figure 8 are the resonance Raman spectra of th

374 nm form of Y42A PYP in buffered # and QO

solutions, respectively. Similar to the case of the 365 nm

form in WT PYP, the DO-sensitive features at 722 and 830
840 cmr! can be assigned tas andvz, + 2y1,, respectively.

DISCUSSION

Structure of Intermediate Walength Forms.Previous
Raman studies on PYP and a chromophore magjél, (17,
18) have shown that thes,s and vi4vi3 modes of the

grotonatedtrans or cis-chromophore are at-1174 and

~1580/1600 cmt, respectively, whereas the deprotonated
trans-chromophore exhibits thes band at~1163 cnt and

a single band of13 at ~1560 cn1?. In this study, we have
shown that the resonance Raman spectra for the intermediate
wavelength forms are very similar to those of the acidic

On the basis of these experimental observations, we Will forms. For example, the 37893 nm forms of the Y42A
discuss the protonation state of the chromophore in the gng Y42F mutants exhibit the,/v13 doublet around 1579/

Discussion.
DFT Calculations-Estimation of pK. To examine how

1595 cmt and v,s band at 1172 crtt (Figure 4). Analo-
gously, the resonance Raman spectra of the-38% nm

a protein moiety controls the protonation state of the form of WT PYP and E46Q and T50V mutants in the
chromophore, we have carried out DFT calculations and presence ©4 M KSCN are characterized by the4/vis

estimated a I8, value of the chromophore. For these

doublet at 1580/1593 cm and thev,s band at 1173 cmt

calculations, 4-hydroxycinnamyl methyl thiolester (HCMT) (Figure 7). These results indicate that the chromophore of
is employed as a chromophore model. We usadsHCMT the intermediate wavelength form is protonated. We should
and placed methanol, acetic acid, and methylamine as anote that the 325.0 nm excitation spectrum of WT PYP above
model for Tyr42, Glu46, and the backbone amide of Cys69, pH 4.0 resembles that of the Y42A or Y42F mutant (Figures
respectively. These components were arranged on the basi8 and 4). This observation implies that WT PYP contains a

of the crystal structure of WT PYF5) and subsequently

optimized to yield the structures illustrated in Figure 9. In
Figure 9A, the phenolic O1 of HCMT is deprotonated,
whereas the carboxylic group of acetic acid (Glu46) is
protonated. In Figure 9B, HCMT and acetic acid are

minor component whose chromophore is protonated even
at neutral pH. Thus, an intermediate wavelength form is in
equilibrium with a main neutral form at pH 7.4, and either
addition of KSCN or Tyr42 mutation increases a fraction of
this form. If we assume that the intensity of thg band at

protonated and deprotonated, respectively. These structured173 cm! remains the same in the examined pH region,

were used for the calculation afpK, between chromophore

Figure 5B indicates that the fraction of the intermediate
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wavelength form is estimated to be about 5% in WT PYP addition, the 374 nm form of Y42A PYP as well as the
above pH 4. Further evidence for the protonation state of intermediate wavelength form in the presence of KSCN
the chromophore is obtained from deuterium isotope effects exhibit a similar band. We recently measured the resonance
on the spectrum. We recently demonstrated that the deu-Raman spectra of the acidic form of WT PYP and found
teration effect on thess; + 2y1, doublet around 850 cm that the band at 1143 crhis sensitive to the?C/*3C
acts as a marker for the protonation state of the chromophoresubstitution of the carbonyl carbon at§iNormal coordinate
(18). This is identical to the case of the tyrosine doublet, calculations based on DFT suggest that the presence or
where the intensity ratio of the doublet is a measure of the absence of this band correlates with the conformation around
protonation or the state of hydrogen bonding of the phenolic the C-C single bond of the-C=C—C(=0)—S— fragment
OH group B0). Thewvsz band for the protonated chromophore of the chromophore. Further studies for this point are
(ca. 720 cm?) is also sensitive to H/D substitution since currently in progress.
this mode includes the GAC1 stretching coordinate like Y13 Mechanism of Spectral Tuning in PYP. (A) Hydrogen
of tyrosine (L8, 30). As shown in Figure 8, boths; andvs; Bonding at the Phenolic O1As discussed previously, the
+ 2y1, are DO sensitive, providing further evidence for the present resonance Raman study demonstrates that the chro-
protonated chromophore of the intermediate wavelength form mophore of the intermediate wavelength form is protonated.
of PYP. This finding indicates that protonation of the chromophore
Here, we comment on a previous FT-Raman investigation is responsible for a blue-shift in the absorption maximum
of Y42F PYP, which suggested that the chromophore of the from 446 to 355-393 nm. Such a large shift (5763000
393 nm form is not fully protonate®(). The previous study  cm™) is consistent with a previous study of Kroon et al.
showed that a main Raman band for the 393 nm form is (32) who estimated the contribution of the chromophore
observed at~1572 cm! as a shoulder of a large Raman protonation to be around 4700 ctnThe K, for protonation
band at 1552 cmi for the 458 nm form. In contrast, the of the chromophore in WT PYP is3 (1). Thus, in the case
resonance Raman spectrum of the 393 nm form at pH 7.40f YA2A PYP, the replacement of Tyr42 with Ala raises the
has thev14/vi3 doublet at 1579/1599 cm, although the peak  pK, from 3 to 10 (0), and a large fraction of the chro-
intensity of theviz band is significantly smaller than that of mophore is protonated at neutral pH. The present DFT
thewv,4 band (Figure 4). This result clearly indicates that the calculations support the idea that the chromoph@mtein
chromophore of the 393 nm form is protonated. The presencehydrogen bond is important for controlling the protonation
of the v,3 band at 1599 crt was not clear in the reported  state of the chromophore. As summarized in Table 2, the
FT-Raman spectrum because of its small intensity as well removal of the hydrogen bond between phenolic O1 and
as a strong overlap with a large 1552 ¢nband of the 458  Tyr42 increases th&pK, by 3—6 pH units. This implies
nm form. that a disruption of the hydrogen bond destabilizes the
Recent acid/base titration experiments of WT PYP and deprotonated chromophore. The importance of a hydrogen
mutants suggested that the acidic species is formed bybond at the phenolic O1 has been also suggested by a
protonation of the phenolic O1 as a secondary result of acid theoretical study on the basis of classical electrosta8igs (
denaturation of the protein moietyl®). The denatured as well as a spectroscopic study on Glu4@\sp or the Ala
protein implies an absence of specific chromophqretein mutant PYP 84).
interactions in the acidic form. This idea is consistent with  Another noteworthy result of the DFT calculations is a
the present finding that the resonance Raman and absorptiominor effect of the hydrogen bond at the carbonyl O2. For
spectra of the acidic form are little affected by the amino instance, Table 2 shows littlkpK, change {9.3— —9.1)
acid replacements (Figures—2). In contrast, spectral upon removal of a hydrogen bond at the carbonyl O2 with
properties of the intermediate wavelength form depend on ¢ = 1 (gas phase), whereas a larger chang@.3— —6.4)
mutations. For instance, there are some distinct differencesis obtained for the phenolic O1. This result indicates that
in the resonance Raman spectra of the intermediate wavethe hydrogen bond at the carbonyl O2 contributes little to
length form between WT PYP and Y42A mutant (Figures 3 the stabilization of the deprotonated chromophore in PYP.
and 4), indicating that the protein moiety is not denatured. (B) Dielectric Constant in the Vicinity of the Chromophore.
On the other hand, thiocyanate is known as a chaotropic salt,A recent study using site-directed mutagenesis pointed out
which destabilizes and denatures proteins by increasing thethat the K, of ~3 in WT PYP does not correspond to the
solvation of the polar peptide backbongl). Thus, the pKa of the chromophore in folded protein, but it represents
protein moiety in the presence of KSCN will be partially acidic unfolding of the protein resulting in exposure of the
unfolded. We therefore suggest that the addition of KSCN chromophore to solvent and an increase in Kg (16). This
causes protein partial unfolding, which changes the resonancddea suggests that the Y42A mutation not only removes a
Raman spectrum of the chromophore through altered chro-hydrogen bond between phenolic O1 and Tyr42 but also
mophore-protein interactions. causes additional structural changes in the protein. For
As can be seen in Figures 3, 4, and 7, the resonance Ramasxample, the substitution of Tyr with Ala will create a cavity
spectra of the protonated chromophore exhibit a similar near the chromophore. Formation of a cavity may allow an
intensity and frequency pattern (i.e., an intense doublet atentry of a water molecule, which will increase an effective
1580/1600 cm! and some bands were observed around dielectric constant near the chromophore. This idea is
1445, 1300, and 1173 cr). There are, however, some consistent with DFT calculations (Table 2), which demon-
distinct differences in the spectra. One of the characteristic strate that the surrounding dielectric constant significantly
differences is the presence or absence of a bandlag3
cm. This Raman band is present for the acidic forms of  synno, M., Kumauchi, M., Tokunaga, F., and Yamauchi, S.,
WT PYP and the Y42F, E46Q, and T50V mutants. In unpublished observations.
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affects the protonation state of the chromophore. For
example, in the case of the WT PYP model, an increase in

€ from 1 (gas phase) to 80 (water) alters kK, from —9.3 5
to —1.1. Recent theoretical studies on the proton transfer or
ApK, between Glu46 and chromophore reported a similar
result for the effect of the dielectric constant near the
chromophore 5, 36). This indicates that higher dielectric
media favor a protonated form of the chromophore. In this
context, we expect that the effect of the Y42F mutation is
moderate as compared to that of Y42A. In fact, tike for
Y42F PYP is 4.4-6.4 (10, 16), and the substitution of Tyr
with Phe only raises theky by 1.5-3.5 pH units. We
therefore suggest that both the dielectric constant in the
vicinity of the chromophore and the hydrogen bonds at the
phenolic O1 regulate the chromophor.p

It has been established that the photocycle of PYP involves -

changes in the protonation state of the chromophore. For
example, the PYP— PYR, process involves protonation
of the phenolic O1 of the chromophor# (This implies that

the chromophore K, increases during the PYP— PYPy 10.

transition. The results shown in this study suggest that either
removal or weakening of a hydrogen bond at the phenolic

01 or increases in the dielectric constant near the chro- 11.

mophore is responsible for th&pincrease. In fact, recent
quantum chemical calculations of the chromophofg in

PYP suggest that a slight conformational difference in the 12.

protein structure causes a significant change in the electro-
static nature of the environment, which results in the
alternation of the chromophorep (36).

In conclusion, we have performed the resonance Raman
investigations of WT PYP and several mutants under various

conditions and showed that the chromophore in the inter- 14,

mediate wavelength form is protonated. The DFT calcula-
tions are also conducted to examine how chromophore
protein interactions affect the chromophor&,p These

experimental and theoretical studies suggest that both the 15.

low dielectric constant in the vicinity of the chromophore
and the hydrogen bonds at the phenolic O1 are key factors
that lower the chromophord<a. The resulting low K, leads

to a formation of the deprotonated chromophore at neutral
pH and hence contributes to the tuning of the absorption
spectrum of PYP.
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