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ABSTRACT. Soret-excited resonance Raman spectra of two types of pheophytin-exchanged photosystem Il
RCs are reported. The cofactor composition of the reaction centers was modified by exchanging pheophytin
a for 13-deoxo-13-hydroxypheophytina, yielding one preparation with selective replacement of the
photochemically inactive pheophytin gHand a second one exhibiting total replacement gaHd 40%
replacement of i, the primary electron acceptor. Resonance Raman spectra indicate that the other bound
cofactors present are not significantly perturbed by Pheo substitution. The resonance Raman contributions
from Ha and Hs in the carbonyl stretching region are identified at 1679 and 1675 craspectively,
indicating that both pheophytin molecules in the photosystem Il reaction center have hydrogen-bonded
keto-carbonyl groups. This conclusion differs from what is observed in the functionally related RCs of
purple non-sulfur bacteria, where the keto-carbonyl group gisHot hydrogen bonded, but confirms
predictions from models based on protein sequence alignments.

In photosystem Il (PSIFwater is converted to molecular The recently determined structure of a PSII core complex
oxygen, the ultimate oxidized product of a series of electron- from the cyanobacteriurBynechococcus elongat(® has
transfer reactions that take place in the PSII reaction centerrevealed an arrangement of the cofactors in the RC very
(RC). Primary electron transfer occurs between the singlet similar to that in RCs of purple non-sulfur bacteria. However,
excited primary electron donor, P680, and the primary at the limited resolution of 3.8 A the structure does not
electron acceptor, a pheophytn(Pheo) molecule (see ref  provide information on the orientations of the chlorins’
1 for a review on PSII function). The PSIl RC is a glectronic transitions or on the interactions of the cofactors
transmembrane pigment-protein complex with a cofactor \yith the protein. In addition, thg-car molecules could not
composition of six chlorophyk (Chl) molecules, two Pheo g resolved3). Interactions between protein side chains and
molecules (of which only one is photochemically acti2 ( pigment functional groups that are part of the conjugated
two S-carotene g-car) molecules, and at least one copy of double bond system are expected to play a role in modulating
cytochromebsso (Cyt bssg) (2, 3). the electronic and redox properties of the cofactafs (

*This work was supported by Grant 047-006-003 from The criticgllyimportant fac.tors that can determine their different
Netherlands Organization for Scientific Research (NWO), Grant 93- functions in the protein.
2894-ext from INTAS, Grant 00-04-48334 from the Russian Foundation |4 the absence of detailed structural information, several

of Basic Research, Grant PRAXISXXI/BD/2870/94 from the Portuguese . .
National Foundation for Scientific and Technical Research (JNICT), @pproaches have been used to probe the pigment-protein

and a travel grant from the European Science Foundation. interactions in PSIl. Models based on the crystallographic
* To whom correspondence should be addressed. Phe13d:-20- -

4447932. Fax: +31-20-4447999. E-mail: marta@nat.vu.nl structure of RCs from purple non-sulfur bactera ) are
t Leiden University. now supported by the work of Zouni et aB)( All models

§ Present address: Department of Biophysics and Physics of Complexpredict hydrogen-bonding interactions between the protein

Systems, Division of Physics and Astronomy, Faculty of Sciences, Vrije ; ;
Universiteit, De Boelelaan 1081, 1081 HV Amsterdam, The Nether- and several functional groups on both the active and the

lands. inactive Pheo; in particular, the keto-carbonyl groups of these
”DCEA-SacIay. two molecules are suggested to be hydrogen-bonded to,
Russian Academy of Sciences. i _ - i i
1 Abbreviations: PSII, photosystem II; RC, reaction center; Pheo, respectlvely, D1 EZ!.30_ and D2-Q130 in SF,)ma(ﬂ)' (The .
pheophytine; 13-OH-Pheo, 13deoxo-13-hydroxy-pheophytia; Chl, residues I[nlng the bmdmg pocket_s of the Chl’s corresponding
chlorophyll a; -car, -carotene; cytbsss, cytochromebsss; P680, to the primary donor in bacterial RCs JRand R) are

primary donor of photosystem II; 4 photochemically active pheo- predicted to be hydrophobic and nonpold, (7). No
phytin; Hs, photochemically inactive pheophytini Pprimary donor” hvdroaen-bonding interactions are expected between the
Chl bound to the D1 protein;g?“primary donor” Chl bound to the ydrog Ing 1 I Xp W

D2 protein. protein and keto-carbonyl groups of eithex & Ps (6).

10.1021/bi0259094 CCC: $22.00 © 2002 American Chemical Society
Published on Web 08/27/2002



11450 Biochemistry, Vol. 41, No. 38, 2002 Germano et al.

The binding-site properties of the photochemically active C T T " T
Pheo (H) have been studied by various spectroscopic i
approaches8-10), all of which provide evidence for the 0.15 |
existence of a hydrogen-bonded'43=0 group in this
cofactor. Giorgi et al. X1) have performed site-directed
mutagenesis of the D1-130 residueSgnechocysti§803,
and showed that theyabsorption maximum of Hand the
yield of the primary charge separation reaction are modulated
by the polarity of the amino acid side chain at that position
(11). Recently, Dorlet et al.12), using a combination of
high-field EPR and site-directed mutagenesis in the green
algaChlamydomonas reinhardtinave obtained convincing e
evidence that the hydrogen bond of'43=0 in H, is to N
the residue at D1-130. In a strain of cyanobacte8snt 0.00 .
echococcusp. PCC 7942) there are two genes encoding for 300 400 500 600 700
the D1 protein {3), which differ at 25 amino acids including Wavelength (nm)
the one at position D1-130, and the two different forms of ) i
D1 are correlated with differences in photochemical yield FiGuRe 1: Room-temperature absorption spectra of Pheo (dashed

. : . line) and 13-OH-Pheo (solid line) in diethyl ether. The inset shows
(14). These observations stress the importance of this Pheothe molecular structure of each pigment.
protein interaction in optimizing PSII function.

Direct experimental information on the binding of the 1.5 T T y T T T
inactive Pheo (i) is unavailable. In re9 it was suggested, A
by analogy to the RCs of purple bacteria, that the keto- :
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carbonyl group of | is not hydrogen bonded to the protein. (3“ 1.0 ,, \ -
It has been demonstrated that in purple bacterial RCs the o i

asymmetry in the interactions between the keto-carbonyl of e i

the (bacterio)Pheo’s and the protein results in differegt Q § 05 4
absorption bands, although these pigment-protein interactions § .

play no direct role in the unidirectionality of electron transfer < - 2

(15). In PSIlI RCs there is no splitting of the Pheo Q 00 ) l - I

absorption, even at low temperatur&$)( In addition, both 0'2 T . T

the currently available structural model5—7) and the
protein sequence alignments on which they are partly based
(e.g., refl?) predict that, in PSII, the keto-carbonyl group
of Hg is in fact hydrogen bonded to the residue at D2-130
(a glutamic acid in spinactb( 17)).

The spectroscopic approaches used so far to study pig- 02 . ' . '
ment-protein interactions in the PSII RC only allow the 400 500 600 700
observation of reaction-induced changes in spectroscopic Wavelength (nm)
properties. For example, the binding of Has been studied Ficure 2: (A) Absorption spectrat#® K of nontreated RC (dotted),
by photoaccumulation of the A radical, and either looking RCy. (dashed) ,and RE (solid), normalized at 624 nm. (B)

at its properties directly using EPR methods (2) or Absorption difference spectra associated with the exchange of H
analyzing the difference FTIR or Raman spectrum(H (dashed) and of K (solid), calculated from the spectra in (A)

Ha) (9, 10). One way of probing photochemically inactive (adapted from ref20). The vertical dotted lines are at the
cofactors is by their selective exchange for another pigmentwavelengths used for obtaining the resonance Raman spectra.
with different, known properties (for a review on pigment

exchange in photosynthetic systems seel®f We have  applications of resonance Raman spectroscopy in photosyn-
recently described a method for selective sequential replacethesis). Carbonyl groups that are part of the conjugated
ment of the Pheo’s in the PSII RQY). This method allowed  double bond system in chlorin cofactors {43=0 in Chl

us to obtain information on the contributions of each Pheo and Pheo) give rise to resonance Raman bands with frequen-
to the optical spectra of the RQ®. The pigment used to  cies that are very sensitive to the nature of the molecule’s
replace Pheo in the modified RCs was!-t&oxo-13- local environment.

hydroxypheophytina (13'-OH-Pheo), which is spectrally
distinguishable from Pheo in theyQQx, and Soret absor-
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In this work we present a characterization by resonance

bance regions (Figure 1), differing by the absence of the keto- R&man spectroscopy of two types of pheophytin-exchanged
carbonyl group at position 13n ring V (see the inset in ~ PSII RCs. In the first type, RzHs has been replaced
Figure 1). selectively with 13-OH-Pheo. In the second type RéHg

High-resolution structural information about pigment- and a substantial percentage of kave been exchanged for
protein complexes can be obtained by vibrational spectro- the same pigment. We make use of the different optical
scopy. In particular, resonance Raman can be used to probdFigures 1 and 2) and molecular (Figure 1, inset) properties
selectively the binding of cofactors that have specific of Pheo and 18OH-Pheo to assign the resonance Raman
electronic transitions (see rell for a review on the contributions of H and H; in the PSIl RC.
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MATERIALS AND METHODS

I N T M T M T

1526 A

PSIl RCs were purified according to van Leeuwen et al.
(22) from Tris-washed spinach “BBY” grana membranes
(23). 13--OH-Pheo was purified from nettle as in Shkuro-
patov et al. 24). RC,x and RGx were prepared as described
previously (9). Pheo exchange was monitored by the
decrease of the Phegc@bsorption band at 543 nm and the
appearance of a peak around 654 nm, which both indicate
incorporation of 130H-Pheo (Figure 2). The pigment
composition of the modified RCs was determined by HPLC
analysis of an acetone/methanol extract, as described previ-
ously (19). The total yields of Pheo exchange were 41% for
RCiy (corresponding to 82% exchange of)Hand 70% for
RCy« (corresponding to 100% exchange of lnd 40%
exchange of l). The -car content was unaltered by the
exchange procedure. All preparations (untreated RG4,RC
and RG,) contained about 1.8-car’s per 2 Pheo’s. Samples
were kept in a buffer consisting of 20 mM Bis-Tris, pH 6.5,
0.03% (w/v)n-dodecyls-p-maltoside, and 200 mM sucrose.

For resonance Raman measurements, they were concentrated
over 30 kDa membrane filters to an optical density of about
70 cmt (0.5-1.0 mg of Chl/mL) at the Q absorption
maximum.

Resonance Raman spectra were measured at 77 K as P —
described previously26, 26). The spectra were excited using 1500 1550 1600 1650 1700
the 413.1 and 406.7 nm lines of a*Klaser (Innova 90), the Raman Shift (cm™)

441.6 nm line of a Liconix He-Cd laser, and the 488.0 and Ficure 3: (A) Resonance Raman spectra at 77 K of nontreated
514.5 nm lines of an Arlaser (Innova 100). Actinic effects ~ RC (dotted), R&, (dashed), and R&(solid) for excitation at 413.1
of the measuring beam (i.e., photoaccumulation) were NM- (B) Difference resonance Raman spectra associated with the

: : : exchange of i (dashed) and of Kl (solid), calculated from the
avoided by defocusing the laser beam before it passedspectra in (A) (nontreated minus RCand RG, minus RGy

through the cryostat. respectively). (C) Resonance Raman spectrum at 77 K'eOt8

Pheo in THF. Excitation was at 406.7 nm.
RESULTS AND DISCUSSION

Intensity (a.u.)

delta(Intensity)

Intensity (a.u.)

The Soret absorption bands of the six Chl's and two Pheo’s being t?ghtly dgpender\t on both pigment-protein and pig-
in the PSII RC strongly overlap, appearing as a peak aroundMent-pigment interactions3g).
416 nm with a shoulder at 435 nm (Figure 2A). Oxidized  The Soret transition of 30H-Pheo peaks at400 nm
cyt bsse contributes at-416 nm @7). Pheo transitions occur  in vitro (Figure 1) and at 400 410 nm when incorporated in
between 415 and 420 nm, as is apparent from the absorptiorfhe PSII RC (Figure 2). Considering the positions of the Soret
difference spectra associated with the exchange gt absorption maxima only, the resonance coefficients of Pheo
Ha (Figure 2B). The Soret transitions of Chl molecules in and 13-OH-Pheo are expected to be roughly the same for
vitro are at 436 nm (B) and 430 nm (B, By) (28, 29). The excitation at 413.1 nm. However, excitation at this wave-
primary donor Chl's (bound at the positions Corresponding Iength enhances Pheo contributions relative to those from
to the primary donor bacterio-Chl’s in purple bacteria RCs) Chl.
have been proposed to have Soret maxima at 433 nin (P Control of Pigment Exchange and BindinGarotenoid
and 436 nm (B) (30). s-Car transitions contribute between resonance Raman spectra excited throughout the Soret region
400 and 510 nm 31). Consequently, resonance Raman (not shown, although see Figure 3A for theposition) were
spectra with excitation in the Soret region will include identical to those reported previousB3( 34), consistent with
contributions from all the chlorins and frofiacar. However, an all-trans conformation of these cofact@S)( The spectra
some degree of selectivity for Pheo relative to Chl is expectedindicate that the exchange procedure did not result in any
when the laser excitation is moved to the blue of 430 nm, alteration in thgs-car configuration. In particular the specific
and similarly, Chl's are expected to have enhanced contribu-features of the two, nonequivalegs¥car’s, selectively excited
tions in spectra collected with excitation to the red of that at 488.0 and 514.5 nm (Telfer, A., Frolov, D., Barber, J.,
wavelength. Nevertheless, it should be kept in mind that the Robert, B., and Pascal, A., unpublished experiments), were
absorption spectrum of the PSII RC in the Soret region is observed in all three preparations (data not shown). Spectra
complicated and not completely understood, since it is not obtained at 413.1 nm excitation are presented in Figure 3A
clear how the maxima of these transitions are affected by for RC, RGy, and RG.. They are normalized on the intensity
pigment-protein (or pigment-pigment) interactions. Indeed, of thev; band of$-car, at 1526 cm*. The resonance Raman
experiments conducted with bacterial reaction centers havespectrum of untreated RC (Figure 3, dotted line) is compa-
clearly shown that when excitation is done in the Soret region rable to previously published data obtained under similar
of bacteriochlorophyll and bacteriopheophytin molecules, experimental condition®). Methine bridge stretching modes
resonance contributions are extremely difficult to predict, from both Pheo and Chl appear between 1550 and 1650
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cm L. Their positions at 1556 and 1612 chin the spectra

in Figure 3A indicate pentacoordination of the Chl's in all
three preparations36). These positions and the bandwidths

in the chemically modified RCs are unchanged with respect
to those of untreated RC. This is a strong indication that no
drastic modifications occur in the electronic and molecular
structure of the Chl macrocycles upon Pheo substitution. In
addition, the resonance Raman spectra of untreated RC and
RC,x acquired with excitation at 441.6 nm (which enhances
Chl modes) are not significantly different (data not shown).
These observations can be taken as evidence that the binding
sites of the Chl ang-car molecules have not experienced
any significant changes upon Pheo exchange.

Figure 3C displays the resonance Raman spectrum’ef 13
OH-Pheo in THF, for excitation at 406.7 nm. As expected,
no bands are observed in the=O stretching region (1659
1720 cmY), since there is no carbonyl group conjugated with
the molecule’s macrocycle. The strongest band observed is

Intensity (a.u.)

AN &
AW AR AT

1600 1620 1640 1660 1680 1700 1720

delta(Intensity)

at 1584 cm? (close to the 1588 cnt marker band of Pheo Raman Shift (cm™)
(9, 37)) with less intense bands at 1531, 1559, 1609, and fgure 4: Carbonyl stretching region of the resonance Raman
1625 cnrl, spectra from parts A and B, respectively, of Figure 3 plotted on an

The replacement of Pheo with #®H-Pheo is ac- expanded scale. The dotted_lines in (B) represent the fits of the
companied by a decrease in intensity of several resonancélifference spectra to Lorentzian bands.
Raman bands (Figure 3A) that can be assigned to Pheo, . .
including the C-C stretching modes of this pigment (1530, C=7? group, these freque_nCIe_s; are downshifted by up to 40
1556, 1588, and 1612 crf) (37). In particular, the intensity €M t_he extent of the_z shift b_elng depende_nt on the_ strength
of the band at 1588 cm. which is a marker of Pheo of the intermolecular interactior37, 38). An increase in the

contributions 9, 36) and is also the strongest mode for13 ~ dielectric constant (i.e., an increase in polarityl) of the
OH-Pheo (Figure 3C), decreases in the spectra of, R& immediate environment causes d_ownshlftSﬁﬂ.B cnl(see
RCy This decrease matches the reduction in Pheo content?!SC r€f25 and references therein).
in the modified RCs as a result of pigment exchange, The high-frequency region of the spectra in Figure 3A is
indicating that excitation at 413.1 nm results in stronger plotted on an expanded scale in Figure 4A. The untreated
resonance of Pheo than of the modified cofactor. This result RC exhibits a broad band peaking at 1676 ¢nwith a
is unexpected, considering the electronic absorption proper-shoulder at 1665 cm. A smaller band is observed at 1704
ties of the two pigments (Figure 2). However, it is evident ¢ ™. These bands arise from the'4&to-carbonyl groups
from the spectra in Figure 3 that the resonance coefficient of all six Chl's and two Pheo’s. Upon Pheo substitution the
of 13--OH-Pheo in the RC environment upon excitation at contributions from H (for RCy,) and from H; and H (for
413.1 nm must be at least 2 times lower than that of Pheo.RCz) are decreased due to the incorporation of-Q8i-
This observation suggests that the coupling of most vibra- Pheo at their binding sites. This molecule has no keto-
tional bands of 1830H-Pheo to the Soret electronic transition carbonyl group in ring V, and consequently, its resonance
and/or the intrinsic strength of its Raman modes are weakerRaman spectrum shows no features in the frequency region
than in Pheo. This could be a general property oftQ8i- between 1650 and 1750 cin(see Figure 3C). As a result,
Pheo, since its delocalized electron system is more symmetricthe exchange-associated difference spectra “RC minug RC
than in Pheo (due to the absence of the double bond at theand RGx minus RG represent only the contributions from
isocyclic ring). the Pheo molecule that has been replacedafd Ha,

The exchange-associated difference spectra “RC minusrespectively. These difference spectra are shown in Figures
RC." and “RCy, minus RG," (Figure 3B) reveal that the 3B and 4B.

methine bridge stretching frequencies of &d H; are 1552 Binding of Hs. In the carbonyl stretching region, the
and 1610 cm?, slightly downshifted with respect to those difference spectrum for exchange of; Hdashed line in
of the bound Chl molecules. Figure 4B) represents a broad decrease in intensity, with a

C=0 Stretching Regiornhe bands observed in the higher maximum at 1675 cmt and an fwhm of about 15 cm
frequency region (16501750 cm?) of the spectra in Figure  The frequency of this stretching mode indicates that tHe 13
3A are due to stretching modes of carbonyl groups. They keto-carbonyl group of Hlis involved in a moderately strong
are a probe for the molecule’s microenvironment, since the hydrogen bond, and is consistent with predictions from
vibrational frequency of a carbonyl group is sensitive to the structural models5—7). Svensson et al6f have predicted
nature and strength of the intermolecular interactions (for that the 13-C=0 of Hs may patrticipate in two hydrogen-
example, hydrogen bonds) in which it is involved, and to bonding interactions, namely, with D2-GIn130 and with D2-
the dielectric constant of its local environmerg8). In Asn143. The frequency observed for the stretching mode of
particular, for Pheo and Chl in an apolar environment and the keto-carbonyl group of His not consistent with the
in the absence of intermolecular interactions, bands areexistence of two strong hydrogen bonds between this group
expected around 1700 and 1695 ¢nrespectively, at room  and two adjacent residues. However, the absence of two such
temperature. In the presence of hydrogen bonds to the 13 strong hydrogen bonds does not preclude the presence of
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these residues in the vicinity of the tBeto group, if one
of them is in a geometry unfavorable for the formation of a
hydrogen bond.

Binding of Hh. The difference spectrum associated with
the second exchange (Figure 4B, solid line) resembles that
reported by M6ene-Loccoz et al.9) for photoaccumulation
of Pheo. The main feature is a positive peak with a
maximum at 1679 cmt (fwvhm = 8 cnr'l), but it is also
apparent that the intensity of the band at 1704 ‘tiis
decreased upon Hexchange. The similarity between the
difference spectra associated with Phebotoaccumulation
and with the second Pheo exchange is consistent with our
previous observation that this exchange procedure is selec-
tive, and that the difference spectrum associated with the
second Pheo exchange can be assigned Ad119). The
frequency of the main band in thexFassociated difference  FicuRe5: Carbonyl stretching region of the 77 K resonance Raman
spectrum also corresponds well with that determined by spectra of Rg, with excitation at 413.1 nm (dashed) and 406.7
photoaccumulation-induced difference FTIR spectroscopy "™ (solid).

(1677-1678 cnt?) (10, 39), and indicates that the keto-

carbonyl group of this molecule is involved in a medium-
strength hydrogen-bonding interaction with the protein. Note
that the bandwidth of this feature (Figure 4B) is unusually
low (8 cnt fwhm). While the significance of this observa-

tion is difficult to determine, it may be due to an overlapping,
negative contribution at lower frequencies (see below). )

Tentatve Assignment of the Chl Carbonyl Bandsleast cm™ band to k can be ruled out.
three populations of Chl contribute in the carbonyl stretching  If the 1704 cnt* mode is from a Chl molecule in the RC,
region, as can be observed by examination of the resonancdhen its keto-carbonyl group exhibits an unusually high
Raman spectrum of R (Figure 4A). The main peak is at ~ frequency, and must be free from intermolecular interactions
1672 cnt?, with a shoulder at 1664 cr There is also a ~ and in a highly apolar environment. The shape of the
small band at 1704 cm, whose intensity is somewhat difference spectrum (Figure 4B, solid line) could indicate a
diminished for RG, in comparison to untreated RC (Figure broad, negative feature in the 1665670 cn* region,
4p). superimposed on the positive contribution at 1679%fhis

Chemical exchange of H(this work) and the photoac- ~ OVverlap could explain the unusually low apparent bandwidth
cumulation of its aniong) are accompanied by a decrease Of the latter band; see above. A negative feature would
in intensity of the weak band at 1704 ciThis band had ~ 'epresent an increase in contributions in this region fos,RC
been tentatively assigned ta kB) by analogy to the structure ~ Which may in turn correspond to newly formed interactions
of purple bacterial RC40), where the bacterio-Pheo in the ~ With the C=0 group previously at 1704 cta The apparent
inactive branch is free from interactions with the protein. downshift in frequency of this band in RCmay thus be
However, models constructed on the basis of that structuredue to a structural change in some of the RCs, by which the
predict both Pheo’s in PSII to be involved in hydrogen- C=O group of one pigment becomes more exposed to the
bonding interactions5-7). We have shown above thagH  hydrophilic surface of the protein. Indeed:=O groups in
exchange does not result in a decrease in intensity of thisthe presence of water are seldom found free from interactions
band, and that kicontributes at 1675 cm. By a combina- ~ When exposed to water (see ¥t and references therein).
tion of mutations to the D2-GIn130 amino acid residue and Interestingly, the RC pigments closer to the hydrophilic
recently assigned to the keto-carbonyl group ef(Rorce, I RCs of purple bacteria,sPand R (3), and their binding
D. A., Pascal, A., Robert, B., and Diner, B. A., unpublished Pockets are predicted in structural models to be hydrophobic

Intensity (a.u.)
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1660
Raman shift (cm™)
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is, that in a subpopulation of the RCsyHs free from
interactions. Alternatively, it may arise from a Chl molecule
that is perturbed by exchange of\Hand by the photoac-
cumulation of its anion; see re), such that its structure
and/or its electronic properties in the Soret region are altered.
From the results presented here the assignment of this 1704

experiments). Moreover, the band at 1704 &érshould be
absent in Rg if it arises from Hs, since this cofactor is
fully replaced with 13-OH-Pheo in this preparation. The
spectra in Figure 4 clearly show that the decrease in intensity
of the 1704 cm* band is associated with the substitution of
Ha. In addition, it has been demonstrated by a number of
different spectroscopic method88-12) that the keto-
carbonyl group of K is hydrogen bonded to the protein,
more specifically to D1-GIn130. The main feature in the H

and nonpolar®, 7). Moreover, FTIR difference spectra for
P™-P and for Y..-Y7 (39, 42—44) show a shift attributed to

a keto-carbonyl stretch at 1764707 cm?. All these
observations suggest that the 1704 ~énband in the
resonance Raman spectrum could arise from one of the “P”
Chl's, possibly R (since this is the closest tozY(3)).

The shoulder at 16601670 cnt! in the untreated RC
represents carbonyl stretching modes from hydrogen-bonded
Chl molecules, since both Pheo’s contribute at 167680

exchange-associated difference spectrum (Figure 4B) is acm™. Figure 5 displays the dependence of the resonance
contribution at 1679 cnit, which we assign to the keto- Raman spectra of R on the wavelength of excitation.
carbonyl group of K. These observations leave open two Moving the excitation to 406 nm results in enhancement of
possibilities to explain the presence of the weak band at 1704the higher frequency modes in the carbonyl region, and in
cm . It could reflect heterogeneity in the preparation, that the disappearance of the 1664 énshoulder. The Chl's
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whose 13-C=0 groups give rise to these modes thus have REFERENCES

Soret transitions that are red-shifted with respect to those of
Pheo’s, corresponding to the spectral characteristics of the
pigments in vitro 28, 29).

The stretching frequencies of Chl's in the PSII RC have
been studied by FTIR difference spectroscopy associated with 2
accumulation of the triplet state or of the primary donor
cation 39, 42, 45). Both Noguchi et al.39, 42) and Breton
et al. @5) concluded that the triplet state is localized on a
pigment whose keto-carbonyl stretching frequency is 1670
cm1; carbonyl stretching bands associated with P686re

found at 1679 and 1704 crh(42, 45). Note that care should 4

be taken when these frequencies are considered; difference

FTIR does not yield the absolute frequencies of stretching 5.

modes of the studied pigments. In a difference spectrum,
signals may peak at positions significantly shifted from the ¢
positions of the bands from which they arise. However, these
experiments suggest that the triplet state in the PSIl RC is
localized on a pigment (Chl) that has a hydrogen-bonded
keto-carbonyl group.

Finally, the vibrational properties of the low-temperature
“trap” of excitation energy (the most red-shifted RC pigment)
have been studied by fluorescence line-narrowing spectro-
scopy @6). It was found that this molecule has a keto-
carbonyl stretching frequency of 1669 chcorresponding
to a moderate to strong hydrogen-bonding interaction with
the protein. The assignments made here of the stretching

frequencies of the Pheo keto-carbonyl groups in the PSIl 10.

RC are not consistent with either the triplet state or the
“trapped” excitation energy being localized on a Pheo
molecule. This result is thus in agreement with the conclu-

sions of Peterman et alt§) that the lowest energy electronic 11

transition in the PSII RC is localized on a Chl molecule.

CONCLUSIONS

We have combined resonance Raman spectroscopy and12.

selective pigment exchange to assign the keto-carbonyl
stretching frequencies of the Pheo cofactors in the PSIl RC.

Both Ha and H; have hydrogen-bonded #8=0O groups, 13.

with stretching frequencies around 1679 and 1675%cm
respectively. Similar frequencies have been deduced for these

modes through the use of mutants in which the two Pheo’s 14,

had been exchanged individually for Chl molecules (Force,

D. A, Pascal, A., Robert, B., and Diner, B. A., unpublished

experiments). The exchange-associated difference Raman g

spectra confirm our previous conclusidlg that Hs is the

cofactor that is exchanged in RCand that H is only

replaced after two successive modification treatments.
After pigment exchange, the binding-site properties of the

remaining cofactors in the modified RCs are not significantly
different from those in untreated preparations. However, the

intensity of the small band at 1704 cfmassigned to a Chl 17.

molecule, is diminished in R& possibly reflecting an
alteration of the environment of a keto-carbonyl group that
in the native protein is free from interactions and in an apolar
environment.
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