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ABSTRACT. In the photosynthetic reaction center (RC) from the purple bacteRbodobacter sphaeroides
proton-coupled electron-transfer reactions occur at the secondary quingretéQSeveral nearby residues

are important for both binding and redox chemistry involved in the light-induced conversion fgdm Q
quinol QsH>. Ser-L223 is one of the functionally important residues located ngaf @obtain information

on the interaction between Ser-L223 and &hd @, isotope-edited @ /Qg FTIR difference spectra

were measured in a mutant RC in which Ser-L223 is replaced with Ala and compared to the native RC.
The isotope-edited IR fingerprint spectra for theeQ (C-=+0) and G=C (C=-C) modes of @ (Qg™) in

the mutant are essentially the same as those of the native RC. These findings indicate that highly equivalent
interactions of @ and @~ with the protein occur in both native and mutant RCs. The simplest explanation
of these results is that Ser-L223 is not hydrogen bondedstor@s~ but presumably forms a hydrogen
bond to a nearby acid group, preferentially Asp-L213. The rotation of the Ser OH proton from Asp-L213
to Qs is expected to be an important step in the proton transfer to the reduced quinone. In addition, the
reduced quinone remains firmly bound, indicating that otlistincthydrogen bonds are more important

for stabilizing @~. Implications on the design features of the Rinding site are discussed.

In the reaction center (REfrom photosynthetic purple is the rate-limiting step of the reactioB)( ke is the intrinsic
bacteria, photochemical energy conversion occurs throughelectron-transfer rate constant, anda(Qg)* is the inter-
coupled electrofrproton transfer to a buried quinone mol- mediate, and
ecule @. Light-induced electron transfer is initiated from

the primary electron donor P (a dimer of bacteriochlorophyll) kas?

through a series of electron acceptors to the primary quinone .

(Qa), and then to the secondary loosely bound quinoge Q i+ Key2)

A second electron transfer coupled with the uptake of two Qi Qs +H — WQH ___ QuQull (@)

protons from the solution results in the formation of the

quinol QH. that is subsequently released from the Q \yhereky: is the proton-transfer rate constant dagh is the
binding site and replaced by another quinone from the pool hyinsic electron-transfer rate constant for the second electron
(1). This two-step reaction occurs with observed rate gansfer which is the rate-limiting step for this reactia@. (

constantsag™ for the first electron transfer arihg® for Interactions between the quinone and the protein facilitate
the second electron transfer (eqs 1 and 2), its properties to allow efficient reduction (egs 1 and 2). The
kap" interactions are important for the binding of quinong, Q

stabilization of the reduced radicakQ and further proton
> transfer required for the reduction oz @ QgH..

In theRhodobactefRb) sphaeroidefRC, the @ binding
pocket is formed by a cluster of polar and acid residues (and
wherekc is the rate constant of the conformational gate which Water molecules) including Ser-L223, Asp-L213, Asp-L210,

Asp-M17, Glu-H173, and Glu-L2124( 5). Previous results
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His-L190

Ficure 1: Structure of the @ binding region showing the
backbone with @ (red) and Ser-L223, His-L190 (magenta), and
Asp-L213 and Glu-L212 (orange). The €arbonyl group near Ser-

L223 forms three hydrogen bonds as indicated by green dashed

lines (ref4).

Nabedryk et al.

only one carbonyl of the ubiquinone in polar interaction with
the peptide NH of lle-L224. In the single Ala-M268Trp
mutant RC fronRb. sphaeroidgsn which Q is absentZ3),

the occupancy of the gproximal site with ubiquinone was
high and structural details (at room temperature) on the
interactions of @ were clearly defined with two possible
hydrogen bonds between the €arbonyl of @ and the
backbone amides of lle-L224 (3.0 A) and Gly-L225 (3.2 A)
and a third slightly shorter interaction with the Ser-L223 side
chain (2.7 A). In contrast, the crystal structure at 100 K of
a quintuple mutant which includes the Ala-M260rp
mutation showed @ at the distal position24) with only

one possible hydrogen bond. Note that Pokkuluri et28) (
have observed that the secondary quinone binding position
is influenced by temperature and cryoprotectant. Indeed, these
authors have found thatgQoccupies the proximal site in
native RC samples frozen under dark-adapted conditions

the free energy of intermediate states, such as has beerf25). Thus, there is no consensus as to the preferred binding

proposed for (R Qg)*in eq 1 (9). Early studies had shown
that mutation of Ser-L223 inhibits the turnover of QL1,
12) as well as the binding of competitive inhibitork3 14).

position of neutral @, and it is not clear what structural
role if any Ser-L223 plays in binding the neutral.@n the
other hand, there is a consensus on the locatiorsof Which

Here we performed experiments designed to experimentally places the semiquinone at a location proximal to the non-
determine the importance of Ser-L223 on the vibrational heme F&" and at the approximate symmetry related position

properties of the @and ¢~ states using FTIR difference
spectroscopy.

The first RC X-ray structure dBlastochloris (Bl.)viridis
showed that Ser-L223 was located near thebfpding site

of Qa (4, 22). The hydroxyl side chain of Ser-L223 is in the
vicinity (~3 A) of the G carbonyl of @~ and therefore could
form a hydrogen bond, which has been experimentally
observed at low temperatures (77 K) using ENDOR spec-

(15), which has been found to be the same in X-ray structurestroscopy 26, 27). Thus, the functional importance of Ser-

of Rb. sphaeroideg16—18). The availability of higher

L223 can be explained by fast proton transfer through a

resolution structures has allowed for more detailed investiga- (transiently formed) hydrogen bond between Ser-L223 and

tions on the interactions betweerns @nd the protein. The

Qs~. This model explains the decreased rate of proton-

most controversial issue is the binding position of neutral coupled electron transfer (eq 2) in RCs with Ser-L223

Qs. Several different @ binding sites have been found in

replaced with Ala inRb. sphaeroidesnd BI. viridis (11,

RC crystal structures, and, consequently, large variations in12, 14, 28).
the hydrogen-bonding partner(s) of Ser-L223 have been The interaction between Ser-L223 and (has also been

reported. Ermler et al.10) were the first to describe a
different position of @ in the RC fromRb. sphaeroidegat
2.65 A resolution) with @ displaced by~5 A and occupying

a position referred to as the distal site (furthest fron) Q
with only one carbonyl able to interact with the protein (NH
of lle-L224 and G=0 of Tyr-L222). In this distal site, no
contact with Ser-L223 was possible; howeverg @as
presumed to be in the ubiquinol §8.) state. In the Y-strain
structure oRb. sphaeroideRCs @0), although @ occupies

a proximal position, Ser-L223 hydroxyl has a different
orientation and interacts with Asp-L213. Note that,Bh

investigated using electrostatic computations made on the
crystal structures8—10). The calculations show that Ser-
L223 can be a hydrogen bond donor to either(Qg~) or

the nearby Asp-L213. Earlier calculations by Alexov and
Gunner B) already favored an interaction between Ser-L223
and the semiquinone#). Recent electrostatic calculations
of the midpoint potential of @ and @ further support that
reduction of @ requires reorientation of Ser-L223 leading
to the formation of a hydrogen bond withsQ(10). Notably,

the calculations show that the Ser hydroxyl orientation
depends on the charge of Asp-L213. If Asp-L213 is ionized

viridis RCs, Ser-L223 was originally assigned to form a when @ is neutral, the side chain of Ser-L223 is found to

hydrogen bond to a carbonyl ofgQ15), while in refined

point toward the Asp side chain, away fromg.QVhen Asp-

structures Ser hydroxyl donates a hydrogen bond to the sidel.213 is protonated, Ser-L223 donates a proton gowih

chain of Asn-L21321). In native RCs fronRb. sphaeroides
exposed to X-rays at cryogenic temperaturés2@), two
distinct & binding sites, and thus two distinct hydrogen-

80% probability. In both cases, Ser-L223 is a hydrogen bond
donor to the semiquinonegQ. Note that protonation of Asp-
L213 upon electron transfer tog@s not supported by FTIR

bonding patterns for g have been described. In the structure results on @ photoreduction in native RCs and several
of RCs frozen in the light-adapted state, the quinone was mutants at the L213 site29, 30). In addition, molecular

bound preferentially in the proximal site and thedarbonyl

dynamics simulations of the Q to Qs electron transfer

of Qg~ was involved in three branched hydrogen bonds indicate a faster time constant for the reaction when a

(Figure 1) including the peptide NH groups of lle-L224 (3
A) and Gly-L225 (3.3 A) and the hydroxyl group of Ser-
L223 (3.2 A), with possible weaker interaction with the two

hydrogen bond is present between Ser-L223 agd ().
Similar computations for the Ser-L228Ala mutant RC
suggest that a hydrogen bond between Ser-L223 and the

latter groups. The second quinone carbonyl interacts with quinone is not necessary for the electron-transfer process
His-L190 (Figure 1). In the dark-adapted structure, the from Qa~ to Qs to occur but may play a crucial role in the

majority of Qs (=55%) was bound in the distal site with

reaction kinetics of eq 19§. However, kinetic measurements
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performed in the Ser-L223Ala mutant RC do not show a
significant decrease in the rate of reaction for ed 1, (2).

An experimental measure of the interaction energy (hydrogen
bond strength) is necessary for solving this issue.

Isotope-edited FTIR difference spectroscopy provides a
way to determine the bonding interactions of @nd @~
with the protein in RCs. IR difference spectroscopy is an
extremely sensitive method for investigating atomic interac-
tions at the level of individual bonds. In particular, the IR
frequency of carbonyl bonds is strongly influenced by the
surrounding environment (electrostatics and polar interac-
tions). Precise IR fingerprints of the interactions gflégfore
and after photoreduction have been obtained for wild-type
RCs fromRb. sphaeroideandBI. viridis RCs 81—-33) as
well as for a series of mutant RC84-36), using RCs
reconstituted with site-specifiéC-labeled ubiquinone. The
molecular vibrations of @ and @~ can be specifically
revealed by calculating double-difference spectra betweenFIGURE 2: Light-induced @7/Qs FTIR difference spectra of (a)

_ . ) Ser-L223~Ala mutant and (b) wild-type (Wt) RCs fronRb.
the Qs~/Qe spectra recorded withC-labeled and unlabeled sphaeroideseconstituted with unlabeledsQpH 7, 15°C. About

ubiquinone. For bottRb. sphaeroideand Bl. viridis RCs, 100 000 interferograms were averaged. The frequency of the IR
the IR fingerprint spectra fot’C; and 13C, labels show a  bands is given with an accuracy #fl cnt™. For the accuracy of

unigue G=0 band for neutral @at 1641 cm?, indicative the _band intensities, variations are within the thic_kr_1e_ss of the
of symmetrical hydrogen bonding ofsQo the binding site depicted traces. Spectral resolutlf)n was 4 Eritach division on
(31). Thus, the two carbonyls ofgdnteract with the protein, the vertical scale corresponds to~t*@bsorbance unit.

as it is described in the various X-ray structures of native
and mutant RCs wheng®ccupies the proximal site. In wild-
type Rb. sphaeroidefCs, the IR fingerprint of the semi-
guinone @~ shows a main band at 1479 chwhich is
similarly shifted by eithet3C, or 13C,4 labels @1), thus also
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laser, 7 ns, 530 nm). The IR sample contains mediators and
redox buffer to allow rapid reduction of the photooxidized
primary electron donor, therefore eliminating the contribu-
tions from P and P species 29, 31, 38). Difference Q/
favoring symmetrical interactions of the two carbonyls of QB spectra were calculated from each 128 scans (acq_uis_ition
time: 23 s) recorded before and after laser flash excitation.

Qe W.Ith the_ protein. . . . ) For a given sample, these measurements were repeated over
To investigate possible hydrogen-bonding interactions ._3q p

between Ser-L223 and gQand/or @, we applied the

technique of isotope-edited FTIR difference spectroscopy to RESULTS

the Ser-L223>Ala mutant RC. Upon removing the potential . i

hydrogen bond, perturbations of the carbonyl vibration Comparison of @/Qg FTIR Spectra of Nate RCs and
frequencies should reflect the magnitude of the hydrogen- Of the Ser-L223-Ala Mutant. Figure 2 shows the £/Qs
bonding interaction. The Ser-L228Ala mutant RC was light-induced FTIR difference spectra of native and Ala-L223
reconstituted with site-specifiéC-labeled ubiquinone. Inthe ~ Mutant RCs reconstituted with unlabeled. @he Q~/Qs
present study, a comparison of the isotope-edited IR finger- SP€ctrum of the Ser-L223Ala mutant (Figure 2a) displays
print spectra obtained on the Ser-L228la mutant with an overall similar shape compared to that of native RCs
those previously reported for wild-typ8%, 33) and several (Figure 2b). It shows the main characteristic bands of the

mutant RCs fronRb. sphaeroide34—36) is presented, and ~ @PPearing @ state at 1728, 1651, 1535, 1479, and 1365
the implications are discussed. cm 1, and of the disappearingsGtate at 1686, 1639, 1614,

1526, 1290, and 1265 crh(29, 31, 38). The main difference
EXPERIMENTAL PROCEDURES concerns a decreased amplitude of the differential signal at
1651/1639 cm! compared to the one observed at 1651/1640
The construction of the Ser-L228Ala site-directed  c¢m!in native RCs: this latter signal has been assigned in
mutant and the isolation of purified RCs are described in part to protein changes (amide I: 80% peptide=@
ref 11. A detailed description of the preparation of RC stretching) 29). In native RCs (Figure 2b), the two carbonyls
samples for FTIR experiments is given in r&f8 31, and from the neutral quinone Qalso contribute at 1641 crh
38. RC samples in 90 mM Tris buffer pH 7 contained an (31, 32).
excess of ubiquinone @r Q). Qs was purchased from Other differences between native and Ser-1-228a RCs
Sigma. The synthesis ofelectively labeled with*C at (Figure 2) are observed in the amplitude/ratio of several
the 1- or the 4-position has been reported previoud9).(  bands or differential signals, e.g., at 1706/1700 tmhere
The isotopic enrichment of the labeled quinones was betterthe amplitude of the signal in the mutant is about one-third
than 99% 89). of that seen at 1706/1698 cfnin the native RC, at 1686
Steady-state light-induced FTIR difference spectra of the cm™ (where the signal is broader in the mutant with a clear
Qg to Qs transition in native and mutant RCs were recorded shoulder at~1677 cn1?), in the 1669-1657 cm! range,
at 15°C with a Nicolet 60SX spectrometer, as described in and at 1550/1535/1526 crh(amide 1l: 60% peptide NH
refs 29, 31, and 38 The @~ state was generated by bending and 40% CN stretching). It therefore appears that
excitation with a single turnover saturating flash (Nd:YAG the amplitude of the backbone signals in both the amide |
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Ficure 3: Light-induced @ /Qg FTIR difference spectra at pH  Ficure 4: Comparison of isotope-edited IR fingerprint spectra

7, 15°C of Ser-L223~Ala mutant RCs reconstituted with unlabeled  (isotopically labeled-minus-unlabeled) obtained #€;-labeling

Qs (a, red),°C;-labeled Q (b, blue), and3C,-labeled Q (c, green). (a, Ser-L223>Ala; b, native RCs) andCs-labeling (c, Ser-

About 70 000 interferograms were averaged. Each division on the L223—Ala; d, native RCs). Each division on the vertical scale

vertical scale corresponds to ¥0absorbance unit. corresponds to 1@ absorbance unit.

(at 1651/1639 cmt) and amide 1l (1550/1535/1526 ch) reconstituted with unlabeleds;Q'*C;-labeled Q, and*3C,-
regions is significantly decreased in the @s spectrum labeled Q, respectively. In these spectra, several regions,
of the Ala-L223 RC (Figure 1a). A local distortion of the i.e., between 1800 and 1650 cm 1575 and 1500 cn,
secondary structure, e.g., a small change of orientation ofand 1400 and 1200 cmy are unaffected by the quinone
the Ala peptide group in the mutant compared to that of Ser labeling: these features arise mostly from protein vibrations
in the native RCs, or a different coupling of the amide and from modes of the quinone (methyl, methoxy, and
oscillators contributing to the 1651/1639 and 1550/1535/1526 isoprenoid chain) that are essentially insensitive to the
cm ! signals, could account for the changes observed in thelabeling of the carbonyl groups. On the other hand, changes
Ser-L223~Ala mutant. Alternatively, a direct contribution are observed in the 165A575 and 150861400 cni?
from the Ser peptide group at 1651/1640 and 1537/1528 cm regions upon quinone labeling. In botiC;- and13C4-Qg~/
in the @~ /Qg spectrum of the native RC can be considered. Qg spectra (Figure 3b,c), the amplitude of the negative signal
Similarly to native RCs, the positive signal observed at at 1639 cm? is decreased while a large negative signal is
1728 cm? in the Ala-L223 mutant is sensitive t&H/?H observed at-1618 cm. Furthermore, comparable isotopic
isotope exchange and is downshifted to 1717 tm 2H,0 effects for'3C;- and*3C,-labeling occur in the 15081400
(not shown). The disappearance of thitO sensitive signal ~ cm™! spectral range, with large positive bands appearing at
in the mutant Glu-L212-GIn led to its assignment to 1487 and 1439 cnt upon 3C;-labeling, and at 1481 and
substoichiometric proton uptake by Glu-L212 in native RCs 1439 cnm! upon®3C,-labeling.
upon @ reduction 29, 40). The Ser-L223>Ala mutation These effects are better visualized in the double-difference
has no significant effect on the frequency/amplitude of the spectra (Figure 4a,c) calculated from the individugl Qs
1728 cm! signal (Figure 2a). Thus, Glu-L212 becomes spectra recorded with RCs reconstituted with isotopically
protonated also in the Ser-L223\la mutant upon electron  labeled and unlabeled;@*3C-minusi?C). In such double-
transfer to @ (29, 40). This result contrasts the computations difference spectra, isotope-sensitive vibrations from the
on the protonation pattern of Glu-L212 in this mutant that quinone itself can be separated from those of the protein
indicate that Glu-L212 remains fully ionized in allxGnd that are expected to cancel. The corresponding double-
Qg redox states9). difference spectr&C;-minus?C and3C,;-minus??C label-
FTIR changes observed in thes@Qg spectrum of the ing are also displayed for native RC31f in Figure 4b and
Ser-L223~Ala mutant (Figure 2a) can be related to different Figure 4d, respectively. Figure 4 shows that the IR fingerprint
responses of the protein upon semiquinone formation in spectra corresponding to the Ala-L223 mutant are highly
native and mutant RCs and/or to different interactions of the comparable to those previously obtained for native R1s-(
quinone in the mutant. Only the identification of the IR 33), for both!3C;- and3C,-labeling. In these IR fingerprint
fingerprint of @ and @~ for the Ser-L223>Ala mutant spectra, the IR bands of the neutral unlabeled quinone
using RCs reconstituted with isotopically labeled ubiquinone (1660-1600 cnt') appear with a positive sign while the

can provide an unambiguous assignment of thaqd G~ downshifted bands of the labeled quinone exhibit a negative
modes with respect to those of the protein. sign. The semiquinone bands in the 150@00 cm* range

Qs and @~ IR Fingerprints of the Ser-L223Ala Mu- exhibit a reverse behavior. Such double-difference spectra
tant: Study of RCs Reconstituted with Site-Spedi@- for 13C;- and*3C,-labeling represent highly sensitive finger-
Labeled Ubiquinonelnteractions of @ and @~ with the prints for the interactions of the quinone and semiquinone
protein in the Ala-L223 mutant RCs were investigated by in their respective protein binding sit81).
using specifically labeled to reconstitute the g site. The IR fingerprint pattern of neutral g)positive bands

Figure 3a-c shows the @ /Qg spectra of Ala-L223 RCs in the 16606-1600 cnm?! region, Figure 4) is essentially the
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same in the Ser-L223Ala mutant as in the native RC. The good agreement with the results from ENDOR measurements
C=0 modes at 16391641 cn1! are downshifted to 1620 (55, 56).

cmt upon*3C;-labeling (Figure 4a) and to 1618 cfnupon For the quinone carbonyls in native RCs froRb.
13C,-labeling (Figure 4c). It therefore appears that both sphaeroidesasymmetric hydrogen bonds fora@at 1660
carbonyls of neutral absorb at nearly the same frequency and 1601 cm') and symmetric hydrogen bonds fog at

in the mutant and native RC; the<® band is downshifted 1641 cnm') have been inferred from IR isotope-edited
by 2 cnmtin the mutant compared to that observed at 1641 fingerprint spectra of RCs reconstituted with specifically
cm! for native RCs 81—33). Similarly to native RCs, the  labeled ubiquinone3(, 32, 42, 57, 58). For the semiquinone
C=C modes for the mutant show a shift of the=C band Qa~, the IR fingerprint spectra in native RCs display very
at 1612 cm?® upon*3C;-labeling (Figure 4a) but no effect different patterns upor®C;- or ¥Cs-labeling 67, 58),
upon®3C,-labeling (Figure 4c), indicating an inequivalence indicative of asymmetrical interactions of,Q with the

of the C=C modes of neutral Rinvolving the G and G protein. In native RCs, the behavior of the anioxr@odes
atoms 81—33). is thus very different from that observed fog Q(31—33).

The IR fingerprint pattern of the semiquinone modes Therefore, for @~ and @, the FTIR data are in good
(1500-1400 cn1? region, Figure 4) in the Ser-L223Ala agreement with ENDOR and EPR measureme&& §0,
mutant RCs is also very similar to that of native RG&- 61and references the;rem) showing asymmetric interactions
33). Both double-difference spectra f§C; and3C, labels ~ Of Qa™ with the protein and more symmetrical interactions
show a main negative band at 1478 drthat is downshifted ~ Of Qs™ with weaker hydrogen bonds to its binding site.

to 1439 cm? (positive sign). Consequently, the 1478 ¢m Bonding Interactions of @and @~ Carbonyls with the
band in the Ala-L223 mutant is attributed to the twe® Protein in the Ser-L223-Ala Mutant.The isotope-edited IR

addition, the small shoulder which is observed~at4gg  Selectively labeled Qdisplay a unique €O band at 1639
cm1 on the main 1478 ¢ peak of both mutant and native  ¢M * (Figure 4a.c). These data demonstrate that both
RC spectra (Figure 4) has been tentatively assigned tocarbonyls of neutral @contribute equally at 1639 crhand
C::C modes 81). Moreover, this shoulder exhibits a t_hat eaph carbonyl .of £Jis engaged in compar_able interac-
different behavior upon selectiiéCy- (positive signal at  tions with the_ protein. The .frequency QO\{vnshlft of the 1639
1488 cmY) or °C, (negative signal at~1490 cnrl) cmt band with respect to |s_ola}ted ubiquinone (1668450
labeling. This reveals an inequivalence of the:C modes ~ ¢M ', see refs57 and 62) indicates moderate hydrogen
of the semiquinone involving the ;Cand G atoms, as bonding of @ to the protein binding site. Such a symmetrical

description of the proximal binding site for neutrak @
DISCUSSION the Ser-L223~Ala RC, as previously demonstrated for native

RCs @1, 33) and a number of mutant RCs at the Qite
IR and Raman spectroscopies have long been used to(34—36). The 2 cn? frequency downshift that is observed

detect formation or breaking of hydrogen bonds to carbonyl for the carbonyl band in the mutant compared to native RCs
groups. More generally, the frequency of a carbonyl mode (Figure 4) could result from local changes of the dielectric
is a probe of local electrostatic fields, such as those createdconstant upon removal of the Ser hydroxyl group. Similarly,
by a dipolar hydrogen bond. In the case of bacterial and plantthe absence of splitting of the 1478 chband and its
photosystems, vibrational spectroscopy appears to be parcomparable frequency downshift upon eitA#e;- or °C4-
ticularly well-suited to determine the hydrogen bonding or labeling favor equivalent hydrogen-bonding interactions of
the interaction state of carbonyl groups of cofactors such asthe two carbonyls of @ to the protein in the Ser-L223Ala
chlorophylls @1) and quinones4?2), both in situ and in vitro. RC. Moreover, the frequency/intensity of the modes associ-
More specifically, for Rb. sphaeroidesRCs, hydrogen  ated with the semiquinone formation are identieal (cm?)
bonding to the 9-keto carbonyl of each bacteriochlorophyll in native RCs and in the Ala-L223 mutant, indicative of
half P, and R of the primary electron donor has been highly equivalent interactions of thegQ anion with the
observed in the mutant RCs Leu-M166lis and Leu- protein in both RCs.
L131—His, respectively 43—45). The formation of these The present study of the Ser-L223\la mutant thus shows
hydrogen bonds results ir20—30 cn1?! frequency down-  that the removal of the hydroxyl side chain in the Ala-L223
shifts of the 9-keto €0 modes of R or Ps. The removal mutant has essentially no effect on the quinone and semi-
or creation of hydrogen bonds to the 2a-acetyl groupssof P quinone modes of g Assuming that in native RCs the,C
and B has also been observed by FT Raman spectroscopycarbonyl of the quinone interacts with the hydroxyl of Ser-
(45). Hydrogen bonding to the 9-keto carbonyl of the L223in Q and/or @~ states, as proposed from some X-ray
(bacterio)pheophytin electron acceptonjih RCs fromRb. data @, 16—18, 23), electrostatic calculations8{10), and
sphaeroideg46—48) andBl. viridis (47, 49) and in DD, recent ENDOR experiments at 77 Bg 27), we would have
particles B0, 51) has been also inferred from Raman and expected to observe changes in the IR fingerprint pattern of
FTIR with frequency downshifts of+20—30 cn1?! with the quinone/semiquinone of the Ser-L228la mutant. More
respect to the isolated (bacterio)pheophygimodel com- precisely, the loss of one of the three branched hydrogen
pound. Similarly, hydrogen bonding to the 9-keto and 10a- bonds (with the peptide NH of lle-L224 and Gly-L225 and
ester carbonyls of the chlorophylls of P700 in the photosys- the hydroxyl of Ser-L223) to the {&arbonyl oxygen of @
tem | has been recently demonstraté®-(54). For the in the mutant would be expected to increase the observed
bacterial RC, the FTIR data on the photooxidized primary vibration frequencies, assuming that the strength of the two
donor and the photoreduced bacteriopheophytin &fe in other branched hydrogen bonds remains unchanged. Instead,
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the C=0 band of @ and the GO band of @~ are
decreased by-12 cnttin the mutant compared to the bands
observed at 1641 and 1479 chrespectively, in the native
RC 31, 32). These shifts correspond to a difference in
binding energy of~0.1-0.3 kcatmol™* according to the

Nabedryk et al.

as has been proposed from previous FTIR results which do
not show protonated carboxylic bands associated with Asp-
L213 (29, 30).

The proposed scenario could arise due tautiguedesign
of the s pocket. The quinone carbonyl with which Ser-

Badger and Bauer rule that relates the frequency shifts of 223 might transiently interact has the unusual feature of
C=0 stretching vibrations to the energies of hydrogen bonds possibly forming a multiple hydrogen bond with three

(63). This small magnitude of the frequency shifts shows

different groups, the peptide NH of lle-L224 and of Gly-

that there is essentially no net change in the interaction of | 225 and the Ser-L223 hydroxyl group (Figure 1). This

the carbonyl oxygen atoms ofg@nd @~ with the protein
upon removal of the Ser-L223 hydroxyl group. Thus, for
both native and mutant RCs,gQremains strongly bound

allows different groups to provide hydrogen bonds for distinct
functions. For example, hydrogen bonds from the backbone
are important for @ binding and provide stability to the

to the protein, presumably due to the strong hydrogen bondradical G~ state, whereas the Ser-L223 hydroxyl group is

interactions with the backbone NH groups of lle-L224 and
Gly-L225.

allowed to form hydrogen bonds to both Asp-L213 angd Q
facilitating proton transfer along the proton-transfer chain

While the frequency/intensity of the modes associated with (see below).

the semiquinone formation are essentially identicall (
cm™1) in the native and Ser-L223Ala mutant RCs, pertur-

Role of Ser-L223 in the Gating Stefhe kinetic gate that
limits the first electron transfer occurs at a step that involves

bations of the semiquinone modes have previously beenthe uphill formation of an intermediate states(@g)* (see
observed for several mutant RCs with amino acid substitu- eq 1). Transfer then proceeds downhill to theQ@™~ state
tions close to @ Such changes are most striking in RCs (2). The FTIR results show that Ser-L223 does not have a
that contain mutations of Asp-L2129, 36, 64) or of Pro- significant interaction with either gor Qs~. Thus, hydrogen
L209 (34, 35) sites. When the isotope-edited IR spectra of bonding between gand Ser-L223 cannot be a major factor
these mutant RCs have been obtain@436), they differ in determining the energy of the intermediate state. This is
notably in the semiquinone range for the-@nd the G- consistent with the nearly unaltered reaction kinetics observed
labeling of ubiquinone. Importantly, they display a large in the mutant RCs for the first electron transfet2)
splitting of the anion band for Fabeling compared to the  Although several calculations propose that the Ser-L223
main single anion band in native RC31}. Indeed, X-ray hydroxyl proton flip between Asp-L213 andgQupon its
structures of RCs with mutations at L213 or L209 sit@5 ( reduction @, 10), the FTIR results indicate that the hydrogen
66) show that the mutations cause a number of local bond, if formed, is too weak to Hey itselfthe conformational
structural changes around the quinone site involving dis- gate associated with the first electron transfer (). Other
placements of side chains and/or backbone and possiblenteractions of larger magnitude are likely involved in the
realignment of water molecules. Therefore, the electrostatic conformational gate.

interactions near the quinone are expected to be differentin  Role of Ser-L223 in Proton Transfer tosQand Binding
these mutants compared to native RCs, and consequently, ibf Q;~. The importance of Ser-L223 in proton transfer to
should have an effect on the electronic structure and/or thereduced @ has been demonstrated by thé-16ld decrease
hydrogen-bonding pattern of the anion, and thus on the jn the observed rate ¢hs® (see eq 2) in the Ser-L223Ala
frequency/intensity of the semiquinone bands in the spectramutant RC compared to the native RC2). In addition,
of the mutant RCS. computational work suggests that a hydrogen bond is formed

Model of the Interaction between Ser-L223 angd® Qs between the hydroxyl group of the Ser and Qupon its
and the Surrounding Proteifhe interaction between Ser- formation 8—10). Preliminary ENDOR experiments at 77
L223 and Q or Qz~ can be inferred from the effect of the K are consistent with that propos&g 27). The FTIR results
Ser-L223~Ala mutation on the carbonyl vibration frequency. presented here show that the Ser hydroxyl group does not
The FTIR spectra of the specificaljfC-labeled quinones  form a strong hydrogen bond to eitheg @r Qz~. All of
show that the vibration frequencies of the @nd G these results can be rationalized with a model in which Ser-
carbonyls are the same in the mutant and the native RCL223 can alternate hydrogen bonds with Asp-L213 agd.Q
(Figure 4). This indicates that Ser-L223 does not have a A model consistent with these results is that the Ser-L223
significant interaction with either Qor Qg™ in the native OH group is predominately hydrogen bonded to Asp-L213.
RC. The simplest model to explain the FTIR data is that the This does not exclude that a small fraction of the Ser OH
Ser-L223 hydroxyl group forms a more stable hydrogen bond
Wlt.h another group than with th.elmarbonyl group of the % 1n the proposed model, the Ser-L223 OH group interacts with the
quinone. The mO_St_“ke'y candidate _W0U|d be_ASP'L213, ionized Asp-L213. Thus, the Ser-L223 to Ala mutation would be
which is located within hydrogen-bonding proximity (s=g. expected to perturb the interactions of Asp-L213 with its neighbors.
ref 4) and has been calculated to form a stable hydrogen However, such an effect cannot be assessed since specific carboxylate

R, . modes (asymmetric and symmetric CO@odes at~1570 and 1400

bond when ASp-L213 IS |on|_zed_$(—10). These rgsults imply cm?, respectively) have not been assigned for Asp-L213.
that Asp-L213 retains some ionized character in the Qate 4 A crude estimate of the small fraction of the Ser OH group that
can be hydrogen bonded tasQcan be inferred from the analysis of
the 1500-1400 cn! anion region in the calculated double-difference

2 Similarly, the small differences observed in the semiquinone IR spectrum between g/Qg spectra of mutant and native RCs (not
fingerprint pattern oRb. sphaeroideandBI. viridis RCs have been shown). Apart from the shift of the main peak at 1479178 cnt?,
related to the few residues lining the binding pocket that differ between the double-difference spectrum shows only very small differences

the two organisms and that can differently affect the electrostatic around 1465 cm, suggesting that at most 5% of Ser OH could be
environment of the quinone3y). hydrogen bonded to §.
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groups are hydrogen bonded te ¢ The ability of the Ser
OH proton to alternate hydrogen bonds between Asp L213
and @~ is an important property for its role in proton transfer
through hydrogen-bonded chair®&7). There are two steps

necessary for proton transfer through a hydrogen-bonded 10.

chain via a Grotthuss mechanis6v(68). The first involves
concomitant proton transfer through the hydrogen bonds ;4
along the hydrogen-bonded chain (proton-transfer step), and
the second involves orientating the hydrogen-bonded network
back to the proton-transfer configuration (orientation step).
The fluctuation of the Ser-L223 proton from Asp-L213 to
Qs (orientation step) creates the hydrogen-bonded chain
through which proton transfer from Asp-L213 tgsQcan
occur via Ser-L233 (proton-transfer step). Thus, for this
model of proton transfer the ability of the Ser-L223 OH bond
to fluctuate between Asp-L213 and;Qis a key step in the
proton transfer to reducedgQ

Although the Ser-L223 hydroxyl group can be removed
with no significant changes to the FTIR spectra, both the
quinone and in particular the semiquinone remain firmly
bound and show similar interactions with the protein. These
results are also consistent with optical kinetic studies in the
Ser-L223~Ala mutant RC that show little changes in the
redox potential of @ as determined from the lifetime of
the charge-separated®s~ state {1, 12). This is a particular
feature of the @ site that is likely designed to inhibit the
release of the potential damaging semiquinone radical. Thus,
the @ site has the unique characteristics of binding and
stabilizing @~ (with hydrogen bonds from the protein
backbone) while at the same time allowing the Ser-L223 ;4

[any
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