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ABSTRACT. The effect of substituting Pro-L209 with Tyr, Phe, Glu, and Thr in photosynthetic reaction
centers (RCs) fronRhodobacter sphaeroidesas investigated by monitoring the light-induced FTIR
absorption changes associated with the photoreduction of the secondary quinéire-Q209 is close to

a chain of ordered water molecules connecting®the bulk phase. In wild-type RCs, two distinct main

Qs binding sites (distal and proximal to the non-heme iron) have been described in the literature. The
X-ray structures of the mutant RCs Pro-L2089Tyr, Pro-L209— Phe, and Pro-L209> Glu have revealed

that @ occupies a proximal, intermediate, and distal position, respectively [Kuglstatter, A., Ermler, U.,
Michel, H., Baciou, L., and Fritzsch, G. (200B)ochemistry 404253-4260]. FTIR absorption changes
associated with the reduction ofs@ Pro-L209— Phe RCs reconstituted witiC-labeled ubiquinone

show a highly specific IR fingerprint for the=€0 and G=C modes of @ upon selective labeling at:C

or C4. This IR fingerprint is similar to those of wild-type RCs and the Pro-L289yr mutant [Breton,

J., Boullais, C., Mioskowski, C., Sebban, P., Baciou, L., and Nabedryk, E. (Bd0&hemistry 4112921

12927], demonstrating that equivalent interactions occur between negteaid}he protein in wild-type

and mutant RCs. It is concluded that in all RCs, neutrgliits functional state occupies a unique
binding site which is favored to be the proximal site. This result contrasts with the multiphen@ing

sites found in crystal structures. With respect to wild-type RCs, the largest FTIR spectral changes upon
Qg~ formation are observed for the Phe-L209 and Tyr-L209 mutants which undergo similar protein
structural changes and perturbations of the semiquinone modes. Smaller changes are observed for the
Glu-L209 mutant, while the vibrational properties of the Thr-L209 mutant are essentially the same as
those for native RCs.

The reaction center (REjrom the photosynthetic purple refs 1, 7, and 8) have led to the identification of specific
bacteriumRhodobacte(Rh) sphaeroidess a transmembrane  ionizable side chains, such as the key residues Glu-L212,
protein complex that couples the light-induced transfer of Asp-L213, Ser-L223, Asp-M17, Asp-L210, and Glu-H173,
two electrons and two protons to the secondary quinane Q that are likely to be involved in the proton pathway tg.Q
to form the quinol which then leaves the RC to be oxidized Several of these residues are potentially connected to bound
by another membrane protein complex, the cytochrbme  water molecules. However, the question of a unique entry
complex (). The resulting transmembrane proton gradient point for the protong—11) or different protonation pathways
drives ATP synthesis. Sinceg@s located in the interior of (12, 13) is still under debate. It has been shown that the first
the protein, the protons required to stabilize the reduced electron-transfer step from,Q to Qs with ratekag(1), which
quinone must be conducted through the protein from the does not involve direct protonation of the quinone, is coupled
cytoplasmic surface to the gQbinding site. In the high-  to the protonation of Glu-L21214—18), and that the change
resolution structures of bacterial RCs, chains of protonatableof the ionization state of this carboxylic acid is the main
amino acid residues and ordered water molecules that connectesponse of the carboxylic cluster located negu@Qon @~
Qg to the bulk phase have been identifiezi-@) and are formation (L4, 19—21). The second electron-transfer step is
presumably used for the uptake, transport, and delivery of coupled to direct protonation of the quinone, and the proton
protons to @. A number of spectroscopic studies of site- pathway for the two protons to reduceg 3 proposed to
directed mutant RCs froiRh. sphaeroidegfor reviews, see  involve several carboxylic acids before branching to Glu-
L212 (17). In this study, we will focus on the first electron
transfer to Q.

Besides mutations of protonatable residues neath@t
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dark-adaptated structure. In the more recent work of Fritzsch
et al. 30) at —150 °C, the distal site has an occupancy of
55% and the proximal site of 45% in the dark state (at 1.87
A resolution) with a~4.5 A distance between the two
positions. In the light-excited state (at 2.07 A resolution),
the occupancies are 10 and 90%, respectively. In both
structures of Stowell et al4] and Fritzsch et al.30), the
displacement of @ between the two positions is ac-
companied by a 180ring flip and only one carbonyl of §
interacts with the protein (backbone NH of lle-L224) in the
distal site, while the two carbonyls form polar interactions
with the surrounding protein in the proximal site, notably
with His-L190 for the proximal G=0? of Qg. The descrip-
tion of two binding sites for @ has provided a molecular
basis for a conformational gating model limiting the rate of
GluL212 the first electron transfer from Q to Qg (31, 32), and has
! \ triggered a number of theoretical works on the functional
X implications of the two distinct @positions 83—38). Some
- W - of these studies3b, 37—38) as well as recent experimental
y CI work (39—41), however, suggest thats@novement is not
GluH173 the sole contribution to the conformational gating step.

Ficure 1: Comparison of the @binding pocket in the X-ray ~ _
structures of wild-type RC frorRb. Sphaeroide@DB entry 1PCR) In the dark-adapted crystals of Tyr-L209 RCs aC5(29),

drawn in black and the Pro-L209- Tyr RC (PDB entry 1F6N) ~ Only one site is described for the location of @hich is
drawn in gray. Several side chain residues that are either ligandsthe proximal one (Figure 1). The position og @ the Tyr-
to the @ carbonyls or which position varies between the wild- L209 mutant is thus similar to the one found for WT RCs

type and mutant RCs are indicated. after illumination at low temperature,(30). However, the

] . ) Qs ring in the Tyr-L209 mutant does not seem to undergo a
|nvolved_aromat|c _(Tyr, Phe, Trp), carboxylic (Glu), gnd 180 twist around the isoprenoid tail compared to the ring
hydroxylic (Thr) side chains 22, 23). In the aromatic  qrientation in the light-adaptated structure of WT RCs. In
mutants, the proton-coupled second transfer reaction and thgne phe-1.209 mutant, the best fit fors@as obtained for
proton uptake kinetics after. the second flash are notably 5 intermediate position of Qbetween the distal and
decreased compared to wild-type (WT) RCZ3)( The proximal binding sites 45). In the aromatic mutants, the
mutations Pro-L209~ Phe and Pro-L208- Trp also reduce  gisplacement of @ and the rearrangement of several side
the first electron-transfer rate. In the Thr- and GIu-L209 (nains (Figure 1) could lead to a reorganization of the
mutants, the kinetic parameters are similar to those of WT hydrogen-bonded networks close tas.Qn contrast, no
RCs. The alteration of the electron/proton-transfer properties significant structural changes were observed in the Glu-L209

in the aromatic mutant@—24) suggests structural changes Rc and a distal binding site was suggested feriQthis
in the organization of the chain of protonatable residues and yytant gs).

water molecules. Besides X-ray crystallography, the binding of quinones
R_e_cently, the structures of three mutant RCs at the L209 (Qx and Q) in native and mutant RCs can be investigated
position have been determined by X-ray crystallogra®y. in detail by vibrational spectroscopy2). FTIR studies of

The X-ray analysis reveals that the Pro-L289Tyr and  pcg veconstituted with site-specific isotope labeled quinones
Pro-L209— Phe mutations do not interrupt the water chain 5o previously provided information on the bonding

while in the Pro-L209— Glu mutant, the introduced Glu- interactions of @ (and Q) in native RCs fromRh

L209_ side chain replaces two water molecules_. Moreover, sphaeroidemndRhodopseudomondBp) viridis (42, 43—
the high-resolution structures of the Tyr-L209 (Figure 1) and 45), and in mutant RCs4@, 47). Recently, a study of the
P_he-L.ZOQ.RCs S_hOW similar structural changes arc_)ug,d Q FTIR vibrational properties of the neutralg@nolecule in
with significant displacements of several polar amino acid o pro-1 209— Tyr mutant was performed4). Light-

side chains (Asp-L213, Thr-L226, Glu-H173) by up 10 2.6 jyq,ced absorption changes associated with the reduction of
A, but no changes in the protein backbo@8)( In contrast, Qg in the Pro-L209— Tyr RCs reconstituted withCs- or

no significant structural changes were observed in the Glu- 13C,-labeled @2 show a highly specific IR fingerprint for
L209 mutant. Interestingly, the mutations differently affect o =0 and &=C modes of Q@ (47), which is similar to

the position of @ in the Phe-, Tyr-, and Glu-L209 RCs.  5¢ of WT RCs 44). In both native and mutant RCs, the
In the crystals of WT RCs fronRb. sphaeroidesthe Qs two carbonyls of neutral @absorb at 164k 1 cn?,
molecule was found at two different main positions, proximal ingicative of symmetric and moderate hydrogen bonding
(4, 26-30) and distal g, 4, 30, see also Figure 1) to the  interactions with the protein. However, the different coupling
non-heme iron. In the work of Stowell et a#f)(at 90 K, Qs of the =0 and G=C Qs modes noticed for the Gand G
occupies a distal position in the dark-adapted crystals (refined
to 2.2 A) and a proximal position in the charge-separated

- i) ; 2 For isolated @ the G and G labels are on the €0 adjacent to
state PQg™ (at 2.6 A resolution): @ is located~5 A from the isoprene chain and the methyl group, respectively. In the proximal

the Qs distal position in the neutral Rstate. However, a g, conformation, the Cand G carbon atoms are on the distal and
partially occupied proximal binding site was likely in the proximal sites, respectively.

IleL224

GlyL225

ThrL226
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atoms reflects some asymmetry in the specific anchoring of L e —
the quinone in its binding pocke#4). Since the FTIR data

fit the description of the proximal site with the two carbonyls
interacting with the protein, it was concluded that Q
occupies the same binding site in native and Tyr-L209 RCs
and that neutral ®in its functional state also binds to the
proximal site in WT RCs47).

In addition to the determination of the bonding interactions
of the neutral @, light-induced FTIR difference spectroscopy
provides means to explore the protein structural rearrange-
ments (backbone and side chains), the changes of protonation
state of carboxylic acids, and the semiquinepeotein
interactions 14, 42, 44, 45). In this report, the effect of
substituting Pro-L209 with Thr, Glu, Phe, and Tyr in RCs
from Rh sphaeroidesvas investigated by monitoring #i,O
and °H,0 the light-induced FTIR absorption changes as-
sociated with the photoreduction ofz(QSince @ occupies
different positions in the X-ray structures of the L209
mutants, the vibrational properties ot @hould differ for ] | L
the Tyr-, Phe-, and Glu-L209 RCs. Interactions of §hd i 2 s &
Qs~ with the protein in the Phe-L209 mutant were investi- R
gated by using site-specifié®C-labeled ubiquinone to 1800 1700 1600 1500 1400 1300 1200
reconstitute the @ site, and were compared to those Wavenumber (cm™)
previously found for the Tyr-L209 RC&{). With respect o _ . .
to WT RCs, the largest FTIR spectral changes are observea';'tG;SE%1;2%“&”%8‘33[% ég)B ;&Rmﬂggfgg:) SFEggt;?O'g;Eg
for the two aromatic mutant RCs Phe-L209 and Tyr-L209  sphaeroideseconstituted with unlabeledgQ(b) the Pro- L209—
which undergo similar protein structural changes as well as Thr mutant; (c) the Pro-L209> Glu mutant; (d) the Pro-L209~
similar perturbations of the semiquinone modes upon first Phe mutant; (e) the Pro-L209- Tyr mutant. About 100000
electron transfer to R On the other hand, identical bonding g‘rt:r;‘zroggg“; g"erzeﬁa‘i‘i;ﬁgaegs-;gggfg lTnEiltrgsTohneﬂf]r% Vﬁgrlﬁ:al g;"s
interaqtions of the neutral Qwith .the.protein are found in o Iprands isygiv.en with an accuracy &f 1 em-L. quectrgl
all native and mutant RCs and it will be shown that these resolution was 4 cr.
data can be related to an identica) pbsition at the proximal

—
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site in functional RCs. stituted with unlabeled In WT RCs (Figure 2a), absorp-
tion changes associated with the first electron transfergto Q
MATERIALS AND METHODS have been previously assigned to modes of the semiquinone

(C=0 and C=C at 1479 cm?), the neutral quinone (€0

at 1641 cm?, C=C at 1617 cm?, C—O—CHs at 1265 and
1290 cmY), and the protein at 1728, 1685, 1651, 1641, 1554,
1537, 1527, and 1514 crh(14, 42, 44). Among the series

of L209 mutants, the §/Qg spectrum of Thr-L209 RCs
(Figure 2b) is the only one that is close to that of native
RCs. Similarly to native RCs, it displays a main positive
anion band at 1480 cm, a differential signal at 1652/1641
cmt lying in the amide | (80% peptide €0 stretching;
49) and in the @ C=0 (at least partially at 1641 cr)
spectral ranges, and a positive band at 1728'¢cmhich, in
native RCs, has been assigned to protonation of Glu-L212
upon @~ formation (L4, 15). A few signals are however
affected in Thr-L209 RCs, notably at1548 and 1533 cn

in the amide Il region (60% peptide NH bending and 40%

The construction of the site-directed mutants and the
isolation of purified RCs are described in 22 A detailed
description of the preparation of RC samples for FTIR
experiments is given in refs4 and44: RC samples+0.2
mM) in 90 mM Tris buffer (pH 7) contained an excess of
ubiquinone (Q or Q). Qs was purchased from Sigma. The
synthesis of @selectively labeled witA3C at the 1- or the
4-position has been reported previouglf)( The preparation
of RC samples irfH,O was carried out as reported in ref
19

Steady-state light-induced FTIR difference spectra of the
Qg to Qs transition in native and mutant RCs were recorded
at 15°C with a Nicolet 60SX spectrometer, as described in
refs 14 and44. The @~ state was generated by excitation
with a single saturating flash (Nd:YAG laser, 7 ns, 530 nm). C—N stretching:49) and at 1681 c-

Difference spectra were calculated from each 128 scans ™| " 0o ot 10 the Thr-L209 RCs, thesQQs spectra of

(ach|s_|t|on time: 23 s) recorded before and after laser ﬂaShthe aromatic and carboxylic mutants display drastic differ-
excitation. For a given sample, these measurements were

repeated over-30 h. Spectra are an average of two to three ences in the whole 17501400 cm™ region, although the
saFr)anes - =P 9 general IR pattern of the two aromatic mutants is closely

related. Both spectra of Phe-L209 (Figure 2d) and Tyr-L209
RESULTS (Figure 2e) RCs show two bands at 1471 and 1495'cm
instead of the main semiquinone band at 1479%mnative
Qs /Qg Spectra of Wild-Type and Mutant (Pro-L269 RCs. They also show similar changes in the amide Il region
Thr, Glu, Phe, Tyr) RCs ifH,0. Figure 2 shows the §/ with a large negative signal at1548-1543 cm' and a
Qs light-induced FTIR difference spectra #i,O of WT positive signal at 15281527 cm™. A differential signal is
and mutant (Pro-L209> Thr, Glu, Phe, Tyr) RCs recon- observed at 1651/1638 ci(shoulder at 1661 cm) in Tyr-
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the Glu-L209 mutant, the 1476 crhband in'H,O (Figure
2c) peaks at 1474 cmin 2H,0 (Figure 3c).

In all native and mutant RCs, additional isotopic effects
are observed in the 1630690 cn? spectral region where
contributions from peptide €0 and side chains are expected
(49). A frequency downshift by a few wavenumbers upon
IH/?H exchange (Figure 3) is observed for the main peaks
seen intH,O (Figure 2) at 1652-1) and 1641 {3) cm!
in Thr-L209, at 1652 2) and 1641 3) cnt *in Glu-L209,
at 1670 (5), 1661 4), and 1639+2) cniin Phe-L209,
and at 1666 1) and 1651 £2) cnttin Tyr-L209. Also,
the amplitude of the signals present in the amide Il region
at~1548/1528 cm' in *H,0 for the spectra of the carboxylic
and aromatic mutants is consistently reducedHaO, in
agreement withH/?H exchange of peptide NH groups.

In the region between 1770 and 1700 épsignals arising
from the C=0 stretching vibrations of protonated Asp or
Glu side chains are expected to be sensitivelti#*H
exchange 14), while signals arising from the ester=0D
modes of pigments will be little affected by deuterium
1800 1700 1600 1500 1400 1300 1200 exchange0). In native RCs, the downshift of the band at
1728 cmt in H,O to ~1718 cm? in ?H,O has been
o . . previously attributed to théH/?H effect on the &0 mode
F'GU|_R|E7331'§'9Cht"f“dl_Jlg‘3d QféQ)B FTollR dlffere?bce) Sé’g‘?trfa '?Hég of the protonated side chain of Glu-L2124( 19—21).
at pH 7, 15°C of wild-type (a) and mutant (be s from L . . e
sphaeroideseconstituted with unlabeledgXb) the Pro-L209— Similarly to natlvelRCs, the amplltude_of the positive band
Thr mutant; (c) the Pro-L209~ Glu mutant; (d) the Pro-L209~ at 1728-1729 cntt in the Thr-L209 (Figure 2b) and Glu-
Phe mutant; (e) the Pro-L209- Tyr mutant. About 100000  L209 (Figure 2c) mutants is reduced 3H,O and a new
interferograms were averaged. The tick marks on the vertical axis positive peak appears at1718 cnt® (Figure 3b,c). On the

< :
are separated by 2.5 10~ absorbance units. other hand, the spectra of the Phe-L209 (Figure 3d) and Tyr-
L209 (Figure 3e) RCs iAH,0 show a band at 17311732
:;122?] RS’C’)SHSCM 166;/1?32 fﬁ&ihou:]der at r}6§[31(6:3?i/16410m71 which is broadened on its low energy side, with no
1 ?n nativ Ré’ C?n pg d?ti no the tc\)/ve sreem ?i mutant apparent new positive feature. In all RC spectra, the small
cf ative kLS. In adaition, the two aromatic muants negative signal at1740 cn1? is essentially not affected by
display a new large negative signal at 1666 €iTyr-L209) 1H/2H exchange
and 1670 cm” (Phe-L209). Qs /Qs S gt. f Pro-L209~ Phe Mutant RCs R
N . s /Qgs Spectra of Pro- e Mutan s Recon-
a ;Z?n% _/(ggnsg:tﬂ?;églu'.lt‘hzgiﬁfsl d(g:%lirleé? ;:LOWS stituted with Site-SpecifiéC-Labeled Ubiquinonélhe Q;~/
and slmgl positive signals atvil661 andu1652%:instead of Qs spectra of the Tyr-L209 and Phe-L209 mutants display
the large peak seen at 1651 chin WT RCs. Similarly to important changes as compared to WT RCs (Figures 2 and

the two aromatic mutants, large changes are seen in the amidg)' To discriminate between changes due to different
Il region at 1548 and 1527 crh esponses of the protein upon semiquinone formation in

native and mutant RCs or different interactions of the quinone
In all the mutant spectra (Figure 2), contributions from jn the mutants, bonding interactions of @d @~ with the
the methoxy groups of gare consistently detected-a290 protein in the Tyr-L209 47) and Phe-L209 RCs were
and 1265 cm. Above 1700 cm, the Qs "/Qg spectra show jnyestigated by using specifically labeled quinones to
a main positive band peaking at 1728 ¢rfor WT and Thr-  reconstitute the @site. Figure 4 displays thed/Qs spectra
L209 RCs, and at 1729, 1730, and 1731 ¢for Glu-, Phe-,  of phe-L209 RCs reconstituted with unlabelesi(€), 1°Cy-
and Tyr-L209 RCs, respectively. A small negative signal at |abeled Q (d), and**C,-labeled Q (c), respectively. In these
1740 cn! is consistently observed in all the spectra. spectra, the regions between 1750 and 1650'¢t600 and
Qs /Qg Spectra of Natie and Mutant (Pro-L209~ Thr, 1500 cnt?, and 1400 and 1200 crhwhich are not affected
Glu, Phe, Tyr) RCs ifHO. In WT RCs, large effects of by the binding of labeled quinone, correspond mostly to the
1H/?H exchange have been previously obsendet] ¢ee also absorption of protein and unlabeled quinone (methyl, meth-
Figure 3a). The @ /Qg spectra of the L209 mutant RCs  oxy, and isoprenoid chain) groups. However, distinct isotopic
were obtained ifH,O (Figure 3-e) to identify bands that  effects for'3C;- and*3C,-labeling occur in the 16001625
are sensitive to deuterium exchange. Similarly to native RCscm™! range and between 1500 and 1400 ¢nAll these
where a small isotopic effect occurs for the semiquinone bandeffects are best visualized in the “double-difference” spectra
in 2H,0, the main @ peak in Thr-L209 RCs is upshifted (Figure 4a,b) calculated from the individuat @Qg spectra
from 1480 cmt in H,0 (Figure 2b) to 1481 cnt in 2H,0 recorded with RCs reconstituted with isotopically labeled and
(Figure 3b). For the aromatic mutants, the bands seen at 1471nlabeled @ (**C-minus??C). In such double-difference
and 1495 cm! in *H,O (Figure 2d,e) are also upshifted in spectra, isotope-sensitive vibrations from the quinone itself
2H,0 by 3 and 2 cm't, respectively (Figure 3d,e). For can be separated from those of the protein that are expected

A Absorbance

Wavenumber (cm™)
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s Table 1: IR Frequencies (ctf) of the C=0 and C=C Modes of
|3 Neutral @ in Wild-Type and Mutant RCs

C=0 C~=0 c=C

Rb sphaeroides 1641 (-21) 1641 23) 1610 10)
Pro-L209— Phe 1642 {23) 1643 (-25) 1611 (9)

Pro-L209— Tyr 1640 (16)  1640(22) 1614 (14)
Rp. viridis 1642 (-18) 1641 22) 1615 (-14)

aThe frequency shifts of the=€0 bands upon selecti€C;- and
13C,-labeling are indicated in brackets. The frequency shift of teC
band is given fot*C;-labeling while there is no observed shift f6€,-
labeling. Data foRb sphaeroidesndRp viridis RCs were taken from
Breton et al. 44) and for the Tyr-L209 mutant from Breton et a.7).

o

2

=
|

A Absorbance

at 1437 and1412 cm for 13C;-labeling, and at 1440 and
1420 cm? for 13C,-labeling.

DISCUSSION

MWM The present FTIR data show that several protein and
] | ] semiguinone modes are severely affected upon first electron
transfer to @ in Rh. sphaeroidesnutant RCs in which Pro-
—_— L209 was replaced with Tyr, Phe, or Glu. These observations
1800 1700 1600 1500 1400 1300 1200 will be discussed in the frame of perturbations of the
semiquinone-protein interactions and protein structural

changes in these mutants. On the other hand, the overall

Ficure 4: Light-induced Q~/Qg FTIR difference spectra at pH 7 Snilar - s
and 15°C of Pro-L209— Phe mutant RCs reconstituted with (e) similarity of the Gs/Qs spectra of WT and Thr-L209 RCs

Wavenumber (cm™)

unlabeled @ (d) 2C-labeled Q, and (c) *Cslabeled Q. indicates strong structural analogies between the functional
Calculated double-difference spectra (isotopically labeled-minus- states @ and @~ of the two RCs. Similar bonding
unlabeled) obtained fotCs-labeling (b), and'*C,-labeling (a). interactions of the neutral secondary quinone with the protein

About 150 000 interferograms were averaged. The tick marks on found in all RCs will be related to an identicak@osition
the vertical axis are separated by t@bsorbance unit. in functional RCs

. . Unique @@ Binding Site in Mutant RCs at Position L209.

- <y b . .

i‘ggameﬁ Tlr;g dOUb(If d||fferedn(;e Is:pect 41 mmusl ch:)andd The isotope-edited IR spectra of the Phe-L209 RCs recon-
+-MINUS™L are dispiayed In Figure 2, paneis b and a, iy ted with selectively labeled{Qlisplay a unique band at

respecuvely.. In these spectra, the IR band; of the.r)eutra|1642_1643 cnt (Figure 4a,b). These data demonstrate that

unlabeled quinone (1664600 cnT™) appear with a positive both CG=0 of neutral @ contribute equally at 16421643

sign, .while thg dovynshifted band; of the Iabe!ed quinone .11 and that each carbonyl ofs@s engaged in comparable
exhibit a negative sign. The semiquinone bands in the 500 jieractions with the protein. The frequency downshift of

1400 cm* range exhibit a reverse behawolr. Such isotope- e 16421643 cnr band with respect to isolated ubiquino-
edited doubIerlfference spectra o€, - qnd 3C4-IabeI|n_g ne (1664-1650 cm’; 51, 52) indicates moderate sym-
represen't IR fmggrpnnt; for the |'nteract|o.ns pf the quinone metrical hydrogen bonding of 3o the protein binding site.
and semiquinone in their respective protein binding €% (  T5ple 1 shows that the €0 frequency of the Phe-L209
47, 51). mutant is highly comparable to the one observed at 1641
Both double-difference spectra of the Phe-L209 mutant 1642 cm® for WT RCs fromRh sphaeroidesindRp. viridis
(Figure 4a,b) show a main positive band at 164843 cm'* (44), and at 1640 cm' for the Tyr-L209 mutant47). The
which is downshifted to 16191618 cn1* uponC;- or 13C,- 1-3 cm ! frequency shift observed for the unique=O band
labeling. The 16421643 cnm* band is attributed to each of  seen in all RCs (Table 1) could account for slight differences
the two G=0 vibrations of the unlabeled gdn Phe-L209 in hydrogen bond strengths or dielectric constant of the Q
RCs. While the two carbonyls of neutrag@bsorb at the  environment. In addition, the pattern and the frequencies of
same frequency, an inequivalence of the=©€ modes the C=C modes of @ in the Phe-L209 mutant show a shift
involving the G and G atoms is deduced from the of the positive band at 1611 to 1602 cthupon*C;-labeling
observation of a differential signal at 1611/1602¢mpon (Figure 4b), and no effect updfC,-labeling (Figure 4a). A
13C,-labeling (Figure 4b) while no such signal is present upon similar shift upon’*C;-labeling has been observed in WT
13C,-labeling (Figure 4a). In the semiquinone absorption RCs fromRh sphaeroidesindRp. viridis, as well as in Tyr-
range, the pattern of the bands shows one main negative bani209 RCs (Table 1). For isolatedsQhe shift of the G=C
at 1473 cm? for 13C;-labeling (Figure 4b), and two negative mode is the same (from 1610 to 1600 ¢infor both *3C;-
bands at 1494 and 1473 cifor 13C,-labeling (Figure 4a).  and**Cs-labeling indicating that the coupling of<€C and
For the labeled semiquinone, two positive bands are observed>=0 modes at the Cand G positions are equivalent{).
It therefore appears that in the Phe-L209 mutant, as previ-
ously reported for WT 44) and mutant 46, 47) RCs, the

3 1n spectra a and b of Figure 4, the cancellation of the bands in the ; ~ ; — ;
1655-1665 cn1! range is not complete, leading to small signals coupling of the &-C mode with the'*C,=O mode is not

attributed to residual protein (amide 1) modes. Such features are alsoldentical to the one with th&C,=O mode. This means that
visible in double-difference spectra reported in Breton et4, 47). the constraint of the protein in the environment of the C
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and Q atoms is not equivalent, so that Fheﬂom of & is Table 2: IR Frequencies (cr) of the Semiquinone & Modes in
specifically perturbed compared to the isolategh@lecule Wild-Type and Mutant RCs Observed in th€;-minus?C (first
in solution. Possible explanations, involving the anchoring column) andC,-minus42C (second column) Double-Difference

of the methyl group at £and/or differences in the confor- ~ Spectra

mation of the two methoxy groups at @nd G, have been 13Cs-minus#2C 13C,-minus#2C
discussed in detail in a previous papé#) Rh sphaeroides 1479 () 1479 ()

Fro_m the hlg_hly comparable IR fingerprints observed for o 1144879368' 1461 €) ﬁ‘gi 8 ﬂ% 8
the C=0 and CG=C modes of Qin WT and Tyr-L209 RCs, Pro-L209— Tyr 1473 0) 1494 () 1470 ()
it has been previously concluded that the neutral state of the Rp siridis 1475 () 1475 ()
functional @ occupies the same binding site in these two 1489 (), 1461 () 1490 (), 1466 )

RCs @7). The equivalence of frequency of the two carbonyls 2 (4) and () indicate positive and negative peaks, respectively, in
of Qg rather favors the proximal £binding site owing to the double-difference spectra. Data Rin sphaeroidesndRp. viridis

its hydrogen bonding pattern described in the various X-ray RCs were taken from Breton et a#4) and for the Tyr-L209 mutant
structures of native and mutant RCs. In the proximal site, fom Breton et al. 47).

both G=0 of Qs are within hydrogen bonding distance to

the surrounding proteir26—30), while in the distal site, only  attributed to the two €0 modes coupled to€C modes of
one C=0 is described to interact with the protei 4, 30). the semiquinone. Small shoulders~at490 and 1461 cnt

For the Tyr-L209 mutant, the FTIR datd?) fit the unique (Table 2) on the main 1479 crhpeak have been tentatively
proximal @ site described for the location of the quinone assigned to €C modes 44). Moreover, the~1490 cntt

in the dark-adapted structure af@ of the crystals of this  shoulder exhibits different behaviors upon selecti@- or
mutant RC 25). For WT RCs, our FTIR data also favored 13C,-|labeling, leading to the observation of a positive signal
the proximal @ conformation as the binding site of neutral at 1489 cm! in the 3C;-minus??C double difference
Qg in functional RCs fromRh sphaeroidesindRp. viridis spectrum of WT RCs and a negative signal at 1491%cm
(47). More generally, only one gsite is detected by FTIR  the 13C,-minus#2C spectrum. This reveals an inequivalence
spectroscopy in all native and mutant R@sg,(46, 47). This of the C=C modes of the semiquinone involving the &hd

is difficult to reconcile with the main distal §structure C, atoms, as also observed for the=C modes of neutral
found by Stowell et al.4), in dark-adapted crystals &b Qs (44). Nevertheless, the absence of splitting of the 1479
sphaeroidesRCs as well as with the most recent X-ray c¢m! band and its comparable frequency downshift upon
structure of native RCs crystals frolRb. sphaeroides either 13C,- or 13C,-labeling favor equivalent hydrogen
obtained by Fritszch et al.3Q) showing heterogeneous honding interactions of the two carbonyls ot Qto the
bonding of the quinone with 55% gccupying the distal  protein in WT RCs. IrRp. viridis RCs (Table 2), the main
site in the dark state. In contrast, it should be noticed that gnion band peaks at 1475 chwith shoulders at 1493 and
the FTIR data onRp uiridis RCs @4) agree with the 1461 cm® which have been also tentatively assigned to
structurally best describedsQite inRp viridis RCs (at 2.45 C==C modes 44). Here also, the pattern of the highest
A) showing a well-defined proximal position with full  frequency feature leads to positive (at 1489 &mand

occupancy of the @site 32). negative (at 1490 cnd) signals in the'3C;-minus*2C and
Since the frequency of the two carbonyls and the IR **C,-minus#?C double-difference spectra, respectively.
fingerprint of the coupling of the €0 and G=C modes of The double-difference spectr&#¢;-minus#2C and3C,-

Qg in the Phe-L209 mutant are essentially the same as thoseminus??C) of the two aromatic mutants show a clear
described for native and Tyr-L209 RCs (Table 1), we propose inequivalence of the modes involving the &d G atoms
that the neutral state of the functional @ the Phe-L209 with one main negative band at 1473 ¢rmpon*3C;-labeling
mutant also occupies the proximal site. A preliminary FTIR and two negative bands of comparable amplitude at 1494
study of Glu-L209 RCs reconstituted with specificaliz- and 1473-1470 cnt* upon®*C,-labeling (Figure 4a,b; Table
labeled quinones also suggests a unique proximabi@ 2). In both Tyr-L209 and Phe-L209 RCs, the observations
(unpublished). At first sight, these FTIR conclusions are not of two bands at 1494 and 1473470 cm® upon 13C,-

in agreement with the X-ray structure analyses of the Phe-labeling, together with the absence of any peak at 1494 cm
L209 and Glu-L209 RCs favoring an intermediate and distal upon3C;-labeling point to an assignment of the 1494¢m
position of (, respectively. However, identification of the  signal to a semiguinone mode which predominantly involves
exact @ location in the structural models of these two mutant motion of the G-atom. Contributions from bothC; and

RCs was somewhat ambiguoub). 13C, modes occur at 14731470 cnt?l. Further studies of
Semiquinone (@) Binding in Pro-L209— Tyr and Pro- L209 mutant RCs reconstituted with quinone labeled with
L209— Phe Mutants: Comparison with Naté RCs.The 180 on both carbonyls would be necessary to investigate the

Qs /Qs spectra of the Tyr-L209 and Phe-L209 mutant RCs relative contribution of the €0 and C=C modes at 1494
are closely related in the semiquinone absorption rangeand 1473-1470 cntt,

(Figure 2e,d). However, they display large changes with Interestingly, the IR fingerprint spectrd3C;-minus+°C
respect to the spectrum Bfb. sphaeroidefRCs (Figure 2a), and 3C4-minus??C) of the aromatic mutants (Figure 4a,b;
suggesting different interactions ogQwith the protein in 47) are much closer to those f&p. viridis than for Rh
these mutants as compared to WT RCs. In WT RCs from sphaeroidegTable 2;44), i.e., similarities in the pattern and
Rb. sphaeroidesthe main anion band at 1479 ci(Figure the relative amplitudes of the positive and negative bands
2a, Table 2) is similarly shifted by eith&C, and*3C, labels are observed in the semiquinone range of the double-
(44). Consequently, the 1479 cihband has been previously  difference spectra of Tyr-L209, Phe-L209, aRg. viridis
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RCs. Notably, for the labeled semiquinone, the amplitude L209 (Figure 1) and Phe-L209 RCs showing local structural
of a mode at 1412 cnt is found to be larger for labeling at  changes in the aromatic mutants and no significant structural
the 1- than at the 4-position while the situation is reversed changes in the Glu-L209 RC, except for the introduced
for a mode at around 1440 cin(Figure 4a,b47), as also carboxylic side chain of Glu-L209 located within the water
observed for WT RCs frorRp. viridis, and to a lesser extent  chain @5).
for WT RCs fromRb. sphaeroideg44). The larger width (c) Similar Structural Changes Induced by the Tyr-L209
and the 4 cm! downshift of the main anion band iRp. and Phe-L209 Mutations upongQ Formation. It is worth
viridis (1475 cnm') compared toRb. sphaeroides(1479 noting that the overall shape of thesQ@Qg spectra of the
cm 1) has been previously related to the few residues lining two aromatic mutants is strikingly comparable botBHhO
the @ pocket that differ between the two organismgl)( (Figure 2d,e) and@H,0 (Figure 3d,e). More specifically, the
and that can differently affect the electrostatic environment Qg /Qg spectra of the two aromatic mutants are very
of the quinone. comparable in the absorption range of amide I/side chain
In the aromatic mutants, the introduction of a Tyr or Phe (at 1666-1670 cm* and 1661-1651/1638-1639 cm”) and

at position L209 induces a displacement of several polar side@Mmide Il (at 1548 1543/1528-1527 cm!) modes. It can
chains p5), some of them belonging to the carboxylic cluster thus be concluded that the introduction of a Tyr or a Phe
near Q. Therefore, the charge distribution near the cluster Side chain at the L209 position leads to similar protein
should be different in the aromatic mutants compared to WT 'éarrangements (backbone and side chains) upon first electron
RCs, and consequently, it could have an effect on the transfer to @ in these two mutant RCs. The large negative

coupling of the G:0 and G=C modes of the @ anion, signal seen at 16661670 cnt! in *H,O (Figure 2d,e) and

and thus on the frequency/intensity of the semiquinone bandsVhich is downshifted by +5 cm in 2H,0 (Figure 3d.e)
in the spectra of Tyr-L209 and Phe-L209 RCs, could arise

in the spectra of the mutant RCs. Alternatively, a change in

the electrostatic around the secondary quinone in the aromatid’®m @ peptide €O or a side chain mode. Several amino
mutants could induce a minor displacement of the semi- acid side chains (Asn, GIn, and Arg) could contribute to the

quinone ring compared to the position of thg @ing in 2167.0_1680 e spectral ranges@, 54); however, thé':'{
WT RCs. It is generally admitted that the semiquinone in - isotopic effect is explected to be larger thanslem
native and mutant RCs occupies an identical (proximal) (°9): The 1666'1167,0 cn” band as well as the 16611651/
position. The differences observed between the IR finger- 1638-1639 cn differential signal are more compatible

prints of the semiquinone in WT RCs froRb sphaeroides with an assignment to a confo_rmational change of peptide
and Rp. viridis and in the two aromatic mutant RCs are C=0 group(s) upon @ formation. ,
probably not related to a different site ofQin the mutants Local structural changes neai @ave been reported in

with respect to WT RCs and can be explained by a different tlhe X(_jriyh st[uzcél;res ol\fl thebltwo mutantsE)ITy(;—.LZIOQ (Figure
coupling of the G:O and C=C modes in the anion of the ) an e 29). Notably, comparable displacements

mutants. However, a small displacement of the semiquinoneOf the Asp-L213 (1.7 A), Thr-L226 (2.6 A), and Glu-H173

ring within the proximal site in the aromatic mutants cannot (1.2 A) side chains occur (Figure 1) n the two aromatic
be totally excluded from the present IR data. mutants, and a hydrogen bond not seen in WT RCs is formed

) o between Glu-H173 and Arg-H177. In thes@Qg spectra

IR Response of the Protein upog Reductioninthe L209  of Tyr-| 209 and Phe-L209 RCs, the signals observed in the
Mutant RCs. (a) Absence of Additional Strugtural Changes 1670-1650 cnrt range might arise from a small perturbation
in the Thr-L209 Mutant Compared to Naéi RCs.The delocalized over several different residues such as the ones
overall similarity of the @ /Qs spectra of WT and Thr-  gescribed above, or a localized perturbation at a specific
L209 RCs either intH,0O or ?H,0, notably in the quinone/  gmino acid. Another possibility would be a localized
semiquinone and amide | (at 1652/1641 ¢jnregions,  conformational change at the site of the mutation. In this
indicates large structural analogies between the functional |5ter case, the large differential signal observed in the amide
states @ and G~ of the two RCs. In agreement with these | region at~1548/1527 cmt of the Tyr-, Phe-, and Glu-
FTIR data, comparable kinetic and energetic parameters werq 209 RCs support a conformational change of the peptide
observed for the first and second electron-transfer steps inNH at position L209 upon replacement of an imino acid (Pro)
these two RCs23). with an amino (Tyr, Phe, Glu) acid. Considering both the

(b) Structural Changes Obsgzd in the Glu-L209 RCs  X-ray (25) and FTIR data on the Tyr-L209 and Phe-L209
upon @~ Formation.With respect to WT RCs, thedd/Qg RCs, it can be concluded that the introduction of Tyr or Phe
spectrum of Glu-L209 RCs shows several differences, i.e., at the position L209 causes similar rearrangement of the
in the amide | (at 1652 and 1661 cf and amide Il (at organized pattern neargQand that this pattern is similarly
1548 and 1527 cni) regions as well as in the semiquinone affected by @ reduction in the two aromatic mutants.
absorption range where the shoulder at 1495%caon the (d) Contribution of Protonated Carboxylic Acids. native
main anion peak at 1476 crhis more pronounced than the RCs, protonation of Glu-L212 upon formation ofsQis
one at~1491 cn1! on the 1479 cm' peak of WT RCs. Al characterized by an absorption increase at 1728 amiH,O
these observations are indicative of different structural (1718 cm?in ?H,0) and is found to proceed with the same
changes accompanyinggQeduction in this mutant as kinetics as reduction of (14, 15). FTIR spectroscopy
compared to WT RCs. It has to be noticed that protein combined with site-directed mutagenesis has revealed that
structural changes and perturbations of the semiquinone Glu-L212 is the main contributor of the carboxylic cluster
protein interactions are smaller in the Glu-L209 RCs than nearby Q@ to proton uptake (0:30.4 H/Qg /Glu-L212 at
in the aromatic mutants (see next section). These FTIR resultpH 7; 14) upon reduction of @in Rh sphaeroideRCs (4,
are in agreement with the X-ray structural models of the Tyr- 19—21).
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The Thr-L209 and Glu-L209 RCs show comparable REFERENCES

features with respect to WT RCs, i.e., a main peak at +728
1729 cmt in *H,0 (Figure 2), a new feature at 1718 th

in 2H,0 with a remaining signal at 1729730 cn1? (Figure

3). This comparable behavior of the main carboxylic band
in the Thr-L209 and Glu-L209 mutant RCs as well as in
native RCs strongly favors the involvement of a common
residue. The positive signal at 1728729 cnt in the @~/

Qs spectra of Glu-L209 and Thr-L209 RCs is thus attributed
to a (partial) protonation of Glu-L212 upon reduction of.Q

In the X-ray structure of the Glu-L209 mutant RE5], the
introduced Glu-L209 side chain replaces two water molecules
and the formation of a hydrogen bond between Glu-L212
and Glu-L209 is proposed, suggesting that one of these
residues (Glu-L212) is protonated. The present FTIR data
suggest that, in the Glu-L209 mutant, Glu-L212 is at least
partially ionized in the @ neutral state, and thus Glu-L209
would have to be at least partially protonated.

In the absorption range of protonated carboxylic groups,
the main peak of the £/Qg spectra of Tyr-L209 and Phe-
L209 RCs in*H,0 is upshifted by 3 and 2 cr, respectively,
compared to the 1728 crhpeak in WT RCs (Figure 2).
The corresponding spectra #i,0 show a positive signal
at 17311732 cm? with no apparent new feature at lower
frequency, as it is observed at 1718 ¢rfor WT, Glu-L209,
and Thr-L209 RCs (Figure 3). Perturbation of the Glu-L212
environment in the aromatic mutants might account for such
effects. However, an unambiguous attribution of the 1731
1730 cmt signals in the Tyr-L209 and Phe-L209 RCs would
deserve further investigation.

CONCLUSION

The structural properties of the Thr-L209 mutant RCs
monitored by light-induced FTIR difference spectroscopy of
the reduction of the secondary quinone are essentially the
same as those for WT RCs, in agreement with similar
functional characteristics of WT and Thr-L209 RCZ3)

For the Tyr-L209, Phe-L209, and Glu-209 mutant RCs, the

reduction of @ is accompanied by protein rearrangements

(backbone and/or side chains) with similar structural changes
occurring in the two aromatic mutants while smaller changes
are observed in the Glu-L209 RC.

The isotope-edited IR fingerprints for the semiquinone Q
of the Tyr-L209 and Phe-L209 mutant RCs display changes
as compared to WT RCs, indicative of different interactions
of the quinone anion with the protein in these mutants. In
contrast, the IR fingerprints for the neutra @inding site
of native and mutant (Tyr-, Phe-, and Glu-L209) RCs all
show a unique €0 band at 16431640 cnt* and a similar
inequivalence of the €C modes for selective labeling at
C; or at C. The 1643-1640 cm* frequency is indicative
of moderate and symmetrical hydrogen bonding of the two
C=0 of neutral @ with the protein binding site. It is
concluded that in all RCs the functional state of the neutral
Qs occupies a unique binding site which is favored to be
the position proximal to the non-heme iron.
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