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ABSTRACT. The photoreduction of the secondary quinongrnative reaction centers (RCs)Rhodobacter
capsulatusand in RCs from the GluL212> GIn and GluL212— Ala mutants has been investigated at

pH 7 in 1H,0 and?H,0 by light-induced Fourier transform infrared (FTIR) difference spectroscopy. The
Qs /Qs FTIR difference spectra reflect changes of quinepeotein interactions and of protonation state

of carboxylic acid groups as well as reorganization of the protein upon electron transfer. Comparison of
Qs /Qg spectra of native and mutant RCs indicates that the interactions between @~ and the
protein are similar in all RCs. A differential signal at1650/1640 cm?, which is common to all the
spectra, is associated with a movement of a peptide carbonyl or a side chain folloyiegugtion. On

the other hand, & /Qg spectra of native and mutant RCs display several differences, notably between
1700 and 1650 cmt (amide | and side chains), between 1570 and 1530'damide II), and at 1728

1730 cn1? (protonated carboxylic acid groups). In particular, the latter region in native RCs is characterized
by a main positive band at 1728 cfand a negative signal at 1739 thlIn the L212 mutants, the
amplitude of the positive band is strongly decreased leading to a differential signal at 1739/1730 cm
that is insensitive tdH/?H isotopic exchange. In native RCs, only the 1728 &rand is affected in

2H,O while the 1739 cm! signal is not. The effects of the mutations and'df?H exchange on the
Qs~/Qg spectra concur in the attribution of the 1728 drband in native RCs to (partial) proton uptake

by GluL212 upon the first electron transfer tg,Q@s previously observed iRhodobacter sphaeroides
RCs [Nabedryk, E., Breton, J., Hienerwadel, R., Fogel, Cntela, W., Paddock, M. L., and Okamura,

M. Y. (1995) Biochemistry 3414722-14732]. More generally, strong homologies of the © Qs
transition in the RCs froniRb. sphaeroideand Rb. capsulatusire detected by differential FTIR spec-
troscopy. The FTIR data are discussed in relation with the results from global proton uptake measurements
and electrogenic events concomitant with the reductiong@&i@ with a model of the Rturnover inRb.
sphaeroidesRCs [Mulkidjanian, A. Y. (1999FEBS Lett. 463199-204].

In the photosynthetic bacterial reaction center (RIR)ht- semiquinone itself,substoichiometric proton uptake by the
induced electron-transfer reactions lead to a two-electron protein following formation of Q= or Qs~ has been
reduction of the secondary quinone electron acceptg) (Q experimentally measured3{5) and also predicted from
coupled to a two-proton uptake, resulting in the formation electrostatic calculation®{11) based on the X-ray struc-
of the quinol @H., which then dissociates from the RO ( tures. High-resolution structures of the RCs from two purple
In contrast, the primary quinone acceptgq fQnctions as a  bacteriaRb. sphaeroidegl2—14) andRhodopseudomonas
one-electron acceptor. In RCs frdRhodobacter capsulatus  viridis (15—17), show that, unlike @, Qg is surrounded by
andRhodobacter sphaeroide@s and @ are both ubiquino-  many ionizable amino acid side chains of the L, M, and H
ne 10. Although the first electron transfer tg @r Qs in protein subunits. Notably, clusters of electrostatically inter-
isolated RCs does not involve the direct protonation of the acting ionizable residues neag Qave been identified in the
X-ray structures16, 1§ and taken into account in electro-

T This work was in part supported by the U.S. Department of Energy, Static calculations. Such protonable amino acid residues
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§ Argonne National Laboratory.
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desandRb. capsulatufiave shown that a few amino acids
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in native Rb. sphaeroideRCs also suggest changes of the

(e.g., SerL223, AspL213, GluL212) are important for rapid GluL212/AspL213 protonation states before electron transfer.

coupled electron/proton transfer tog @21—-23). In Rb.
sphaeroideRCs, the mutation of SerL223- Ala or Asn

Both residues would be protonated in thg Gtate, while
in the neutral @ state these calculations are most consistent

greatly reduces the proton-coupled electron-transfer ratewith either both residues being ionized or GluL212 being

(24, 295 while the AspL213— Asn mutation almost
completely blocks transfer of the first proton to reduced Q
(26—28). In Rb. capsulatuRCs, electron and proton transfer

protonated and AspL213 being ionized4). On the other
hand, kinetic studies from the RCs of the AspL2%3Asn
mutant have suggested that AspL213 is ionized in both the

kinetics are drastically decreased in the GluL212-AspL213 Qg and @~ states 26—28), thus providing a negative charge

— Ala-Ala double mutant compared to native R@9(30.
In both RCs, the GluL212~ GIn mutation prevents rapid
delivery of the second proton to reduced 28, 31—35).
In contrast, the GluL212— Ala single mutant inRb.

stabilizing a proton on or neargQ

A direct experimental method for probing changes of the
protonation states and/or the environments of Asp and Glu
side chains is provided by FTIR difference spectroscopy with

capsulatusis photosynthetically competent and retains a trigger-induced reactions4§). Bands arising from the

fast proton-coupled electron-transfer ra3,(34, 3. It

carbonyl stretching appear in the region between 1770 and

shows kinetic rate constants of second electron transfer andL700 cni! (46). By use of light-induced FTIR difference

of proton uptake only slightly slower, by a factor of-3,

spectroscopy, a positive band at 1728 ¢nm the Q/Qs

than those of native RCs. It is worth noting that in RCs from spectrum of native RCs fromb. sphaeroidewas assigned
both speciesseveral second-site mutations that compen- to substoichiometric proton uptake by GluL212 upog Q
sate for the loss of AspL213 and/or GluL212 have been formation, on the basis of its absence when GluL212 was
identified in photocompetent phenotypic revertant strains, replaced with GIn47, 48 or Asp (49) and its presence in
suggesting that other residues can substitute for AspL213mutants constructed at different sites of the carboxylic acid

or GluL212 to restore proton transfe2q, 30, 33, 34, 36
41).

cluster near @ e.g., at AspL213 and AsplL21@7, 50, or
at GluH173 B1). 'H/?H exchange induced a downshift of

A number of experimental measurements and theoreticalthe frequency of the band at 1728 thas expected for a
calculations have been conducted and are still actively protonated carboxylic acid group accessible to solvent. Thus,

employed to identify which amino acid side chains near Q

GluL212 inRb. sphaeroideRCs is partially ionized at pH

could be proton donors/acceptors. Both native and mutant7 in the (¢ state becoming protonated in the;Qstate.

RCs fromRb. sphaeroideandRb. capsulatuare extensively

Furthermore, it was concluded that AspL213 and GIuH173

used to investigate the problem of proton uptake upgn Q do not change protonation state upastT @rmation in native
reduction. Studies of the pH dependence of proton binding RCs at pH 7 and are mostly ionized in both the&pd @~
in the @~ state have been interpreted in terms of a group states 47, 5J).

or a cluster with a high g, value of about 10.210.6 for
Rb. capsulatuskCs @3, 42 and 9.5 forRb. sphaeroides
RCs @, 28, 3). This group was associated with GluL212,

A large number of kinetic electron transfer and proton
uptake measurements have been performed on native, mutant,
and phenotypic revertant RCs fraRb. capsulatug23, 29,

either directly or indirectly, suggesting that GluL212 has an 30, 33-38, 41. On the basis of the conservation of the
unusual titration behavior due to strong electrostatic interac- residues around gbetween RCs fronRb. capsulatusand

tions with other residue®, 43). Measurements of the pH
dependence of proton uptake in mutant RCs fr&n.
capsulatus lacking GluL212 support the proposal that
GluL212 is essentially protonated at neutral pB4)(

Rb. sphaeroidef.e., sequence identity is greater than 90%
(52—54)], the structure of the @ binding site of Rb.
capsulatugs expected to resemble that Bb. sphaeroides
(55). As described above, kinetics studies in the RCs of the

Moreover, light-induced photovoltage changes upon forma- two species also suggest the similar functional involvement
tion of Qs~ measured in wild-type RCs &b. sphaeroides  of specific amino acid residues in the coupled electron/proton
(43) show that the pH dependence of the amplitude of the transfer reactions. It is thus important to directly compare at
electrogenic phase follows approximately the measureda submolecular level the changes of protonation state of Asp
proton uptake from solutior. In the GluL212— GIn RCs, and Glu residues in the RCs of the two species. In this work,
the high-pH peak was absent; thus the peak around pH 9.7we have used light-induced FTIR difference spectroscopy
in the wild-type RCs was ascribed to proton uptake pre- to perform this comparison. In addition to monitoring
dominantly by GluL212. All these data have led to the idea changes in the protonation states of carboxylic acid residues,
that GluL212 contributes to proton uptake only at high pH FTIR difference spectroscopy can also detect very small
and is essentially protonated at pH 7. From electrostatic modifications in the protein conformation and the protein
calculations based on the X-ray structures of tRb. guinone interactions. We have investigated the photoreduc-
sphaeroidefRRC, it was first proposed that GluL212 is fully  tion of Qg in the native RC fronRb. capsulatuand in RCs

(6) or partially (7) ionized over the whole pH range when of the GluL212— GIn and GluL212— Ala mutants. Light-

Qs is neutral, becoming protonated following @duction. induced FTIR absorption changes associated with theoQ
The latest calculations by Alexov and Gunn&@)(indicate Qs transition have been characterized at pH HgO and

that GluL212-which is considered to be part of a cluster of 2H,O. The data are compared to those previously obtained
interacting residues that also includes AspL210, AspL213, with Rb. sphaeroideRCs @7, 5] in order to detect possible
and SerlL223-is protonated at physiological pH in thesQ  homologies concerning proton uptake by Asp/Glu side
state. This cluster of residues is calculated to have a singlechains, protein conformation changes, and proteuinone
negative charge (on AspL213) in the ground st&lté).( interactions. A brief account of part of this work has been
Furthermore, molecular dynamics simulations gftfhding presented56).



14656 Biochemistry, Vol. 39, No. 47, 2000
EXPERIMENTAL PROCEDURES

The construction of the GluL212> Gln mutant and the
characterization of the GluL212> Ala mutant strain have
been described3Q, 34, 5%. The AlaL212 mutant was

selected as a photocompetent phenotypic revertant of the

photosynthetically incompetent AlaL212-AlaL213 double
mutant B0). Native and mutant RCs were engineered to
contain a polyhistidine tag at the C-terminus of the M
subunit. This polyhistidine tag has been shown to have no
effect on spectroscopic properties of the RC (P. D. Laible,
D. Gosztola, D. Holten, C. Kirmaier, M. Schiffer, P. Sebban,
A. Taly, M. C. Thurnauer, and D. K. Hanson, unpublished
observations) but RC isolation and purification on &'Ni
affinity column chromatography was greatly simplified. RCs
from Rb. capsulatusvere isolated in 10 mM Tris-HCI, pH
7.8, 0.05% lauryldimethylaminid-oxide, and 40 mM imid-
azole by a procedure modified from that of Goldsmith and
Boxer (68). After concentration of RCs (0-20.5 mM) and
elimination of imidazole, the RC samples for FTIR experi-
ments were prepared essentially as reported previodgly (
51, 59: to 10uL of an RC sample+0.2 mM) containing

an excess of ubiquinone 6 were added:100f ascorbate
(10 mM) and diaminodurene (2,3,5,6-tetrametpyghenyl-
enediamine; 20 mM) in Tris-HCI (90 mM), pH 7. The
solution was dried under argon to a thin paste on a,CaF
window. The RC sample was then covered withl2 of
IH,O and sealed with another Cawindow. For *H/?H

isotopic exchange, the RC sample containing the mediators

in 2H,O was resuspended at least three time3HO at 20
°C. This procedure leads to the deuteration of about 60

70% of the peptide NH groups, as judged by the decrease

of the amplitude of the amide Il band at1550 cn1! (60%
peptide NH in-plane bending and 40%-® stretching) with
respect to the amide | band at1660 cn1! (80% peptide

C=0 stretching) in the absorbance spectrum of the IR sample

(data not shown). The £ state was generated by excitation
with a single saturating flash (Nd:YAG laser, 7 ns, 530 nm).
Light-induced FTIR difference spectra were recorded at 15
°C with a Nicolet 60SX spectrometer, as described in refs
47 and59. Qa7 /Qa FTIR difference spectra of the AlaL212
mutant RCs were obtained at pH 7 and at °I5 in the
presence of diaminodurene (20 mM), ascorbate (10 mM),
and stigmatellin (2mM) under steady-state continuous il-
lumination as previously reported f&b. sphaeroideRCs
(60, 61.

RESULTS

Qs /Qs Spectra of Natie and GluL212— GIn RCs in
1H,0. Figure la shows the £/Qg light-induced FTIR
difference spectrum of native RCs froRb. capsulatusn
1H,0. The corresponding spectrum for the GInL212 mutant
RC is displayed in Figure 2a. In such difference spectra,
negative bands originate from the neutra} &ate and
positive bands arise from thesQstate. The @ /Qg spectra
of wild-type and GInL212 RCs display typical absorption
changes associated withs @eduction 47, 62, 63. In both
spectra, several common major peaks are observed,G&0
and 1480 cm! for the positive bands and at 1739, 1659,
1640, 1615-1613,~1290, and 1265 cr for the negative
bands. Moreover, the spectraRb. capsulatuRCs present
a large number of features common to those Rif.
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Ficure 1: Light-induced @ /Qg FTIR spectra of wild-type
reaction centers drb. capsulatuat pH 7 and at 18C with single-
turnover flash excitation. (dH,0; (b) 2H,0; (c) 2H,O minusH,O
double-difference spectrum. About 60 000 scans were averaged.
Spectral resolution was 4 crh The bar represents & 10*
absorbance units. The position of the bands is giveilatn .
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Ficure 2: Light-induced @ /Qg FTIR spectra of the GluL212~
GIn mutant RCs oRb. capsulatuat pH 7 and at 18C with single-
turnover flash excitation. (dH,0; (b) 2H,0; (c) 2H,O minus!H,O
double-difference spectrum. Same conditions as in Figure 1.
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sphaeroidefRCs @7, 62, 63. On the basis of studies &b.
sphaeroidefRCs reconstituted with isotope-labeled ubiquino-
nes 63, 69 and of comparison with redox-induced anion
difference spectra of ubiquinone in solutio®5( 66,
assignments of the neutral and anion quinone modes in the
Qs /Qs spectrum have been established. The 1417480
cm™® peak in the @ /Qg spectra ofRb. capsulatuikRCs
(Figures la and 2a) can be similarly assigned to the
semiquinone (€:0 and G::C) modes. The 1640 and 1615
1613 cm! bands correspond to the bands observed at-1640
1642 and 16171614 cnm? in Rb. sphaeroideRCs, which
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arise at least partly from the=€0 and the &C modes of
Qg, respectively. Similarly, contributions from the methoxy
groups of @ are also present at1290 and 1265 cnt in
spectra oRb. capsulatuRCs. The two latter bands together
with the semiquinone positive band at 1478480 cm* were
used to normalize g/Qg spectra of native and mutant RCs
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the broad negative signals at around 158683 cm't
(antisymmetric) and 1390 crh(symmetric) (Figures 1a and
2a). A small negative band at 1709 chinas been previously
observed in the §/Qg spectrum of wild-typdRb. capsulatus
RCs 69). This signal is not seen in Figure 1a. RCs used in
ref 59 were isolated by standard procedures and it was

by minimizing the net difference between two spectra in these noticed that the amplitude of the absorption changes associ-

regions 47, 51. Variations by +£10% of the optimum

ated with the photoreduction ofgQvas low, i.e., about45-

coefficient selected from the interactive subtraction do not fold smaller inRb. capsulatughan inRb. sphaeroidehen

lead to a significant perturbation of the double-difference
spectra (data not shown).

the RC samples are normalized to the amide | absorption.
Here, with polyhistidine-tagged RCs, the amplitude of the

The resemblance of the quinone and semiquinone modesabsorption changes in Figure 1a is about 5-fold larger than

described above in the g/Qg spectra of wild-type and
GInL212 mutant RCs frorRb. capsulatugherefore indicates
that the interactions betweens@Qr Qs~ and the protein are

in our previous work §9) The few differences that can be
seen between the two sets of data obtained inb8énd
shown in Figure 1 are most probably due to the improved

similar in these two RCs. Moreover, such interactions appearquality of the RCs used in the present study.

to be homologous to the ones observedRin sphaeroides
RCs @7, 63, 64. Several protein (backbone and/or side
chains) signals are also common tg g spectra of wild-
type (Figure la) and GInL212 mutant (Figure 2@&bp.
capsulatusRCs, i.e., the large differential signal at 1651
1650/1640 cm?® (mainly amide I, although both quinone and
peptide carbonyls are expected to contribute at 1640cm
and the bands at 1668667 cm* (+) and 1659-1658 ()
cm1. Some differences are, however, observed betwgeh Q
Qs spectra of native and GInL212 RCs Bb. capsulatus
i.e., between 1700 and 1670 cin(backbone and/or side
chains), between 1570 and 1530 dnfamide Il), and at
1728-1730 cmt. For example, in the amide Il region, a
small signal is observed at 154%) cm in the Q@ /Qg
spectrum of wild-typeRb. capsulatufkRCs (Figure 1a), in
contrast to the broad positive band peaking at 1552'¢m
the spectrum of the GInL212 mutant (Figure 2a). In the/Q
Qs spectra oRb. sphaeroideRCs, the main amide Il signal
was observed at 1537-§ cm™* but had a different shape in
the wild type and the GInL212 mutartq). With respect to
Rb. sphaeroideRCs, additional negative bands are seen in
the spectrum of wild-typ&b. capsulatufkCs at 1674 and
1659 cmt. It is clear that the~1650/1640 cm! differential
signal is common to all spectra. In bofRb. capsulatus
(Figure 1a) andRb. sphaeroideRCs, a pronounced negative
band at 16861685 cm? is present in native RCs but it is
absent in RCs of the GluL212> GIn mutant 47, Figure
2a).

In the region between 1770 and 1700 ¢psignals arising
from the C=0 stretching mode of protonated Asp and Glu

(2) Qs /Qs Spectra of Natie and GluL212— GIn RCs
in 2H,0. Figures 1b and 2b show thesQQg spectra irfH,0
of Rb. capsulatuRCs from wild type and the GInL212
mutant, respectively, to identify bands that are sensitive to
IH/?H isotopic exchange. These spectra also exhibit several
features similar to those found Rb. sphaeroideRCs @7).
Notably, the quinone bands do not shift significantly upon
IH/’H exchange, and the main anion band gf Qn Rb.
capsulatusRCs also peaks at 1481 cfin 2H,O compared
to 1479 cmt in *H,O. The most noticeable changes occur
in the spectral region between 1735 and 1640 'cend at
1593, 1566-1568, and 15371539 cn1?!, as previously
observed forRb. sphaeroide®RCs @7). In particular, the
amplitude of the main differential signal at1650/1640 cm!
is reduced in all the spectra obtained 4d,0. All these
changes are best seen in the (@g double-difference spectra
shown in Figures 1c and 2c, calculated from thg /Qg
spectrum obtained iAH,O (Figures 1b and 2b) minus the
Qs /Qs spectrum obtained iAH,O (Figures la and 2a).
Several corresponding signals appear ir’k® minustH,0O
spectra of the wild type (Figure 1c) and GInL212 mutant
(Figure 2c), notably at1650, 1593, and 15371539 cn1?
for the main negative bands and at 168%585, ~1641,
1614, and 15661568 cm* for the positive bands.

In the G=0 stretching region of protonated carboxylic
groups, a main change occurs in native RCSHRO as
indicated by the drop in intensity of the positive band at 1728
cm ! and the appearance of a new positive peak at 1718
cm ! (Figure 1b). The negative signal at 1739 ¢nis not
affected in?H,0, suggesting that it does not arise from a

residues are expected to give absorption changes. In additioncarboxyl group These changes are best seen in Figure 1c,

10a-ester &0 modes of the intermediary electron acceptor
Ha or of the bacteriopheophytingtan also contributes(l,
67). The @ /Qg spectrum of wild-typeRb. capsulatufkCs
displays a main positive band at 1728 ¢nand a negative
signal at 1739 cmt (Figure 1a). These peaks were also
observed in the spectrum d®b. sphaeroidefRCs with,

where a negative band at 1727 ¢hand a positive band at
~1720 cn reflect the frequency downshift of a protonated
carboxylic group fromtH,0 to?H,0. In contrast, the region
between 1770 and 1700 cfris completely flat in the double-
difference spectrun?d,O minus'H,0) of the GluL212—
GIn mutant (Figure 2c), reflecting the insensitivitytd/?H

however, a much lower amplitude of the negative signal at exchange (Figure 2b) of the 1739/1730 ¢nulifferential

1740 cm! (47, 5)). In the GInL212 mutant RC (Figure 2a),

the amplitude of the positive signal is strongly decreased,

leading to a differential signal positive at 1730 ¢hand
negative at 1739 cm. Note that a differential signal was
observed at 1740/1732 crin the corresponding mutant of
Rb. sphaeroide$47), but its amplitude was several times
smaller than in th&kb. capsulatu&InL212 mutant. COO

signal observed in the directsQQg spectrum of GInL212
RCs (Figure 2a). Thus, the 1739/1730 ¢rdifferential signal
cannot be assigned to a shift of a protonated carboxylic group
in the GInL212 mutant RCs. The absence of a significant
IH/?H exchange effect in the carboxylic acid region has been
also observed in the GluL212> GIn mutant of Rb.
sphaeroideq47). From all the present IR data, it can be

stretching modes of carboxylate groups could contribute to concluded that, similarly t&kb. sphaeroidesno change of
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Ficure 3: Light-induced FTIR difference spectra of the GluL212
— Ala mutant RCs oRb. capsulatuat pH 7 and at 13C in *H,O
under steady-state continuous illumination. (a) Light-induced FTIR
difference spectrum containing both @Qa and @~/Qg contribu-
tions. (b) Q~/Qa FTIR difference spectrum. (c) Calculate¢ @

Qs FTIR difference spectrum obtained by subtracting the/Qa
spectrum displayed in panel b from the light-induced spectrum
shown in panel a. (d) £/Qg FTIR difference spectrum of GluL212
— GIn RCs ofRb. capsulatusThe bar represents 1®absorbance
units.

protonation state of carboxylic acid groups occurs upgn Q
reduction in GInL212 mutariRb. capsulatuRCs, in contrast
to native RCs (Figure 1a), where the 1728 épeak reflects
the (partial) protonation of GluL212.

(3) Qs /Qg Spectrum of GluL212~ Ala RCs in'H,0.
Several attempts were made to generate a pwe(@
spectrum of the GluL212~ Ala mutant under the usual
conditions previously describedq, 59, 63, 634 Despite

Nabedryk et al.

The Q. to Qa~ transition was therefore investigated in
the AlaL212 mutant in the presence of stigmatellin to block
the Qi to Qs electron-transfer reaction. TheaQQa light-
induced FTIR difference spectrum of AlaL212 mutant RCs
is displayed in Figure 3b. This spectrum compares fairly well
with the Q.7/Qa spectrum previously obtained fromb.
sphaeroideRCs 60, 61). Most of the features observed in
wild-type Rb. sphaeroidefRCs and assigned to specific
modes are found in Figure 3b. By use Rb. sphaeroides
RCs reconstituted with site-specific isotopically labeled
ubiquinones 710—72), the G=0 and G=0 modes of Q
were localized at 1660 and 1601 chrespectively, and the
C=C mode of Q at 1628 cm*. The main &0 anion band
of Qa~ was found at 1466 cm, with shoulders at 1484 and
1420 cnit assigned to €C modes. In the @ /Qa spectrum
of AlaL212 mutantRb. capsulatufkCs (Figure 3b), corre-
sponding bands are directly observed at 162y, (600 ),
1467 @), and 1421¢) cm ! and are assigned to=€C (Qa),
C=0 (Qn), C==0O (Qx7), and C-=C (Qa~) modes, respec-
tively. In addition, a number of protein bands (backbone and
side chains) are also very close in both spectra, i.e., at 1671
(—), 1563 (+), 1553 (), 1540 (+), and 1531 ¢) cm™?, as
well as peaks at 1735), 1728 (), 1717 &), 1693 (),
1660 (), 1383 @), 1355 (+), 1297 @), and 1263 ) cm 2.

Comparison of spectra a and b in Figure 3 shows that
spectrum a displays a number of signals due to thed
Qa~ transition, e.g., the main ones are seen at 167) (
1627 ), 1600 (), 1562 (+), 1554 ), 1539 (), 1532
(—), 1468 @), and 1421 ¢) cm % On the other hand, the
negative bands at 1641 and 1612 @rare typical of the @
to Qg™ transition. It therefore appears that the light minus
dark FTIR spectrum obtained for the AlaL212 mutant RCs
(Figure 3a) is a mixture of &, Qg, Qa~, and Q signals.
The @ /Qg spectrum of AlaL212 RCs (Figure 3c) was
calculated by subtracting theaQQa spectrum (Figure 3b)
from the spectrum shown in Figure 3a; the net difference at
1671 cm! was minimized, which also results in the
minimization of the 1600 cmt band. For the ease of
comparison, the spectrum of GInL212 RCs is also displayed
in Figure 3d. Similarly to GInL212 mutant RCs, the=O
and G=C modes of @ in RCs of the AlaL212 mutant are
observed at 1641 and 1614 chrespectively, and the main
semiguinone mode peaks at 1482 ¢énfFigure 3c). Com-

varying several parameters (concentrations of reactants,parison of the two mutant spectra shows additional similar
detergent concentration, changing the pH from 7 to 5), we features at-1650/1640 cm?, 1688-1689 (+), 1676-1677

could not selectively photoreduces@n this mutant. The
light-induced FTIR difference spectrum of an IR sample of
AlaL212 Rb. capsulatufkCs (in the presence of mediator

(=) cm™%, 1553/1542 cmt, 1515-1514 cm?, and between
1460 and 1200 cmt. However, the amplitude of the
differential signal at 1651/1641 crhand of the bands at

and reductant, as described under Experimental Procedures}689 (+), 1676 (), 1669 (+), and 1662 {) cm? (this latter
shown in Figure 3a was obtained either by flash excitation band is probably equivalent to the 1658 ©nband of the

or under steady-state continuous illumination. In this spec-

trum, the negative bands at 1641 and 1612 tand the
positive one at 1481 cm are probably due to the o

GInL212 mutant) is significantly larger in the calculategh®Q
Qg spectrum of the AlaL212 RCs than in the direct
experimental spectrum obtained for GInL212 RCs. Although

Qg™ transition. On the other hand, several signals are highly it cannot be excluded that a small part of these differences

reminiscent of Q7/Qa bands of Rb. sphaeroidesRCs,
notably the pronounced negative band at 1671'cthe one
at 1600 cm?, and the positive band at 1468 ch(60, 61).

can be due to the procedure of interactive subtraction used
to calculate the @ /Qg spectrum of the AlaL212 mutant
RCs, these observations more probably reflect larger changes

Note that Figure 3a does not show any contributions arising of peptide backbone and/or side-chain groups in the AlaL212

from the oxidation of the primary electron don&8j or the
photoreduction of i (69). It must also be emphasized that

RCs than in the GInL212 RCs.
Furthermore, the £/Qg spectrum of AlaL212 mutant

all the bands of the composite light-induced spectrum (Figure RCs (Figure 3c) also shows a negative signal at 1739'cm

3a) decay at the same rate (tens of seconds).

and a positive one at 1731 cfas observed for the GInL212
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mutant (Figure 3d). Although the band at 1731 ¢mppears
broader in RCs of AlaL212 than in those of the GInL212
mutant, the large positive peak seen at 1728cim native

Biochemistry, Vol. 39, No. 47, 20004659

however, H225 is Asp ifRb. capsulatusvhile it is Thr in
Rb. sphaeroidgssimilar proton transfer pathways are likely
to exist in both RCs. IiRb. sphaeroideRCs, recent studies

RCs is also absent in AlaL212 RCs. Thus, the data obtainedof the binding of metal ions (which inhibit the rates of
for the AlaL212 mutant corroborate those obtained for the reduction and protonation ofgDindicate that there is one
GInL212 mutant RCs and strengthen the attribution of the dominant site of proton entry into the wild-type RC near

positive band at 1728 cm in native RCs to proton uptake
by GluL212 upon @ reduction.

DISCUSSION

In this work, we have performed light-induced FTIR
studies of nativéRb. capsulatufRCs and mutant RCs (site-

AspH124, HisH126, and HisH12876, 77. These three
residues are also conserved in the sequence of the H subunit
of Rb. capsulatufRCs 63).

In agreement with the high homology of the residues
around @ in both RCs, the @ /Qg spectra of native and
mutant RCs fronRb. capsulatuandRb. sphaeroidedisplay
a number of common features both in the protein (side chain

directed or spontaneous) in which GluL212 was replaced and backbone) and the quinone/semiquinone absorption

with GIn or Ala (30). In Rb. sphaeroide®Cs, it has been

regions. Notably, the €0 (at~1640 cnm?) and G=C (at

shown previously that substoichiometric proton uptake by ~1615 cntl) modes of @ and the @O (at~1480 cn?)

GluL212 occurs upon photoreduction of (47, 48, 50, 51
Here, we report a similar situation iRb. capsulatufkCs.
We start with a comparison ofgQ/Qg spectra oRb. capsu-
latus andRb. sphaeroideRCs. We then discuss the proto-
nation of GluL212 in response to the formation of Qn
Rb. capsulatuRCs. We end with a comparison of FTIR
data with several spectroscopic studies of f@duction

modes of @~ are very close in the two species. This
indicates that the interactions betweep @ Qz~ and the
surrounding amino acid residues are similar in RCRbf
capsulatusand Rb. sphaeroidesThe differential signal at
~1650/1640 cmt, which is observed in all native and mutant
RCs (Figures la, 2a, and 3c; see alsod@fis attributed in
part to a conformational change or a movement of a

(electron-transfer kinetics, proton uptake measurements anchackbone &0 or of a side chain following @reduction.
electrogenic events) and a discussion in relation with a mech-The negative signal observed at 1686 érm the Q;~/Qg

anistic model of the @turnover inRb. sphaeroidefRCs
recently proposed by Mulkidjanian and co-workef8<75).
(1) Strong Homologies of theg@o Qs~ Transition in Rb.

spectrum of wild-typeRb. capsulatufRCs (Figure la) can
be compared to the one observed-d685 cnttin the @~/
Qs spectra of nativeRb. sphaeroide®RCs and of mutants

capsulatus and Rb. sphaeroides RCs As Detected by Dif-that do not contain the GluL212 GIn substitution 47, 50,

ferential FTIR.The @ binding pocket ofRb. sphaeroides
is taken as a model for that &b. capsulatu®n the basis
of the conservation of most of the residues surroundigg Q
in both RCs §5). In Rb. sphaeroidesthe side chains of
HisL190, SerL223, lleL224 (Val irRb. capsulatuys and
GlyL225 are in proximity to the carbonyls ofg@at least in
the proximal position of the quinone seen in 1), and a

51). This negative signal at 1686 crhis observed neither
in the GInL212 (Figure 3d) nor in the AlaL212 (Figure 3c)
mutant RCs, suggesting that it is directly or indirectly due
to the loss of the glutamic acid residue at position L212. As
previously proposed iRRb. sphaeroideshe negative band
at 1686 cm?! in the Q@ /Qg spectrum of nativeRb.
capsulatufkCs (Figure 1a) is tentatively interpreted in terms

cluster of interacting acidic and basic residues located nearof a change of absorption of the peptide=O of GluL212

Qg has been described ). Such a cluster probably also
exists in theRb. capsulatufkC, since identical residues are
found at the same positions, i.e., GluL212, AsplL213,
AsplL210, and ArgL217, and at homologous positions, i.e.,
GluH175, AspH127, LysH133, and ArgH179 (GIluH173,
AspH124, LysH130 and ArgH177 irRb. sphaeroides
respectively) $2—54). The only change is the replacement
of AspM17 in the Rb. sphaeroidefRC by Glu in Rb.
capsulatusIn Rb. sphaeroideRCs, several possible path-
ways for proton transfer to reduced; Qave been proposed
(14, 16, 18-20), based on crystallographically observed

that is affected by the photoreduction 0§.Q

Spectral similarities between the RCsRb. capsulatus
and Rb. sphaeroideslso clearly appear by comparing the
double-difference spectfél,O minus'H,O (Figures 1c and
2c; see also refl7). They are even more apparent in the
double-difference spectra (native minus mutant), calculated
from the @~ /Qg spectrum obtained for the wild-type RCs
minus the @ /Qg spectrum obtained for RCs of a GInL212
mutant of the corresponding species. That double-difference
spectrum is shown foRb. capsulatuRCs in Figure 4a
between 1750 and 1600 cf together with the equivalent

networks of protonatable amino acids and internal water double-difference spectrum froRb. sphaeroideRCs previ-
molecules. These pathways connect SerL223, GluL212, andously reported in re#7 (Figure 4b). These double-difference

AspL213 to the external surface.

In Rb. capsulatuskCs, a number of potential pathways
for proton transfer to @ have also been proposez( 30,
36—38, 41) The existence of multiple pathways was inferred

spectra appear somewhat simpler than the direct/@
spectra, depicting only a few negative and positive bands.
In both species (Figure 4), similar positive peaks are found
at 1728-1727, 1693-1694, 1679-1677, and 1651 cnt,

by the spectroscopic demonstration that proton uptake canwhile negative peaks appear at 1685 and 166258 cn1?.

be restored by distant compensatory mutations in RCs thatln addition, a differential signal common to both double-
also carry site-specific mutations that interrupt that process. difference spectra is localized in the amide Il region at
Since most of the internal (listed above) and connecting ~1553/1543 cm! (data not shown). All these IR data

residues located near the surface of the protein, i.e.,

AspM240, TyrM3, and AspM17 (Glu iRb. capsulatysare
conserved32—54) in both Rb. sphaeroideandRb. capsu-
latus (except for GluH224, which is changed to ValH226;

converge to demonstrate that most of the chemical groups
affected by the GluL212— GIn mutation or by!H/?H
exchange upon formation ofgQ are the same in the RCs
of the two species.
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Ficure 4: Calculated double-difference spectra in the 75600
cm! region between g/Qg FTIR spectra of the wild-type RCs
and the GluL212-GIn mutant (wild-type minus GIn L212 mutant)
in 1H,0 upon normalization on the 1479480 cn1! semiquinone
anion band. (aRb. capsulatus(b) Rb. sphaeroide§7). The bar
represents 5 104 absorbance units.
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A few features are, however, specific to thg @@g spectra
of Rb. capsulatuRkCs, notably the negative bands at 1658
1659 and 16741677 cn1?, which are observed in both wild-
type (Figure la) and GInL212 mutant (Figure 2a) RCs.
Corresponding signals are seen at 1662 and 1676 am
AlaL212 RCs (Figure 3c). These signals, whose frequen-
cies and amplitudes are affectec’ifyO, could reflect addi-
tional changes in backbone=®© and/or side chains [such
as Asn, Arg, or GIn 78)]. The absorption changes in the
amide Il region are also different Rb. capsulatusndRb.
sphaeroideRCs.

A broad continuum band at2600 cn1t in *H,0, shifting
to ~2100 cmt in ?H,0, is observed in the £/Qg spectra
of native and GInL212 mutant RCs 8. capsulats (data

Nabedryk et al.

tion, as previously observed f&b. sphaeroide®RCs @7,
51). Thus, in native RCs at pH 7, GluL212 is also at least
partially ionized in the @ neutral state and becomes more
protonated in the semiquinone state.

The results obtained from the calculategt t@s spectrum
of the AlaL212 mutant oRb. capsulatuare fully consistent
with the data obtained on GInL212 RCs. In the carboxylic
region of the @ /Qg spectrum of the AlaL212 mutant RC
(Figure 3c), the negative (at 1739 chand positive (at 1731
cm 1) signals are comparable to those seen in the GInL212
spectrum (Figure 3d). Note that in L212 mutant RC&obf
capsulats, the differential signal at 1739/173Q731 cn1?t
is severalfold larger than the corresponding small negative
signal at 1740/1732 cm found inRb. sphaeroideRCs @47).

The positive signal at~1730 cm? that remains in RCs of
L212 mutants thus has to be taken into account (as a
background) to calculate the integrated absorption of the
positive band at 1728 cmiin the Q~/Qg spectrum of native
Rb. capsulatufkCs. From the present work, it appears that
the intensity of the 1728 cm band is comparable in native
RCs of bothRb. sphaeroideandRb. capsulatusndicating

a similar proton uptake10%) by GluL212 in the two RCs,
which is estimated to be 0:3.4 H'/Qg~ (47).

In the GluL212— GIn mutant ofRb. sphaeroidesve had
previously proposed that the small differential at 1740/1732
cm! might in part involve a shift of the 10a-esterO
mode of the bacteriopheophytingHdue to the presence of
an electron on @ (47). An electrostatic influence of Q
reduction on the IR mode of the 10a-esterQ of Hy has
been recently demonstrated by studies of mutant REbof
sphaeroidegat sites GluL104 and TrpL100B1) andRps.
viridis (at sites GluL104 and TrpM250%6¢, 8. In Rps.
viridis RCs, an electrochromic effect on the 10a-estetGC
vibration of Hy has been also detected upos @duction,

not shown). This band does not appear to be sensitive to thealthough with a smaller amplitud&1). In the GInL212 and
GInL212 mutation. Comparable bands have been previouslyAlal212 mutants oRb. capsulats, the differential signal

observed in nativ&®b. sphaeroideRCs at identical frequen-
cies as well as ifRps.ziridis RCs at~2800 cmt in *H,O
and at~2200 cnt? in 2H,O (79). These IR continua have
been interpreted in terms of highly polarizable hydrogen
bonds 80) in a large web involving carboxylic acid groups
and/or polar residues and ordered water molecul&p (

(2) GluL212 Undergoes Protonation in Response to the
Formation of @~. The present FTIR data on the photore-
duction of @ in Rb. capsulatst RCs show that the proto-
nation of a carboxylic acid group occurs at 1728 énis
expected for a carboxylic acid, the band downshifts0
cmtin ?H,0, as seen in Figure 1. Both the frequency and
extent of IH/’H exchange-induced downshift are almost
identical to those in the £/Qg spectrum oRb. sphaeroides
RCs @7). Moreover, in both RCs, the effect of the GluL212
— GIn mutation results in a decrease of the amplitude of
the 1728 cm* band while the negative signal at 1738740
cm! remains unaffected by the mutation. The result is the
observation of a differential signal negative at 173940
cm! and positive at 173061732 cm? in mutants of
GluL212.2H,0 does not cause any significant frequency shift
or amplitude change of this differential signal. It therefore
appears that the effects of the GluL242GIn mutation and
of IH/?H exchange on the §/Qg spectra oRb. capsulats
RCs concur in the assignment of the 1728 ¢mignal in
native RCs to proton uptake by GluL212 upog@orma-

at 1739/1730 cmt could similarly account for the electro-
static influence of @ on the IR mode of the 10a-ester-©

of Ha and H;. The same interpretation can be used for the
differential signal observed at 1739/1730¢rm native RCs

in 2F+2().

(3) Comparison with Other Spectroscopic Studies.

Effect of Mutations on the QQg < QaQs~ Equilibrium.
Kinetic electron-transfer measurements show that ti@sP
charge recombination ratess@x are higher in GInL212 and
AlaL212 mutant RCs than in native RCs, with the greatest
rate observed in the AlaL212 RC, i.ex5 st at pH 7
compared to~0.7 s* for the wild type @4). This suggests
a higher energy level for £ in AlaL212 RCs than in
GInL212 (and wild-type) RCs. According to our measure-
ments, it is not possible to generate a puge/Qg spectrum
in AlaL212 RCs under the conditions that we usually employ
to form the @~ state. We always obtained additional
contributions from the @ state. Our observations are thus
fully in agreement with kinetic data indicating a lower energy
gap between @ Qs and QQs~ in the AlaL212 RC as
compared to the GInL212 mutant RG4j.

Amplitudes of Proton Uptak&pectroscopic measurements
with indicator dyes have determined that a total of 0:7 H
Qs are taken up at pH 7.5 by natiRb. capsulatufkCs
(5, 34, while FTIR experiments at pH 7 show uptake of
~0.3-0.4 H" in the carboxyl region (i.e., HQs /GluL212)
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of the spectrum. This difference is not unexpected since thetemperature 13). To explain this kinetic heterogeneity,
former approach measures total proton uptake by the RC.Mulkidjanian and co-workers7@—75) suggested two pos-

On the other hand, only proton uptake by carboxylic acid

sible conformational states of the neutral quinone and an

residues and redistribution among such residues in the interiorequilibrium between two populations of GluL212 (protonated

of the RC are directly monitored by differential FTIR in the
1770-1700 cmt range. Comparison of the two approaches

Glu-COOH and ionized Glu-COQ. One conformational
state is stabilized by a hydrogen bond between the COOH

leads us to propose that about half of the total proton uptakeof GluL212 and the methoxy oxygen O3 of the; @ng

measured at pH 7 upong@eduction involves noncarboxylic
residues. The continuum band observed at 2600 émthe
Qs /Qs spectrum of native RCs which is thought to reflect

[compatible with the X-ray crystal structure from El-Kabbani
et al. (L3)] and the other lacks this bond. In the latter
configuration of the quinone, which corresponds to the distal

proton uptake by a highly polarizable hydrogen-bond network position of ( in the X-ray structure9; see also ret 7 for

(79) could contribute to the differences in the amplitudes of
proton uptake observed in wild-type RCs at pH7/5 by
the two different techniques.

Measurements of proton uptake upon formation g¢f Q
have been reported for both GInL212 and AlaL212 mutant
RCs ofRb. capsulatugs, 34). At pH 7.5, there is no large
difference between the RCs of the wild type and the L212
mutants. A total of 0.63 and 0.55"Qs~ are taken up by
GInL212 and AlaL212 RCs, respectively, compared to 0.7
H*/Qg™ in the wild type ). On the other hand, no proton
uptake by carboxylic acid groups is detected by FTIR
spectroscopy in the GInL212 and AlaL212 mutants. A larger
difference in the amplitude of proton uptake between wild-
type and L212 mutant RCs is thus observed by FTIR (at pH
7), i.e.,~0.3—0.4 H, compared to an average of 0.I"H
determined by use of pH indicator dyes (at pH 7.5). Both

Rps.viridis), two water molecules form a bridge between
GluL212 (hydrogen-bond acceptor) and HisL190 (hydrogen-
bond donor), and thus GluL212 is in its ionized state at
neutral pH 73—75). The former configuration of Qwould
correspond to the proximal position, and the protonated form
of GluL212 is stabilized by a hydrogen bond to the quinone.
The formation of the hydrogen bond is assumed to be
responsible for the highify of GluL212. In the distal position

of Qg, the K, of GluL212 is estimated to b&6 while it is
~10 in the proximal positionq3—75). Therefore, a fraction

of GluL212 in the ionized state would exist in a large pH
range. Using a different approacmolecular dynamics
simulations of @ binding inRb. sphaeroideRCs—Grafton
and Wheeler44) have similarly attributed the differences
in binding sites of @ to different protonation states of the
GluL212/AspL213 cluster.

series of measurements are, however, compatible if we The Mulkidjanian model correlates with previously sug-

assume that the protonation of Glu L212 in native RCs is

gested mechanistic schemes of thet@nover inRps.viridis

compensated in the L212 mutants by proton uptake by one(17) and Rb. sphaeroide§19) RCs. It also provides an

or several noncarboxylic groups witlKg comparable to
that of GluL212 in wild-type RCs. In agreement with this

interesting way to reconcile proton uptake, electrogenic, and
FTIR data taking into account two populations of GluL212,

proposal, the larger electrogenic signal observed around pHi.e., Glu-COO and Glu-COOH. In the AlaL212 mutant, the

7 in the L212GIn mutant compared to wild-type RCs has

interaction between the methoxy oxygen O3 ¢f &d the

been interpreted in terms of compensating proton uptake byside chain of Ala would not be possible. In the GInL212

other titrating residuesAg).
In the mutant RCs, the loss of GluL212 does not

mutant, either no hydrogen bond is formed or GIn could still
form a hydrogen bond to §£but no proton uptake would be

significantly change the amount of proton uptake between necessary to form this hydrogen bohds a consequence,

pH 7 and 8-8.5, but H/Qg~ drastically decreases at pH
9—10 (34). The stoichiometries of proton uptake by thg Q
state in wild-typeRb. capsulats RCs (as well as iRb.
sphaeroides show a pH dependence with two distinct
maxima at pH~6 and~10—11 4, 23, 34, 4%, these proton
uptake data foRb. capsulatuRCs were fitted to five groups
with distinct Kas (23, 49. The group with the highestf
(10.3-11.6) has been associated with GluL212, either

the pH-dependent curves of proton uptake/®~) of the
GInL212 and AlaL212 mutant RCs do not show the second
maximum, i.e., the high-pH componer®4j. In native RCs

at pH 7, protonation of GluL212 is coupled to the formation
of Qg~. Accordingly, we propose that FTIR measurements
on wild-type RCs monitor proton uptake by the fraction of
ionized Glu L212 corresponding to RCs in whichs @3
bound in the distal site. Future FTIR work involving the

directly or indirectly. Thus, proton uptake measurements as detailed analysis of the pH dependence of the 1728'cm
well as electrogenicity measurements support the idea thatband will be important to clarify GluL212 contribution to

GluL212 contributes to proton uptake essentially at high pH
(34, 43. On the other hand, FTIR data &b. capsulatus
and Rb. sphaeroidesRCs show that GluL212 already
contributes to proton uptake at pH 7. Thus, a more
complicated model for protonation must be invoked to take
into account all these data. Such a model would involve
heterogeneity of the protonation state of GluL212 in wild-
type RCs with at least two distincps for GluL212.

(4) The Mulkidjanian ModelRecently, a mechanistic
model of the @ turnover inRb. sphaeroideRCs has been

(global) proton uptake at high pH.
In conclusion, FTIR spectroscopy provides specific infor-
mation compared to global proton uptake measurements since

3 The importance of the conformation of the methoxy groups on the
vibrational properties of ubiquinones has been inferred from experi-
mental data on isotopically labeled quinoné8)(and from quantum
chemical calculations8@). However, in the absence of data on
ubiquinone models with hydrogen bonding to one of the methoxy
oxygen atoms, conclusions on the presence or absence of such a
hydrogen bond to ®in native or mutant RCs cannot be drawn from

discussed on the basis of X-ray structures and studies ofthe single observation of the FTIR bands at 1290 and 1268.cthese

electrogenic events78—75). In chromatophores oRb.
sphaeroideskinetics of the electrogenic reactions of the Q
to Qg™ transition clearly show two components at subambient

bands, which have been in part assigned t6Gc-C vibrations from

the methoxy groups6@) on the basis of studies of RCs reconstituted
with ubiquinones labeled on the carbonyls, could even be insensitive
to hydrogen bonding.
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it monitors proton uptake by the carboxylic acid groups. The 22. Okamura, M. Y., and Feher, G. (1995) #noxygenic

present data strengthen the structural and functional homolo-

gies nearby @ in the RCs ofRb. capsulats and Rb.
sphaeroidesilt is thus probable that the structural organiza-

tion of most of the side chains (and ordered water molecules)

along the presumed proton-transfer pathwaysgs@losely
related inRb. sphaeroidefl 8, 19, 76, 7§ andRb. capsulatus
RCs. In both RCs, the IR signature of a hydrogen-bond

network has been found in the same spectral range. In both

RCs, proton binding by the internal residue GluL212 occurs
already at pH 7 upon the first electron transfer tg, Q
consistent with the Mulkidjanian moder§—75).
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