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Abstract In bacterial reaction centers the charge separation
process across the photosynthetic membrane is predominantly
driven by the excited state of the bacteriochlorophyll dimer (D).
An X-ray structure analysis of the Phe M197CCTyr mutant
reaction center from Rhodobacter sphaeroides at 2.7 Aî resolu-
tion suggests the formation of a hydrogen bond as postulated by
Wachtveitl et al. [Biochemistry 32, 12875^12886, 1993] between
the Tyr M197 hydroxy group and one of the 2a-acetyl carbonyls
of D. In combination with electrochemically induced FTIR
difference spectra showing a split band of the ZZ-conjugated 9-
keto carbonyl of D, there is clear evidence for the existence of
such a hydrogen bond.
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1. Introduction

The photosynthetic reaction center (RC) of the purple bac-
terium Rhodobacter (Rb.) sphaeroides is a membrane-span-
ning protein^pigment complex that converts light energy to
chemical free energy. The three-dimensional structure of the
RC has been determined with increasing resolution [1^3]. The
RC core consists of two protein subunits (L and M) showing
a quasi-C2 symmetry with its twofold axis perpendicular to
the photosynthetic membrane. In the same symmetrical man-
ner, L and M bind a bacteriochlorophyll a dimer (D), two
monomeric bacteriochlorophylls a, two bacteriopheophytins
a, two ubiquinones-10, and one non-heme iron. Two branches

of cofactors (A and B) are formed from D, which is located
near the periplasmic RC surface, to the ubiquinones, which
are bound close to the cytoplasmic protein boundary. Each
branch consists of one D-associated bacteriochlorophyll (DA

and DB, respectively), a monomeric bacteriochlorophyll, a
bacteriopheophytin, and a quinone molecule.

The charge separation process in bacterial RCs at physio-
logical conditions is predominantly driven by the excited state
of D that acts as the primary electron donor (reviewed in
[4,5]). Resonance energy transfer from light-harvesting com-
plexes to the RC or light absorption by the RC itself results in
the electronic excitation DCD*. Despite the symmetrical co-
factor arrangement in the RC protein, an electron is trans-
ferred unidirectionally along branch A from D* to the A-
sided ubiquinone. Attempts to change this unidirectionality
of electron transfer by site-directed mutagenesis of amino
acid residues situated along branch A had no success [6^8],
until recently M-sided electron transfer in mutant RCs was
reported [9,10]. Quantum chemical calculations suggest that
di¡erences in the distances between the electron transfer co-
factors of the two branches are responsible for the unidirec-
tionality of electron transfer, whereas protein e¡ects on the
unidirectionality are assumed to be small [11]. Although the
apoprotein shows an approximate C2 symmetry, characteristic
deviations are observed at the level of individual amino acids
[2,12] leading to an asymmetric charge distribution of the
cation radical state of D (D��) [13^15].

The Phe M197CTyr (M197FY) mutant RC of Rb. sphae-
roides has been constructed in order to study the e¡ects of
hydrogen bonding on the physical properties of D [16]. In
the homologous structure of the Rhodopseudomonas (Rp.)
viridis RC, the corresponding Tyr M195 (in the following,
this residue is called Tyr M197 according to its sequence po-
sition in the Rb. sphaeroides RC) forms a hydrogen bond to
the Z-conjugated 2a-acetyl carbonyl of DB [17]. Therefore, the
M197FY mutant RC of Rb. sphaeroides allows analysis of the
e¡ect of a non-conserved hydrogen bond between D and the
apoprotein. Fourier transform Raman (FT-Raman) spectra of
the M197FY RC show a band shift from 1653 cm31 in the
native RC to 1636 cm31 in the mutant protein [16]. The band
at 1653 cm31 in the wild-type RC has been assigned to the
stretching frequency of a free 2a-acetyl carbonyl of D [14].
Consequently, the band shift of 17 cm31 to lower vibrational
energy has been interpreted in terms of a hydrogen-bonded
2a-acetyl carbonyl of DB [16]. No band assignment was pos-
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sible using light-induced Fourier transform infrared (FTIR)
di¡erence spectroscopy [18]. To obtain information about
the hydrogen bonding geometry and possible structural
changes in the protein environment we have determined the
structure of the M197FY mutant RC by X-ray di¡raction
analysis. In addition, electrochemically induced FTIR di¡er-
ence spectra have been recorded to complete the structure-
based discussion of the mutant RC.

2. Materials and methods

M197FY mutant RCs [16] and wild-type RCs were puri¢ed using
centrifugation and anion exchange chromatography as reviewed in
[19].

2.1. X-ray crystallography
The RCs were crystallized in detergent micelles (N,N-dimethyldo-

decylamine-N-oxide) applying the vapor di¡usion method with potas-
sium phosphate as precipitant [20]. Three-dimensional RC crystals of
space group P3121 with unit cell dimensions a = b = 142 Aî , c = 187 Aî
and a maximum size of 2.0U1.0U1.0 mm3 grew after about 2 weeks.
X-ray di¡raction data were collected on a 345 mm MAR-Research
imaging plate detector at the MPG-ASMB-BW6 synchrotron beam-
line (DORIS-ring/DESY, Hamburg). Data processing was performed
using the program package HKL [21]. The software package CNS [22]
was used for crystallographic model re¢nement. The re¢nement was
achieved using rigid-body re¢nement of the wild-type model [2]
against the mutant data, overall temperature-factor re¢nement, bulk
solvent correction, simulated annealing, conjugate gradient minimiza-
tion, and individual temperature-factor re¢nement. To determine the
position of the introduced Tyr M197 side chain and its surroundings
without model bias, a simulated annealing omit map [23] was calcu-
lated omitting all atoms within 8 Aî of the exchanged amino acid and
applying harmonic restraints to atoms within a 2 Aî cushion. Geo-
metric parameters of Engh and Huber [24] for the polypeptide chain
and parameters of Treutlein et al. [25], Lancaster and Michel [26], and
U. Ermler (unpublished data) for the cofactors were applied in the
crystallographic re¢nement. Manual rebuilding of the structure model
was performed with the graphics program O [27], and the structure
¢gures were produced with the graphics program SETOR [28].

2.2. FTIR spectroscopy
For FTIR measurements, the B-sided ubiquinone was exchanged

against the electron transfer inhibitor terbutryn [29]. The RCs were
transferred to D2O phosphate bu¡er with n-octyl-L-D-glucopyranoside
as detergent and concentrated up to 1.0 mM [30]. Within the limits of
resolution, the VIS/NIR spectrum of the ¢nal RC sample is identical
to the spectrum of the RC solution before the removal of the B-sided
quinone (data not shown). The ultra-thin-layer electrochemical cell

was used as described previously [31,32], for mediator and modi¢er
see [33,34], respectively. All potentials are quoted vs. the Ag/AgCl/3
M KCl reference electrode. For values vs. standard hydrogen elec-
trode (pH 7.0) add 208 mV. The potentials are accurate within about
5 mV. FTIR spectra were recorded on a modi¢ed Bruker IFS25 FTIR
spectrometer. For each spectrum 128 interferograms are averaged us-
ing triangular apodization. To improve signal to noise ratios ¢ve
spectra were added. Absorbance spectra in the VIS/NIR spectral re-
gion were measured simultaneously to the IR as described in [35].
Spectra were recorded with 4 cm31 spectral resolution in the IR
and 1 nm resolution in the VIS/NIR region.

3. Results

3.1. X-ray structure determination of the M197FY mutant RC
The data collection and re¢nement statistics are listed in

Table 1. 52 235 unique re£ections were measured up to 2.7
Aî resolution yielding a completeness of 87.2% and a multi-
plicity of 2.2. The Rsym factor of the intensities of symmetry-

Fig. 1. a: Rb. sphaeroides M197FY RC (dark) and wild-type RC (light). b: Rb. sphaeroides M197FY RC (dark) and Rp. viridis wild-type RC
(light). The structures have been superimposed by applying a least square minimization to the coordinates of all CK atoms and tetrapyrrole ni-
trogens within 20 Aî of the site of amino acid exchange.

Table 1
Data collection and re¢nement statistics

Dataa

Resolution 2.7 Aî
Number of unique re£ections 52 235
Completeness 87.2% (90.6%)
Multiplicity 2.2 (2.1)
Rb

sym 7.1% (31.0%)
Re¢nement
Rc

free 21.7%
Rcryst 18.8%
Mean coordinate errord 0.37 Aî
R.m.s.d.e

bond length 0.007 Aî
bond angles 1.1³

Residues in Ramachandran plot [38]
most favored areas 91.8%
additional favored areas 7.8%
generously allowed areas 0.4%
disallowed areas 0.0%

aFigures in parentheses refer to the statistics for the outer resolution
shell (2.8^2.7 Aî ).
bR factor on symmetry-related intensities.
cCross-validated R factor [36].
dRfree-based estimate of the mean coordinate error from a Luzzati
plot [37].
eRoot mean square deviations from ideal geometry values as men-
tioned in Section 2.1.
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related re£ections is 7.1%. The re¢nement process converged
at a free R factor [36] of 21.7% and a conventional crystallo-
graphic R factor of 18.8%. The Rfree-based estimate of the
average coordinate error is 0.37 Aî as derived from a Luzzati
plot [37]. The low deviations of the mutant RC model from

ideal stereochemistry and the Ramachandran statistics [38]
underline the high quality of the structure model.

The structures of the wild-type RC [2] (PDB [39] entry code
1PCR) and the M197FY mutant RC are superimposed in Fig.
1a. The introduced Tyr M197 shows the same orientation
within the protein as the native Phe. A simulated annealing
omit map shows the position of the DB 2a-acetyl group (Fig.
2), but its orientation remains undetermined concerning a
180³ rotation around the acetyl sC^C(DB) axis, since acetyl
carbonyl and methyl groups cannot be distinguished in elec-
tron density maps at the present resolution. In the structure
presented here, the 2a-acetyl oxygen points towards Tyr M197
(see Section 4). The distance between the hydroxy oxygen of
Tyr M197 and the acetyl oxygen of DB is 2.6 Aî . The angle
formed by (1) the Tyr carbon atom next to the hydroxy oxy-
gen, (2) the Tyr hydroxy oxygen itself, and (3) the DB acetyl
oxygen is 117³. In the mutant RC the peptide backbone at
position M197 is shifted up to 0.5 Aî away from D as com-
pared to the native protein. (The root mean square deviation
between the CK atoms in the wild-type and mutant RC struc-
tures is 0.3 Aî .) No further structural changes are observed at
the present resolution either in DB or in the protein environ-
ment.

3.2. Electrochemically induced FTIR di¡erence spectroscopy
The electrochemically induced FTIR di¡erence spectra of

the wild-type RC and of the M197FY mutant RC equilibrated
in D2O are superimposed in Fig. 3. The most prominent fea-
ture of the M197FY mutant spectrum is an additional band at
1716 cm31 compared to a weak shoulder in the wild-type

Fig. 2. 2dFobsd3dFcalcd simulated annealing omit map of the M197FY
RC contoured at 1.8 S.D. above the mean electron density. View
along the DB 2a-acetyl axis.

Fig. 3. Electrochemically induced FTIR di¡erence spectra (+0.4 minus 0 V) of wild-type (solid line) and M197FY mutant RC (dashed line)
equilibrated in D2O. Inset: the corresponding VIS/NIR di¡erence spectra. Positive bands correlate with the oxidized state of the protein and
negative bands with the reduced state. To superimpose the di¡erence spectra, the bands are normalized according to the VIS/NIR bands at 791
nm and 814 nm. Only frequencies for the wild-type RC are labelled.
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spectrum. The minima in the spectrum of the native RC at
1682 cm31 and 1620 cm31 are shifted in the mutant protein to
1688 cm31 and 1628 cm31, respectively. Another di¡erence
between wild-type and mutant spectra is observed in the re-
gion around 1290 cm31. Maxima at 1286 cm31 and 1294
cm31 in the native di¡erence spectrum correlate with bands
at 1290 cm31 and 1304 cm31 in the M197FY mutant spec-
trum. Further band shifts occur at 1130 cm31 and in the
1460^1480 cm31 region. Except for the region of water ab-
sorption (1650 þ 30 cm31), no signi¢cant shifts are observed
after H/D exchange (spectrum of RCs equilibrated in H2O are
not shown here).

The inset in Fig. 3 shows electrochemically induced VIS/
NIR di¡erence spectra. The most prominent feature of the
mutant spectrum is the reduction of the band amplitude at
870 nm. This observation correlates with light-induced di¡er-
ence spectra as reported in [16].

4. Discussion

4.1. X-ray structure of the M197FY mutant RC
In contrast to the structure of the Phe M197CArg/Tyr

M177CPhe double mutant RC, in which the introduced
Arg M197 side chain points towards the opposite direction
compared to the native Phe M197 [40], Tyr M197 in the
M197FY mutant RC shows an orientation like Phe M197 in
the native protein (Fig. 1a). The arrangement of the Tyr M197
hydroxy group as putative proton donor and the Z-conjugated
2a-acetyl carbonyl of DB as putative proton acceptor allows
hydrogen bonding according to hydrogen bonding statistics
[41,42]. However, electron density maps at 2.7 Aî resolution
do not allow a distinction to be made between the carbonyl
oxygen and the methyl carbon. Therefore, the structure of the
2a-acetyl carbonyl remains undetermined concerning a 180³
rotation around its acetyl sC^C(DB) axis. Consequently,
X-ray structure analysis of the M197FY mutant RC highly
suggests hydrogen bonding, but it does not provide enough
information to prove the existence of the bond. This is possi-
ble only in combination with spectroscopic measurements (see
Section 4.2).

The 0.5 Aî shift at position M197 in the structural model of
the M197FY mutant RC (Fig. 1a) compared to the wild-type
structure results from the crystallographic re¢nement process,
but it is not backed by di¡erence electron density calculations

at the present resolution (2.7 Aî ). However, this shift is plau-
sible for structural reasons. The theoretical substitution of Phe
M197 by Tyr in the wild-type RC without any further struc-
tural changes would lead to a distance of 2.3 Aî between the
introduced hydroxy oxygen and the DA ethylidene group,
which implies overlapping of van der Waals spheres. There-
fore, it can be envisaged that the Tyr M197 phenyl ring in the
mutant RC structure would take up a position further away
from the ethylidene group than the corresponding ring in the
native RC (Fig. 1a). This ethylidene group of DA in the Rb.
sphaeroides RC is not in the porphyrin plane. In the homol-
ogous RC of the purple bacterium Rp. viridis the same ethyl-
idene group has an in-plane con¢guration ([17], PDB entry
code 1PRC), explaining why Tyr M197 in the native Rp.
viridis RC is located closer to D compared to the mutated
Tyr M197 in the Rb. sphaeroides protein (Fig. 1b).

The mutation M197FY in the Rb. sphaeroides RC brings
the only non-conserved amino acid in this part of the protein
into line with the sequence of the Rp. viridis RC. Therefore,
large structural changes between the RCs of both species are
not expected. However, the Tyr M197 phenyl rings in the Rb.
sphaeroides mutant RC and the Rp. viridis wild-type RC are
oriented almost perpendicular to each other (Fig. 1b). This
di¡erence might result from unresolved structural di¡erences
between both RCs.

In the Phe M197CHis mutant RC of Rb. sphaeroides the
formation of a hydrogen bond between the introduced His
M197 and the DB 2a-acetyl carbonyl results in an increase
of the midpoint potential of D by 125 mV [43]. In the
M197FY mutant RC studied here, the analogous hydrogen
bond with the mutated Tyr M197 as proton donor causes
an upshift of the D midpoint potential by 30 mV only [16].
In [44] it is suggested that the formation of a hydrogen bond
between the 2a-acetyl carbonyl of DB and His M197 might
lead to a reorientation of the DB acetyl carbonyl. This would
explain the remarkable increase of the midpoint potential of
D in the Phe M197CHis mutant RC as postulated in [43,45].
For the M197FY RC no signi¢cant reorientation of the 2a-
acetyl carbonyl is observed at the present resolution (Fig. 2),
correlating to the weak increase in the D midpoint potential
of the M197FY protein.

The structural similarity of the native and the M197FY
mutant RCs except for the exchanged amino acid residue
con¢rms a posteriori that the changed physical properties of
D in the M197FY RC [16] are due to the generated hydrogen
bond and are not in£uenced by additional structural changes
that are detectable within the limits of resolution applicable to
this study. A local rearrangement of the protein around the B-
sided bacteriopheophytin as proposed in [46] is not observed
in the mutant crystal structure within the limits of the present
resolution.

4.2. Electrochemically induced FTIR di¡erence spectra
The positive band at 1702 cm31 in the D��/D spectrum of

the wild-type RC (Fig. 3) has been assigned to the stretching
mode of free 9-keto CNO groups of D in its oxidized state
[30]. The corresponding negative band of the reduced dimer
appears in the spectrum of the native protein at 1682 cm31.
This band is shifted to 1688 cm31 in the M197FY mutant RC
whereas the positive 9-keto band splits into two bands at 1704
cm31 and 1716 cm31 (Fig. 3), yielding the most prominent
band shift in the M197FY-minus-native double di¡erence

Fig. 4. M197FY-minus-native double di¡erence spectrum of RCs
equilibrated in D2O. The corresponding di¡erence spectra are shown
in Fig. 3.
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spectrum at 1694 cm31(3)/1718 cm31(+) (Fig. 4). Most likely,
this change in the spectral properties of the RC results from
the additional hydrogen bond between the introduced Tyr
M197 and the 2a-acetyl carbonyl of DB. In the bacteriochlo-
rophyll a molecule a system of conjugated double bonds ex-
tends from the 2a-acetyl oxygen to the 9-keto oxygen at the
opposite side of the porphyrin ring. This pronounced Z-bond-
ing system allows the detection of a perturbation at the 2a-
acetyl oxygen by a changed stretching frequency of the 9-keto
group. The wild-type band at 1702 cm31 represents the super-
imposed stretching frequencies of the DA and DB 9-keto
groups. The fact that in the mutant spectrum a band splitting
rather than a simple band shift is observed indicates that only
one of the two D keto groups is in£uenced by the mutation.
Consequently, the band at 1716 cm31 in the M197FY spec-
trum can be assigned to the 9-keto CNO stretching of DB,
whereas the unshifted 1702 cm31 band belongs to the analo-
gous stretching mode of DA.

In contrast to the results obtained by electrochemically in-
duced FTIR di¡erence spectroscopy, no splitting of the 9-keto
band has been observed when recording photochemically in-
duced FTIR di¡erence spectra [18]. Polarization artifacts
caused by anisotropic drying of the RC sample in the case
of the light-induced measurements cannot explain this incon-
sistency, since the 9-keto groups of D are oriented almost in
parallel to each other. However, several prominent di¡erences
appear between electrochemically induced [30] and photo-
chemically induced [18] FTIR di¡erence spectra of the wild-
type RC. These discrepancies could not be clari¢ed yet.

In the native RC, the 2a-acetyl CNO stretching frequencies
of DA and DB are expected between 1620 cm31 and 1650
cm31 [35]. The discussed hydrogen bond between Tyr M197
and the 2a-acetyl oxygen of DB in the M197FY mutant RC is
expected to lead to a band shift in this spectral region to lower
stretching frequencies. A comparable shift has been observed
recording FT-Raman spectra of this mutant RC [16]. How-
ever, an unambiguous assignment of the bands between 1620
cm31 and 1665 cm31 measured by FTIR di¡erence spectro-
scopy is not possible, because of the strong amide I absorp-
tion and the superposition of several other group frequencies.
The band shift from 1648 cm31 to 1634 cm31 in the M197FY-
minus-native double di¡erence spectrum (Fig. 4) is tentatively
assigned to the shifted 2a acetyl CNO stretching frequency.

The band shifts to lower vibration frequencies at 1130
cm31, 1300 cm31, 1460 cm31, and 1480 cm31 in the
M197FY mutant spectrum may result from changed vibra-
tions of the DB tetrapyrrole ring, which are induced by the
hydrogen bond not present in the native RC between DB and
the apoprotein. This assignment is supported by the observa-
tion that in both the wild-type and the mutant spectra the
positions of the band maxima are the same for samples equil-
ibrated in H2O (data not shown) or D2O. No groups with
vibrational frequencies sensitive to H/D exchange should be
involved in the spectral modi¢cations caused by the mutation.

Both FT-Raman [16] and FTIR spectra suggest the forma-
tion of the supposed hydrogen bond in the M197FY mutant
RC. Its X-ray structure supports this idea because the intro-
duced Tyr M197 obeys hydrogen bonding geometry and be-
cause no further structural changes occur compared to the
wild-type protein (Fig. 1a). Therefore, X-ray di¡raction anal-
ysis in combination with FT-Raman or FTIR spectroscopic
measurements shows unambiguously the existence of the hy-

drogen bond between the apoprotein and DB in the M197FY
mutant RC.
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