BIOCHIMICA ET BIOPHYSICA ACTA

BB

ELSEVIER Biochimica et Biophysica Acta 1321 (1997) 137-148

Fourier transform Raman investigation of the electronic structure and
charge localization in a bacteriochlorophyll-bacteriopheophytin dimer of
reaction centers from Rhodobacter sphaeroides

D. Albouy 2!, M. Kuhn ®, J.C. Williams ¢, J.P. Allen ¢, W. Lubitz ®, T.A. Mattioli *

& Section de Biophysique des Protéines et des Membranes, Département de Biologie Cellulaire et Moléculaire, CEA and URA 2096,
C.E. de Saclay, 91191 Gif-sur-Yvette Cedex, France
b Max-Vol mer-Institut fiir Biophysikalische Chemie und Biochemie, Technische Universitét Berlin, Strasse des 17. Juni 135,
10623 Berlin, Germany
¢ Department of Chemistry and Biochemistry and Center for the Study of Early Events in Photosynthesis, Arizona Sate University,
Tempe, AZ 85287-1604, USA

Received 6 March 1997; accepted 22 April 1997

Abstract

The Raman spectra of a bacteriochlorophyll (BChl)-bacteriopheophytin (BPhe) heterodimeric primary electron donor
from mutant Rhodobacter sphaeroides reaction centers, where histidine M202 has been replaced by leucine, have been
obtained in (pre)resonance with its lowest electronic Q, state using 1064 nm excitation. For reaction centers where the
heterodimer is in its reduced, neutral state, the dominant Raman scattering is from the BPhe constituent of the ground state
heterodimer, and indicates that the 1064 nm-excitation wavelength is interacting with an electronic state or transition which
is largely BPhe in character, such as a charge transfer state with a dominant (BChl*BPhe™) configuration. Previous
electron paramagnetic studies have established that the unpaired electron spin density on the oxidized, cation radica
heterodimer resides almost totally on the BChl constituent. Near infrared electronic absorption spectra of the oxidized
heterodimer exhibit a weak band at 900 nm, characteristic of a BChl a'* species. The (pre)resonance Raman spectrum of
this cation radical, excited at 1064 nm, exhibits a 1723 cm™~* band attributable to the C, keto carbonyl group of the BChl
constituent whose corresponding band in wild type is observed at 17151717 cm™1. This 1723 cm ™~ frequency for BChl in
the oxidized heterodimer, compared to 1691 cm™! for the reduced state, represents an oxidation-induced increase in
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phyl-bacteriopheophytin ‘ heterodimer’ primary donor; RC, reaction center; RR, resonance Raman; Rb., Rhodobacter; Rps., Rhodopseu-
domonas; THF, tetrahydrofuran; Tris, tris(hydroxymethyl)aminomethane
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frequency of +32 cm™?, similar to what is observed for the one-electron oxidation of chlorophylls in non-protic solvents.
The results presented here indicate that the oxidation-induced change in vibrational frequency of the C4 keto carbonyl group
of the BChl in the reaction center is not significantly perturbed by the protein. © 1997 Elsevier Science B.V.

Keywords: Photosynthesis;, Heterodimer; Near infrared Fourier transform; Resonance Raman; Chlorophyll oxidation

1. Introduction

The bacterial photosynthetic reaction center (RC)
is an integral membrane protein wherein the primary
light reactions occur (for reviews, see [1-3]). The
three-dimensional crystal structure of RCs from two
species of purple bacteria, Rhodopseudomonas ( Rps.)
viridis and Rhodobacter (Rb.) sphaeroides, have
been determined by X-ray diffraction [4—10]. The RC
photochemistry and transmembrane charge separation
is initiated by the photoexcitation of the primary
electron donor P, which is a dimer of bacteriochloro-
phyll (BChl) molecules in excitonic interaction. The
electronic structure and physicochemical properties
of the primary donor are critical for the efficient RC
functioning (for a recent review, see [11]).

In the RC of Rhodobacter sphaeroides, histidines
M202 and L173 serve as the axial ligands to each of
the bacteriochlorophyll components of P, denoted P,
and P_, respectively. Genetic substitution of either
one of these histidine residues by a leucine residue
results in the replacement of the ligated BChl
molecule by a bacteriopheophytin (BPhe) instead,
thus forming a so-called ‘heterodimeric’ primary
donor (denoted IT) that is still capable of electron
transfer (see Fig. 1). The first such heterodimer mu-
tants were constructed in RCs of Rb. capsulatus [12]
and more recently in those of Rb. sphaeroides [13—
15]. Electron transfer remains unidirectional along the
L branch in these heterodimer mutants but the quan-
tum yield for electron transfer to the primary BPhe
acceptor (BPhe, ) is lowered from nearly unity, for
the wild type RC, to ca. 0.5 [13]. The * heterodimer’
possesses properties quite different from those of the
naturally occuring wild type ‘homodimer’; there is a
160-180 mV increase in its II°/II " redox mid-
point potential compared to wild type [16,17] and
essentially all of the unpaired spin density over IT *
is localized on the BChl molecule [14,18,19] resulting
in a monomer-like BChl radical cation. In the case of

wild type Rb. sphaeroides, the unpaired spin density
over the two dimer halves in the radical cationic P+
state is delocalized asymmetrically [20] favouring the
P, constituent [21,22].

Resonance Raman spectroscopy is a powerful
technique in the investigation of the structure, confor-
mations, protein interactions, and electronic structure
of the cofactors in photosynthetic systems. For the
study of P, near-infrared Fourier transform (FT) Ra-
man spectroscopy is an idea vibrational technique
because it provides selective, direct vibrational infor-
mation of P [21,23,24]. This technique, using 1064
nm light excitation, provides preresonance Raman
spectra of P viaits ca. 860 nm transition, and genuine
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Fig. 1. The three-dimensional structure of the Rb. sphaeroides
HL(M202) reaction center mutant showing the BChl-BPhe dimer
and residues Leu M202, His L173, and His L168. Arrows
indicate the C, acetyl and Cq4 keto carbonyl groups of BPhe
(II,,) and BChl (II,) of the heterodimer. The phytl chains and
C,o carbomethoxy ester carbonyl groups of II,, and of II,
have been suppressed for clarity. Residue His L168 is hydrogen
bonded to the C, acetyl carbonyl group of II, . The structure
determination was reported in [7] and coordinates are from the
Brookhaven National Laboratory Data Bank, File 1PST.
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resonance Raman (RR) spectra of the primary donor
in its radical cationic P* state via its 1250 nm
absorption band, as described elsewhere [21,23]. The
RR spectrum of P*, like ENDOR spectra, provides
information concerning the degree of localization of
the resulting positive charge (or unpaired €electron
spin density distribution) over the dimer. This infor-
mation is obtained directly from measuring the oxida-
tion-induced upshift in vibrational frequency of the
C, keto carbonyl of one of the BChl components of
P, and has been used extensively to estimate this
delocalization in mutant RCs of Rb. sphaeroides as
compared to WT [21,24-26] as well as in other
native bacterial reaction centers [27—31]. This type of
analysis assumes that the positive charge localization
is linear with the upshift and that the upshift in
vibrational frequency of the Cg4 keto carbonyl ob-
served for the one-electron oxidation of monomeric
BChl in non-protic solvents represents 100% localiza
tion [21,23].

In this contribution we report the near-infrared
Fourier transform Raman spectra of the heterodimeric
primary donor from the HL(M202) mutant RC from
Rb. sphaeroides, in its reduced (II°) and oxidized
(IT ") dates. In this mutant, the axial ligand, His
M202, of the P,, bacteriochlorophyll constituent has
been replaced by a leucine residue and a BPhe
molecule replaces P,,. Resonance Raman and Fourier
transform infrared (FTIR) difference spectroscopic
studies of the corresponding HL(M200) reaction cen-
ter mutant from Rb. capsulatus [32—-34] and from
Rb. sphaeroides [35] have been previously reported
and a preliminary account of the HL(M202) II° FT
Raman spectrum of the HL(M202) RC mutant of Rb.
sphaeroides studied here has been presented else-
where [15]. In this work we specifically report the
unusua near-infrared preresonance enhancement of
the BPhe molecule within the heterodimer which
reflects the mixed BPhe/BChl character its lowest
Q, broad absorption transition at ca. 870 nm. In
addition, we determine the vibrational frequency of
the I1, C4 keto carbonyl group of the monomer-like
BChl radical cation of IT* which shows that its
upshift in vibrational frequency, compared to the
neutral species, is very similar to that observed in
vitro for the one-electron oxidation of BChl a or Chl
a in non-protic solvents [36—38]. The findings in the
present paper al indicate that: (i) the HL(M202)

mutation in Rb. sphaeroides does not significantly
alter the pigment—protein interactions of the m-con-
jugated carbonyl groups of the heterodimer primary
donor, consistent with the crystal structure [7] and
that the RC protein does not significantly perturb the
oxidation-induced vibrational upshift of the keto car-
bonyl of II,; and (ii) vibrational Raman spec-
troscopy is a reliable technique in anaysing the
extent of positive charge localization in P+, provid-
ing analogous and complementary information nor-
mally obtained with other electron paramagnetic
techniques.

2. Experimental

The HL(M202) Rb. sphaeroides reaction center
mutant was constructed by oligonucleotide-directed
mutagenesis and cloning of restriction fragments as
previously described [14,15]. Reaction center protein
was isolated using published procedures found in
[15]. RCs were in 0.5% cholate and 20 mM Tris-HCI
pH 8 a an O.D. of ca 150-200 at 800 nm. In this
paper, the abbreviation ‘WT’' RCs denotes those iso-
lated from the deletion strain complemented with the
wild type genes, while ‘native’ RCs refer to those
from Rb. sphaeroides 2.4.1 or the R-26 carotenoid-
less strain.

Low-temperature (15 K) Fourier transform Raman
measurements were performed on a Bruker IFS 66
interferometer coupled to a FRA 106 Raman module
as described elsewhere [21]. Excitation at 1064 nm
was provided by a diode-pumped Nd:YAG laser. For
near infrared laser excitations other than 1064 nm, a
Ti*":sapphire laser pumped by an Ar* laser was
used, as described in [39]. No more than 300 mW of
laser power was used in all cases. Samples were held
in a cryostat (SMC-TBT, France) whose temperature
was regulated by the flow of cold helium gas. For FT
Raman spectra of RCs in their neutral I1° state,
samples were poised with the addition of ascorbate
before freezing in the dark [21]. For the IT * spec-
tra, untreated RC samples were illuminated for ca. 1
min, at room temperature with white light passing
through a 10 cm filter of water, then quickly frozen
by immersing in liquid nitrogen before transfer to the
cryostat [25].

Room temperature near infrared absorption spec-
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troscopy was performed using the same FT interfer-
ometer as described above, operating in absorption
mode [26]. RC samples (1 ml, 0.5 O.D. at 800 nm)
were held in a 1 cm quartz cuvette. P* and IT*
absorption spectra were obtained by exploiting the
actinic effect of the measuring beam as described
elsewhere [25] while for neutral P° and I1° spectra,
ascorbate was added, under non-actinic conditions.

3. Results
3.1. Near infrared absorption spectrum of IT *

The absorption spectra of the HL(M200) and
HL(M202) heterodimer RC mutants of Rb. capsula-
tus and of Rb. sphaeroides, respectively, in their
reduced I1° state have been discussed in detail else-
where [12,13,15,40]. In contrast to the well-defined P
Q, absorption band at 865 nm observed for the Rb.
sphaeroides WT, R-26, and 2.4.1 RCs at room tem-
perature, the analogous band for the HL(M202) mu-
tant is broad with no distinct maximum, apparently
centered at ca. 870 nm. In addition, changes are seen
in the absorption bands at 540 and 600 nm corre-
sponding to the difference in RC pigment composi-
tion [12,13,15].

Fig. 2 compares the room temperature near-in-
frared electronic absorption spectra of reaction cen-
ters from native Rb. sphaeroides and the HL(M202)
mutant, in their radical cationic P'" and IT " states,
respectively. In this figure we note that the 1250 nm
(7999 cm™!) band in the homodimer spectrum is
absent from that of the heterodimer mutant; this band
has been previously assigned to the BChl homod-
imeric radical cation [41]. The oxidized heterodimer
RC mutant exhibits a weaker broad absorption band
at 900 nm (11129 cm™ 1) and a very weak shoulder
at 960 nm (10430 cm™1). This 900 nm absorption is
reminiscent of the corresponding near infrared transi-
tion of oxidized monomeric BChl a'* [42] and has
been previously tentatively assigned to the
monomer-like BChl radical cation in the heterodimer
[43]. There are also some differences at ca. 750 nm
(ca. 13333 cm™*) which most probably arise from
the different pigment content of the two reaction
centers. Fig. 2 also shows that the intense ca. 800 nm
(ca. 12500 cm™?1) absorption band is blueshifted for
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Fig. 2. Room temperature near-infrared electronic absorption
spectrum of Rb. sphaeroides reaction centers in the IT'* and
P* state of (A) the HL(M202) mutant, (B) native, and (C) the
calculated difference spectrum (A)-minus-(B) with both spectra
normalised at the ca. 800 nm (ca. 12500 cm™1) absorption band;
difference spectrum is X 4. Spectrum B has been shifted down
the absorbance scale for pictoria clarity.

the HL(M202) mutant compared to that of the native
Rb. sphaeroides RCs. For WT RCs in their P° state,
the room temperature absorption spectrum exhibits a
804.5 nm band which shifts to 801.9 nm in the P+
state. For the HL(M202) mutant, the corresponding
band is observed a 803.2 nm in the II° state and
shifts to 799.2 nm in the II'* sate. Thus, the
electrochromic blueshift of the 803 nm band for the
HL(M202) mutant is 1.3 nm greater than that for the
native RC. A similar observation was reported for the
HL(200) mutant of Rb. capsulatus [43]. This greater
blueshift of the heterodimer mutant may be reflecting
a more localized charge distribution in the het-
erodimer exerting a greater field effect on the acces-
sory BChl absorption at ca. 800 nm.

3.2. Near infrared Fourier transform Raman spec-
troscopy

For WT and native Rb. sphaeroides RCs in their
reduced P° state, 1064 nm light predominantly en-
hances the two BChl molecules (P, and P,,) of
“homodimeric’ P to a very similar extent, over the
contributions of the accessory BChl and BPhe
molecules [21,23]. This is in striking contrast to the
HL(M202) heterodimer mutant, for which 1064 nm
excitation results in a greater enhancement of the
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BPhe molecule within the heterodimer over that of
the BChl component when in the IT° state [15] (see
also Section 4). This preferential BPhe enhancement
is readily observed by the dominant 656 cm~* band
in the FT Raman spectrum of the HL(M202) RCs in
their I1° state shown in Fig. 3 as compared to that of
Rb. sphaeroides R-26 RCs in their P° state. This 656
cm~* band is a marker band for BPhe a while the
band at 735 cm~! is a marker band for BChl a
[21,23]. This large increase in BPhe contributions to
the FT Raman spectrum of the HL(M202) het-
erodimer mutant compared to native Rb. sphaeroides
possessing a homodimer is not simply due to the
difference in the BChl:BPhe RC pigment ratio. For
example, the Chloroflexus (Cf.) aurantiacus RC, in
which a BPhe molecule is found in the anaogous
place of the accessory BChl associated with the M
subunit of Rb. sphaeroides, possesses a BChl:BPhe
pigment ratio of 3:3 as does the HL(M202) Rb.
sphaeroides mutant RC; the intensity ratio of the
BPhe marker band to that of BChl was 0.75 in the P°
FT Raman spectrum of reduced Cf. aurantiacus RCs
compared to 0.25 for those of Rb. sphaeroides R-26
[30] while for the HL(M202) mutant RC this ratio is
2.5 (Fig. 3). These ratios not only indicate that the
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Fig. 3. Low temperature (15 K) FT Raman spectra of reaction
centers of Rb. sphaeroides carotenoidliess R-26 strain and the
HL(M202) mutant both in their neutral P° and IT° states, respec-
tively (ascorbate added). The band at 656 cm ™! is a marker band
for bacteriopheophytin a. Experimental conditions. 1064 nm
excitation, 250—300 mW laser power, co-addition of 4000 inter-
ferograms. The intense bands at 1524, 1001, and 932 cm ™~ in the
HL(M202) spectrum and which are not present in the R-26
spectrum are due to the carotenoid [23] in the HL(M202) RC.
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Fig. 4. High frequency region of the 15 K FT Raman spectra of
the Rb. sphaeroides HL(M202) mutant reaction centers, excited
at 1064 nm, in their oxidized (ox.) II'* state (untreated RCs
frozen under illumination) and their neutra reduced (red.) II°
state (ascorbate added). Also shown is the calculated IT *-
minus-IT° spectrum (diff.); this difference spectrum was calcu-
lated by normalizing the spectra on the 2900 cm ™! band corre-
sponding to the protein and detergent C—H stretching modes.
Inset; detail of the 1723 cm ™! region of the FT Raman spectra of
the RCs in their 1T+ state excited at 1064 and 1023 nm. Same
experimental conditions as in Fig. 3.

Raman scattering of the BPhe of the heterodimer is
preresonantly enhanced to a much greater extent than
that of the extra monomeric BPhe in the Cf. aurantia-
cus RC [30], they also show that this BPhe dominates
the Raman contributions of al the RC pigments,
including the BChl constituent of the heterodimer
primary donor in the I1° state.

Fig. 4 shows the high frequency region of the FT
Raman spectra of RCs of the HL(M202) mutant in its
IT° and II * states; the heterodimer I1° FT Raman
spectrum has been previously discussed [15]. The
major bands in FT Raman of the HL(M202) mutant
RCs in their [I° state are seen at 1616, 1663, and
1699 cm~*. Upon photooxidation these three bands
are observed to diminish in intensity, by ca. 40%,
unambiguously indicating that they were (pre)reso-
nantly enhanced via the II° ca 870 nm transition
which itself bleaches upon photooxidation; thus, these
FT Raman bands can be assigned confidently as
arising from reduced II°. These [I° bands do not
completely bleach as do those of P° in native Rb.
sphaeroides [21] because of the ca. 50% diminished
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yield of IT* formation for the HL(M202) mutant
[12,13].

In Fig. 4, observable new bands in the FT Raman
spectrum of the HL(M202) mutant in its IT* state
are seen at 1723 and 1748 cm™*; these arise because
of the concomitant appearance of the ca. 900 nm
absorption band via which they are enhanced using
1064 nm excitation and can be assigned confidently
to IT *. The 1723 cm~* band is more clearly seen in
a II *-minus-I1° FT Raman difference spectrum cal-
culated by normalizing the spectra on the 2900 cm ™1
band of the protein and detergent C—H groups as
has been described elsewhere[21,23]. The 1748 cm™~*
band is similar in frequency to the positive 1751
cm~?! band seen in the IT *-minus-1I° FTIR differ-
ence spectrum of the Rb. capsulatus HL(M200) mu-
tant [33,35] and is attributable to the C,,, car-
bomethoxy ester carbonyl of IT *. The 1723 cm™?
band in the I = FT Raman spectrum in Fig. 4 is
attributable to a C4 keto carbonyl group of a BChl
a™* species; a similar complex feature in the FTIR
difference spectrum was seen at ca. 1710-1720 cm ™ ?
[33,35]. The relative resonance enhancement of the
1723 cm~! band in Fig. 4 is much wesaker than the
corresponding 1715-1717 cm™* band in the homod-
imeric Rb. sphaeroides spectrum [21,23,24]. This is
to be expected since the heterodimer does not exhibit
the characteristic 1250 nm absorption band with which
1064 nm is resonant [21,23]. Since 1064 nm is only
preresonant with 900—-960 nm band of the het-
erodimer IT *, we would expect its spectrum to be
weaker. In addition, due to the diminished efficiency
of II'"™ formation as compared to the WT, we
estimate that only ca. 40% of the centers were oxi-
dized under our illumination conditions for the FT
Raman experiments. This estimate is derived from
the observed ca. 40% lower intensities of the 1616,
1663, and 1699 cm ! bands in the IT * FT Raman
spectrum as compared to those of I1° spectrum when
these spectra are normalized on the 1524 cm™!
carotenoid and ca. 2900 cm~* C—H protein /deter-
gent bands [21,23]. Since the positive charge on the
heterodimer is presumed to be localized entirely on
the BChl component, we would also expect to ob-
serve an upshift of the 11, C, keto carbonyl to be
greater for the case of the heterodimer as compared
to WT. Indeed, the band at 1723 cm™? is signifi-
cantly higher in frequency than the 1717 cm™* band

observed in Rb sphaeroides R-26 and 2.4.1 [21,28],
and than the 1715 cm~* band observed in WT [24].

To verify that this weak 1723 cm™?! feature is a
reliable Raman band, we excited the HL(M202) RCs
intheir IT " state using various wavelengths of near
infrared light. The inset in Fig. 4 shows that changing
the excitation wavelength from 1064 nm to 1023 nm
for the same sample results in a greater relative
enhancement of the 1723 cm~! band; varying the
excitation from 1064 to 966 nm (i.e, excitation
wavelength approaching the ca. 900 nm absorption
band of the IT *) resulted in the persistent appear-
ance of the 1723 cm~* band under various degrees of
resonant enhancement (data not shown).

4. Discussion
4.1. The BPhe constituent of the heterodimer

The FT Raman data presented above clearly indi-
cate that the 1616, 1663, and 1699 cm~* bands arise
from II° while the 1723 cm~! band arises from
IT . Furthermore, the unusually strong preresonant
enhancement of the 656 cm~* BPhe marker band in
the IT° spectrum indicates that the Raman modes of
the BPhe constituent of the heterodimer is grestly
enhanced over those of the BChl constituent. Thus,
the 1616, 1663, and 1699 cm~* bands of II° should
be those of the BPhe in the heterodimer. The FT
Raman contributions of the BChl of the heterodimer
in the spectral region shown in Fig. 4 are difficult to
directly observe and are masked by the unusually
strong BPhe contributions.

In assessing and analysing the FT Raman spectrum
in Fig. 4 of the HL(M202) reaction center mutant in
its 1I° state, it isimportant to compare the FT Raman
spectra of BPhe a and BChl a in vitro: (i) the C,C,,
methine bridge stretching mode is higher in fre-
guency for BPhe than for pentacoordinated BChl,
both a room temperature and at low temperature
(10-15K) [21,23,44], (ii) the frequencies of the free
C, acetyl and free C, keto carbonyl stretching fre-
quencies are ca. 13—16 cm~! higher for BPhe than
for BChl in the non-hydrogen bonding solvent tetra-
hydrofuran (THF) [21,23]. Based on the FT Raman
spectrum of isolated BPhe a in THF, the major bands
in the IT° FT Raman spectrum of the HL(M202)
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mutant can be assigned. The 1616 cm™! band is
assignable to a C_C,,, methine bridge stretching mode
of BPhe a [21,44]. Indeed, the 1616 cm~* band in
Fig. 4 is consistent with it arising from a BPhe
molecule since it is 3—-4 cm™*! higher in frequency
than that of the corresponding band for the wild type
P_ and P,, BChl cofactors (see point i above) at the
same temperature (15 K), which vibrate at 1612—-1613
cm™?! [45,46]. In addition, the 1663 and 1699 cm*
bands of heterodimer I1° are consistent with the free
C, acetyl and free C4 keto carbonyl groups of bacte-
riochlorin a molecules (i.e., BChl a and/or BPhe a)
[21,44]. Unlike the FT Raman spectrum of WT Rb.
sphaeroides which showed 4 bands attributable to the
conjugated carbonyl groups of P (a set of C, and Cq
carbonyl bands from each of the two BChl dimer
components P, and P,,), only two bands, correspond-
ing to only one set of C, and C4 carbonyl groups are
observed for the heterodimer. This is consistent with
only one bacteriochlorin cofactor of the heterodimer
being preresonantly enhanced with 1064 nm excita-
tion, over the other RC cofactors, and not two as in
the case for the WT homodimer [21,23,24]. Based on
the unusually high intensity of the BPhe 656 cm™*!

Table 1

marker band in the HL(M202) I1° FT Raman spec-
trum compared to that of the WT (Fig. 3), the 1663
and 1699 cm~! bands of the IT° heterodimer spec-
trum must arise from the BPhe within the het-
erodimer. These frequencies, as stated above, are
only consistent with free C, and C4 carbonyl groups,
respectively, not engaged in H-bonds and are very
similar to what is observed for BPhe a in the non-H-
bonding solvent THF [21]. This situation is identical
to what is observed for the corresponding P,, BChl
component in the WT homodimer whose free C, and
C, carbonyl groups vibrate at 1653 and 1680 cm ™,
respectively [21,24]. The fact that the C, and C,
carbonyl vibrational frequencies are higher for the
heterodimer than for the BChl P, constituent in the
homodimer is also consistent with the assignment
that the former arise from the BPhe and not the BChl
within the heterodimer (see point (ii) above). The
1663 cm~* band of the free C,, acetyl carbony! of the
BPhe within the heterodimer agrees well with the
resonance Raman assignment to the same carbonyl
group of the heterodimer from Rb. capsulatus, how-
ever the 1699 cm~* band we observe for the C4 keto
carbonyl of this BPhe molecule differs from the 1678

Assigned vibrational frequencies (cm™?) for the C, and C4 keto carbonyl groups of the BChls and BPhe (II,,) of the native and

heterodimer primary donors of Rb. sphaeroides

Neutral Oxidized

Py (ITy, ~ P (IT,) prt Im+ Av %P(IT),

c, C, c, C, P.Co I, Cq P(IT) Cqy ° local. ©
Native dimer 1653 1679 1620 ¢ 1691 1715-1717 +23f—269 72-81
Heterodimer 1663 1699 1620 © 1691 © 1723 +32 100
BPhe a 1670 1703 -
BChl ah 1657 1687 +32132137k

& BPhe constituent of the heterodimer in the HL(M202) mutant.

b Upshift in vibrational frequency of the Cq keto carbonyl of P(IT), or of BChl a in non-protic solvents.
¢ Percent localization of the resulting positive charge in the oxidized primary donor cation radical. This value is obtained by comparing

Ay with +32 cm™1 upshift [21].

9 The observed vibrational frequency of the C, carbony! group of P_ which is hydrogen bonded; the other vibrational frequencies in this

table reflect non-hydrogen bonded carbony! groups.

¢ Inferred values based on [21,24,25] (see text for details).
" From Rb. sphaeroides strain in [24].

9 From Rb. sphaeroides strain in [21].

_h From [21].

' Resonance Raman data from [36,38].

! Infrared absorption data from [37].

K Resonance Raman data from [57].
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cm~! band assignment made from RR studies [34].
Our assignments indicate that the conjugated car-
bonyl groups of BPhe molecule within the het-
erodimer of Rb. sphaeroides are free of H-bond
interactions, which is the same situation for the corre-
sponding P,, BChl consitutent of P in the homod-
imer. Furthermore, these data show that the
pigment—protein interactions of the BPhe molecule of
the heterodimer are not significantly perturbed and
strongly suggest that the replacement of P, with a
BPhe does not significantly alter the geometry and
protein interactions of the primary donor within its
binding pocket, consistent with the X-ray crysta
structure [7]. Our assignments are summarized in
Table 1.

4.2. Enhancement of BPhe (I1,,) Raman scattering

The FT Raman spectra of II° presented in this
work and elsewhere [15], using 1064 nm excitation,
unambiguously show that the BPhe constituent ( I1,,)
of the heterodimer is predominantly enhanced. In the
simplest representation of the lowest lying excited
electronic states of I1, the wavefunctions involved
consist of different contributions from the two locally
excited configurations (BChl+ BPhe) and (BChl
BPhe*), and from the two charge transfer (CT) con-
figurations (BChl* BPhe™) and (BChl~ BPhe").
The (BChl BPhe™) is expected to be higher in energy
than the (BChl* BPhe) configuration (based on the
fact that the Q, near-infrared absorption band of
BPhe is higher in energy than that of BChl) and is
unlikely to be preferentially excited at 1064 nm. In
addition, the (BChl~ BPhe™) configuration is ex-
pected to be very much higher in energy than the
(BChI™ BPhe™) configuration, based on the lower
oxidation potential of BChl as compared to that of
BPhe [47]. Thus, the preresonant enhancement of
BPhe in the FT Raman spectra of I1° most likely
arises from the excitation predominantly interacting
with the CT state with the (BChl *BPhe™) configura-
tion.

There could be several possible explanations for a
predominant contribution of this CT state upon exci-
tation at the red edge of the heterodimer absorption
band. (i) Low-temperature Stark spectroscopy of the
broad near-infrared band of the HL(M202) RC mu-
tant reveals two distinct features at ca. 850 and 930

nm [48]. The authors of a resonance Raman study
concluded that spectra recorded using excitation
wavelengths between 825 and 900 nm were domi-
nated by BChl contributions, and therefore the 850
nm absorption component arises from a state which is
largely excitonic in character resulting in enhanced
BChl (II,) RR scattering [49,50]. If these two ab-
sorption features correspond to states having pre-
dominantly excitonic or CT character, then the ob-
served enhancement of the BPhe component using
1064 nm excitation would indicate that the lower-en-
ergy absorption component (i.e., the 930 nm feature,
which is nearer in energy to 1064 nm than is the 850
nm feature) is largely CT in character. This view
suggests that the (BChl *BPhe™) CT configuration of
IT * lies lower in energy than the localy excited
(BChl* BPhe) and (BChl BPhe*) configurations, in
agreement with the conclusions of a study on the
Stark effect in RCs from Rb. capsulatus [51]. How-
ever, this interpretation of the spectral features is not
consistent with other studies that have concluded that
the CT state should lie at higher energy than the
locally excited state [48,52]. (ii) Another possibility is
that electronic states involved are very broad in en-
ergy as suggested by the large line width of the
absorption band. In that case both the locally excited
and CT states could contribute, and the observed
enhancement would reflect a greater coupling to the
CT state at the energy of the excitation. Recently,
Zhou and Boxer [53] have proposed a model in which
the 850 and 930 nm low-temperature absorption com-
ponents of II result from intermediate charge reso-
nance interactions between the lower molecular exci-
tonic (locally excited) state and a vibronically broad
(BChI*BPhe™) CT state. (iii) A third possibility is
that additional states contribute to the absorption
features, and that the spectral region at or near the red
edge of the absorption band is mainly due to another
distinct state with sizable BPhe character.

4.3. The BChl constituent in the oxidized heterodimer
IT '* cation radical

The 1723 cm™~! FT Raman band of IT * (Fig. 4
and inset) is attributable to the vibrational stretching
mode of a C4 keto carbonyl which has upshifted
upon oxidation of I1° [21,23]. In the FT infrared
absorption IT *-minus-11° difference spectrum of the
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HL(M200) mutant of Rb. capsulatus, differential fea-
tures at 1710 and/or 1720 cm~! were tentatively
assigned to the C4 keto carbonyl group of the oxi-
dized heterodimer [33,35]. For the homodimer in Rb.
sphaeroides, the FT Raman spectrum of P*, the
corresponding C4 keto carbonyl of P, isseen at 1717
cm~?! for R-26 [21] and 2.4.1 [28], and at 1715 cm™*
for the WT RC [24]. Thus, the 1723 cm~* band of
the heterodimer IT* species is significantly higher
in frequency than the corresponding band in the
homodimer.

Resonance Raman spectroscopy is a useful tech-
nique in analysing the extent of charge distribution in
porphyrin radical complexes [54-58]. As previously
discussed [21,23-25,28], the upshift of the P, Cq
keto carbonyl band in the FT Raman spectrum of Rb.
sphaeroides RCs upon oxidation can be used to
estimate the degree of positive charge localization on
the P_ constituent of the primary donor. In a simple
model we assume that the observed carbonyl vibra-
tional frequency upshift is proportional to the charge
localization and that no other protein-induced BChl
structural changes affecting the C, keto carbonyl
frequency occurs as a result of P oxidation. Consider-
ing that a non-H-bonded keto carbonyl group of
monomeric BChl a'* (one-electron oxidation) in vitro
upshifts 32 cm~* [36—-38], this upshift was taken to
represent 100% positive charge localization. For the
cases of native Rb. sphaeroides strains R-26 and
2.4.1, the 1717 cm™~* band represented a 26 cm™?
upshift of the P, C, keto carbonyl from 1691 cm~*
in the neutral state [21,28] while the 1715 cm™~* band
in the WT FT Raman spectrum represented a 23—24
cm~1 upshift [24]. Within the simple model, we
suggested that the 26 cm™* upshift for the cases of
Rb. sphaeroides R-26 and 2.4.1 indicated that ca
80% of the positive charge was located on P, while
the 23-24 cm™! upshift seen for the case of WT
indicated a 72—75% localization of the positive charge
on P, . In addition, according to our model, we would
expect 100% positive charge localization on P, to
give a C, carbonyl vibrational frequency of 1691
ecm'+32cm t=1723cm™ L.

The oxidation of the heterodimer is to be taken as
a monomer-like BChl radical cation of the 11, con-
stituent [14,18,19] where essentialy 100% of the
unpaired spin density is on II, . Although the fre-
quency of the II, C4 keto carbonyl in the II° state

cannot be directly observed for the HL(M202) mu-
tant, its value should be very similar to that observed
for Rb. sphaeroides 2.4.1, R-26, and WT which is
1691 cm~!. The X-ray crystal structure of the Rb.
sphaeroides HL(M202) mutant RC indicates that
there should be no major structural changes in the
primary donor binding pocket to perturb this carbonyl
vibration which is not engaged in a hydrogen bond.
Assuming that the II, C, keto carbonyl vibrates at
1691 cm ™! in the IT° state, then the 1723 cm ™! band
in the heterodimer IT* FT Raman spectrum repre-
sents a ca. 32 cm™ ! upshift of the II, C, keto
carbonyl reflecting the essentially 100% positive
charge localization on I1, . This upshift is very simi-
lar to that observed in the one-electron oxidation of
BChl a in non-protic solvents [36—38]. This result
provides good indications that there are no protein
conformational changes which makes the oxidation-
induced upshift in the keto carbonyl frequency dra-
matically deviate from in vitro model studies and
supports our simple analysis of keto carbonyl fre-
guency upshift and positive charge localization.

We have noted in some other mutants of Rb.
sphaeroides where more drastic changes in the P
binding pocket were genetically introduced such as
adding or removing histidine residues which formed
or ruptured H-bonds to the C, and C4 keto carbonyl
groups of P, but where the P, C4 keto carbonyl was
not a target, that secondary effects introduced fre-
guency shifts of this latter carbonyl group ranging
from —3 to +5 cm™?; the largest shifts resulted
from multiple point mutations [25,26]. Considering:
(i) the lack of evidence for significant structural
changesin the I binding pocket, based on the X-ray
crystal structure of the Rb. sphaeroides HL(M202)
mutant and the above discussion; and (ii) the rela-
tively less drastic single point mutation of HL(M202)
which results in the incorporation of BPhe into the
primary donor binding pocket, compared to the more
drastic multiple point mutations which directly
changes the protein—H-bond interactions with P which
could indirectly ater the P, C4 carbonyl vibrational
frequency by as high as 5 cm ™2, then we expect that
the error in our calculated upshift of 32 cm~! for the
P, Cq keto carbonyl in the HL(202) mutant in the
IT'* sateislessthan +3 cm™1.

Recently, Diers and Bocian [59] suggested that the
assumption that the vibrational frequency shift is
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linear with the degree of positive charge localization
on the macrocycle may not be valid. The work
presented here provides good support for the validity
of this assumption. For the case of the HL(M202)
mutant, the protein does not appear to significantly
perturb the BChl macrocycle and the oxidation-in-
duced upshift of the C, keto carbonyl vibrational
frequency of 32 cm™?! is conserved whether in the
protein or in a non-protic solvent. Thus, the 1723
cm~! Raman band seen for the C4 keto carbonyl of
P_inthe IT * spectrum is consistent with what one
would expect for the 32 cm™? shift of the 1691 cm™?!
band in the II° spectrum.

For the WT Rb. sphaeroides RCs in their P'*
state, our FT Raman results on the positive charge
localization on P, (72—75%) are in qualitative agree-
ment with ENDOR measurements (68%) [14,24].
Similar qualitative agreement was also seen in a
series of Rb. sphaeroides mutant RCs [14,24,25]. In
the FT Raman analysis, the C4 keto carbonyl of P, is
used to gauge the localization on P_ while for the
ENDOR experiments the protons of the CH; methyl
groups at the C, and C; positions of both BChls of P
are used as the probes of the spin density distribution
over the P, macrocycle. Considering the different
physical bases of the ENDOR and the Raman experi-
ments, as well as the different locations on the BChl
macrocycle of the group probes used in the two
experiments, it is remarkable that qualitative agree-
ments are observed. Based on our observationsin this
paper that 100% localization of the positive charge
on II, results in an upshift of the keto carbonyl
group that is very similar to that observed in vitro in
non-H-bonding solvents, we have excluded the possi-
bility that protein factors significantly influence this
upshift and, thus, misleading our determination of
positive charge localization in the oxidized primary
donor. In reconciling an exact quantitative agreement
between the FT Raman and the ENDOR data perhaps
the limiting assumption is whether the unpaired spin
density observed in the chemical group probes (i.e.,
CH, and C = O) reflect a homogeneous spin density
throughout the macrocycle. The fact that the C4 keto
carbonyl is conjugated to the m-system of the entire
BChl macrocycle, and that this carbonyl group is not
susceptible to the same geometric variations (i.e.,
angular variations with the plane of the macrocycle)

as the C, acetyl carbonyl, then the C4 keto carbonyl
group should constitute a good probe.

In summary, the observation of the C, keto car-
bonyl group of the BChI constituent of the het-
erodimer vibrating at 1723 cm™*, which bears essen-
tially 100% of the unpaired spin density (or positive
charge) in the heterodimer IT*, strongly suggests
that this carbonyl group undergoes very similar oxi-
dation-induced vibrational upshifts in frequency to
those observed for BChl and Chl in non-hydrogen
bonding solvents, and that there are no dramatic
protein conformational changes which cause the ob-
served upshift to significantly deviate from the + 32
cm™! upshift of the same keto carbonyl in the one-
electron oxidation of BChl a in non-H-bonding sol-
vents. Thus, our vibrational analysis of using this
upshift in estimating the degree of positive charge
localization in dimeric primary donors in other mu-
tant or native reaction centers appears based on valid
assumptions.
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