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To distinguish contributions from either of the monomer bacteriochlorophyll cofactors BL and BM, we have
recorded Raman spectra of reaction centers (RCs) fromRhodobacter sphaeroides, strain R26.1 at low
temperature and at resonance with the Qy electronic band at 800 nm. Spectra excited from ferricyanide-
treated RCs at 800 nm involved a single BChl species, that we identify with the BL cofactor. Spectra excited
at 810 nm in the same conditions involved participation from a second, additional cofactor, that we identify
with BM. The present, selective RR data on BL fully confirm an earlier interpretation of difference, Soret
resonant Raman spectra (Robert, B.; Lutz, M.Biochemistry1988, 27, 5108-5114), according to which a
H-bond engaged with water by the keto group of BL should significantly strengthen upon formation of the
P•+ radical state of the primary donor. The present data also indicate that the equivalent H-bond engaged by
the keto group of BM should strengthen as well, however by about half the enthalpy change of the L-side
bond. The absolute wavenumbers, and compared P•+-induced shifts of the stretching modes of the acetyl CO
groups of BL and BM are interpreted as indicating (i) that the acetyl carbonyl of BL is located in a higher
permittivity environment than that of BM and (ii) that the frequency of the acetyl CO vibrator of BM may
accordingly experience a stronger electric field effect from the P•+ radical state than that of BL. A set of
differences observed between BL and BM spectra specifically concerns their Mg-sensitive modes. These
differences are not resulting from a differential field effect, and indicate a sizable difference of conformations
between the MgN4Nε2(His) groups of BL and BM. The macroring core sizes of both BL and BM, however, are
close to the size of relaxed, five-coordinated BChla in solution. Finally, comparisons of RR spectra excited
at 790, 800, and 810 nm from RCs chemically poised in the P° or P•+ states revealed a sizable contribution
from the neutral state of the primary donor in RR spectra excited at 810 nm only. This confirms that in
electronic spectra of reduced RCs the 810 nm shoulder should arise in part from the upper excitonic component,
Py+, of the primary donor.

Introduction

In photosynthetic organisms, conversion of solar energy into
chemical potential energy is mediated by integral membrane
proteins named reaction centers (RC). In RCs of photosynthetic
purple bacteria, this energy conversion involves the reduction
of a quinone molecule on the cytoplasmic side of the photo-
synthetic membrane and the oxidation of a cytochrome at the
periplasmic surface.1 From X-ray crystallographic studies,2-4

the purple bacterial RC is known to consist of three membrane-
spanning polypeptides, L and M, and H, two of which (L and
M) assume tertiary structures related by a pseudo-C2 symmetry
axis. The L and M polypeptides each consists of five trans-
membrane spanning helices, which together form a cage into
which are bound the RC cofactors, i.e., four bacteriochlorophylls
(BChl)stwo of which are closely interacting and constitute the
primary electron donor P-, two bacteriopheophytins (BPheo),
two quinones, one carotenoid, and one non-heme iron. The
bacteriochlorin pigments and the quinones are arranged in pairs

around the pseudo-C2 symmetry axis, which runs from the center
of P to the non-heme iron.2,5,6As suggested by the RC structure
and demonstrated by a large body of experimental data,1 the
light-induced electron transfer from the primary donor P
sequentially involves a monomeric BChl cofactor, a BPheo, and
the two quinone molecules. Despite the remarkably symmetric
organization of the cofactors along theC2 axis, this electron
transfer is highly asymmetric, as it essentially occurs along the
set of cofactors which is more closely associated with the L
subunit.7 The probability for an electron to follow the L-branch
pathway is thought to be at least 2 orders of magnitude higher
than for the M branch.8,9 This functional asymmetry of the L
and M branches must essentially result from structural asym-
metry between the L and M polypeptides. This structural
asymmetry may influence the electron transfer directionality
through several physical parameters, which have been exten-
sively considered during the last 15 years, both from theoretical
and experimental points of views. These parameters range from
very local ones, such as H-bonding of a given cofactor, which
may modify its redox potential and relative energies of charge-
separated states,10-12 to more delocalized ones, such as differ-
ences in electronic couplings between partner cofactors,13,14

differences in the static electric fields, and/or differences in the
dielectric constants along the L and M branches.9,15,16 The
functional asymmetry of the bacterial RC actually appears to
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be a multifactorial phenomenon, in which local asymmetry
around the monomer BChl cofactors must play a role, possibly
predominant.9,11,17

Many of the localized and delocalized environmental effects
on the RC-bound bacteriochlorin cofactors can be probed by
vibrational spectroscopy.18 Particularly, resonance Raman spec-
tra of BChl have been shown to contain a wealth of such
information, including H-bonding states and conformations of
the conjugated carbonyls,19,20 coordination state of the magne-
sium,21,22 macroring core size and conformation,22,23 and local
permittivity.24 Information on a specific cofactor can be obtained
from Raman spectra selectively excited at resonance with some
specific electronic transition of this cofactor. For instance, RR
spectra of the primary electron donor have been obtained
selectively through preresonance with its Py-, lower excitonic
transition.25 Differences in local environments of symmetry-
related cofactors result in differences in their electronic absorp-
tion spectra. These differences can in principle be used for
selectively exciting RR spectra of each of the two cofactors.
Selective RR probing has so been achieved for each of the two
HL and HM BPheo cofactors, using resonant excitation at each
of their Qx transitions, which are distinct at low temperature,26,27

as well as, more recently, using resonant excitations in the Qy

band.28-30

In the bacterial RC, the Qy transitions of the monomer BChls
are well separated both from those of the primary donor and
BPheo cofactors (Figure 1). Moreover, there is good evi-
dence31,32 that the Qy transitions of the BChlL and BChlM
cofactors are not exactly overlapping inRb sphaeroidesRCs,
BM absorbing some 10 nm further to the red than BL. These
characteristics of the Qy transitions constitute an incentive for
attempting selective resonant Raman excitations of either BChlL

or BChlM around 800 nm which would allow detailed com-
parisons of the structures and local environments of the two
cofactors, in line with their possible role in the functional
asymmetry of the RC.9,11,17These experiments however are very
difficult because the Qy bands correspond to the lowest singlet,
S1 transitions of the bacteriochlorins, which are very radiative.
Different attempts have been made to overcome this technical
problem,33 either recording the RR spectra in a classical,
straightforward way30,34or using the so-called SERDS difference
method.35,36 Although some of the results obtained by these
groups were not entirely consistent (see discussions in refs 30,
33, and 35), the data for the accessory BChls excited at or near
to 800 nm appeared quite encouraging, with excellent agreement

between the more recent data obtained by the two methods,
particularly in the lower frequency regions. We thus attempted
careful recording of low-temperature RR spectra at full reso-
nance with their Qy transition, with the double objective of (i),
accurately recording the higher frequency regions of the spectra,
which involve most of the currently identified reporter bands
for the structural and environmental characteristics of BChl,37

and (ii) of selectively recording RR spectra of either BL or BM,
to compare their structures and environments. We here report
these spectra, which represent significant improvement in terms
of signal-to-noise ratios from previously published ones. At
variance with previous reports30,38we show that, in the oxidized
state P•+ of the primary donor, clear differences are observed
between the RR spectra of BL and BM. Taken together with
earlier data on RCs with reduced primary donor,20 these
differences allow a detailed, comparative discussion of the states
of BChlL and BChlM in the Rb sphaeroidesRCs.

Materials and Methods

Membrane Preparation and Protein Isolation.The R26.1
(carotenoidless) strain ofRhodobacter (Rb.) sphaeroideswas
grown photosynthetically at 28°C in Bose medium.39 Cyto-
plasmic membranes were prepared and solubilized according
to previously described methods.40 Washed membranes were
diluted to an A800 of 50 with Tris buffer (20 mM Tris‚HCl,
pH 8.0) then solubilized with 0.35%N,N-dimethyldodecyl-
amine-N-oxide (LDAO) for 90 min at 26°C followed by 3-fold
dilution with Tris buffer. After high-speed centrifugation (250
Kxg, 70 min), the RC-containing supernatant was loaded onto
a preequilibrated anion exchange column (20 mM Tris‚HCl,
pH 8.0, 0.1% LDAO, DEAE 650s, Fractogel, TosoHaas). After
a salt gradient was applied (10-400 mM NaCl) the fractions
were concentrated (Centriprep30, Amicon) and loaded onto a
preequilibrated size exclusion column (0.075% LDAO, 50 mM
NaCl, 10 mM Tris.HCl, pH 8.0 Fractogel TSK HW-55,
TosoHaas). Finally, the purified RCs were subjected to a second
anion exchange column (Resource Q, Pharmacia). The polypep-
tide composition of the RCs was verified by polyacrylamide
gel electrophoresis, as described by Scha¨gger and von Jagow.41

The SDS-PAGE gels were developed using the Silver Stain
Plus Kit (BioRad). For resonance Raman experiments, reaction
centers samples were diluted to an OD of ca. 3 cm-1. A typical
absorption spectrum at 77 K of the purified reaction centers is
displayed in Figure 1.

Spectroscopy.Low-temperature absorption and resonance
Raman spectra were recorded at 77 K from samples placed in
a SMC-TBT flow cryostat (Air Liquide, Sassenage, France).
Absorption spectra were recorded on a Varian Cary E5 double-
beam scanning spectrophotometer. Resonance Raman spectra
were obtained using a Jobin-Yvon U1000 double-monochro-
mator Raman spectrophotometer, equipped with 600 groove/
mm gratings blazed at 600 nm. Detection was performed with
an N2-cooled, back-thinned, ultrasensitive, charge-coupled-
device detector (Spectrum One, Jobin-Yvon, France). Excitations
around 800 nm were provided by a Ti:sapphire laser (Spectra
Physics, model 3900 S) pumped by an argon Coherent Innova
100 laser. Laser power reaching the sample during the recording
of the Raman spectra was less than 1 mW. This corresponded,
in our experimental conditions, to a flux of about 10 photons
per RC per second. The reported spectra result from 1 to 50 s
signal accumulations on the CCD detector. No smoothing
procedure was applied to the spectra. In some of the reported
spectra, luminescence backgrounds were subtracted using a
standard multipoint fit procedure.

Figure 1. Absorption spectra of reaction centers fromRb sphaeroides
R26.1 at 77°K. Red.: ascorbate-treated RCs, reduced primary donor
P°. Ox.: ferricyanide-treated RCs, oxidized primary donor P•+. Arrows
point at the two wavelengths, 800 and 810 nm, which have been used
for exciting resonance Raman spectra.
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Results and Discussion

Redox State of the RCs and Qy Resonant Raman Spec-
troscopy.Figure 2 displays resonance Raman spectra obtained
with 800 nm excitation of RC fromRb sphaeroidesR26.1 at
77 K in different redox conditions. When the reaction centers
are poised at low redox potential prior to the Raman experiments
by dithionite or ascorbate addition, a very intense fluorescence
emission band is observed, which prevents the recording of the
Raman signal above 1100 cm-1. The maximum of this band is
located 1500 cm-1 from the excitation wavelength, i.e., at 909
nm, as expected for the fluorescence of P at 77 K. This emission
band disappears when the primary electron donor is fully
oxidized by potassium ferricyanide. When resonance Raman
spectra are recorded from chemically untreated RCs, the
intensity of the 909 nm fluorescence band varies according to
the power of the laser excitation beam, increasing when the
laser intensity decreases. It thus may be used as a probe of the
amount of reduced RCs present in the sample under recording
(see Figure 2).

Information Contents of RR Spectra Excited at 800 and
810 nm. Figure 3 displays RR spectra obtained at 77 K from
R26.1 RCs excited at 800 and 810 nm. They are very rich, with
about 70 persistent, reliable features observed in the 150-1800
cm-1 range. These features closely match with those previously

reported for BChla18,25,37and can be confidently ascribed to
this molecular species only. The present spectra recorded at 800
nm also agree well with spectra previously reported by other
groups in similar experimental conditions.29,30,34,38These pub-
lished spectra generally were recorded using the SERDS method,
except for two spectra directly excited at 800 nm reported by
Cherepy et al.38 and by Eads et al.30 The present spectra yield
more features than the previously reported ones (Table 1). This
results from significantly higher signal-to-noise ratios for our
raw data, as well as probably, in part, from the visual, hence
probably restrictive, selection of spectral features involved by
the SERDS method. Improved signal-to-noise ratio also result
in an apparently better resolution of our spectra. For instance,
we resolve two components at 760 and 764 cm-1 and at 840
and 848 cm-1 in features observed as single bands by Eads et
al.30 and by Cherepy et al.38 As reported in the following, this
allowed us to detect and analyze differences between 810 nm-
excited spectra of RCs with P either oxidized or reduced, and
between spectra excited at 800 or 810 nm.

Notwithstanding the fact that they also were recorded using
a direct, straightforward approach, the present spectra do not
agree well with those previously reported by Palaniappan et
al.42,43 Similarly, it appeared difficult to reconcile the present
spectra recorded from oxidized RCs with those recently acquired
in the 1400-1750 cm-1 range by Czarnecki et al.,44 using the
SERDS technique on reduced RCs. In the present spectra of
reduced RCs, no band could be reliably observed above 1000
cm-1, in our experimental conditions, because of the presence
of the very strong fluorescence backgrounds (Figure 2).

Involvement of Primary Donor Contributions in RR
Spectra Excited at 810 nm.The shoulder present at 810 nm
in electronic absorption spectra of RCs with a neutral primary
donor (Figure 1) has been ascribed both to the upper excitonic
component of the Qy transition of neutral P and to the Qy

transition of the monomer BChl BM.31,45The relative participa-
tions of these two species in constituting the absorbance around
810 nm is unclear.16,32Resonance Raman spectra excited in this
range may contribute to clarifying this problem if containing
contributions from P (The absence of such contributions would
not be conclusive, because RR intensities depend on several
parameters other than species absorbance at excitation wave-
length). Previous work38 concluded that RR spectra ofRb
sphaeroidesRCs excited throughout the 800 nm band did not
involve any sizable contribution from P.

When comparing the RR spectra excited at 800 nm from RCs
poised at low or high redox states ensuring neutral or oxidized
states of the primary donor P, respectively, no significant
differences indeed can be observed (Figure 4, spectra800ox
and 800red). However, this is not so when using 810 nm
excitation. In this latter case, a limited number of small, but
significant differences can be observed between reduced and
oxidized centers (Figure 4, spectra810oxand810red). One of
them concerns the structure of the complex band at 725-745
cm-1. In spectra of reduced RCs, this band is dominated by a
727 cm-1 component which does not occur in those of oxidized
centers. This feature almost exactly coincides with an intense
728 cm-1 band which is characteristic of neutral P in Qy

preresonance spectra excited at 1064 nm (Figure 4, spectrum
1064red).25 A 730 cm-1 band also dominates the 850 nm-excited
RR spectra of P published by Cherepy et al.35,47 Although the
strong 727 cm-1 component we observe in 810 nm-excited
spectra of reduced RCs is close in frequency to a 724-726 cm-1

shoulder present in spectra of oxidized RC spectra, it is tempting
to assign it to a specific contribution of P in the former. Yet we

Figure 2. Resonance Raman spectra of RCs fromRb. sphaeroides
R26.1 at 77°K, excited at 800 nm. Red.: ascorbate-treated RCs:
reduced primary donor. Ox.: ferricyanide-treated RCs, oxidized primary
donor. Untr: chemically untreated RCs. The proportion of photooxidized
RCs contributing in the latter spectrum was 88%, as evaluated from
the integrated intensity of the fluorescence band from P°, compared to
that measured for the ascorbate-treated RCs.

Figure 3. Resonance Raman spectra (150-1800 cm-1 region) of
ferricyanide-treated RCs fromRb. sphaeroidesR26.1 at 77°K. 800:
800 nm excitation. 810: 810 nm excitation.
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TABLE 1: Main Band Wavenumbersa Observed in RR Spectra Excited at 800 or 810 nm from Ferricyanide-Treated (P•+
State) and Ascorbate-Treated (P° state) Reaction Centers fromRb SphaeroidesR26.1 at 77 K

800 nm oxidized 810 nm oxidized 800 nm reduced 810 nm reduced 800 nm from ref 38b assignmentc,d

187 185 187 187 186 γ MgN, τ (II)
221 218 220 211/219 219 δ defs
234 234 232 δ defs
265? 270 δ2a CdO, asδNCC,δCCC
292 293
312 310 τC4aC4b
335 329/335 335 330 334 δCNMg, τC7aC7b
357 353 356 355 358 δCNMg
363 363 363 364
383 382 382 383 383
393 391 394 392 τC8C8a, νMgN
398 397 398 398 398
417 417 417 417
435 435 436 δCNC ?
446 445
461 460/467 464 νMgN, δ9 CdO
479 477 479
510 509 511
538 528/538
566 566 566 567 568 δ(III), as δNCC(γ)
584 584 583 584 δ2a CdO, δCC1C1a
624 623 624 624 624 δ C2a)O, γ C2a)O, δ(I)
654 654
666 664
684 684 684 685 685 δ(IV)
705 705 δ(I)
712 711 712 710 δ defs
726 725 726 727 726
736 731/735 732/736 730/735 736 sδNCaCm(R)
746 746 746 746 747
761/765 760/764 760/765 759/765 765 δ(III)
787 786 787 788 δ(IV)
799 797 799 δ (IV), δ (III), γ defs
830 825 γ C10a)O, γC9dO, CH bend,δC9dO
840 839 841 CHn bend,γ CmH
847 847 847 843 δ defs
871 869 869 νC8C18, CH2 bend
895 892 895 890/897 894 sδNCCm(â)
921 921 927 921 sδNCCm(δ)
944 944 945 δ defs
967 966 966/972? 967 νC10bO, νC10C10a
999 999 999 1000 CH3 bend,γ 2a CdO

1010 1009 CH3 bend,νCC (sat)
1020 1019 1021 CH3 bend,νCC (sat) (R6)
1026 1026
1066 1065 1062? 1065 δ(IV), CH3 bend, CH2 bend

1082
1101 1101 1101 CH3 bend,νC7C8
1115 1115 1116 νCN(I)
1131/1136 1129/1135 1133 CH bend,νCN(III), νC5C5a.) (R5)
1162 1158/1165 1163? 1163 δCmH(â) (R4)
1186 1186 1185 CH bend,δCmH(δ)
1217 1217 CH2 bend, CH bend
1230 1229 1229 CH bend, CH2 bend
1242 1242 1242 δ defs
1269 1269 1269 νCN(IV) νC7C17
1281 1282 1280 CH bend, CH3 bend
1303 1303 1302 CH2 bend, CH bend
1337 1337 1336 νCN(III), δCmH(â), CH3 bend
1346 1343 1346 δ defs
1357 1357 νCN(III), δCmH(â), CH3 bend
1369 1368 1369 CH3 bend
1376 1376 δCmH(δ), CH3 bend
1386 1386 1382 νCN(I), δCmH(δ), CH3 bend
1395 1395 1393 νCN(I) δCmH(R)
1438 1435 CH3 bend, sνCaCm(â),νCN(II)
1448 1447 CH3 bend. sνCaCm(δ) νCN(IV) (R3)
1469 1468 1465 sνCaCm(R), νCN(II)
1500 1500 νCbCb
1521 1519 1516 νCbCb, s νCaCm(γ),νCN(III)
1536/1542 1535?/1542 1534 νCbCb, s νCaCm(γ), νCN(III) (R2)
1585 1582 1579 asνCaCm(γδ)
1610 1610? asνCaCm(Râγδ) (R1)
1658 1650/1658 1652 ν C2a)O
1677 1678 1673 ν C9dO

a Wavenumbers in cm-1. b Reference 38 (Cherepy et al. 1997): untreated RCs at 95 K.c Assignments adapted from ref 55. Abbreviations and
symbols as in ref 55. Assignments of frequencies lower than 550 cm-1 are tentative, due to limited accuracy of the DFT method for low frequencies,
and due to the particular structure of the model BChl considered in ref 55.d (R1)...(R6): core size-sensitive bands, see ref 22.
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are fully aware that a high relative intensity of this P band at
preresonance or resonance with its lowest exciton transition in
no way implies that this intensity should be also high when at
resonance with the upper excitonic transition. Our interpretation
is actually further supported by the observed broadening of a
ca. 896 cm-1 band in 810 nm-excited spectra of reduced RCs
only (Figure 4). Again, both preresonant and resonant spectra
of P excited at 1064 and 850 nm display a medium to strong
band at 894-899 cm-1.25,35,47 Two other features which are
specifically present in 810 nm-excited spectra of reduced RCs
may also contribute in strengthening the idea of a contribution
from P. These are, i) a 211 cm-1 shoulder on the 219 cm-1

band (data not shown), and ii) a weak 927 cm-1 band (Figure
4), which both match specific bands of resonant47 and prereso-
nant spectra25 of P.

We thus conclude, at variance with a previous report,38 that
the primary electron donor in its neutral, ground-state P°
contributes in 810-nm-excited RR spectra of R26.1Rb sphaeroi-
desRCs at 77K. The P° species does not appear to contribute
sizably in RR spectra excited at 800 nm (Figure 4, compare
spectra800redand800ox) or at 790 nm (data not shown). The
very narrow excitation spectral range in which Raman contribu-
tions from P° are enhanced, and the coincidence of this range
with the 810 nm absorption shoulder support the straightforward
interpretation that these contributions originate from a resonance
with the upper exciton component Py+ of the primary donor.
More complex enhancement mechanisms are conceivable, such
as resonance with vibronic sublevels of the Py- transition. This
specific mechanism however appears unlikely, inasmuch as it
should predominantly enhance modes close to 1100 cm-1, rather
than the set of modes ranging from 210 to 930 cm-1 which is
actually observed.

We thus take the present data as bringing confirmation that
the upper exciton component Py+ of the primary donor in its
neutral state should be involved in the 800 nm-absorbing
band.31,45This involvement should not correspond to an excited-
state coupling with the transitions the B cofactors48,49but, rather,

to accidental degeneracy. The Py+ transition should give rise,
in part, to the ca. 810 nm shoulder38 rather than being spread
over a large spectral width..16,46

Structural Information Available from RR Spectra Ex-
cited at 800-810 nm.RR spectra obtained at 800 or 810 nm
from ferricyanide-treated reaction centers (Figure 5) contain the
whole set of bands which have been previously identified as
useful in diagnosing the conformation and interaction state of
protein-bound BChla.18,33,37

The 800-nm-resonant spectra (Figure 5) contain two bands
in the higher frequency region at 1658 and 1677 cm-1 which
may readily be assigned to the acetyl and keto carbonyl
stretching modes of a BChl molecule.37 According to recent
high-resolution X-ray structures, (PDB Id: 1 AIJ)50 (PDB Id:
1E6D),51 these groups assume nearly in-plane conformations
in both BL and BM and are indeed expected to be RR-active in
these conditions. At variance with a previous report,44 no bands
were observed at any frequency higher than 1677 cm-1, ruling
out any sizable activity of the ester carbonyl stretching modes
expected around 1735 cm-1.

A very weak band is reliably observed at 1610 cm-1, a
frequency expected for the highest methine bridge stretching
mode of BChl.52 This band must be sensitive to the coordination
number of the magnesium via the conformation of the BChl
macrocycle.21 Tasumi’s group has shown that several skeletal
modes of chlorophyll actually are sensitive to core size.53,54

Näveke et al.22 recently extended this pioneering work to BChl
a, and identified 5 RR bands (tagged R2-R6), which, in addition
to the 1610 cm-1 band (R1), are also core-sensitive. The present
800 nm-resonant spectra also contain the whole set of R2-R6

Raman bands, at 1536, 1448, 1162, 1131/1136, and 1010/1020
cm-1.

Mg-sensitive modes of Bchla have been identified by isotopic
substitution as well as by ab initio calculations.29,37,55The present
800 nm-excited spectra display bands which may correlate with
these modes, at 435, 393, 363/357, 335, and 187 cm-1. Previous
work56 has identified several RR bands of BChla in the 500-
800 cm-1 range which are sensitive to the nature of the fifth
Mg ligand. These bands are observed in the present 800 nm-
excited spectra, in particular at 787/799 cm-1.

Comparison of 800 and 810-nm-Excited RR Spectra of
Oxidized RCs.As recently discussed by King et al.,32 there is
good evidence that in the 800 nm electronic band, the absorption
of BM occurs at slightly lower energy than that of BL. In the
P•+ state, a faint shoulder on the low energy side of the 800
nm band clearly present in low temperature spectra (Figure 1)
should predominantly arise from BM absorption.16,31RR spectra
excited around 810 nm might thus contain higher contributions
from BM than those excited at the top of the 800 nm band or on
its high-energy side. Figure 5 displays RR spectra of ferricya-
nide-treated R26.1 reaction centers obtained at 77 K with 800
and 810 nm excitations. The two spectra are very similarsa
good indication of the high reproducibility of the present datas
but they exhibit a number of significant differences, both in
band frequencies and in relative intensities. The most conspicu-
ous of these differences are listed in Table 2. Mere differences
in relative intensities have not been tabulated.

Carbonyl stretching modes of BL and BM. The carbonyl
stretching region (1620-1750 cm-1) of the 800-nm-excited
spectrum contains two bands only, at 1658 and 1677 cm-1

(Figure 6). As discussed above, these bands can readily be
ascribed to the stretching modes of the acetyl and keto carbonyls
of a BChla cofactor, respectively. Both these bands have narrow
fwhms of 12 cm-1, which are those expected for their arising

Figure 4. Resonance Raman spectra (500-1000 cm-1 region) of RCs
from Rb. sphaeroidesR26.1. From bottom to top. 800 ox: ferricyanide-
treated RCs at 77°K, excited at 800 nm. 800 red: ascorbate-treated
RCs at 77°K, excited at 800 nm. 810 ox: ferricyanide-treated RCs at
77 °K, excited at 810 nm. 810 red: ascorbate-treated RCs at 77°K,
excited at 810 nm. 1064 red: ascorbate-treated RCs at room temperature,
excited at 1064 nm.

Redband Raman of Bacterial Reaction Centers J. Phys. Chem. A, Vol. 106, No. 14, 20023609



from a single population of BChl.37 They accordingly should
be assigned to the BL cofactor only.

These two frequencies actually match remarkably well with
those, 1659 and 1675 cm-1, that two of us20 ascribed to the
carbonyl modes of BL in the P•+ state, on the basis of a relatively
complex set of difference experiments, conducted at Soret
resonance, and involving the P° and P•+ states as well as
borohydride-treated centers (Table 3). These early studies also
showed that, in the P•+ state, the stretching frequency of the

keto group of BL was decreased by 12-14 cm-1 from that
measured at 1689 cm-1 in the P° state, while the stretching
frequency of its acetyl group remained essentially unchanged.
The present results hence fully confirm these conclusions.

Figure 5. Resonance Raman spectra of ferricyanide-treated RCs fromRb. sphaeroidesR26.1 at 77°K excited at 800 nm (upper traces) and 810
nm (lower traces). A: 170-600 cm-1 region, B: 550-950 cm-1 region. C: 900-1300 cm-1 region. D: 1250-1800 cm-1 region.

TABLE 2: Main Differences in Band Wavenumbersa

Observed in RR Spectra Excited at 800 or 810 nm from
Ferricyanide-Treated (P•+ State) Reaction Centers ofRb
SphaeroidesR26.1 at 77 K

800 nm
excitation

810 nm
excitation assignmentb

187 185 γ MgN, τ (II)
221 218 δ defs
335 329/335 δCNMg, τC7aC7b

357 353 δCNMg
393 391 τC8C8a, νMgN
736 731/735 sδNCaCm(R)
799 797 δ (IV), δ (III), γ defs
830 825 γ C10a)O, γC9dO, CH bend,δC9dO
871 869 δ defs
895 892 sδNCCm(â)

1131/1136 1129/1135 CH bend,νCN(III), νC5C5a(R5)
1162 1158/1165 δCmH(â) (R4)c

1346 1343 δ defs
1438 1435 CH3 bend, sνCaCm(â), νCN(II)
1521 1519 νCbCb, s νCaCm(γ), νCN(III)
1585 1582 asνCaCm(γδ)
1658 1650/1658 ν2aCdO

a Wavenumbers in cm-1. Only wavenumber differences equal to or
higher than 2 cm-1 have been included.b Assignments adapted from
ref 55. Symbols and abbreviations as in ref 55.c R4: core size-sensitive
band, see ref 22.

Figure 6. Resonance Raman spectra (1550-1720 cm-1) of ferricya-
nide-treated RCs fromRb. sphaeroidesR26.1 at 77°K excited at 800
nm (upper trace) and 810 nm (lower trace). Straight base lines were
subtracted from the original spectra.

TABLE 3: Wavenumbersa of the Stretching Modes of the
Acetyl and Keto Carbonyl Groups of the BL and BM
Cofactors in R26.1 RCs

BL cofactor BM cofactor

acetyl keto acetyl keto

P°b state (ref 20) 1659 1689 1663 1685
P•+c state (this work) 1658, 1659d 1677, 1675d 1650 1678

a Wavenumbers in cm-1. b P° state: Primary donor kept in the neutral
P° state, either by chemical reduction or low irradiance conditions (see
ref 20). c P•+ state: Primary donor chemically poised in the oxidized
P•+ radical state.d Value from ref 20.
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The 1677/1689 cm-1 frequencies indicate that the keto group
of BL may be engaged in a moderately strong interaction. This
is consistent with this group binding a water molecule, as
proposed earlier by two of us,20 and as confirmed by X-ray data,
which indicated its H-bonding with a water molecule located
at (O-O distance) 2.7-2.8 Å from the keto oxygen.51,57 The
1658/1659 cm-1 frequency of the BL acetyl CO is that of a
free vibrator, also consistently with X-ray data, which did not
indicate any suitable partner which might provide an H-bond
to this group.

The spectra excited at 810 nm from RCs poised in the P•+

state also yield a carbonyl band at 1658 cm-1, consistently with
a large contribution from BL in these conditions. However, an
additional feature is now apparent at 1650 cm-1 (Figure 5). The
intensity of this component, relative to that of the 1658 cm-1

one, is maximal in spectra excited between 810 and 815 nm
(data not shown). Consistently with the accepted electronic
structure of the Qy band, we assign it to a contribution from the
BM monomer BChl. A keto carbonyl band is observed at 1678
cm-1, a frequency which is slightly higher than that measured
in 800-nm-excited spectra.

Previous work based on Soret-resonant Raman spectroscopy
of borohydride-treated R26 RCs permitted Beese et al.58 and
Robert and Lutz20 to assign a pair of carbonyl stretching
frequencies observed at 1684-1685 and 1662-1663 cm-1 in
the (untreated minus treated) difference spectra, to the keto and
acetyl carbonyls of BM, respectively. The excellent agreement
of the carbonyl frequencies that this study ascribed to BL with
those provided by the present results (see above) probably
legitimates a quantitative comparison of the frequencies obtained
for BM in both studies. This comparison indicates that upon
P•+ formation, the keto stretching mode of BM should shift down
by about 7 cm-1, while its acetyl mode should shift down by
about 12 cm-1 (Table 3).

The relative intensities of the 1658 and 1650 cm-1 features
are both rather high in the present spectra, compared to those
of other bands of the 1400-1800 cm-1 range (Figure 5). This
indicates high levels of conjugation of the acetyl CdO groups
with the macrorings, hence nearly in plane conformations.19 This
conclusion is consistent with recent high-resolution structures
of Rb sphaeroidesRCs, (PDB Id: 1 AIJ)50 and (PDB Id:
1E6D).51 which both involved nearly in plane conformations
for the C2 acetyl groups of both BL and BM., but most probably
not with the marked out-of-plane position proposed for the acetyl
group of BL in 2.4.1 centers published by Ermler et al. (PDB
Id: 1PCR).57

From this analysis of the carbonyl stretching region, we
conclude that RR spectra of oxidized RCs excited at 800 nm
should essentially arise from BL alone, while those excited in
the 808-815 nm range, particularly at 810 nm, should arise
from contributions from both BL and BM, with similar weights.
Further differences between these two sets of spectra may thus
be analyzed in terms of structural or environmental differences
between BL and BM.

Conjugated Macroring Modes.Conformation-sensitive skel-
etal modes of the 1000-1600 cm-1 region observed in the 800-
nm-excited spectra occur with frequencies and band structures
which are not identical to those observed for monomeric, five-
coordinate BChla in vitro. These differences concern the R3-
R6 core-size marker bands22 at 1395 (in vitro frequency: 1397
cm-1), 1162 (1159/1168), 1131/1136 (1140), and 1020 cm-1

(1017 cm-1), as well as a number of other skeletal modes, such
as those at 1395 (1397), 1337 (1339), 1269 (1273), 1115 (1117),
and 1066 (1069) (Table 1 and ref 22). Yet, the “nominal” value

of 1610 cm-1 observed for the R1 methine stretching mode
which has highest sensitivity to core size indicates that the BL

core diameter is exactly that expected for a BChl with five-
coordinated Mg in solution.22 Then, the “non-nominal” values
of the frequencies of the R3-R6 marker bands most probably
indicate that the conjugated macrocycle of BL is distorted from
the relaxed conformation occurring in an isolated, five-
coordinated BChl in solution.23 The nature and amplitude of
this distortion however cannot be discussed further, until a
sufficient body of detailed RR data is constituted from distorted
BChls for which high-resolution structures would be available.

The RR spectra excited at 810 nm yield essentially the same
set of bands as those excited at 800 nm (Figure 3, Table 1). All
significant differences observed between the two are indicated
in Figure 5 and are listed in Table 2. Very few increases in
band complexity, which should account for BM modes being
significantly distinct from BL modes, are observed with 810
nm excitation. Only one is actually observed in the skeletal,
1000-1600 cm-1 range, and concerns the R4 marker band. In
the same range, no other of those modes which were identified
above as significantly differing between BL and BChl in vitro
can actually be significantly differing between BM and BL (Table
2). We conclude on this basis that in R26.1 RCs, the conjugated
parts of the macrocycles of the BL and BM cofactors must share
almost the same conformation. This nearly common conforma-
tion should differ significantly from the average, relaxed one
assumed by five-coordinate BChla in solution.

Mg-SensitiVe Modes.Further differences occcur between 800-
and 810 nm-excited spectra, mostly in the lower frequency,
200-400 cm-1 region (Table 2). Interestingly, the frequency
differences observed at 187/185, 329/335, 357/353, and 393/
391 cm-1 are likely to concern normal modes of BChla which
involve motions of the Mg atom.29,37,55Yet, the Mg atoms of
BL and BM share very similar coordination states, as they each
ligate a His side chain.57 Differences in Mg states must be sought
in details of their coordination sphere, e.g., in the 0.1 A
difference reported by Ermler et al.57 between the Mg(BL)-
Nε2(HisL153) bond length (2.3 A) and the Mg(BM)-Nε2(HisM
180) bond length (2.2 Å). The reported specific binding of the
Nδ1 atom of HisL153 to a peptidic oxygen,57 confirmed by the
more recent structures (PDB Id: 1 AIJ)50 and (PDB Id:
1E6D),51 may indeed account for a difference in electronega-
tivity between the two Mg-liganding histidines.59 Also, these
differences in vibrational properties may arise from different
relative orientations of the His cycles with respect to the BChl
macrocycle planes as well as with respect to the pyrrolic N1N3

and N2N4 axes. Yet, as noted above, although clearly affecting
the vibrational properties of the MgN4Nε2 groups, these
structural differences around the Mg atoms of BL and BM should
not imply any significant difference in macrocycle core sizes.
They thus should involve differences in geometry of the
MgN4Nε2 group, without involving any significant difference
in position of the Mg atom with respect to the macroring plane.

Structural Asymmetry at the Level of BL and BM from
Their Carbonyl Stretching Modes. Altogether, the present RR
spectra indicate clear, although limited structural asymmetry at
the level of the conjugated parts of the BL and BM cofactors of
R26.1 RCs poised in the P•+ radical sate of P. Considering the
information specifically provided by the conjugated carbonyls
modes, this asymmetry must be analyzed in the light of our
previous results on the structural changes accompanying the P°
to P•+ transition in R26 RCs. In their 1988 paper, Robert and
Lutz20 tentatively ascribed the 12 cm-1 doswnshift of the keto
stretching mode of BL to a strengthening, by about 2 kcal/mol,
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of an H-bond with a water molecule, resulting from local
rearrangement of the L-side upon P•+ formation. The same
explanation may be proposed for the 6 cm-1 downshift of the
keto group of BM, which also binds a water molecule.51,57 We
note that this new observation of a P•+-induced shift on the BM
acetyl stretching mode similar to, although about half smaller
than that formerly observed for BL, restrains the degree of L/M
asymmetry that the earlier study ascribed to this molecular
event.20

On the other hand, from both crystallographic data and from
its stretching frequency in the P° state, the acetyl group of BM

does not bind any ligand. We are thus left with the need for
another type of explanation, which would account for both a
large downshift upon P•+ formation and for a low wavenumber
in the P•+ state, 1650 cm-1. A first possible explanation would
consist of assuming a local change in polarity accompanying
P•+ formation, resulting from motion of a nearby polar group.
Tyr M 177, which is located at 7A from the acetyl CO of BM

(PDB Id: 1 AIJ)50 might be a candidate for such a role.
A more consistent and comprehensive interpretation of our

data may be found in an electric field effect from the P•+ state
itself on the acetyl CO of BM. We first note that, in the P° state,
the stretching frequency, 1663 cm-1, of the acetyl CO of BM is
4 cm-1 higher than that of BL (Table 3). Both these groups
being known to be free from any localized intermolecular
interaction, this difference may be simply expressed in terms
of a difference in dielectric constant. The acetyl CO of BM

vibrates at a frequency which is close to that observed for five-
coordinated BChla in low permittivity solvents.24 That of BL

indicates a significantly higher permittivity. This conclusion
agrees qualitatively with recent evidence produced by Steffen
et al.16 from Stark effect measurements, and showing a
significantly higher dielectric constant along the L branch than
along the M branch. These authors calculated effective dielectric
constant values of 2.5 around BM and of 9.5 around BL. Taking
theirε value of 2.5 around BM, (consistently with the 1663 cm-1

frequency that we observe for its acetyl CO stretch) and
assuming that the in-vacuo frequency of the BChla acetyl CO
vibrator may be 1668 cm-1,19,60 application of a simple
Kirkwood-Bauer-Magat-type law19,24 to the 1659 cm-1 fre-
quency yields anε of 10 around BL., in excellent quantitative
agreement with the value calculated by Steffen et al.16

Considering this difference in dielectric constants around BL

and BM in the P° state, the difference in sensitivity of the acetyl
CO groups of BL and BM to P•+ state formation may be
accounted for by a direct electric field effect from the P•+ radical
itself. Indeed, a growing body of experimental data61-65 indicates
that the very high local fields occurring within proteins are able
to induce large frequency shifts of polar vibrators such as
carbonyls.61-63 From Stark spectroscopic data on the Qy

electronic bands, Steffen et al.16 have calculated 108-109 Vm-1

field values at the level of the B cofactors. These values appear
quite able to induce the 12 cm-1 shift we observed for the BM
acetyl vibrator. Qualitatively, the screening effect provided by
the higher dielectric constant around BL may account for the
comparatively small shift of its acetyl CO frequency upon P•+

formation. The present data may constitute the first reported
occurrence of a vibrational Stark effect on a Raman band in a
protein.

Hence, the present results bring a picture of RC asymmetry
in the area of the monomer cofactors which is fully consistent
with i) a sizably higher dielectric constant on the L side than
on the M side, at the levels of the acetyl groups of BL and BM,
ii) a stronger electric field effect from the P•+ radical state on

the conjugated, acetyl CdO vibrator of BM than on that of BL.
Other modes of BL and BM may be sensitive to this difference
in field effects, accounting for some of the frequency differences
listed in Table 2, as well as for certain of the relative intensity
differences which can be observed in Figure 5. However, most
of the differences occurring between spectra excited at 800 and
810 nm from oxidized RCs (Table 2) can be found between
the same spectra excited at 800 and 810 nm from reduced RCs,
in the limit of the lower signal-to-noise ratios and of their smaller
spectral ranges (Table 1). This is particularly true for the Mg-
sensitive bands (with a possible exception for the 185/187 cm-1

band), and indicates that these spectral differences really are of
structural origin, as discussed above, rather than field-induced.
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Abbreviations

BChl: bacteriochlorophyll
BL, BM: monomer bacteriochlorophyll cofactors
BPheo: bacteriopheophytin
fwhm: full width at half-maximum
OD: optical density
PDB Id: Protein Data Bank identification number
Rb: Rhodobacter
RC: reaction centers
RR: resonance Raman
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