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Structural Asymmetry of Bacterial Reaction Centers: A Qy Resonant Raman Study of the
Monomer Bacteriochlorophyllst

Dmitrij Frolov, Y Andrew Gall,* Marc Lutz,* and Bruno Robert

Sewice de Biophysique des Fonctions Membranaires, OBEA and URA 2096/CNRS,
CEA-Saclay, F-91191 Gif-survétte, France

Receied: August 30, 2001; In Final Form: January 7, 2002

To distinguish contributions from either of the monomer bacteriochlorophyll cofactoe& By, we have
recorded Raman spectra of reaction centers (RCs) fRivadobacter sphaeroidestrain R26.1 at low
temperature and at resonance with thgefgctronic band at 800 nm. Spectra excited from ferricyanide-
treated RCs at 800 nm involved a single BChl species, that we identify with,tleefBctor. Spectra excited

at 810 nm in the same conditions involved participation from a second, additional cofactor, that we identify
with By. The present, selective RR data op fally confirm an earlier interpretation of difference, Soret
resonant Raman spectra (Robert, B.; Lutz, Blochemistryl988 27, 5108-5114), according to which a
H-bond engaged with water by the keto group ef#ould 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 B should strengthen as well, however by about half the enthalpy change of the L-side
bond. The absolute wavenumbers, and comparedhluced shifts of the stretching modes of the acetyl CO
groups of B and B, are interpreted as indicating (i) that the acetyl carbonyl pfiBlocated in a higher
permittivity environment than that of \Band (ii) that the frequency of the acetyl CO vibrator qof Bray
accordingly experience a stronger electric field effect from therRdical state than that of BA set of
differences observed between Bnd B, 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 MghiNe2(His) groups of B and By. The macroring core sizes of both Bnd By, however, are

close to the size of relaxed, five-coordinated B@lh solution. Finally, comparisons of RR spectra excited

at 790, 800, and 810 nm from RCs chemically poised in ther?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 around the pseud@; symmetry axis, which runs from the center
of P to the non-heme irof26 As suggested by the RC structure
and demonstrated by a large body of experimental Héta,
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 ti& 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? 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 brancB? 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
primary electron donor R two bacteriopheophytins (BPheo), through seyeral phys_ical parameters, which have been exten-
two quinones, one carotenoid, and one non-heme iron. Theswely congldered durlng thellast 15 years, both from theoretical
bacteriochlorin pigments and the quinones are arranged in pairsanOI experimental points of VIEWS. These pgrameters range from
very local ones, such as H-bonding of a given cofactor, which
t Part of the special issue “Mitsuo Tasumi Festschrift" may modify its redox potential and r_elative energies of ch_arge-
* Corresponding author. Telephone: 33 169 08 53 81. Fax: 33 169 08 Separated staté8,2 to more delocalized ones, such as differ-
43¢89. E-mail: lutz@dsvidf.cea.fr. _ ences in electronic couplings between partner cofaétdrs,
Sur_\'-(sgggatg'rfn'c-:” Brillouin (CEA-CNRS), CEA-Saclay, 91191 Gif-  (jjfferences in the static electric fields, and/or differences in the
; : dielectric constants along the L and M branché&s!® The

V Present address: Biophysics, Division of Physics & Astronomy, Vrije - !
Universiteit, 1081 HV Amsterdam, Holland. functional asymmetry of the bacterial RC actually appears to
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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 surfacé.From X-ray crystallographic studiés?
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 pseGgleymmetry
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)—two of which are closely interacting and constitute the
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Figure 1. Absorption spectra of reaction centers fr&h sphaeroides
R26.1 at 77°K. Red.: ascorbate-treated RCs, reduced primary donor
P°. Ox.: ferricyanide-treated RCs, oxidized primary dongr. Rrrows
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point at the two wavelengths, 800 and 810 nm, which have been used

for exciting resonance Raman spectra.

be a multifactorial phenomenon, in which local asymmetry

Frolov et al.

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 Qtransition, 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,
and (ii) of selectively recording RR spectra of eitherd By,

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 repofs*®we show that, in the oxidized
state P" of the primary donor, clear differences are observed
between the RR spectra of. Band By. Taken together with
earlier data on RCs with reduced primary doffbrthese
differences allow a detailed, comparative discussion of the states
of BChl. and BChjy in the Rb sphaeroide&Cs.

Materials and Methods

Membrane Preparation and Protein Isolation. The R26.1

around the monomer BChl cofactors must play a role, possibly (carotenoidless) strain d®hodobacter (Rb.) sphaeroidess

predominan.11.17
Many of the localized and delocalized environmental effects

grown photosynthetically at 28C in Bose mediuni? Cyto-
plasmic membranes were prepared and solubilized according

on the RC-bound bacteriochlorin cofactors can be probed by to previously described methotfsWashed membranes were

vibrational spectroscopy.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 carbonylg€2°coordination state of the magne-
sium?-22macroring core size and conformati#¥¥3 and local
permittivity.24 Information on a specific cofactor can be obtained

diluted to an A800 of 50 with Tris buffer (20 mM TrHCI,

pH 8.0) then solubilized with 0.35%\,N-dimethyldodecyl-
amineN-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 “H®GI,

from Raman spectra selectively excited at resonance with somepH 8.0, 0.1% LDAO, DEAE 650s, Fractogel, TosoHaas). After

specific electronic transition of this cofactor. For instance, RR

a salt gradient was applied (3@00 mM NacCl) the fractions

spectra of the primary electron donor have been obtained were concentrated (Centriprep30, Amicon) and loaded onto a

selectively through preresonance with its. Plower excitonic
transition?® Differences in local environments of symmetry-

related cofactors result in differences in their electronic absorp-

preequilibrated size exclusion column (0.075% LDAO, 50 mM
NaCl, 10 mM Tris.HCI, pH 8.0 Fractogel TSK HW-55,
TosoHaas). Finally, the purified RCs were subjected to a second

tion spectra. These differences can in principle be used for anion exchange column (Resource Q, Pharmacia). The polypep-

selectively exciting RR spectra of each of the two cofactors.

tide composition of the RCs was verified by polyacrylamide

Selective RR probing has so been achieved for each of the twogel electrophoresis, as described by ‘$gjea and von Jagoth.
H. and Hy BPheo cofactors, using resonant excitation at each The SDS-PAGE gels were developed using the Silver Stain

of their Q transitions, which are distinct at low temperatfé’
as well as, more recently, using resonant excitations in the Q
band?28-30

In the bacterial RC, the Qransitions of the monomer BChls

Plus Kit (BioRad). For resonance Raman experiments, reaction
centers samples were diluted to an OD of ca. 3 typical
absorption spectrum at 77 K of the purified reaction centers is
displayed in Figure 1.

are well separated both from those of the primary donor and  Spectroscopy.Low-temperature absorption and resonance

BPheo cofactors (Figure 1). Moreover, there is good evi-
dencé’32 that the Q transitions of the BChl and BChj
cofactors are not exactly overlapping Rb sphaeroidefCs,

Bwm absorbing some 10 nm further to the red than Bhese
characteristics of the {Jransitions constitute an incentive for

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-

attempting selective resonant Raman excitations of either BChl mator Raman spectrophotometer, equipped with 600 groove/
or BChly around 800 nm which would allow detailed com- mm gratings blazed at 600 nm. Detection was performed with
parisons of the structures and local environments of the two an N2-cooled, back-thinned, ultrasensitive, charge-coupled-
cofactors, in line with their possible role in the functional device detector (Spectrum One, Jobin-Yvon, France). Excitations
asymmetry of the R&1117These experiments however are very around 800 nm were provided by a Ti:sapphire laser (Spectra
difficult because the (bands correspond to the lowest singlet, Physics, model 3900 S) pumped by an argon Coherent Innova
S, transitions of the bacteriochlorins, which are very radiative. 100 laser. Laser power reaching the sample during the recording
Different attempts have been made to overcome this technicalof the Raman spectra was less than 1 mW. This corresponded,
problem3® either recording the RR spectra in a classical, in our experimental conditions, to a flux of about 10 photons
straightforward wa$P-3*or using the so-called SERDS difference per RC per second'he reported spectra result from 1 to 50 s
method3>36 Although some of the results obtained by these signal accumulations on the CCD detector. No smoothing
groups were not entirely consistent (see discussions in refs 30,procedure was applied to the spectra. In some of the reported
33, and 35), the data for the accessory BChls excited at or nearspectra, luminescence backgrounds were subtracted using a
to 800 nm appeared quite encouraging, with excellent agreementstandard multipoint fit procedure.
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Figure 2. Resonance Raman spectra of RCs frRim 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 fréncBmpared to
that measured for the ascorbate-treated RCs.
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Figure 3. Resonance Raman spectra (33800 cnt! region) of
ferricyanide-treated RCs fromb. sphaeroide®26.1 at 77°K. 800:
800 nm excitation. 810: 810 nm excitation.

Results and Discussion
Redox State of the RCs and Q Resonant Raman Spec-
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reported for BChla!®2537and 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 conditio#%30-3438These pub-
lished spectra generally were recorded using the SERDS method,
except for two spectra directly excited at 800 nm reported by
Cherepy et at® and by Eads et & 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 Emnd at 840

and 848 cm? in features observed as single bands by Eads et
al2% and by Cherepy et &F 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.*243 Similarly, it appeared difficult to reconcile the present
spectra recorded from oxidized RCs with those recently acquired
in the 1400-1750 cnT?! range by Czarnecki et &,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 Qtransition of neutral P and to the,Q
transition of the monomer BChl\g314> The relative participa-
tions of these two species in constituting the absorbance around
810 nm is uncleat®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 wo® concluded that RR spectra &b

troscopy. Figure 2 displays resonance Raman spectra obtainedSPhaeroideskCs excited throughout the 800 nm band did not

with 800 nm excitation of RC fronRb sphaeroidefR26.1 at
77 K in different redox conditions. When the reaction centers

involve any sizable contribution from P.
When comparing the RR spectra excited at 800 nm from RCs

are poised at low redox potential prior to the Raman experimentspoised at low or high redox states ensuring neutral or oxidized
by dithionite or ascorbate addition, a very intense fluorescence states of the primary donor P, respectively, no significant
emission band is observed, which prevents the recording of thedifferences indeed can be observed (Figure 4, sp&tifmx

Raman signal above 1100 cfn The maximum of this band is
located 1500 cm* from the excitation wavelength, i.e., at 909

and 800red. However, this is not so when using 810 nm
excitation. In this latter case, a limited number of small, but

nm, as expected for the fluorescence of P at 77 K. This emissionsignificant differences can be observed between reduced and

band disappears when the primary electron donor is fully

oxidized centers (Figure 4, specB8a0oxand810red. One of

oxidized by potassium ferricyanide. When resonance Ramanthem concerns the structure of the complex band at-725%
spectra are recorded from chemically untreated RCs, thecm L. In spectra of reduced RCs, this band is dominated by a
intensity of the 909 nm fluorescence band varies according to 727 cm'* component which does not occur in those of oxidized
the power of the laser excitation beam, increasing when the centers. This feature almost exactly coincides with an intense
laser intensity decreases. It thus may be used as a probe of th&28 cm! band which is characteristic of neutral P in, Q
amount of reduced RCs present in the sample under recordingpreresonance spectra excited at 1064 nm (Figure 4, spectrum

(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-1800

1064red.2> A 730 cn! band also dominates the 850 nm-excited
RR spectra of P published by Cherepy et®dl’ Although the
strong 727 cm! component we observe in 810 nm-excited
spectra of reduced RCs is close in frequency to a72%6 cnt?!
shoulder present in spectra of oxidized RC spectra, it is tempting

cm!range. These features closely match with those previously to assign it to a specific contribution of P in the former. Yet we
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TABLE 1: Main Band Wavenumbers? Observed in RR Spectra Excited at 800 or 810 nm from Ferricyanide-Treated (P

State) and Ascorbate-Treated (P state) Reaction Centers fromRb SphaeroidefR26.1 at 77 K

800 nm oxidized 810 nm oxidized 800 nm reduced 810 nm reduced 800 nm fronPref 38 assignmerit
187 185 187 187 186 y MgN, 7 (1)
221 218 220 211/219 219 o defs
234 234 232 o defs
265? 270 02a CG=0, asdNCC,oCCC
292 293
312 310 7C4:Cap
335 329/335 335 330 334 O0CNMg, 7C7:Cr
357 353 356 355 358 0CNMg
363 363 363 364
383 382 382 383 383
393 391 394 392 7CgCga, vMgN
398 397 398 398 398
417 417 417 417
435 435 436 OCNC ?
446 445
461 460/467 464 vMgN, 69 C=0
479 477 479
510 509 511
538 528/538
566 566 566 567 568 o(Iln), as ONCC(y)
584 584 583 584 02a G=0, 6CC,C1a
624 623 624 624 624 0 Co=0, v C25=0, o(l)
654 654
666 664
684 684 684 685 685 o(IV)
705 705 8(1)
712 711 712 710 o defs
726 725 726 727 726
736 731/735 732/736 730/735 736 ONCLCrm(or)
746 746 746 746 747
761/765 760/764 760/765 759/765 765 o(lny
787 786 787 788 o(IV)
799 797 799 8 (IV), 6 (Il), v defs
830 825 y C10a=0, yCo=0, CH bendpCo=0
840 839 841 ClHbend,y CH
847 847 847 843 o defs
871 869 869 vCgCis, CH, bend
895 892 895 890/897 894 ANCCr(B)
921 921 927 921 8NCCn(0)
944 944 945 0 defs
967 966 966/9727? 967 vC1080, ¥C10C10a
999 999 999 1000 Ckbend,y 2a G=0
1010 1009 CHz bend,vCC (sat)
1020 1019 1021 Ckbend,vCC (sat) (R6)
1026 1026
1066 1065 10627 1065 o(lV), CHz bend, CH bend
1082
1101 1101 1101 Cibend,vC;Cg
1115 1115 1116 vCN(I)
1131/1136 1129/1135 1133 CH ben@N(Ill), vCsCsa) (R5)
1162 1158/1165 11632 1163 SCaH(B) (R4)
1186 1186 1185 CH bendCrmH(0)
1217 1217 CH; bend, CH bend
1230 1229 1229 CH bend, GiHend
1242 1242 1242 o0 defs
1269 1269 1269 vCN(IV) vC7Cy7
1281 1282 1280 CH bend, GHend
1303 1303 1302 Ctbend, CH bend
1337 1337 1336 YCN(III), 5CxH(B), CHs bend
1346 1343 1346 o0 defs
1357 1357 vCN(IIl), 6CnH(B), CHs bend
1369 1368 1369 Ckbend
1376 1376 0CnH(3), CHz bend
1386 1386 1382 vCN(I), 5CmH(5), CHs bend
1395 1395 1393 vCN(I) 0CrH(a)
1438 1435 CHsz bend, svC.Cm(f3),vCN(lI)
1448 1447 CHs bend. s/C.Cn(6) vCN(IV) (R3)
1469 1468 1465 8CCn(0), vCN(II)
1500 1500 vCiCo
1521 1519 1516 ¥CiCh, S¥CaCr(y),»CN(III)
1536/1542 1535?/1542 1534 ¥CCh, S¥CaCi(y), vCN(III) (R2)
1585 1582 1579 asCCn(y9)
1610 16107 asvCLCm(afyd) (R1)
1658 1650/1658 1652 v Coa=0
1677 1678 1673 v Cg=0

aWavenumbers in cri. ? Reference 38 (Cherepy et al. 1997): untreated RCs at $5AKsignments adapted from ref 55. Abbreviations and
symbols as in ref 55. Assignments of frequencies lower than 550 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(88)...(R6): core size-sensitive bands, see ref 22.
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to accidental degeneracy. TheiRransition should give rise,
in part, to the ca. 810 nm should@rather than being spread
over a large spectral width: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 BChh.18:33,37

The 800-nm-resonant spectra (Figure 5) contain two bands
in the higher frequency region at 1658 and 1677 €mvhich
may readily be assigned to the acetyl and keto carbonyl
stretching modes of a BChl moleciié According to recent
high-resolution X-ray structures, (PDB Id: 1 AY)PDB Id:
1E6D),5! these groups assume nearly in-plane conformations
in both B. and By and are indeed expected to be RR-active in
these conditions. At variance with a previous regbrto bands
were observed at any frequency higher than 1677'¢cnuling
out any sizable activity of the ester carbonyl stretching modes
expected around 1735 crh

A very weak band is reliably observed at 1610 ¢ma
frequency expected for the highest methine bridge stretching
mode of BChR2 This band must be sensitive to the coordination

* 728
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925
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Raman intensity, a.u.
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Figure 4. Resonance Raman spectra (5A@00 cnt? region) of RCs

from Rb. sphaeroideR26.1. From bottom to top. 800 ox: ferricyanide-

treated RCs at 77K, excited at 800 nm. 800 red: ascorbate-treated 3 > -
RCs at 77K, excited at 800 nm. 810 ox: ferricyanide-treated RCs at humber of the magnesium via the conformation of the BChl

77 °K, excited at 810 nm. 810 red: ascorbate-treated RCs a&K77 macrocyclé’! Tasumi’s group has shown that several skeletal
excited at 810 nm. 1064 red: ascorbate-treated RCs at room temperaturemnodes of chlorophyll actually are sensitive to core $#%.
excited at 1064 nm. Naveke et aP? recently extended this pioneering work to BChl
a, and identified 5 RR bands (taggeg-fRs), which, in addition

to the 1610 cm! band (R), are also core-sensitive. The present
800 nm-resonant spectra also contain the whole sebLoRR

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

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! band in 810 nm-excited spectra of reduced RCs Mg-sensitive modes of Bcla have been identified by isotopic

only (Figure 4). Again, both preresonant and resonant spectraSubstitution as well as by ab initio calculati(_)?ﬁ§7~55The present
of P excited at 1064 and 850 nm display a medium to strong 800 nm-excited spectra display bands which may corre]ate with
band at 894899 cnTl.253547 Two other features which are  these modes, at 435, 393, 363/357, 335, and 187.dAnevious
specifically present in 810 nm-excited spectra of reduced RCs WOrk®® has identified several RR bands of BGhin the 500~
may also contribute in strengthening the idea of a contribution 800 ¢nT* range which are sensitive to the nature of the fifth
from P. These are, i) a 211 cthshoulder on the 219 c Mg .Ilgand. These band§ are observed in the present 800 nm-
band (data not shown), and ii) a weak 927-érband (Figure ~ ©€Xcited spectra, in particular at 787/799 ¢m
4), which both match specific bands of resoffaand prereso- Comparison of 800 and 810-nm-Excited RR Spectra of
nant spectr® of P. Oxidized RCs.As recently discussed by King et &.there is

We thus conclude, at variance with a previous repbtiat good evidence that in the 800 nm electronic band, the absorption
the primary electron donor in its neutral, ground-state P of By occurs at slightly lower energy than that of.Bn the
contributes in 810-nm-excited RR spectra of RAHsphaeroi-  P* state, a faint shoulder on the low energy side of the 800
desRCs at 77K. The Pspecies does not appear to contribute nm band clearly present in low temperature spectra (Figure 1)
sizably in RR spectra excited at 800 nm (Figure 4, compare should predominantly arise from/Babsorptiort®3!RR spectra
spectraB00redand8000% or at 790 nm (data not shown). The excited around 810 nm might thus contain higher contributions
very narrow excitation spectral range in which Raman contribu- from By than those excited at the top of the 800 nm band or on
tions from P are enhanced, and the coincidence of this range its high-energy side. Figure 5 displays RR spectra of ferricya-
with the 810 nm absorption shoulder support the straightforward nide-treated R26.1 reaction centers obtained at 77 K with 800
interpretation that these contributions originate from a resonanceand 810 nm excitations. The two spectra are very simiar
with the upper exciton componeny.Pof the primary donor. good indication of the high reproducibility of the present data
More complex enhancement mechanisms are conceivable, suctput they exhibit a number of significant differences, both in

as resonance with vibronic sublevels of the Ransition. This

band frequencies and in relative intensities. The most conspicu-

speciﬁc mechanism however appears un|ike|y, inasmuch as itous of these differences are listed in Table 2. Mere differences

should predominantly enhance modes close to 1106,aather
than the set of modes ranging from 210 to 930 &nvhich is
actually observed.

in relative intensities have not been tabulated.

Carbonyl stretching modes of Band By,. The carbonyl
stretching region (16201750 cn!) of the 800-nm-excited

We thus take the present data as bringing confirmation that spectrum contains two bands only, at 1658 and 16771cm
the upper exciton componeny-Pof the primary donor in its (Figure 6). As discussed above, these bands can readily be
neutral state should be involved in the 800 nm-absorbing ascribed to the stretching modes of the acetyl and keto carbonyls
band3145This involvement should not correspond to an excited- of a BChla cofactor, respectively. Both these bands have narrow
state coupling with the transitions the B cofact®f8but, rather, fwhms of 12 cntl, which are those expected for their arising
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Figure 5. Resonance Raman spectra of ferricyanide-treated RCsRinnsphaeroideR26.1 at 77°K excited at 800 nm (upper traces) and 810
nm (lower traces). A: 176600 cnT? region, B: 5506-950 cn1? region. C: 906-1300 cn1! region. D: 1256-1800 cnt? region.

TABLE 2: Main Differences in Band Wavenumbers?
Observed in RR Spectra Excited at 800 or 810 nm from
Ferricyanide-Treated (P State) Reaction Centers oRb
SphaeroideR26.1 at 77 K

800 nm 810 nm
excitation  excitation assignmeht
187 185 y MgN, 7 (Il)
221 218 o0 defs
335 329/335  OCNMg, C7.Ln
357 353 0CNMg
393 391 7CgCga, YMgN
736 731/735 SNC.LCm(a)
799 797 o (IV), o (1), y defs
830 825 y C10=0, yCs=0, CH bendCy=0
871 869 0 defs
895 892 DNCC(B)
1131/1136  1129/1135  CH bendZN(lll), vCsCsa(R5)
1162 1158/1165 OCnH(B) (RAF
1346 1343 0 defs
1438 1435 CHbend, svC.Cn(f), vCN(lI)
1521 1519 vCpCh, SYCLCm(y), vCN(III)
1585 1582 asC,Cn(y0)
1658 1650/1658 v, .C=0

aWavenumbers in cnt. Only wavenumber differences equal to or
higher than 2 cm! have been included.Assignments adapted from
ref 55. Symbols and abbreviations as in ref 5B4: core size-sensitive
band, see ref 22.

from a single population of BCHI. They accordingly should
be assigned to the Bcofactor only.

These two frequencies actually match remarkably well with
those, 1659 and 1675 cry that two of ug® ascribed to the
carbonyl modes of Bin the P™ state, on the basis of a relatively

1658 |

800

Raman intensity, a.u.

1

1658
1650

1550 1650 1700

Av, cm”

Figure 6. Resonance Raman spectra (158320 cnt?) of ferricya-
nide-treated RCs frorRb. sphaeroideR26.1 at 77K excited at 800

nm (upper trace) and 810 nm (lower trace). Straight base lines were
subtracted from the original spectra.

TABLE 3: Wavenumbers? of the Stretching Modes of the
Acetyl and Keto Carbonyl Groups of the B. and By
Cofactors in R26.1 RCs

B, cofactor B4 cofactor
acetyl keto acetyl keto
P°b state (ref 20) 1659 1689 1663 1685
P+ state (this work) 1658, 1689 1677,167% 1650 1678

aWavenumbers in cri. ® P° state: Primary donor kept in the neutral
P° state, either by chemical reduction or low irradiance conditions (see
ref 20).¢P* state: Primary donor chemically poised in the oxidized
P* radical state? Value from ref 20.

complex set of difference experiments, conducted at Soretketo group of B was decreased by 24 cnt? from that

resonance, and involving the® Rind P+ states as well as

measured at 1689 crhin the P state, while the stretching

borohydride-treated centers (Table 3). These early studies alsdrequency of its acetyl group remained essentially unchanged.

showed that, in the *P state, the stretching frequency of the

The present results hence fully confirm these conclusions.
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The 1677/1689 cm' frequencies indicate that the keto group

J. Phys. Chem. A, Vol. 106, No. 14, 2002611

of 1610 cn1! observed for the Rmethine stretching mode

of B. may be engaged in a moderately strong interaction. This which has highest sensitivity to core size indicates that the B
is consistent with this group binding a water molecule, as core diameter is exactly that expected for a BChl with five-

proposed earlier by two of #8,and as confirmed by X-ray data,
which indicated its H-bonding with a water molecule located
at (O—0 distance) 2.72.8 A from the keto oxygePt5” The
1658/1659 cm! frequency of the B 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 ¢éntonsistently with
a large contribution from Bin these conditions. However, an
additional feature is now apparent at 1650 érgFigure 5). The
intensity of this component, relative to that of the 1658 &ém

coordinated Mg in solutio? Then, the “non-nominal” values
of the frequencies of the R&R6 marker bands most probably
indicate that the conjugated macrocycle @fiB distorted from
the relaxed conformation occurring in an isolated, five-
coordinated BChl in solutiof® 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

one, is maximal in spectra excited between 810 and 815 nmband complexity, which should account fof;Bnodes being
(data not shown). Consistently with the accepted electronic significantly distinct from B modes, are observed with 810

structure of the Qband, we assign it to a contribution from the

nm excitation. Only one is actually observed in the skeletal,

Bm monomer BChl. A keto carbonyl band is observed at 1678 1000-1600 cni? range, and concerns the R4 marker band. In

cm™%, a frequency which is slightly higher than that measured
in 800-nm-excited spectra.

the same range, no other of those modes which were identified
above as significantly differing between Bnd BChl in vitro

Previous work based on Soret-resonant Raman spectroscopyan actually be significantly differing betweeyBnd B (Table

of borohydride-treated R26 RCs permitted Beese &t ahd
Robert and Lut® to assign a pair of carbonyl stretching
frequencies observed at 1684685 and 16621663 cnT? in

2). We conclude on this basis that in R26.1 RCs, the conjugated
parts of the macrocycles of the Bnd By cofactors must share
almost the same conformation. This nearly common conforma-

the (untreated minus treated) difference spectra, to the keto andion should differ significantly from the average, relaxed one

acetyl carbonyls of B, respectively. The excellent agreement
of the carbonyl frequencies that this study ascribed tavigh

assumed by five-coordinate BCalin solution.
Mg-Sensitie ModesFurther differences occcur between 800-

those provided by the present results (see above) probablyand 810 nm-excited spectra, mostly in the lower frequency,
legitimates a quantitative comparison of the frequencies obtained200-400 cnt? region (Table 2). Interestingly, the frequency

for By in both studies. This comparison indicates that upon
P* formation, the keto stretching mode ofiBhould shift down

by about 7 cm?, while its acetyl mode should shift down by
about 12 cm? (Table 3).

The relative intensities of the 1658 and 1650 @érfeatures

differences observed at 187/185, 329/335, 357/353, and 393/
391 cntt are likely to concern normal modes of BGhivhich
involve motions of the Mg ator#?37:55Yet, the Mg atoms of

B and By share very similar coordination states, as they each
ligate a His side chaif¥. Differences in Mg states must be sought

are both rather high in the present spectra, compared to thoseén details of their coordination sphere, e.g., in the 0.1 A

of other bands of the 1461800 cnv? range (Figure 5). This
indicates high levels of conjugation of the acetyO groups
with the macrorings, hence nearly in plane conformati8ihis

difference reported by Ermler et &l.between the Mg(B—
Ne2(HisL153) bond length (2.3 A) and the Mg(B—Ne2(HisM
180) bond length (2.2 A). The reported specific binding of the

conclusion is consistent with recent high-resolution structures No1 atom of HisL153 to a peptidic oxygéhgconfirmed by the

of Rb sphaeroidesRCs, (PDB Id: 1 AI}° and (PDB Id:
1E6D)>! which both involved nearly in plane conformations
for the C2 acetyl groups of both Band By., but most probably

more recent structures (PDB Id: 1 Al9)and (PDB Id:
1E6D)5! may indeed account for a difference in electronega-
tivity between the two Mg-liganding histidiné8.Also, these

not with the marked out-of-plane position proposed for the acetyl differences in vibrational properties may arise from different

group of B in 2.4.1 centers published by Ermler et al. (PDB
Id: 1PCR)>’
From this analysis of the carbonyl stretching region, we

relative orientations of the His cycles with respect to the BChl
macrocycle planes as well as with respect to the pyrrojigN
and NN, axes. Yet, as noted above, although clearly affecting

conclude that RR spectra of oxidized RCs excited at 800 nm the vibrational properties of the MgN4® groups, these

should essentially arise from_ Balone, while those excited in
the 808-815 nm range, particularly at 810 nm, should arise
from contributions from both Band By, with similar weights.

structural differences around the Mg atoms pfa®d By, should
not imply any significant difference in macrocycle core sizes.
They thus should involve differences in geometry of the

Further differences between these two sets of spectra may thusMgN4Ne2 group, without involving any significant difference
be analyzed in terms of structural or environmental differences in position of the Mg atom with respect to the macroring plane.

between B and By.

Conjugated Macroring Mode€onformation-sensitive skel-
etal modes of the 10661600 cnt? region observed in the 800-

Structural Asymmetry at the Level of B. and By from
Their Carbonyl Stretching Modes. Altogether, the present RR
spectra indicate clear, although limited structural asymmetry at

nm-excited spectra occur with frequencies and band structuresthe level of the conjugated parts of the &d By cofactors of
which are not identical to those observed for monomeric, five- R26.1 RCs poised in thePradical sate of P. Considering the

coordinate BChh in vitro. These differences concern the-R
Rs core-size marker bantfat 1395 (in vitro frequency: 1397
cm™1), 1162 (1159/1168), 1131/1136 (1140), and 1020tm

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

(1017 e, as well as a number of other skeletal modes, such to P transition in R26 RCs. In their 1988 paper, Robert and
as those at 1395 (1397), 1337 (1339), 1269 (1273), 1115 (1117),Lutz? tentatively ascribed the 12 crhdoswnshift of the keto

and 1066 (1069) (Table 1 and ref 22). Yet, the “nominal” value

stretching mode of Bto a strengthening, by about 2 kcal/mol,
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of an H-bond with a water molecule, resulting from local the conjugated, acetyl=€0 vibrator of By than on that of B.
rearrangement of the L-side upon™Formation. The same  Other modes of Band By may be sensitive to this difference

explanation may be proposed for the 6 dndownshift of the in field effects, accounting for some of the frequency differences
keto group of B, which also binds a water moleclte3” We listed in Table 2, as well as for certain of the relative intensity
note that this new observation of aRAnduced shift on the B differences which can be observed in Figure 5. However, most

acetyl stretching mode similar to, although about half smaller of the differences occurring between spectra excited at 800 and

than that formerly observed for Brestrains the degree of L/IM 810 nm from oxidized RCs (Table 2) can be found between

asymmetry that the earlier study ascribed to this molecular the same spectra excited at 800 and 810 nm from reduced RCs,

event20 in the limit of the lower signal-to-noise ratios and of their smaller
On the other hand, from both crystallographic data and from SPectral ranges (Table 1). This is particularly true for the Mg-

its stretching frequency in the°Rtate, the acetyl group ofyB sensitive bands (with a possible exception for the 185/187cm

does not bind any ligand. We are thus left with the need for band), and indicates that these spectral differences really are of

another type of explanation, which would account for both a Structural origin, as discussed above, rather than field-induced.

large downshift upon® formation and for a low wavenumber ) )

in the P state, 1650 crri. A first possible explanation would Acknowledgment. During the course of this study, D.F. has

consist of assuming a local change in polarity accompanying Penefited from a European Union Training Site grant.

Pt formation, resulting from motion of a nearby polar group. _

Tyr M 177, which is located at 7A from the acetyl CO ofy,8  APbreviations

(PDB Id: 1 AIJF° might be a candidate for such a role. BChl: bacteriochlorophyll
A more consistent and comprehensive interpretation of our By, By: monomer bacteriochlorophyll cofactors
data may be found in an electric field effect from thé Btate BPheo: bacteriopheophytin
itself on the acetyl CO of B. We first note that, in the Pstate, fwhm: full width at half-maximum
the stretching frequency, 1663 chof the acetyl CO of B is OD: optical density

4 cm? higher than that of B (Table 3). Both these groups PDB Id: Protein Data Bank identification number
being known to be free from any localized intermolecular  Rb: Rhodobacter
interaction, this difference may be simply expressed in terms RC: reaction centers

of a difference in dielectric constant. The acetyl CO qf B RR: resonance Raman
vibrates at a frequency which is close to that observed for five-
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