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ABSTRACT. Soret resonance,XQesonance, andQnear-infrared Fourier transform (FT) (pre)resonance
Raman spectroscopies were used to determine pighpeatein interactions of specific bacteriochlorin
molecules in the reaction center fro@hloroflexus aurantiacus FT Raman spectroscopy, using 1064

nm excitation, was used to selectively obtain preresonance and resonance vibrational Raman spectra of
the primary donor (P) of reaction centers (RCs) fr@mloroflexus aurantiacui the P and P* states,
respectively. The FT Raman spectrum of RCs in their neutraP)Ps{&e exhibits bands at 1605, 1632,
1648, and 1696 crt which are attributable to P in its resting neutral state. Specifically, the latter three
Raman bands can be assigned to the conjugatedc8tyl and @ keto carbonyl groups of the
bacteriochlorophyll (BChl) molecules constituting P. The observation of at least three such bands is
indicative of a non-monomeric nature of P, consistent with the proposal that it is a dimer of BChl molecules.
The 1632 cm? band is consistent only with a hydrogen bonded BChl acetyl carbonyl, while the 1648
cm~! band is assigned to a non-hydrogen bonded acetyl carbonyl. The 1696bamd is consistent

only with a non-hydrogen bonded keto carbonyl group; from the unusually high intensity of this latter
band compared to the others, we propose that the 1696 lsamd contains contributions from two keto
carbonyl groups, both free of hydrogen bonds. From published protein sequence alignments of the L and
M subunits ofRhodobactei(Rb) sphaeroidesand Chloroflexus aurantiacusve assign the 1632 crh

band as arising from the Gacetyl carbonyl of the analogous, Ronstituent of P, which is hydrogen
bonded to tyrosine M187 in th€hloroflexusRC, and propose a pigmenprotein structural model for

the primary donor o€Chloroflexus aurantiacus The FT Raman spectrum of RCs in the Btate indicates

that one component of the 1696 tiband has upshifted 21 crhto 1717 cml. Compared toRb.
sphaeroidesvhich showed a 26 cnt upshift for the corresponding band, the 21 @mpshift indicates

that the+ charge is more delocalized over the Bpecies ofChloroflexus we estimate thata. 65% of

the+ charge is localized on one of the two BChl molecules of@héroflexusprimary donor as compared

to ca.80% forRb. sphaeroidesThe consequences of the proposed structure ofttleroflexusprimary

donor in terms of its #P* redox midpoint potential are discussed.

Chloroflexus(Cf.)! aurantiacusis a thermophilic, photo-  these molecules are located and organized in chlorosomes
synthetic, gliding bacterium which has been placed in the which function solely as light harvesting complexes (Feick
earliest branches of the bacterial phylogenetic tree and is& Fuller, 1984). The presence of chlorosomes in both the
thus proposed to be a photosynthetic common ancestor offilamentous and the green sulfur bacteria serves as the main

all bacteria (Blankenship, 1985, 1992; Nitschgtel, 1996). criterium for such a taxonomical classification (Olson, 1980;
Although Cf. aurantiacusis classified taxonomically as a Feick & Fuller, 1984; Gibsort al, 1985). However, the
phototrophic green bacteriunClloroflexaceagamily), it reaction center (RC) fror@f. aurantiacuss most similar to
shares only partial features with the green sulfur bacteria those from purple bacteria (Pierson & Thornber, 1983;
(Chlorobiaceadamily). Bacteriochlorophyll (BChlt mol- Shiozaweet al., 1987 and references therein), since both are

ecules constitute the bulk of chlorophylls@i. aurantiacus bacteriochlorophyi-donor-bacteriopheophytinquinone ac-
ceptor systems (reviewed in Feigdt al, 1995). The
tALl gratefully acknowledges a postdoctoral fellowship from struct_ural and functional 5|m|I§1r|t|es of thef. aurant!acus
CONICET (Argentina). RC with those of purple bacteria have been determined from
* Corresponding author. Fax: 33-1-69 08 43 89. e-mail: ivancich@ spectroscopic measurements since no crystal structure has
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*CEA, Centre d’Etudes de Saclay. been obtained so far.
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1 Abbreviations: BChl, bacteriochlorophyll; BPhe, bacteriopheo- of R.CS fromRh(?dopseudomonaRps) viridis (Deisenhofer
phytin; P, primary electron donor; RC(s), reaction center(s); RR, & Michel, 1989; Deisenhofeet al, 1995) andRhodobacter

resonance Raman; FT, Fourier transform, FWHM, full width at half- (Rb) sphaeroideqYeateset al., 1988; El-Kabbaniet al,

maximum;Rb, RhodobacterCf. Chloroflexus Ro, RoseobacteRps, 1991; Chirinoet al, 1994; Ermleret al, 1994) have revealed
Rhodopseudomona®ux., Rubrivivax; Rc. RhodocyclusRs, Rho- - . .
dospirillumy Tris, tris(hydroxymethyl)aminomethane;:£Es, nona- the specific spatial arrangements of th_e cofactors that mediate
ethylene glycol mona+dodecyl ether. the electron transfer and the photoinduced stable charge
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separation across the membrane. Specifically, both RCs areet al., 1991), in contrast to the 200 ps observedRb.
composed of three polypeptide subunits (the so-called L, M, sphaeroidegKirmaier et al., 1986).

and H subunits); th&ps.viridis RC, in addition, possesses  Recently, Cherepgt al. (1995) reported the near-infrared

a fourth tetraheme cytochrome subunit. The L and M Q, resonance Raman (RR) spectra of RCs f®fmauran-
subunits noncovalently bind several cofactors including a tiacususing shifted-excitation Raman difference spectroscopy
dimer of BChl molecules constituting the primary donor (P), (SERDS). The primary donor and the accessory BChl
two monomeric accessory bacteriochloroplyinolecules  spectra obtained by this technique were compared to the
(BChl. and BChly), two bacteriopheophytin molecules  corresponding spectra &b. sphaeroideRCs. Due to the
(BPhe and BPhg), two quinones, a non-heme iron atom,  similarities observed between the SERDS regenerated Raman
and a carotenoid molecule. The bacteriochlorins and qui- spectra of both primary donors, Cherepy and co-workers

nones are spatially distributed in pairs along a psego-  concluded that the nuclear and electronic dynamics are
symmetry axis which runs across the membrane, thussimilar for these two bacterial reaction centers.

resulting in two nearly symmetric pigment branches associ-  Near-infrared Fourier transform (FT) Raman spectroscopy
ated with the L and M subunits; only the branch of pigments a5 peen successfully applied for the characterization of
more closely associated with the L subunit appears to bepigment—protein interactions in the primary donor frdRb.
used for light-driven transmembrane electron transfer. The sphaeroideRCs (Mattioliet al, 1991a, 1994, 1995) as well
globular domain of the H subunit makes contact with the ;¢ those from other bacteria{l RCs (’Mattie,ﬁ al. 1992a:
cytoplasmic side of the L and M subunits. _ Agalidis et al, 1992; Feileret al, 1995). The 1064 nm
The RC fromCf. aurantiacushas been well characterized  excitation wavelength used in those FT Raman experiments
by several biochemical and spectroscopic studies (reviewedyqyides a selective excitation of the primary donor which
in Feick et al, 1995). From these studies, it appears that exhibits an absorption maximum at 860 nm in the resting
the general structures of both RCs fr@h aurantiacusand  (neytral) state and at 1250 nm once it is oxidized. Under
RD. sphaeroideappear to be similar, although the following  these experimental conditionsa. 70% of the intensity
differences are noteworthy: _ (f. aurantiacuspossesses  pgpserved in the FT Raman spectrunRif. sphaeroideRCs
only two protein subunits wittta. 40% identity to the L gises from contributions of preresonantly enhanced neutral
and M subunits oRb. sphaeroideandRps.iridis (Shioza-  p or resonantly enhanced oxidized P (Mattelal, 1991a).
waet al, 1987), and it lacks the corresponding H polypeptide consequently, the H-bond pattern of the conjugated carbonyl
subunit which has been prposed to stabilize the complex groyps of the primary donor and its protein interactions could
assembly in the membrane Bb. sphaeroidefChoryetal.,  pe reliably deduced (Mattiokt al, 1994, 1995). Similar
1984); (ii) in theCf. aurantiacusRC, a BPhea molecule  ggjectivity using 1064 nm excitation wavelength can be
replaces one of the accessory (monomeric) BOhblecules  eypected for the primary donor @f. aurantiacusin its
(Pierson & Thornber, 1983; Blankensfgpal, 1983) found  neytral and oxidized states, since the electronic absorption
in the purple bacterial RCs, most probably the one located naxima are quite similar to those &b. sphaeroides In
on the M branch; (||_|) no cgrotenmd is found in the isolated g work, we have applied near-infrared FT (pre)resonance
RCs fromCf. aurantiacugPiersoret al, 1983); (\v) the type  Raman spectroscopy to obtain specific information on the
of quinones (menaquinones, Hate al, 1983) and the  gtrycture of theCf. aurantiacusprimary electron donor as
transition metal ion (manganese) are differen€inauran- gl a5 its interactions with the protein. Thus, the H-bonding
tiacus RC; (v) Cf. aurantiacuspossesses a RC assom_ated pattern could be deduced for the primary donor fref
tetraheme cytochrome, cgtss, (Freeman & Blankenship,  ayrantiacusand from the available primary structure of the
1990; van Vlietet al,, 1991),Wh|ch is nelthera.tllghtly-bound RC polypeptide subunits (Ovchinnikoet al, 1988a,b:
tetraheme cytochrome, as in the cas&pb.viridis, nora  ghiozawaet al, 1989), possible candidates for the interac-
soluble monoheme cytochrome as flo. sphaeroides tions can be proposed. The deduced structure from this
As in the case of purple bacteria, the primary electron anajysis and the observed physicochemical properties of the
donor from Cf. aurantiacusis proposed to be a .dlmer of primary donor, such as the/P* redox midpoint potential
BChl a molecules (Bruceet al., 1982; Blankenshigt al, o the delocalization of the unpair electron spin density, can
1983) and its near-infrared absorption maX|mu+m is at 865 pe rationalized in analogy with previous results obtained for
nm (Pierson & Thornber, 1983). While the/** redox  Rp. gphaeroidesiutants where the H-bonding pattern to the

midpoint potential for the primary donor Rb. sphaeroides primary donor was modified (Mattiokt al, 1994, 1995).
is about+500 mV (Prince & Dutton, 1978; Mosst al,,

1991; Williamset al,, 1992; Naragajamt al., 1993; Jiaet EXPERIMENTAL PROCEDURES

al., 1994; Beekmaret al, 1995), inCf. aurantiacusit is

significantly lower (360 mV; Bruceet al., 1982) and, also, Reaction centers fror@f. aurantiacuswvere prepared and
more than 100 mV; higher than that fog,Pof Chlorobium  purified as previously described (Shiozawaal, 1987);
(+240 mV; Fowleret al, 1971; Prince & Olson, 1976). these RCs were in a final solution of 20 mM Tris buffer,
Picosecond spectroscopic studiesGinaurantiacusndicate ~ PH 8, and 0.1% nonaethylene glycol monatodecyl ether
that the analogous BPhés an electron acceptor prior to  (Ci2Eg) detergent. The isolation of RCs froRb. sphaeroi-
quinone reduction, as is the case of the purple bacterial RC,desR26 and 2.4.1 was described elsewhere (Robert & Lutz,
although the rate of electron transfer to this BRmaolecule ~ 1986), except final RCs were in 50 mM Tris-HCI, pH 8,
is 7 ps at 296 K (Beckeet al., 1991) as compared to tioa. and 0.1% cholate detergent.

3 ps for the purple bacterial RCs (Woodbiweyal., 1985; Near-infrared Fourier transform (FT) Raman spectra were
Martin et al, 1986; Holzapfelet al, 1990). As well, the recorded using a Bruker IFS 66 interferometer coupled to a
reduction of the first quinone (§) occurs with a time Bruker FRA 106 Raman module as described elsewhere
constant of 300 ps (Kirmaiest al, 1983, 1984, 1986; Becker  (Mattioli et al, 1991a). The samples were excited with 180
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FiGure 1: Low temperature (10 K) resonance Raman spectfbofsphaeroideRCs (a) andCf. aurantiacusRCs (b) excited at 363.8 nm
(panel A) and at 530.9 nm (panel B).

and 200 mW of 1064 nm radiation for room and low RESULTS AND DISCUSSION

temperature (10 K) measurements, respectively, which was )
provided by a diode-pumped Nd:YAG laser; the spectral _ Soret Resonance Raman Spectra of the Cf. aurantiacus
resolution was 4 cni. RC samples either were contained RC. The high frequency Soret resonance Raman (RR)
in a sapphire cell for the room temperature measurementsSPectra oCf. aurantiacusandRb. sphaeroideRCs recorded

or were immersed in a gas-flow cryostat (SMC-TBT, France) at 10 K is shown in Figure 1 (panel A). The excitation
regulated by circulation of cold helium gas for the low wavelength used, 363.8 nm, provides a resonance condition

temperature experiments (10 K). For these experim@lits, u_nder which all the bacteriochlorin pigments should con-
aurantiacus RCs were concentrated using a Centricon Uibute to the RR spectrum. F&tb. sphaeroideRCs, the
microconcentrator system (Amicon) ta. 100 OD at 865 assignments of the RR bands have been discussed els_ewhere
nm. In order to poise the RCs in their reduced)(Br (Robert & Lutz, 1988;_ Ropert, 1990). The 2.4.1 strain 'of
oxidized (P*) states, sodium dithionite or potassium ferri- RP. Sphaeroidesised in this work contains a carotenoid
cyanide was used. To obtain FT Raman spectra of fully molecule (sphaeroidene) bounq to the RC, as can be opserved
reduced P, it was necessary to use dithionite since, Whenfrom the %an? at t15t4?].CTﬁ (F|gure fltﬁ, E’é"geg A)dWh'lch
poising the RC samples with sodium ascorbate, less thanCOITESPONAS tory Stretching mode ot the onas. n

10% of the RCs were still oxidized as observed by a modesttF:]e spe(t:)trur;_ofg]f. aurar][tialcus(_Figl_Jre ;b’ Ft)ani: At).’ ath
1—2 cnrt downshift of the 1605 ¢t band. aman band in this spectral region is absent, reflecting the

] ) lack of carotenoid bound to its RC. Two intense bands in
Near-infrared room temperature absorption spectra{800 he spectra of both RCs are observed at 1587 and 1613 cm
1300 nm) were recorded with the same FT interferometer The former band was previously assigned as arising pre-
described above, operating in absorption mode (Wachtveitl yominantly from the BPhe contributions under these reso-

et al, 1993); 1 mL samples at a final concentrationcaf nance conditions, while the latter was attributed 4T
0.2 OD at 812 nm were measured in a 1 cm quartz cuvette.stretching modes of both BChl and BPhea molecules
Absorption spectra of Rvere obtained from RC samples in  (Robert & Lutz, 1986). Comparing the RR spectra for both
the presence of sodium ascorbate, while those*oflere Cf. aurantiacusandRb. sphaeroideRCs, it is evident that
obtained with no additions and exploiting the actinic effect the ratio of the intensities of 1587 cfhband to the 1613
of the measuring beam as described elsewhere (Ma¢tioli c¢m~! band is higher forCf. aurantiacus(0.67 for Cf.
al., 1995). aurantiacusand 0.58 forRb. sphaeroidgs assuming that
Low temperature (10 K) resonance Raman spectra werethe relative resonance enhancements for BPhe and BChl are
excited using 363.8 nm radiation from an*Aaser (Coherent  similar for these two RCs, this ratio reflects the difference
Innova 100) or the 530.9 nm line of Kraser (Coherent  in pigment composition of the two RCs (Blankenskial,
Innova 90). The scattered light was collected using 130 1983). The 1613 cmt band indicates that the BChl
grazing incidence geometry and dispersed through a Jobin-molecules in the RCs are pentacoordinated with only one
Yvon U-1000 Raman spectrometer equipped with a charged-axial ligand each, foCf. aurantiacusas they are foRb.
coupled device detector (Spectraview 2D, Jobin Yvon). SphaeroidegRobert & Lutz, 1986).
Typically, less than 2 mW of power was used for the 363.8  Raman bands corresponding to theonjugated carbonyl
nm excitation, and for the 530.9 nm excitation the power group stretching modes of bacteriochlorin molecules are
was less than 20 mW. For these experiments, the samplegxpected in the range 1620710 cm. For the Soret RR
were concentrated toa. 40 OD at 812 nm. spectra ofRb. sphaeroideRCs, the assignments of all the
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active carbonyl vibrators of the BChl and BPhe molecules consistent with the presence of a BPhe molecule instead of
have been previously reported (Robert & Lutz, 1988; see the accessory BChlmolecule and that the acetyl carbonyl

review: Robert, 1990). Comparing the RR spectrdrof
sphaeroidesaand Cf. aurantiacusn this spectral region, we

group of this latter molecule is not H-bonded as it is not for
BChly in Rb. sphaeroidesFurthermore, the acetyl carbonyl

note that, in general, they are similar, yet some significant group of BCh| molecule in theCf. aurantiacusRC probably
differences are evident. The most obvious differences in thevibrates at 1650 crmt and not at 1660 cri as for the case

Cf. aurantiacusRC spectrum include (a) the lack of a 1660
cm ! band, (b) the appearance of a weak 1650 thand,
and (c) the band centered at 1680¢éris broader.

The band at 1660 cm in the Soret RR spectrum &b.
sphaeroidesin principle, contains contributions from three
different carbonyl groups: (i) the free acetyl carbonyl group
of the R, constituent of the primary donor, (i) the free acetyl
carbonyl group of the accessory Bghland (iii) the free
acetyl carbonyl group of the accessory BOobert, 1990).

(i) The Soret RR spectrum @f. aurantiacusexcited at
363.8 nm does not contain significant contributions of the
primary donor. This has been verified by recording RR
spectra of RCs poised in their°Rin the presence of

of Rb. sphaeroideseflecting different protein environments
in each RC at the level of these carbonyl groups. The
frequency 1650 cmt is too high to reflect an H-bond to
this group.

Qx Resonance Raman Spectra of the Bacteriopheophytin
Molecules To selectively obtain the contributions from the
bacteriopheophytins over those from the other pigment
molecules, an excitation of 530.9 nm, which is in resonance
with the Q absorption band of the BPhe molecules, was
used to record the spectra of Figure 1 (panel B). Rbr
sphaeroidesat cryogenic temperatures this; @bsorption
band splits and resolves into two componentsaab35 and
545 nm arising from BPhgand BPheg, respectively. For

ascorbate) or P (in the presence of ferricyanide) states; these the case oRb. sphaeroideRCs at 10 K, 530.9 nm excitation
spectra were identical, indicating that P does not contribute is known to enhance the Raman contributions of BPhe
to the RR spectrum under the experimental conditions usedpreferentially over those of BPhelLutz, 1980; Robert,
here (data not shown). This situation is comparable to that 1990). This selectivity with 530.9 nm excitation is observed

of the carotenoidless R26 strain®b. sphaeroidef_utz &

by the presence of a 1628 cfnband in the RR spectrum

Robert, 1988). Since P is “silent” in the Soret RR spectrum which arises from BPhg However, this excitation wave-

of Cf. aurantiacusexcited at 363.8 nm, then there should

length does not completely exclude weaker Raman contribu-

be no contributions from a free acetyl carbonyl (expected to tion of the BPhe contributions (Lutz, 1980).

vibrate betweera. 1650 ancta. 1660 cnmt) of P. However,
this alone cannot explain the complete lack of a 1660'cm
band in its RR spectrum.

(i) The absence inCf. aurantiacusof the analogous
accessory BChl found in Rb. sphaeroideshould have a
significant impact on the intensity of a possible 1660-ém
band in the Cf. aurantiacusRR spectrum. Since the

The Q« BPhe absorption bands i@f. aurantiacusare
modestly resolved into two distinct bands (533 and 540 nm)
at low temperature although the relative amplitudes of the
bands appear to bm. 2:1 in contrast to thea. 1:1 ratio for
Rb. sphaeroidegvVasmelet al., 1983; Parotet al, 1985).

For Cf. aurantiacusthe 533 nm component is relatively more
intense than the 540 nm component. Assuming that the 540

analogous molecule is a BPhe and assuming that its acetyihm component in theCf. aurantiacus RC absorption

carbonyl is free of H-bonding interactions, then we would
expect, fromin vitro BPhea in the non-H-bonding solvent
tetrahydrofuran (Mattiolet al,, 1991a), a contribution from
this free acetyl carbonyl ata. 1674 cn1®. Indeed, in the

Cf. aurantiacuRC RR spectrum, the band centered at 1680

cm! is significantly broader qa. 20 cnt! FWHM) as
compared to the similar band in tRé. sphaeroidespectrum
(ca. 10 cm! FWHM); this broadening is most likely
reflecting the contribution of the free acetyl carbonyl of the
extra BPhe molecule i€f. aurantiacus.

(iii) The complete absence of the 1660 ¢hin the Cf.

spectrum corresponds to the 545 nm component irRihe
sphaeroidesabsorption spectrum, then the extra intensity
under the 533 nm component @f. aurantiacuscould be
reflecting the contributions of the extra BPhe molecule.
Figure 1 (panel B) shows a comparison of the 530.9 nm
excited RR spectra of RCs froi@f. aurantiacusand Rb.
sphaeroides As stated above, this wavelength of excitation
does not preferentially enhance the BPhwlecule inRb.
sphaeroidesand most likely not the analogous molecule in
Cf. aurantiacus Thus, definite conclusions concerning the
specific binding interactions of the three BPhe molecules in

aurantiacusRR spectrum, after taking into account the above theCf. aurantiacuRC are not possible at present. However,
two points, suggests either (a) that the analogous accessorgome observations are noteworthy for the purposes of this
BChl_ in Cf. auranticuss not “active” in this RR spectrum  paper. These two spectra are essentially identical except for

or (b) that the frequency of its acetyl carbonyl stretching
mode is different from that of the analogous molecule in
Rb. sphaeroides Although point (a) cannot formally be
excluded, the weak 1650 cthband in theCf. aurantiacus

the fact that the band in th€f. aurantiacusspectrum
centered at 1680 cr is broader (20 cmt FWHM) than
that in theRb. sphaeroidespectrum (9 cmt FWHM). This
broadening most likely reflects the contribution of the extra

RR spectrum is a candidate for a free acetyl carbonyl arising BPhe molecule in th€f. aurantiacusRC; this observation

from this accessory BChimolecule. This would indicate
that the environment of this BChl molecule is different from
that inRb. sphaeroidesThe 1650 cm! band is not present
in the Cf. aurantiacusQx RR spectrum of the BPhe

molecules and therefore cannot arise from the BPhe mol-

ecules (see discussion below).

and conclusion is consistent with the interpretation of the
same observed broadening of the 1680 timand seen in
the Soret RR spectrum (Figure 1, panel A).

Near-IR FT Raman Spectra of the Cf. aurantiacus RCs in
their Reduced PState: The 6081600 cnm! Region The
low temperature FT Raman spectra of reduced RC f&im

In summary, comparing the Soret-excited RR spectra of aurantiacus(B) and Rb. sphaeroide¢A) excited at 1064

RCs fromRb. sphaeroideand of Cf. aurantiacusthe lack
of the 1660 cm!® in the Cf. aurantiacusspectrum is

nm are shown in Figure 2. These spectra are from samples
held in a cryostat and thus exhibit no Raman contributions
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FiIGURE 2: Low temperature (10 K) Fourier transform preresonance
Raman spectra dRb. sphaeroide®RCs (A) andCf. aurantiacus
RCs (B) in the presence of ascorbate. Base line subtraction was
done with a polynomial fit. Experimental conditions: coaddition
of 6000 interferrograms, 1064 nm excitation, 200 mW laser power
spectral resolution of 4 cm. The 1610 cm! band arises from the
C.Cn stretching mode which has upshifted in frequency upon
cooling (Mattioliet al,, 1992b); this mode is seen to vibrate at 1605
cmt at room temperature.

atca. 650 cnt?! from the sapphire cell normally used in the
room temperature measurements which masks the charac
teristic BPhe band ata. 645 cn1! (Mattioli et al, 1991a).

In the FT Raman spectra of Figure 2, the relative intensity
of the BPhea band at 654 cm' to that of BChla at 726
cm1is greater in the case @ff. aurantiacugeaction centers
(Figure 2B) as compared to that Bb. sphaeroide@~igure
2A). The same observation is valid for other BPhe bands
vibrating at 929 and 995 cmh as compared to those of BChl
a vibrating at 891 and 1013 cmi respectively. The
observed small 23 cnt?! shifts of most of the above-
mentioned bands fror@f. aurantiacusRCs as compared to
those fromRb. sphaeroidesould be indicative of environ-
mental or small conformational differences in the bacterio-
chlorins between both reaction centers. Finally, the 1583
cm! band observed in the low temperature FT Raman
spectrum ofCf. aurantiacus which is also due to BPhe
contributions (Mattioliet al, 1991a), is relatively more
intense than the corresponding band in the FT Raman
spectrum oRb. sphaeroideslthough this band has not been
explicitly assigned to a particular BPhe mode, it most
probably arises from a macrocyclic ring CC mode possessing
C.Cn and/or GC, character (Lutz, 1984; Donohaat al.,
1988; Huet al, 1993). In summary, these observations in
the 606-1600 cn1? region of the FT Raman spectra are alll
consistent with the higher BPhe to BChl pigment stoichi-
ometry inCf. aurantiacusRC (Blankenshiget al,, 1983) and
could indicate the possibility to observe relatively more
intense BPhe contributions in the carbonyl stretching fre-
quency region of the FT Raman spectrunCéf aurantiacus
RCs as compared to that Bb. sphaeroidefCs.

Near-IR FT Raman Spectra of the Reduced and Oxidized
Primary Donor: The Carbonyl Stretching Regiorit has

lvancich et al.
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Ficure 3: Room temperature near-infrared absorption spectra of
reduced (A) and oxidized (BJf. aurantiacusRCs. The computed
difference oxidized-minus-reduced spectrum is also shown (C). The
band atca. 1150 nm in both reduced and oxidized spectra does
not arise from the primary donor since it clearly cancels out in the
difference spetrum (C). Spectral resolution is 27ém
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Ficure 4: Room temperature FT resonance Raman spectra, in the
high-frequency region, d&f. aurantiacusRCs chemically reduced

(A) and oxidized (B) with sodium dithionite and potasium ferri-
cyanide, respectively. Only the carbonyl region of the spectra is
shown. Same experimental conditions as in Figure 2.

optical absorption maximum at 865 nm (Pierson & Thornber,
1983) similar to that oRb. sphaeroides Moreover, in the
oxidized spectrum off. aurantiacuRCs this band bleaches
while a new band with absorption maximum at 1245 nm
(1248 nm forRb. sphaeroideRCs, Wachtveitet al,, 1993)
appears. Thus, it is reasonable to expect that the resonance
enhancement conditions of &d P" in Cf. aurantiacusRCs,
excited with 1064 nm radiation, would be similar to those
of Rb. sphaeroide®RCs (Mattioli et al,, 1991a), i.e., with
predominant Raman bands attributable to its reduced and
oxidized primary donor.

The room temperature high-frequency FT Raman spectrum
of reducedCf. aurantiacusRCs is shown in Figure 4A; it

been previously discussed that FT Raman spectra of reactiorexhibits the following evident bands: 1605, 1632, 1648, and

centers possessing dimeric BChlprimary donors, when
excited with 1064 nm radiation, exhibit a selective enhance-

1696 cn1l, the latter being relatively intense and with a
shoulder ata. 1680 cnt!. This shoulder is both weak and

ment of the (pre)resonance spectrum of their reduced andbroad compared to the other above-mentioned bands, does

oxidized P (Mattioliet al, 1991a). As seen in Figure 3, the
reduced primary donor fronCf. aurantiacusexhibits an

not appear to bleach upontFormation, and thus does not
appear to be a candidate for a band corresponding to P (see
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below). 'jina”y' th?re is a We_ak band at 1734‘ém Th_e Table 1: Amino Acid Sequence Alignment of the L and M
1582 cm* band arises primarily from BPhe contributions  subunits in the Vicinity of P for the RCs froif. aurantiacusand
(see above). from Other Purple Bacteria

In the FT Raman spectrum of the oxidized RCs fr@f

X . Ro.denitrificans” Y L H F HY N P A H

aurantiacusat room temperature (Figure 4B), the bands at Rvx. gelatinosus’ Y L HF HY NP AMH

i Rs. rubrum® Y A N F HY N P A H

1632, 1648, and 1696 crhclearly disappeared uporﬁ_P Rb. capsulatus’ Y GNF HYNTPEFH
formation; thus they were enhanced preresonantly via the gps.viridis® L4 Y L N W H Y N P G HLIT
865 nm electronic absorption band (Figure 3) which bleaches Rb: sphaeroides” L164 ¥ G N F H Y N P A HLIT
. . A . Cf aurantiacus® 1203 Y N N F F Y N P F H L2

upon oxidation; these bands are assigned®tolRspection

of Figure 4B relveal_s two obvious nevY Raman _ban.ds at 1600 Of auramtiacus* MIB Y G N F Y Y N P F H M
and 1717 cm! which appear upon *P formation; these Rb. sphaeroides” M1 H G N L F Y N P F H M0
Raman bands are assigned td.PThe other weaker bands  Res. virid;s" . Mwl: g g i Y i § i :V H M200

; Rb. capsulatus F H

at 1652, 1670, and 1686 cthcannot be unambiguously " "% Y G NF FYNGPF H

ascribed to P since, in principle, they could have been  Rvx. gelatinosus’ Y G NL F YNZPF H

masked underneath the more intense bands. oT Re bands Ro denitrificans * Y ¢ N L vy vy NP F H

at 1670 and 1686 cm appear to correspond to the broad
shoulder observed in the FT Raman spectrum for reduced Note: The amino acid residues designated in underlined boldface
RCs (Figure 4A) and thus were not bleached upoh P correspond to the position of His L173 and His M202 ftb.

: ; : _ sphaeroides.Those designated inoldface correspond to the position
formation. Interestingly, these bands, which are now re f His L168 and Phe M197 iiRb. sphaeroidesvhich are related to

solved, appear to correspond to the broad unresolved ban(fhe H-bonded P C, acetyl carbonyl and the non-H-bonded PM C2
centered at 1680 cmin the BPhe Q RR spectrum (Figure  acetyl carbonyl groups, respectivefyFrom Liebetanzt al. (1991).
1, panel B). In the BPhe fxesonance Raman spectrum of P From Nagashimat al.(1994).¢ From Bdangeret al.(1988).¢ From
Cf. aurantiacuRCs (Figure 1, panel B), there are significant Youvanetgal. (1984).¢ From Michelet 6}1" (1986)._f From Williamset
BPhea contributions in the carbonyl regionea. 1680 cnY; ,a|': r(olr?ﬁg gzg‘;%iﬁ'gﬁvl"gég:(l%g)' From Williamset al. (1983).
it was also ascertained that there are relatively more intense
BPhe contributions in the 1064 nm excited low temperature ) o )
FT Raman spectrum a&f. aurantiacusas compared to that ~ M202 (M200 inRps.uiridis) for P and R, respectively.
of Rb. sphaeroide&Figure 2). Thus, we could expect weak The proposed sequence alignment for both L and M subunits
contributions from BPhe to be present in the carbonyl Of Cf. aurantiacusRC with those of known purple bacteria
region of the FT Raman spectrum (Figure 4A); these BPhe (Table 1) shows that the His L173 and M202 Bb.
contributions could appear as the shoulder in the low SPhaeroidesre strongly conserved in other species and that
frequency side of the 1696 crhband. His L212 and His M192 are most likely the axial ligands to
The Primary Donor. Of the above-mentioned Raman the two BChl molecules constituting P @f. aurantiacus
bands which arise fromPthe 1632, 1648, and 1696 cfn ~ The 2 cn* downshift of the @QCr, stretching mode irCf.
bands are attributable to,@nd G z-conjugated carbonyl ~ aurantiacuscompared to the that dRkb. sphaeroides, Rb.
groups (Lutz, 1984; Mattiolet al, 1991a). The number of ~ capsulatus Rsp. rubrum and Rvx. gelatinosuswhich all
these bands (three) is noteworthy and indicates that are a€xhibit a 1607 cm* C.C, band (Mattioli et al, 1992a;
least three conjugated carbonyls belonging to the primary Agalidis et al, 1992), might be due to a difference in
donor. Since a BChh molecule possesses one &etyl confo_rm§1t|on and pl_anarlty of one or bo'th .Bczhmolecules
and one G keto carbonyl, giving a total of two conjugated ~constituting the primary donor (Mattiolet al., 1992b;
carbonyls, the observation of three conjugated carbonyl Ivancich, Lutz, and Mattioli, unpublished results), or could
Raman bands indicates that more than one BChblecule reflect also differences in distances of the histidine axial
is being preresonantly enhanced via the 865 nm transition ligands to the central Mg atoms.
of P. This leads to the conclusion that more than one BChl  Fromin vitro studies on BChh in solution (Lutz, 1984),
a molecule constitutes P @f. aurantiacus The simplest it has been shown that the, @cetyl carbonyl group may
model to reconcile this result is, of course, that the number exhibit vibrational frequencies ranging froca. 1660 cnt?
of BChl a molecules enhanced via the 865 nm transition is , if it is free from protein interactions, down to 1620 thn
two, thus leading to the proposal that the primary donor of if engaged in an H-bond; the magnitude of the downshift
Cf. aurantiacusis a dimer of BChla molecules. This depends on the strength of the H-bond. Similarly, the C

proposal has been widely accepted (Brugeal, 1983; keto carbonyl can vibrate froma. 1700 cnt down toca.
Blankenshipet al, 1983) and finds further strong experi- 1650 cnt®. By these considerations, the 1632 dnband
mental evidence here to support it. in the Cf. aurantiacusP> spectrum (Figure 4A) can be

In Figure 4A, the 1605 cmt band can be attributed to the  unambiguously assigned to a &cetyl carbonyl engaged in
C.Cm methine bridge stretching modes of the two B@hl  an H-bond. As well, the band at 1696 chtan only arise
molecules which constitute the primary donor; the observed from a G keto carbonyl free of H-bond interactions. In the
frequency of this sole and narrow band (16 ¢rfWHM) case of the 1648 cm band, it could be due to either a free
is indicative of one axial ligand to each BChl molecule C, acetyl carbonyl or a very strongly H-bonded Keto
(Mattioli et al, 1991a). The 1607 cmd observed inthe FT  carbonyl group. Considering that P is a dimer (see above),
Raman spectrum oRb. sphaeroideRCs led to similar a band corresponding to the seconda€etyl carbonyl group
conclusions (Mattioliet al, 1991a). The X-ray crystal  should be identified in the P spectrum; only the 1648 tm
structures oRb. sphaeroideErmleret al, 1994) andRps. band satisfies this requirement. Having already assigned the
viridis (Deisenhofer & Michel, 1989; Deisenhofet al, three bands of the spectrum, the second keto carbonyl group
1995) revealed that these axial ligands were His L173 and should be under the intense 1696 ¢nband. Due to the
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Table 2: Assignments of the Observed Carbonyl Stretching Frequencie$) @nd H-Bond Donating Amino Acid Residues for P arrd P

from Rb. sphaeroideand Cf. aurantiacus

H-bond H-bond H-bond H-bond
P.C donor R Co donor Ri Co donor R Co donor Rt Co

Rb. sphaeroides

wT? 1620 His 1653 none 1679 none 1691 none 1715
HF(L168y 1653 none 1653 none 1679 none 1688 none 1710
FH(M197p 1622 His 1630 His 1679 none 1691 none 1717
FY(M197p 1620 His 1636 Tyr 1679 none 1691 none 1720
Cf. aurantiacus 1648 none 1632 Tyr 1696 none 1696 none P717

aData from Mattioli et al. (1994)° Data from Wachtveitl et al. (1993).This work. ¢ Tentative assignment to oxidized €eto carbonyl from

PL.

narrow bandwidth of the 1696 crhband, and its relatively
high intensity, we propose that botl K=to carbonyls vibrate
with very similar frequencies (1696 ct).

From this analysis, we obtain an H-bonding pattern for
the primary donor from thé&f. aurantiacusRC which is
similar to that fromRb. sphaeroidesalthough with the
following subtle differences: (i) the H-bond on a &cetyl
carbonyl (vibrating at 1632 cnd) of the Cf. aurantiacus
primary donor is weaker than that found on the@ acetyl
carbonyl (vibrating at 1620 cm) of Rb. sphaeroides
(Mattioli et al, 1991a); (ii) the G keto carbonyl groups
clearly exhibit two distinct bands in the case Bb.
sphaeroide$1679 and 1691 cni), but only one band (1696
cm1) in the case ofCf. aurantiacus

Table 2 lists the carbonyl frequencies of the primary donor
from Rb. sphaeroideas observed from the near-infrared FT

band of R was observed in the FT Raman spectrum of the
RC mutant for which the His L168 was genetically replaced
by a phenylalanine (see Table 2).

Similarly, it is reasonable to expect that the &cetyl
carbonyl band of R (which vibrates at 1653 cm for the
Rb. sphaeroide®RC) has downshifted in theFT Raman
spectrum of theCf. aurantiacusRC; the tyrosine residue, in
the equivalent position of Phe M197 Bb. sphaeroidess
a good candidate for an H-bond donor to such an acetyl
carbonyl group. Assuming a structural analogy with the RCs
of Rb. sphaeroidesnd Rps. viridis, the 1632 cm! band
should correspond to the,@cetyl carbonyl of the analogous
Pw constituent inCf. aurantiacusprimary donor, which is
H-bonded to the above-mentioned tyrosine residue. A
comparable frequency of the acetyl carbonyl group was
observed in the FT Raman spectra of fBr the mutant

Raman experiments; also, the assignments of these bandfY(M197) of Rb. sphaeroideRC (Wachtveitlet al,, 1993)

with their corresponding H-bond donors are shown (Mattioli
et al, 1994; Wachtveitlet al, 1993). Table 1 shows that
the histidine residue at position L168 Rb. sphaeroides
(which is H-bonded to the [Pacetyl carbonyl group) is
conserved in all the known species excepCfnaurantiacus

where Phe L197 was genetically replaced by a tyrosine
residue (see Table 2).

Finally, a summary of our assignments of thedadd G
keto carbonyls of the primary donor &ff. aurantiacusand
a comparison with those d®b. sphaeroideare shown in

the latter has a phenylalanine at this position, a residue whichTable 2. From our proposed structure, the primary donor
cannot serve as an H-bond donor. The symmetry relatedof Cf. aurantiacusRC possesses also only one H-bonded

amino acid residue on the M side of the RC frdRb.
sphaeroideds a phenylalanine (Phe M197) which is not
conserved irCf. aurantiacus Rps.viridis, andRo. denitri-
ficans;instead, a tyrosine residue is at this position. Tyrosine
M195 forms an H-bond to the Lacetyl carbonyl of B in
the RC fromRps. viridis (Deisenhofer & Michel, 1989;
Deisenhoferet al, 1995). FT Raman spectra of Rb.
sphaeroidefRC mutant in which Phe M197 was genetically
replaced by a tyrosine residue (Wachtveithl, 1993) also
indicated that such a tyrosine forms an H-bond to the P
acetyl carbonyl.

C, acetyl carbonyl as dod’b. sphaeroidebut the donor is
a tyrosine instead of a histidine. In addition, the H-bond is
with the acetyl carbonyl of {?and not on P as in the case
of Rb. sphaeroides A scheme of this model is shown in
Figure 5.

The Oxidized Primary DonorFigure 4B shows the room
temperature spectrum of the oxidized RCs fr@if auran-
tiacus Bands which are unambiguously attributable t6 P
are those at 1600 and 1717 ©m The 1600 cm? band is
similar to that of theRb. sphaeroided®* FT Raman
spectrum, attributed to the .G, stretching mode of P

Considering the above-mentioned differences in the aminowhich had downshifted upon oxidation (Mattiodit al,

acid sequences betweRb. sphaeroideandCf. aurantiacus

1991a). The other new band at 1717 is also attributable to

it is possible to make specific assignments of the carbonyl P*, more specifically, to a keto carbonyl group for which

frequencies of the FT Raman spectra@iff aurantiacus
primary donor. Then, we expect the &etyl carbonyl band
of the analogous Pconstituent of P fronCf. aurantiacus
to vibrate at a higher frequency than that fré&h. sphaeroi-
des(1620 cn1l). This frequency shift is due to the fact that

the vibrational frequency has shifted to higher frequency
upon oxidation (Mattioliet al., 1991a).

The observed upshift of theg®eto carbonyl group in the
FT Raman spectrum of P upon oxidation provides an
estimation of the degree of delocalization of thecharge

a Phe residue at the corresponding position of His L168 of over P in the cation radical state (Mattieli al., 1991a). In

Rb. sphaeroidesesults in a free Pacetyl carbonyl. Thus,
the observed 1648 crh band in Figure 4A can be unam-
biguously attributed to the free,@cetyl carbonyl of P. A
similar change in the FT Raman spectrum oiWRs observed
for the HF(L168) mutant oRb. sphaeroideRC (Mattioli
et al, 1993); aca. 30 cmt upshift of the G acetyl carbonyl

Rb. sphaeroideshe G keto carbonyl vibrating at 1691 crh

for neutral P shifts to 1717 cm upon oxidation. This 26
cmt upshift, as compared to the 32 chupshift of the keto
carbonyl group forif zitro) monomeric BChi* (Mantele

et al, 1988; Heald & Cotton, 1990), was interpreted as a
ca. 80% localization of the+ charge on P for Rb.
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Ficure 5: Schematic diagram showing the pigmeptotein interactions of the proposed structural model for the primary donor
microenviroment of th€f. aurantiacuRC, and the assignments of the acetyl and keto carbonyl groups as deduced by FT Raman spectroscopy,
the proposed protein sequence alignment (Shioztwah, 1989), and assuming structural analogy with the primary donBboBphaeroides

Also shown are possible neighboring residues for the primary don@f.churantiacus,and those intalics correspond to those d®b.
sphaeroidefRC (see Mattioliet al., 1994).

sphaeroidefRCs (Mattioliet al,, 1991a). In the case @if. & Zannoni, 1988) in isolated RCs. In contrast, the following
aurantiacusRCs, upon oxidation a 21 crhupshift of a keto values have been reported f@b. sphaeroides+440 mV
carbonyl group in the primary donor FT Raman spectrum is for chromatophores (Prince & Dutton, 1978) aral +500
observed, and consequently, a 65% localization on one ofmV for isolated RCs (Mos&t al, 1991; Williamset al,
the BChla molecules of the primary donor is estimated. This 1992).
indicates that the- charge on P of Cf. aurantiacuss more Changes in the ‘F>* redox midpoint potential of the
delocalized over both BChl molecules, i.e., more symmetric primary donor fromRb. sphaeroidedue to the addition or
than that ofRb. sphaeroidesThe degree of localization for  removal of H-bonds donated by histidine residues have
Cf. aurantiacusdoes not appear to change at low temperature recently been reported for RC mutantsRib. sphaeroides
(10 K) (data not shown). (Lin et al, 1994). These changes in the redox properties
An interesting functional difference betwe@i. auran- were shown to correlate with the number and strength of
tiacusandRb. sphaeroidess the initial electron transfer step  the H-bonds on the conjugated carbonyls of P (Mateoli
from P to BPhe, which has been reported to be 7 p<for al., 1995). It is noteworthy that the removal of the H-bond
aurantiacusin contrast to the 3 ps reported f@b. sphaeroi- on the R C; acetyl carbonyl, donated by His L168, lowered
des(for a full discussion, see Feidit al., 1995). Despite  the redox midpoint potential of P frolb. sphaeroideRC
the observed significant difference in the localization of the by 95 mV as compared to wild type, while the addition of
+ charge over P between Cf. aurantiacus and Rb. an H-bond to the f? acetyl carbonyl, donated by a histidine
sphaeroidefRCs (see above), this is probably not a dominant residue introduced at position M197, raised this midpoint
factor which influences the slower initial electron transfer potential by 125 mV (Mattioliet al, 1995). Thus, for the
from P to BPhe (Wachtveitlet al, 1993) inCf. aurantiacus case of mutant RCs oRb. sphaeroidesthe addition or
RCs. This slower electron transfer rate might be largely due removal of H-bonds, donated by histidinyl residues, at the
to the presence of a leucine residue, at the analogous positioracetyl carbonyl groups of P can modify th&fP" midpoint
of tyrosine M210 oRb. sphaeroidegShiozaweet al., 1989). potential by ca. 100 mV.

Indeed, forRb. sphaeroidemutants in which the Tyr M210 Considering the structural model of the microenvironment
was replaced by a leucine residue, the ET rate significantly of the primary donor of th€f. aurantiacusRC proposed in
changed from 3.5 to 22 ps (Gray al, 1990; Finkeleet al, Figure 5 and assuming that the above-mentioned genetic
1990; Nagarajaet al, 1990). This mutation does not alter  alterations for theRb. sphaeroide®C would have compa-
any H-bonds on the primary donor (Mattiet al., 1991b), rable effects on the*A>* redox potential irCf. aurantiacus

nor did it affect thet charge localization overP (Joneset we would expect that the absence of the H-bond on P
al., 1994). (donated by His L168 inRb. sphaeroidesRCs) is the

H-Bond Effect on the P Redox Midpoint Potential.  dominant factor responsible for the significantly lowef P
A further difference that distinguishes ti@f. aurantiacus P+ redox potential ofCf. aurantiacus Indeed, the difference
RC from theRb. sphaeroideRC is its redox properties. For in P/P* redox potential between these two species is 80
Cf. aurantiacusthe P/P* redox midpoint potential is-360 mV (taking the chromatophore values) or-8014 mV
mV in cytoplasmic membranes (Brued al, 1982), and (taking isolated RC values, see above), thus being very
+386 mV (Shuvalowet al, 1986) or+420 mV (Venturoli similar to the difference between the wild type and the
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HF(L168) mutant RCs fronRRb. sphaeroided.e., 95 mV. than those fronRb. sphaeroides We estimate that the-
Consequently, in a simplified scheme it seems that only the charge localization in P is 65%, favoring one of the two
replacement of one key amino acid (the His at position L168 BChl a molecules constituting the primary donor.
in Rb. sphaeroidgswould be enough to modulate the/ P The results of this work indicate that the/P*" redox
P+ redox properties of the primary donor fro8f. auran- modulations induced by specific amino acid residue interac-
tiacusso that it matches the other cofactors redox properties, tions present irRb. sphaeroidesutants are also effective
i.e., the lower midpoint potentials for thea@nenaquinone  in other native RCs, at least in the caseQff aurantiacus
(Bruce et al, 1982; Venturoli & Zannoni, 1988) and the Other species are currently under investigation. Assuming
tetraheme cytochromet280 mV for the highest potential  structural analogies exist, the use of FT Raman spectroscopy
heme) (Freeman & Blankenship, 1990; van Véeal, 1991) for deducing the microenvironmental structure of the primary
as compared t®b. sphaeroidewhich has a higher potential  donor via the analysis of its H-bonding pattern, in combina-
ubiquinone for Q@ and a higher potential monoheme cyt ¢ tion with known protein sequence alignments of other RCs,
(+345 mV; Boyeret al, 1981; Meinhardt & Crofts, 1982)  suggests that is a useful predictive tool for species with
which rereduces *P. unknown crystal structure.

However, the above picture may be oversimplified in light
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the primary donor, in particular on the,/Z; acetyl carbonyl in The Photosynthetic Bacterial Reaction Cente(Bteton, J.,
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