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ABSTRACT: Fourier transform near-infrared resonance Raman spectroscopy can be used to obtain information
on the bacteriochlorophylla (BChl a) molecules responsible for the redmost absorption band in
photosynthetic complexes from purple bacteria. This technique is able to distinguish distortions of the
bacteriochlorin macrocycle as small as 0.02 Å, and a systematic analysis of those vibrational modes sensitive
to BChl a macrocycle conformational changes was recently published [Na¨veke et al. (1997)J. Raman
Spectrosc. 28, 599-604]. The conformation of the two BChla molecules constituting the primary electron
donor in bacterial reaction centers, and of the 850 and 880 nm-absorbing BChla molecules in the light-
harvesting LH2 and LH1 proteins, has been investigated using this technique. From this study it can be
concluded that both BChla molecules of the primary electron donor in the photochemical reaction center
are in a conformation close to the relaxed conformation observed for pentacoordinate BChla in diethyl
ether. In contrast, the BChla molecules responsible for the long-wavelength absorption transition in both
LH1 and LH2 antenna complexes are considerably distorted, and furthermore there are noticeable differences
between the conformations of the BChl molecules bound to theR- and â-apoproteins. The molecular
conformations of the pigments are very similar in all the antenna complexes investigated.

In purple photosynthetic bacteria, the initial capture of
solar photons and the subsequent transduction of the excita-
tion energy into electrochemical potential energy occurs in
light-harvesting (LH)1 antenna proteins and reaction centers
(RC), respectively. Many purple bacteria are able to syn-
thesize two functionally distinct types of antenna, termed
LH1 and LH2. The LH1 antenna is in contact with, and
transfers excitation energy directly to, the RC. Indeed the
two proteins can be isolated together as a RC/LH1 core
complex. In contrast, the LH2 antenna generally transfers
energy to LH1 and not directly to the RC. The RC uses the
excitation energy to generate electrochemical potential
energy, by reducing a quinone molecule on the cytoplasmic
side of the membrane and oxidizing a cytochrome at the
periplasmic surface. All three types of photosynthetic proteins
bind bacteriochlorophyll (BChl) and carotenoid molecules

as cofactors. In the LH proteins, BChl molecules absorb the
incoming photons and direct the excitation energy toward
the RC. In the RC, BChl molecules trigger the primary step
of the transduction of excitation energy into potential chemi-
cal energy, as a dimer of excitonically coupled BChls con-
stitute the primary electron donor (P) and a monomeric BChl
the primary acceptor.

The physicochemical properties of the BChls of the RC
and antenna complexes are precisely tuned by their environ-
ment, mainly including the protein host, to enable them to
perform specific functions. While isolated monomeric BChl
molecules absorb near 770 nm in most solvents, those bound
to the LH complexes and the RC exhibit absorption maxima
between 800 and 890 nm; i.e., they are red-shifted relative
to the isolated pigment by as much as 1750 cm-1. Equally,
the oxidation potential of isolated BChla is +650 mV, while
in purple bacterial RCs the oxidation potential of dimer P is
+500 mV (1-5), and in green bacteria it is+250 mV (6,
7). Our understanding of structure/function relationships in
these proteins thus requires information on the mechanisms
underlying the tuning of the absorption and redox properties
of the BChl cofactors.

Many different molecular mechanisms have been proposed
to account for modulation of BChl absorption and redox
potential properties. The underlying BChl-BChl or BChl-
protein interactions involve the electrostatic properties of the
BChl binding sites,π-π interactions, hydrogen bonding, and
specific BChl conformations imposed by steric hindrance in
the BChl binding pocket. The role of BChl-BChl and
BChl-protein interactions in controlling the absorption
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properties of the BChls of LH proteins has been extensively
studied, and the relative importance of these interactions has
been experimentally quantified (8-15). In bacterial RCs, the
changes in the redox potential of the P BChls induced by
their interactions with neighboring histidines have been
characterized (16-18). The role of the electrostatic properties
of the protein binding pocket was studied in the case of the
monomer BChl (B800) bound to the LH2 protein, and their
influence was experimentally quantified (14).

The role played by the surrounding protein in tuning the
electronic properties of BChl was first suggested from
analysis of the X-ray crystal structure of the soluble antenna
protein fromProsthecochloris aestuarii(19, 20). This protein
contains a particularly distorted pigment, the macrocycle of
which deviates significantly from planarity, which was
proposed to relate to unusual absorption properties, i.e. an
absorption maximum located at 820 nm at low temperature
(21). The influence of conformational distortions has also
been shown in model studies with strained porphyrins (22
and references therein). However, there was no direct
experimental evidence of how conformational changes
imposed by the surrounding protein tune the electronic
properties of BChl in photosynthetic proteins. Recently there
has been a dramatic increase in our knowledge of bacterial
complexes, resulting from the determination of high-resolu-
tion (g2.7 Å) X-ray crystal structures of the RCs from
RhodopseudomonasViridis (23) andRhodobacter sphaeroi-
des(24) and of the LH2 complexes fromRhodopseudomonas
acidophila 10050 (25) and Rhodospirillum molischianum
(26), and a low-resolution electron crystallographic structure
of the LH1 complex fromRhodospirillum rubrum(27). In
the structural models derived from X-ray diffraction patterns
of crystals of the RC and LH2 complexes, BChl molecules
with distorted macrocycles were clearly identified in the
primary electron donor of the RC and in the 850 nm-
absorbing BChls of LH2. These distortions pose a number
of interesting questions. First, it is not yet clear what role
these distortions play in tuning the electronic properties of
the particular BChls. Second, very little is known about the
BChl conformations in RCs and/or LH2 proteins that have
not yet been crystallized, and so we do not know how general
these distortions are. Finally, knowledge of more subtle
conformational changes of BChls, which is vital to our
understanding of their properties, is difficult to determine
from electron density maps of protein crystals at the
resolutions currently achieved.

Fourier transform (FT) resonance Raman spectroscopy
with 1064 nm excitation yields selective conformational
information on the BChla molecule(s) responsible for the
redmost absorption peak in the various complexes described
above (i.e., 850 or 880 nm-absorbing BChla molecules in
LH2 and LH1, respectively, and the P BChls in the RC).
This technique was recently shown to be capable of measur-
ing distortions of the BChla macrocycle as small as 0.02 Å
(28), and a systematic analysis of those vibrational modes
sensitive to conformational changes was recently performed
(28). This study showed that the frequencies of six modes
in FT-Raman spectra of BChla derivatives were linearly
dependent on the core size of the macrocycle, which was
defined as the average distance between the pyrrole nitrogens
and the projection of the central ion onto the macrocycle
plane. For pentacoordinated BChla, the frequencies of these

modes, denoted as R1-R6, are observed at 1609, 1536, 1445,
1158, 1140, and 1017 cm-1, respectively. In this work, we
have used FT resonance Raman spectroscopy to study the
conformation of BChla molecules in RC and LH complexes
from various purple bacteria, and we discuss our data in the
light of available structural data from X-ray crystallographic
studies.

MATERIALS AND METHODS

Sample Preparation.Photochemical reaction centers were
isolated from carotenoid-containing (strain 2.4.1) and caro-
tenoidless (strain R26.1) strains ofRb. sphaeroides.Cells
were grown photoheterotrophically at 28( 2 °C in glass
bottles located between banks of incandescent lamps. Mem-
branes were prepared and the RCs were purified essentially
by the method described by ref29. In the case ofRsp. rubrum
strain G9+, the isolation of the carotenoidless RCs were
carried out as described previously (29, 30). The LH1 antenna
of Rsp. rubrumwas purified from RC-depleted chromato-
phores of strain G9+, according to the procedures in Sturgis
and Robert (31).

Rps. acidophila,strain 7750, was grown photoheterotroph-
ically at 28( 2 °C in glass bottles located between banks
of incandescent lamps at two extreme light intensities. The
high-light intensity was in excess of 10 W m-2 while the
low-light intensity was approximately 0.1 W m-2. Cultures
were regularly transferred to ensure a constant low culture
optical density. This minimized any self-shading caused by
the cells themselves, which would precipitate a low-light
regime. This ensured that the final inocula either contained
only high- or low-light adapted intracytoplasmic membranes.
These membranes contained 850 and 820 nm-absorbing LH2
complexes, respectively. Cells were harvested, membranes
were prepared, and proteins were isolated essentially by the
method described by ref32. The 850 nm-absorbing LH2
complexes fromRsp. molischianumwere isolated as de-
scribed previously (33).

Spectroscopy.Room-temperature FT Raman spectra were
recorded at 4 cm-1 resolution by using a Bruker IFS 66
interferometer coupled to a Bruker FRA 106 Raman module
equipped with a continuous Nd-YAG laser, as detailed in
Mattioli et al. (34). All spectra were recorded at room
temperature with backscattering geometry from concentrated
proteins (final optical density 100 cm-1) held in standard
aluminum cups. Spectra were the result of 1000-10 000
coadded interferograms. Spectra of BChla in diethyl ether
were recorded as previously described by Na¨veke et al. (28).

RESULTS

Reaction Centers.The FT-Raman spectra of the caro-
tenoidless RCs fromRsp. rubrum strain G9

+ and Rb.
sphaeroidesstrain R26.1 and isolated, monomeric BChla
in diethyl ether are very similar to one another (Figure 1).
The most noticeable difference between them is a variation
in the intensity of the 925 cm-1 band, which is stronger in
the RCs than in isolated pigment. As summarized in Table
1 (columns 1-3), very few significant band shifts were
observed when these spectra were compared. The largest
difference concerned the band at 1358 cm-1 in the spectrum
of isolated BChla (Figure 1a), which was downshifted to
1352 cm-1 in the RC spectra. Three of the bands that have
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been shown to exhibit a frequency that is linearly dependent
on the BChl macrocycle core size also showed some
variations in position. The modes termed R3, R5, and R6,
which are observed in the spectrum of BChla in ether at
1445, 1140, and 1017 cm-1, were downshifted in the RC
spectra to 1440, 1137, and 1013 cm-1, respectively. It must
be emphasized that no significant differences were found
between the FT-Raman spectra of the RCs fromRb.
sphaeroidesandRsp. rubrum.

Antenna Complexes.Considerably larger differences were
observed in the Raman spectra of LH complexes (Figure 2).
In the spectra, which mainly arise from protein-bound BChl
a, a number of bands were shifted relative to their position
in the spectrum of BChla in diethyl ether, most noticeably
in the 1340-1415 cm-1 region (see Table 1, columns 1, 4,
6, and 7). Different trends were seen among the bands
discussed in the introduction that have been shown to be
sensitive to the molecular core size of BChla. Both the R1

(1609 cm-1) and R3 (1445 cm-1) bands showed the same
frequency in the spectra of the antenna complexes as in the
spectrum of isolated BChla in diethyl ether. The exceptions
are the R1 band in the spectrum of the LH2 complex from
strain 2.4.1, which was downshifted to 1604 cm-1, and the
R3 band in the spectrum of the LH2 antenna ofRps.
molischianum(Table 1, column 10), which was downshifted
to 1441 cm-1. The position of the R2 band appeared to be
constant, varying only between 1536 and 1537 cm-1. It
should be noted that the R2 band is complex and that there
are indications of changes in the relative intensities of its
individual components. There was a splitting of band R5

(1140 cm-1) in the spectrum of both types of carotenoidless
antennas (Figure 2b,c), which was slightly more pronounced
in the carotenoidless LH2 antenna (Figure 2b). Similarly,
there was a clear splitting of the R6 band in the spectrum of
the carotenoidless LH1 antenna (Figure 2c), resulting in the
appearance of a new 1029 cm-1 component that was not
seen in either of the spectra of LH2 antenna. The most
obvious difference between the spectrum of BChla in diethyl
ether and those of antenna-bound BChla is found for the
intense R4 band, which showed a 17 cm-1 shift from 1158
cm-1 in solvent to 1175 cm-1 in the spectra of the LH
complexes. This region is expanded in Figure 3 for BChla
in ether and the carotenoidless LH1 and LH2 complexes,

which includes modes R4 (1158 cm-1) and R5 (1140 cm-1).
The differences between the spectra were complex, as at least
four components contribute to the spectrum in this region.
In the spectrum of BChla in ether (Figure 3a), the
frequencies of the four components (obtained from spectral
deconvolution, data not shown) were at 1117, 1142, 1158,
and 1168 cm-1. In the spectra of the LH antennae (Figure
3b,c) four components were also evident, at 1116, 1137,
1142, and 1175 cm-1 in the spectrum of LH1 and at 1119,
1132, 1142, and 1175 cm-1 in the spectrum of LH2.
Assuming similar relative intensities of these components,
the 1158 and 1168 cm-1 bands present in the spectrum of
BChl a in diethyl ether seem to shift to 1175 cm-1 in the
spectra of the antenna complexes. We cannot entirely disre-
gard the possibility that the intensity of the 1158 cm-1 band
decreases while the 1168 cm-1 band upshifts. However, in
that case the resulting band at 1175 cm-1 should be much
less intense than that actually observed in the antennae spec-
tra, unless it were to be accompanied by a dramatic increase
in scattering intensity. These shifts in modes R4 and R5

suggest that there are significant conformational differences
between BChl in the carotenoidless antennae from purple
bacteria and BChl in diethyl ether (see Discussion below).
The R5 band occurring at 1142 cm-1 in the spectrum of BChl
a in ether is split in the spectra of protein-bound BChla. In
the LH2 complex fromRb. sphaeroidesstrain R26.1, this
splitting gives rise to two separate components at 1132 and
1142 cm-1, while in the LH1 complex fromRps. rubrum
strain G9

+ the low-frequency component appears only as a
shoulder of the 1142 cm-1 band. Spectral deconvolution and
Gaussian analysis suggest that the actual frequency of this
component is 1135 cm-1 (data not shown). Therefore, two
of the six R1-6 bands (R5 and R6) are split in the spectra of
the antennae complexes. The most obvious explanation for
this is that there are two types of BChl molecule responsible
for the lowest energy absorption band in the LH complexes
and that they have different conformations.

In carotenoid-containing antennae, the FT-Raman contri-
butions arising from these conjugated polyene molecules
interfere with the detection of those of BChla (35). In the
region between 900 and 1550 cm-1, the bands arising from
carotenoid vibrational modes mainly contribute at 1150 and
1520 cm-1 (denoted by car in Figure 2d and Table 1).
Therefore, in the vicinity of these two carotenoid bands the
analysis of the frequency of the bands arising from BChla
molecules is difficult. However, comparison of the different
LH2 proteins fromRb. sphaeroides, strains R26.1 and 2.4.1
(Figure 2, spectra b and d, respectively), shows that in regions
not affected by the carotenoid contributions at 1150 and 1520
cm-1, most of the frequencies observed were identical in
the carotenoidless and carotenoid-containing LH2 complexes,
and this appeared to be the case for all of the antennae
investigated (Table 1). This indicates that the conformations
of the low-energy-absorbing BChla molecules in the
carotenoid-containing LH complexes are close to those
observed in the carotenoidless antennae. Shown in Figure 4
is the 1080-1220 cm-1 region of the FT-Raman spectra of
different carotenoid-containing LH1 and LH2 proteins from
Rb. sphaeroidesstrain 2.4.1, the 850 and 820 nm-absorbing
LH2 complexes fromRps. acidophilastrain 7050, and the
LH2 complex fromRsp. molischianum. In all of these spectra
a band was present at approximately 1175 cm-1 which was

FIGURE 1: FT-Raman spectra (850-1620 cm-1 region) of (a) BChl
a in diethyl ether, (b) reaction centers fromRb. sphaeroides, strain
R26.1, and (c) reaction centers fromRsp. rubrum, strain G9

+.
Spectra were taken at room temperature; excitation wavelength 1064
nm; spectral resolution 4 cm-1.
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not observed in the FT-Raman spectrum of isolated caro-
tenoid molecules (Figure 4a; see also ref35). As Raman
spectra of carotenoids are insensitive to their surrounding
environment (36), it is possible to subtract the spectrum of
isolated spheroidenone (Figure 4a) from that of the LH2
complex fromRb. sphaeroides(Figure 4b). The difference
spectrum obtained (Figure 4g) is nearly identical to the FT-
Raman spectra of carotenoidless LH1 and LH2 antennae
proteins (Figure 4h). It is thus possible to conclude that the
spectral differences observed in this region between BChla
in carotenoidless antennae and in BChla in diethyl ether
are conserved among all the LH proteins we have studied.

DISCUSSION

When a 1064 nm excitation wavelength is used, FT-Raman
spectra of RCs from purple bacteria contain contributions
mainly from the two BChls of the primary electron donor
(34), and those of the LH complexes contain contributions
mainly from the BChla molecules responsible for the lowest

energy transition (14). FT-Raman spectra recorded under
these conditions thus yield selective information on the
conformational state of these molecules, which are all
involved in pigment-pigment interaction. To extract this
information, comparisons must be made between spectra of
protein-bound BChla and spectra of BChla in a solvent in
which the ligand number is similar. Spectra of BChla in
diethyl ether were chosen as a reference in this study. It is
well established that in this solvent, and under our experi-
mental conditions, isolated BChla molecules are monomeric
and their central Mg atom is pentacoordinate (28). This Mg
coordination state is the same as that most generally observed
in RC and LH proteins from purple photosynthetic bacteria
(29, 37). As discussed in Lapouge et al. (38), as long as the
coordination state of the central Mg does not change, FT-

Table 1: Frequencies of the Main Bands of FT-Raman Spectra of BChla in Ether and Various RC and LH Proteinsa

BChl ether RC R26.1 RC G9+ LH1 G9
+ LH1 2.4.1 LH2 R26.1 LH2 2.4.1 LH2b acid. Ib LH2 acid. II LH2 mol.d e

1609 1606 1606 1608 1609 1608 1604 1608 1608 1608 R1
1536 1530-1537 1530-1537 1537 carf 1532-1537 car car car car R2
1445 1440 1440 1444 1445 1445 1445 1444 1445 1441 R3
1397 1397 1397 1409 1412 1415 1408
1377 1379 1379 1385 1385 1388 1386 1387 1396 1385
1358 1352 1352 1371 1372 1373 1372 1372 1376 1375
1340 1340 1340 1347 1346 1347 1348 1348
1285 1285 1285 1285 1285 1285 1284 1286 1285 1288
1273 (?) 1273 1273 1273 1277 1273 1275 1275
1209 1209 1209 1212 car 1209 1212 1212 1212 1210
1158/1168 1159/1170 1159/1170 1175 1174 1175 car 1173 1173 1174 R4
1140 1137 1137 1142/1137 car 1142/1132 car car car car R5
1117 1115 1117 1116 1116 1119 1117 1118 1117 1118
1024 1024 1026 1029 car 1024 car car car car
1017 1013 1013 1017 car 1017 car car car car R6
1002 1002 1002 car car car car car
967 969 968 967 968 967 968 967 968 969
950 950 950 950 949 950 949 950 950 952
895 894 895 896 897 895 895 894 897 897
a Observed at Room Temperature, with 1064 nm excitation. All frequencies are given in reciprocal centimeters.b Rps. acidophilaB800-850

complex.c Rps. acidophilaB800-820 complex.d Rsp. molischianum. e Position of the bands sensitive to the molecular core size.f Presence of
intense carotenoid bands.

FIGURE 2: FT-Raman spectra (850-1620 cm-1 region) of (a) BChl
a in diethyl ether, (b) LH2 pigment protein complex fromRb.
sphaeroides, strain R26.1; (c) LH1 pigment protein complex from
Rsp. rubrum, strain G9

+; and (d) LH2 pigment protein complex
from Rb. sphaeroides, strain 2.4.1. Spectra were taken at room
temperature; excitation wavelength 1064 nm; spectral resolution 4
cm-1.

FIGURE 3: FT-Raman spectra (1080-1220 cm-1 region) of (a) BChl
a in diethyl ether; (b) LH2 proteins fromRb. sphaeroides, strain
R26.1; and (c) LH1 proteins fromRsp. rubrum, strain G9

+. Spectra
were taken at room temperature; excitation wavelength 1064 nm;
spectral resolution 4 cm-1.
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Raman spectra of isolated BChla are relatively insensitive
to the physicochemical properties of the solvent used, such
as the dielectric constant or refractive index. Indeed, only
the bands arising from the carbonyl stretching frequencies
of the BChla molecules showed shifts greater than 2 cm-1

over a wide range of different dielectric constants or
refractive indices (38). The frequencies of the bands in the
900-1610 cm-1 region observed in diethyl ether are thus
characteristic of BChla molecules possessing a 5-coordinated
central Mg atom, in a relaxed conformational state, as no
steric hindrance may impose an energetically unfavorable
conformation in a solvent at room temperature.

Bacterial Reaction Centers.From the data presented above
it is apparent that the FT-Raman spectra of bacterial RCs
are very similar to that of isolated BChla in solvent. In many
respects, this suggests that the conformation of both BChl
molecules that constitute the primary electron donor is similar
to that observed in solvents, i.e., that the proteic binding site
does not impose significant strain on the conformation of
the macrocycle. However, among the bands sensitive to
deformation of the macrocycle, three appear to experience
limited downshifts in frequency in the spectra of bacterial
RCs; namely, the 1440 (-5 cm-1), 1137 (-3 cm-1), and
1013 cm-1 (-4 cm-1) modes. Similar downshifts were
observed in vitro when the central Mg atom of BChla was
changed from 5- to 6-coordination (28). However, these shifts
were accompanied by downshifts of the other R1-6 modes,
the frequencies of which could be linearly correlated with
the BChla core size (28). In the well-documented case of
porphyrins (39), it is clear that this linear correlation
represents a first-order approximation, and that a much better
linear correlation can be found between the Raman band

frequencies and the values of the CaNCa angles. The specific
pattern of band shifts observed thus depends on the type of
distortion imposed on the macrocycle. The fact that only
three of these modes, R3, R5, and R6, change frequency in
the spectra of bacterial RCs indicates that the binding of the
BChl to these proteins imposes a different geometry on the
molecule than that imposed on metal-substituted bacte-
riopheophytin molecules in vitro. It is worth noting that none
of the bands that are observed to shift in the FT-Raman
spectrum of P are (inhomogeneously) broadened. This
suggests that most of the distortions we observe should be
common to both of the BChls that constitute P.

In most of the model structures that have been derived
from X-ray crystallographic studies, it appears that the BChls
of P are slightly distorted, and in particular that both
conjugated macrocycles are clearly domed (24, 40). Accord-
ing to the FT-Raman results presented above, it is possible
to conclude that this conformation should be close to that
adopted by BChla in ether. It is worth noting that resonance
Raman is sensitive to molecular distortions as small as 0.05
Å and that most of the conformational differences discussed
here should result in a root-mean-square (rms) deviation that
is much smaller than 0.2 Å. Differences of this order are
well below the limits of detection of X-ray crystallography
at its current resolution on bacterial reaction centers. To
illustrate this, the rms deviation in the position of the
backbone R carbon atoms between two independently
determined structures for the wild-typeRb. sphaeroidesRC
(24, 40), both at a resolution of approximately 2.6 Å, was
on the order of 0.35 Å (40).

Antenna Proteins.As mentioned above, FT-Raman spectra
of antenna proteins from purple bacteria mainly arise from
the BChls responsible for the redmost absorption of these
complexes, i.e., the 850 or 820 nm-absorbing BChls in LH2
and the 875 nm-absorbing BChls in LH1. The FT-Raman
spectra of LH1 and the different spectral forms of LH2 (the
B800-820 and B800-850 nm-absorbing proteins), including
the unusual LH2 complex fromRps. molischianum(33), are
all extremely similar. Moreover, and in contrast with our
observations on RCs, the frequencies of some of the Raman
bands in the spectra of LH complexes exhibit dramatic shifts
relative to those observed for BChla in diethyl ether. This
is true in particular for all of the bands between 1350 and
1420 cm-1 and for the core-size-sensitive bands R4 and R5.
As for RCs, the fact that only some of the core-size-sensitive
bands are shifted in antenna proteins indicates that the
constraints experienced by the BChla molecules upon
binding to the antenna proteins result in a different geometry
of the BChl macrocycle than that observed when the size of
the central ion of these molecules is changed. The number
and magnitude of the shifts observed in antenna spectra
indicate that the conformation of the BChla bound to these
proteins is far from relaxed. In particular, the appearance of
a single band at 1175 cm-1 in these spectra represents a shift
of 17 and 7 cm-1 relative to the two components observed
at 1158 and 1168 cm-1 respectively in the spectra of BChl
a in diethyl ether or in RCs. The high frequency exhibited
by these modes is similar to that observed in spectra of Cu-
Bpheo (28), the core size of which is reduced by as much a
2% relative to 5-coordinated BChla (as a comparison, the
distortion of the molecule induced by a change in Mg
coordination results in only a 0.6% variation in this value).

FIGURE 4: FT-Raman spectra (1080-1220 cm-1 region) of (a)
isolated spheroidenone; (b) LH2 proteins fromRb. sphaeroides,
strain 2.4.1; (c) LH1 proteins fromRb. sphaeroides, strain 2.4.1;
(d) 850 nm-absorbing LH2 fromRps. acidophila, strain 7750; (e)
820 nm-absorbing LH2 fromRps. acidophila, strain 7750; and (f)
LH2 from Rsp. molischianum, strain DSM 119. (g) Computed
difference between spectra b and a. (h) LH1 of the carotenoidless
strain G9

+ of Rsp. rubrum, for comparison with spectrum g. Spectra
were taken at room temperature; excitation wavelength 1064 nm;
spectral resolution 4 cm-1.
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It is thus possible to conclude that the BChla molecules in
light-harvesting proteins exhibit a significant distortion of
their conjugated macrocycle and that this distortion is con-
served among the different LH complexes in different
bacteria.

Certain bands appeared to be inhomogeneously broadened
in the FT-Raman spectra of the LH proteins. The mode at
1142 cm-1 clearly split into two components in both the LH1
and LH2 spectra. The magnitude of this splitting was larger
for LH2 than for LH1, and two clear components were
observed in the spectra of the former complexes, at 1132
and 1142 cm-1, while in the spectra of LH1 the splitting
resulted in the presence of two convoluted bands at 1137
and 1142 cm-1. Similarly, the band at 1117 cm-1 was clearly
split in the spectra of LH1 into two components at 1117 and
1128 cm-1. As these modes are known to be sensitive to the
molecular distortion of BChla molecules (28), it can be
concluded from these splittings that the BChl molecules
bound to the light-harvesting protein that contributes to the
lowest energy optical transition exist in different conforma-
tions. As LH proteins are built up from subunits containing
two polypeptides (R andâ), each binding one of the BChla
molecules involved in the lowest energy transition, it seems
reasonable to conclude that the BChl bound to theR
polypeptide has a different conformation than that bound to
the â polypeptide. In LH2, this difference in conformation
results in an approximately 10 cm-1 shift of band R5, while
in LH1 it results in a smaller splitting of this band but is
accompanied by an additional splitting of the R1 mode. This
constitutes the main indication that the conformation of the
BChl in LH1 should be similar, but not identical, to that
found in LH2 proteins.

In the model structure derived from X-ray crystallographic
studies of the LH2 complex fromRps. acidophila, the BChls
bound to theR- and â-polypeptides (termed BChlR and
BChlâ, respectively) indeed exhibit different conformations.
However, at the resolution of 2-3 Å, differences in structure
on the order of 0.3 Å or less cannot be regarded as being
significant. This number can be compared with the distances
between opposite pyrrole nitrogens in magnesium tetraphen-
ylporphyrin which are 4.098 and 4.077 Å when the central
Mg is five-coordinate and 4.14 Å when it is six-coordinate
(42); i.e., the change in Mg coordination induces a variation
of these distances of less than 0.07 Å. However, although
small, this change corresponds to macrocycle distortions that
are able to induce a shift of the R1 mode by as much as 10
cm-1. As a result, BChl structures derived from much higher
resolution electron density maps would be required if they
are to be any direct help in the interpretation of Raman data.
A precise description of the distortions of the BChl a
macrocycle, as measured by Raman spectroscopy, requires
more extensive studies of model compounds, but it can be
estimated by comparing the shift observed in vivo to those
associated by the distortion induced in vitro when the Mg
central ion is replaced by other smaller metal ions. As stated
above, the largest shift observed, which concerns the band
at 1175 cm-1, is of the same magnitude of the shift observed
when the Mg is replaced by a Cu ion (37). In the crystal
structure of Cu-tetraphenylporphyrin, it may be observed that
presence of the small Cu ion in the center of the porphyrin
induces deviations of the pyrrolic carbons out of the average
plane of the molecule by as much as 0.25 Å (43). Although

they constitute an approximate estimate of what may happen
in vivo for bacteriochlorophylls, such deviations are likely
to represent what should be expected in the structure of LH
complexes of purple bacteria.

It would of course be of great interest to evaluate how
the distortions of the BChl macrocycle may influence their
monomeric absorption properties. Such an influence has been
predicted by theoretical calculations (44), and it should, in
turn, influence the electronic properties of LH1 and LH2.
In the particular case of the 800 nm-absorbing BChl of LH2
proteins, it was recently shown that the distortion of the BChl
a macrocycle should not result in more than 150 cm-1 shift
of the Qy of this molecule (14). On the other hand, in the
Fenna-Matthews-Olson light-harvesting protein from green
sulfur bacteria, it is assumed that the particular conformation
of one of the bound BChl is responsible for a ca. 240 cm-1

shift in its Qy transition (45 and references therein). FT-
Raman results suggest that the BChl responsible for the red-
shifted transition in LH complexes from purple bacteria do
not share exactly the same conformation. It is thus likely
that their individual absorption properties are slightly dif-
ferent. Recent calculations using as a starting point the
conformations of the BChl in LH2 derived from the crystal
structure led to quite a significant difference (90 cm-1)
between the absorption of the individual monomers (46).
Similarly, the loss of degeneracy between the individual
absorption of these molecules was recently proposed to be
responsible for the red shift of the zero crossing of the CD
spectra of LH2 relative to their absorption maxima (47).
However, it is at the moment impossible to confirm
experimentally these calculations. Furthermore, many dif-
ferent physical mechanisms may underlie such a loss of
degeneracy, e.g., differences in the dielectric properties of
the BChl binding sites. Future experiments combining site-
selected mutagenesis and FT-Raman measurements will help
in creating LH proteins with altered BChl conformations, to
precisely determine to what extent pigment conformation is
involved in tuning the absorption properties of LH from
purple bacteria.

CONCLUSION
FT-Raman spectroscopy provides a very accurate method

for studying BChl conformation within photosynthetic pro-
teins from purple bacteria and is able to detect differences
in conformation that are well below the limits of detection
in current X-ray crystal structures. The shifts observed be-
tween the spectrum of isolated BChl and spectra of BChl in
light-harvesting proteins and/or RCs lead to the following
conclusions: (i) The macrocycles of BChla molecules con-
stituting the primary electron donor in the RC are in a confor-
mation that is close to the relaxed conformation observed
for BChl a in diethyl ether. (ii) This is not the case for the
BChl a molecules that are responsible for the long-wave-
length absorption transitions in both the LH1 and LH2 an-
tenna complexes. (iii) In the antenna proteins, the conforma-
tion of BChlR and BChlâ are noticeably different. The molec-
ular origin of these strained conformations of the antenna-
bound BChls, as well as its influence on the antenna absorp-
tion, are currently being investigated in our laboratories.
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