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ABSTRACT: The core light-harvesting LH1 complex ofRhodobacter sphaeroidesconsists of an assembly
of membrane-spanningR andâ polypeptides, each of which binds one bacteriochlorophyll molecule. In
this study we have used site-directed mutagenesis to demonstrate that the B880 bacteriochlorophyll binding
site of LH1 shows a high degree of specificity for the residue that provides the ligand to the Bchl Mg2+

ion. R His0 (RH0) was changed to Asn, Leu, and Tyr, andâ His0 (âH0) to Asn, Gln, Leu, and Tyr; the
mutated genes were expressed to yield both LH1-only and LH1+ RC strains, in two different carotenoid
backgrounds. None of theRH0 mutations formed an LH1 complex either in isolation or with RCs. Of
the mutations ofâH0 those to Asn and Gln formed LH1 complexes but in the latter case the complex was
very unstable and occurred at very low cellular levels. In a similar study, theRH0 andâH0 residues of
the LH2 complex were changed to Asn. However, no complex was formed in either case. FT Raman
spectroscopy of theâH0N mutant LH1 shows perturbation of the interaction state of the keto carbonyl of
one Bchl which sheds light on the possible H-bond partners for these keto oxygens. These data directly
address the B880 binding site of the core LH1 complex and show that it is subtly different from the B850
binding site of the peripheral LH2 complex. A model of this binding site may be proposed from these
results.

In the light-harvesting apparatus of purple photosynthetic
bacteria energy is funneled to the reaction centers by a series
of interconnecting antenna complexes. Most of these organ-
isms synthesize two types of such proteins: the peripheral
and core antennae (or LH2 and LH1, respectively).1 Whereas
LH1 is in contact with, and transfers excitation energy
directly to, the reaction center, LH2 transfers energy only
to LH1. Each of these complexes comprises repetitions of
a basic unit, itself containing two small (∼5 kDa) polypep-
tides,R andâ, which have been sequenced in a large number
of species (Brunisholz & Zuber, 1992). The most consistent
feature of these polypeptides is a histidine residue located
in the hydrophobic phase, which is likely to coordinate the
central Mg atom of a bacteriochlorophyll molecule (Bchl)
in nearly all bacterial LH complexes. Recently there has
been a dramatic increase in our understanding of bacterial
LH complexes, which has resulted from the determination
of the X-ray structures of the LH2 complex ofRhodo-
pseudomonas(Rps) acidophila 10050 (McDermottet al.,
1995) andRhodospirillum(Rsp) molischianum(Koepkeet
al., 1996). These, together with the 8.5 Å projection map

of the LH1 complex ofRhodospirillum rubrum(Karrasch
et al., 1995), have greatly enhanced our knowledge of the
structure of these membrane protein complexes. The LH2
complex of Rps acidophilaconsists of two concentric
cylinders of R-helical, membrane-spanning polypeptides.
Nine Bchl molecules absorbing at 800 nm are located toward
the cytoplasmic face of this molecule, and eighteen Bchls,
which are responsible for the 850 nm transition of these
complexes, are closely packed between the polypeptide rings.
These latter pigments are coordinated to histidine residues,
and sequence alignments for LH2 and LH1 polypeptides
(Brunisholz & Zuber, 1992), as well as modeling (Olsen &
Hunter, 1994) and spectroscopic studies (Robert & Lutz,
1985), suggest that the B880 binding sites of LH1 will show
many similarities but also some differences to the B850
binding sites of LH2. The low-resolution structure ofRsp
rubrumLH1 (Karraschet al., 1995) does not provide detailed
information, although it appears that LH1 is composed of a
larger ring-like structure of 16Râ pairs.

In the absence of crystallographic structure, resonance
Raman spectroscopy is one of the only methods that yields
precise, structural information about the Bchl binding sites
in photosynthetic proteins. In particular, this method pre-
dicted that both tyrosines at positions+13 and+14 on the
R subunit interact with the acetyl carbonyl groups of those
Bchls responsible for the 850 nm absorption (B850) in LH2
of Rb sphaeroides(Fowleret al.,1994), and these predictions
have been confirmed by the three-dimensional structure
subsequently obtained (McDermottet al.,1995). In the case
of LH1, this method indicates that the acetyl carbonyl groups
of the B875 molecules interact with the indole side chains
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of R Trp+11 andâ Trp+9 (Olsenet al.,1994; Sturgiset al.,
1997). In the X-ray crystallographic structure of LH2 from
Rps molischianum, these residues (R Trp+11 and â Trp+9)
are indeed involved in such interactions. It is thus highly
likely that the B850 binding sites in the LH2 from this
bacterium provide a good model for LH1 Bchls, as predicted
by earlier studies (Germerothet al., 1993). However, it
should be noted that while resonance Raman predicted that
both keto carbonyls of the Bchl molecules present in LH1
interact with the surrounding protein, no amino acid in the
crystallographic structure seems to be sufficiently close to
these keto carbonyls to be involved in such interactions
(Koepkeet al., 1996).

The tolerance of the B880 Bchl binding site of the LH1R
subunit ofRhodobacter capsulatusto site-selected mutations
was examined by Bylinaet al. (1988), who found that LH1
complexes could not accept any of the designed changes at
this H0 position, and that any residue larger than Val was
not tolerated at the-4 position on the same subunit, a
position normally occupied by an alanine residue. There is
no report of a similar exercise being conducted upon theâ
subunit of any purple bacterium or upon the B850 Bchl
binding site of LH2. Our findings agree with those of Bylina
et al. (1988) and also indicate that the only other residue
that can provide a ligand to the B880 Bchl in theâ subunit
is Asn. However, this residue cannot substitute for either
His0 residue in LH2. The work reported here provides new
insights into the structure of the B880 Bchl binding site,
which appears to be different from the B850 Bchl binding
site of the LH2 ofRps acidophila10050.

MATERIALS AND METHODS

Mutagenesis

Mutagenesis of the LH1 and LH2 genes was conducted
according to the protocol of Kunkel (Kunkel, 1985, Kunkel
et al., 1987) with oligonucleotides designed to change theR
His0 residue to Asn, Leu, and Tyr and theâ His0 residue to
Asn, Gln, Leu, and Tyr by introducing the preferred codons
for these residues.

Mutants were screened for by sequencing using the
Sequenase system (Tabor & Richardson, 1987, 1989a,b).
Mutant RF M13 DNA was digested withBamHI andXbaI
to release the LH1 genes as a 480 bp fragment which was
cloned into the expression vector pRKEK1 encodingpufQBA
for LH1-only strains, and pRKEH1 encodingpufQBALMX
for LH1 + RC strains. Mutagenesis of thepucBAgenes
was carried out on a 420 bpKpnI-BamHI fragment as
described in Crielaardet al. (1994). Following mutagenesis
this fragment was subcloned into pRKCBC1 (TcR plasmid
containing a 4.4 kb fragment encmpassingpucBAC). These
were then used to transformEscherichia coliS17-1 cells
(Simonet al., 1983) for conjugative transfer of the genes
into the LH2- LH1- RC- double-deletion strains DD13
(Joneset al., 1992) and DD13/DG2, a spontaneous green
mutant of DD13. Colonies harboring the mutant genes were
grown chemoheterotrophically in the dark at 34°C on M22+
agar plates in the presence of neomycin and tetracycline at
20 and 5µg mL-1, respectively. Screening for expression
of the mutant genes was conducted directly on the colonies
using a Guided Wave model 260 spectrophotometer (Guided
Wave Inc., El Dorado Hills, CA) with a home-built agar plate

holder. A selection of positives were grown up in M22+
liquid culture containing 0.1% casamino acids (antibiotics,
temperature as before), and intracytoplasmic membranes
were prepared (Olsenet al., 1994) and stored at-20 °C.

Strains and Plasmids

Strains and plasmids used in this study were as follows:
E. coli S17-1 (Simonet al. 1983);Rb sphaeroidesDD13
(Joneset al.1992a); pRKEK1 (Joneset al.1992a); pRKEH1
(Joneset al. 1992a; pRKCBC1 (Joneset al. 1992a).

Spectroscopy

RT spectra were taken of the membrane samples using
quartz cuvettes in the Guided Wave spectrophotometer fitted
with a 1 cmcell holder. The membranes were diluted with
15% w/w sucrose solution to keep the maximum absorption
below 0.8 OD. Protein concentrations of the membrane
samples were determined according to the method of
Bradford (1976) using the Bio-Rad assay system, with 0.22%
SDS (final concentration) to solubilize the membranes.
Low-temperature (77K) absorption spectra were obtained

using an Oxford Instruments (DN1704) cryostat in a variable
path length adapter for the Guided Wave spectrophotometer.
The samples (OD 0.1-0.2 at 77 K, 1 cm path length) were
illuminated with red light, using an RG 630 filtered white
light source, during cooling to accumulate the primary
electron donor (P) in the photooxidized state. Fluorescence
emission and excitation spectroscopy were conducted on the
same sample, immediately after the LT absorption reading,
in a Spex Fluorolog 2 equipped with a 100 W tungsten lamp
and a cooled photomultiplier detector (R406, Hamamatsu).
The fluorescence emission spectra were recorded over the
range 860-960 nm with a spectral resolution of 9 nm,
exciting into the Qx band at 590 nm. The resolution of the
fluorescence excitation spectra (detection wavelength 920
nm) was 4.5 nm.
Efficiencies of energy transfer from carotenoid to Bchl

were determined as the ratio of the carotenoid bands in
excitation and fractional absorption spectra after applying a
linear base line correction to the latter and normalization of
both spectra at the Qy absorption maximum. The LH1-only
mutant membrane samples exhibited considerable light
scattering; in this case fractional absorption spectra of the
corresponding WT membranes were used instead, assuming
that the carotenoid to Bchl ratios in mutant and WT
membranes were the same.
FT Raman spectra were recorded at 4 cm-1 resolution

using a Bruker IFS 66 interferometer coupled to a Bruker
FRA 106 Raman module equipped with a continuous Nd:
YAG laser. The setup, laser powers, and sample behavior
are extensively described in Mattioliet al. (1993). All
spectra were recorded at room temperature with back-
scattering geometry from pellets of membrane held in
standard aluminum cups. Depending on the samples, spectra
were the result of 1000-10 000 co-added interferograms.
Resonance Raman spectroscopy was carried out on the LH1
complexes using 1064 nm excitation, which corresponds to
pre-resonance of the Qy transition of Bchla. The Raman
signal thus obtained arises mainly from these molecules. All
the resonance Raman spectra shown are in the “red” DD13
double-deletion strain (main carotenoid spheroidenone),
which has the same carotenoid content as the WTRb
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sphaeroides, but the results were the same when membranes
were used from the “green” deletion strain DD13/DG2 which
contains neurosporene as the main carotenoid (data not
shown).

RESULTS

The R andâ His0 residues of LH1 were exchanged for
Asn, Gln, Tyr, and Leu, both in the presence and absence
of the RC. A list of all of the mutations made, in the two
deletion strains, appears in Table 1. Most of the changes at
the positionsR or â His0 were deleterious for LH1 formation,
as was the double-mutantR Asn0, â Asn0. The â Gln0
mutant was not stable enough to withstand the processing
of the cells to produce membranes, and analysis by FT
Raman and LT electronic spectroscopy could thus be
performed on theâ Asn0 mutant only. When these experi-
ments were reproduced on LH2 complexes, it was observed
that both theR and theâ Asn0 mutations were deleterious
for the peripheral antenna (Table 1).
In comparison with the WT equivalent, the LH1-onlyâ

Asn0 mutant showed 6 and 8 nm blue shifts in the absorption
maximum to 871 and 867 nm in the red and green
backgrounds, respectively (Table 1), as well as a greatly
reduced level of complex (Figure 1). The level of protein
in the membrane increased when the mutant was co-
expressed with RCs, although this was still only about 50%
of the WT equivalent (Figure 1); in addition, the blue shifts
were less pronounced (3 and 2 nm, respectively, see Table
1). The effects of replacement ofâ His0 by Asn on the LT
absorption maxima were similar to those seen at RT, although
at 77 K the blue shift in the presence of RCs (6 nm) was
somewhat greater (Table 2). Aside from these effects on
the Qy region, a blue shift of 4 nm also occurred in the Qx

band in theâ Asn0 mutant, both in the presence and absence
of RCs, and in either carotenoid background. Callahan and
Cotton (1987) noted that the Qx band of monomeric Bchla

shifted by up to 20 nm according to the coordination state
of the Mg ion and the nature of the ligand, with nitrogen
imparting a greater red shift than oxygen. This shift is thus
likely to be directly related to theâ Asn0 mutation.
A comparison of the LT spectral maxima of membranes

prepared from various control strains (Table 2) shows that
the absence or presence of RCs and the type of carotenoid
in the complex have a small but noticeable effect on the
electronic properties of the Bchl molecules. In both caro-
tenoid backgrounds the absence of RCs and PufX causes
the LH1λmax to be red shifted by 2-3 nm compared to the
respective LH1+ RC strain, similarly these were reflected
in the 4-6 nm red shift of the corresponding fluorescence
emission maxima (Table 2). The presence of neurosporene
(DD13/DG2) rather than spheroidenone (DD13) appeared
to result in red shifts of a similar magnitude. The Qy

bandwidths of theâH0N mutant complex are broader in all
cases than their WT equivalents (see Table 2). The greatest
difference was observed between LH1-only strains containing
WT or â Asn0 complexes, which were 23 and 28 nm,

Table 1: Phenotypes and RT Absorption Maxima of Membranes of
LH1-Only, LH1 + RC, and LH2-Only Strains in the Two
Carotenoid Backgrounds of the Deletion Mutant DD13

λmax of LH1 (nm)

mutant LH phenotype DD13 DD13/DG2

LH1-only WT + 877 875

RH0N -
RH0L -
RH0Y -

âH0N + 871 867
âH0Q (
âH0L -
âH0Y -
RH0N, âH0N -

LH1 + RC WT + 876 877

RH0N -
RH0L -
RH0Y -

âH0N + 873 875
âH0Q (
âH0L -
âH0Y

LH2-only WT + 800, 850 800, 850

RH0N -
âH0N -

FIGURE 1: RT absorption spectra of membranes of LH1-only and
LH1 + RC in DD13. The upper trace of each pair shows the LH1
+ RC core complex and the lower the LH1-only complex. The
spectra were normalized on the basis of their membrane protein
concentrations. (A) WT. (B)R Asn0 (Absorption peaks in the upper
trace arise from the presence of RCs in these membranes). (C)â
Asn0. As none of the mutants exceptâ Asn0 had an LH1 complex
in the membranes only theR Asn0 mutant has been plotted for
clarity.
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respectively. The other combinations exhibited a 2 nm
broader bandwidth on average.
Excitation spectra were recorded in the visible region of

the spectrum in order to obtain a qualitative comparison of
the WT andâ Asn0 strains (data not shown). The energy
transfer efficiencies from carotenoid to Bchl in the WT LH1-
only complexes were about 65-75% in the case of sphe-
roidenone and 55-65% for neurosporene. Whereas in the
â Asn0 + RC mutants transfer from carotenoids appeared
to proceed with a similar efficiency, the carotenoid bands in
the excitation spectra of LH-only mutant membranes were
30-50% lower than in the corresponding spectra of WT
membranes. Because of their relatively low levels of
complex, membrane samples of these mutants were highly
scattering, thus distorting the absorption spectra in the
carotenoid region. However, acetone:methanol extraction of
mutant membranes indicated that the carotenoid levels were
comparable to those seen in the WT equivalent (data not
shown), and thus it is concluded that the efficiency of energy
transfer from carotenoid to Bchl is slightly reduced. Whether
all these carotenoid molecules are indeed inserted in the
mutant LH1 complexes, i.e., whether the reduction of
excitation transfer efficiency from the carotenoid to the Bchl
reflects a lower occupancy of carotenoid binding sites, is
still unclear.
FT Raman spectroscopy was conducted on theâ Asn0

mutant expressed as both LH1-only and LH1+ RC strains,
in the presence of spheroidenone (DD13), as previous work
had shown that the different carotenoids had no effect on
the Raman spectrum (Olsenet al., 1994). In the pre-
resonance conditions used it is expected that the resonance
Raman spectra only contain contributions from the Bchl and
carotenoid molecules (Mattioliet al., 1993). In the higher
frequency region of the Raman spectrum (1580-1710 cm-1)
a band at ca. 1600-1610 cm-1 is visible, arising from the
methine bridge stretching mode of the Bchla, the frequency
of which is sensitive to the co-ordination state of the central
Mg ion of these molecules (Cotton & Van Duyne, 1981) or
more precisely to the degree of distortion experienced by
the dihydrophorbin macrocycle (Na¨veke et al., 1997). In
the 1620-1710 cm-1 range there are contributions from the
stretching modes of the carbonyl groups conjugated with the
dihydrophorbin macrocycle, that is the C2 acetyl and C9 keto
carbonyl groups (Lutz & Robert, 1988). Using excitation
at 1064 nm, these modes are intense, dominating the band
arising from the methine bridge stretching mode (Mattioli
et al., 1991). The stretching mode frequencies of both the
acetyl and keto carbonyl groups are sensitive to the involve-
ment of these groups in intermolecular interactions, and these

bands are located at ca. 1660 and 1695 cm-1, respectively,
when they are free from any intermolecular interactions.
Upon formation of hydrogen bonds they shift down to ca.
1620 and 1660 cm-1, respectively, depending on the strength
of the H-bond formed (Lutz & Robert, 1988).
As published previously (Olsenet al., 1994), in the WT

LH1-only spectrum (Figure 2) bands are present at 1612,
1642, and 1661 cm-1. The presence of a 1612 cm-1 band
indicates that both the Mg atoms of the two Bchl responsible
for the 880 nm absorption are five-coordinate. The presence
of only two bands in the carbonyl stretching frequency region
(1642-1662 cm-1), where up to four different bands could
be expected, has been interpreted as arising from contribu-
tions from the C2 acetyl carbonyls of each of the two Bchl
a molecules in the minimal unit (anRâ dimer), both being
involved in similar intermolecular interactions. The 1642
cm-1 band was thus attributed to both the C2 acetyl carbonyl
of the two B880 Bchls, each H-bonded with neighboring
amino acid side chains. This was substantiated by mutagen-
esis of each of the amino acid H-bond partners of the C2

acetyl carbonyls ,R Trp+11 (Olsenet al., 1994) andâ Trp+9

(Sturgiset al.1997). In the spectral range corresponding to
the stretching modes of the C9 keto carbonyl groups (1660-
1705 cm-1), only the 1661 cm-1 band is observed, and thus
it must be concluded that the C9 keto stretching contributions
of both the 880 nm-absorbing Bchl molecules are degenerate,
each of these groups being involved in similar intermolecular
interactions (Olsenet al., 1994). To date, however, neither
the combination of site-selected mutagenesis with Raman
spectroscopy nor X-ray crystallography had revealed any
good candidates for these interactions (Olsen, Sturgis, Robert,
and Hunter, unpublished results, Koepkeet al., 1996).
Resonance Raman spectra of the membrane of the LH1-

only â Asn0 mutant, contain additional, non-resonant,
contributions, which result, in particular, in intense contribu-
tions in the C-H stretching region at ca. 3000 cm-1 (data
not shown). This is due to the fact that the amount of LH1
complexes in these membranes is not high enough for the
Bchl contributions to be observed selectively. In these
conditions, as reported previously (Beekmanet al., 1995),
the carbonyl stretching frequency region of Bchla is distorted
by additional, broad, contributions at ca. 1650 cm-1. It is
possible to extract the Bchl signal from such FT-Raman
spectra, by subtracting a FT-Raman spectrum of DD13
membranes, purified from bacteria in which neither of the
operons encoding LH2 or LH1-RC complexes are present,
using the C-H stretching region for normalisation (Beekman
et al., 1995). Such a difference spectrum is shown in Figure
2a. As a further control, Raman spectra with a 950 nm

Table 2: Absorption (λmax), Qy Bandwidths (FWHH), Fluorescence Emission (Fmax) Wavelength Maxima and Energy Transfer Efficiency of the
LH1 Complex at 77 K

DD13 DD13/DG2

λmax (nm)a λmax (nm)a

mutant Qx Qy

FWHHb

(nm)
ETc

(%)
Fmax
(nm) Qx Qy

FWHHb

(nm)
ETc

(%)
Fmax
(nm)

LH1-only WT 588 889 23 71 908 590 890 26 66 912
âH0N 584 882 28 33 905 585 881 28 40 904

LH1 + RC WT 588 886 26 76 902 591 888 26 57 908
âH0N 584 880 28 60 903 586 882 29 56 906

aWavelengths of Qx and Qy absorption maxima.bQy bandwidths, full width at half-height.c Efficiency of energy transfer from carotenoid to
Bchl, based on the relative size of the carotenoid bands in excitation and fractional absorption spectra, normalized at the Qx absorption maxima.
Absorption spectra of the LH1-only mutants could not be used for the energy transfer calculations due to extensive light scattering by the membranes.
In these cases the fractional absorption spectra of the corresponding WT membranes were used instead.
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excitation from a Ti-sapphire laser were recorded, which
ensures better resonance conditions with the Qy transition
of the Bchl molecules, and these spectra were very similar
to those obtained by the difference method with a 1064 nm
excitation (data not shown). Despite the change in the
liganding residue there is little change in the 1612 cm-1 band
which indicates that the affected Bchl is still pentacoordi-
nated. The band arising from the acetyl carbonyl stretching
modes is at a similar position as in the WT spectra, although
broader than that in the WT. This suggests for this mutant,
that some structural disorder exists in the binding site of at
least one Bchl. The band arising from the keto carbonyl
stretching frequencies is highly perturbed, being less intense
and broader, and new components are observed between
1675 and 1686 cm-1.
In the membranes from strains synthesizing RCs there is

now sufficientâAsn0 LH1 to dominate the FT-Raman signal,
as indicated by the absence of sizeable contribution of the
membrane components such as phospholipids, which may
be verified by the absence of strong signal in the 3000 cm-1

region where the C-H stretching modes of the aliphatic
chains of these molecules contribute (data not shown). In
the experimental conditions used, in which the primary donor
is in its oxidised state, the main contribution of the RC is a
strong band at ca. 1600 cm-1, which arises from the methine
bridge stretching mode of oxidized P [see e.g. Olsenet al.
(1994) and spectra herein]. However, contributions in the
carbonyl stretching frequency region of P are relatively small
(Mattioli et al., 1993) and do not interfere with the LH1
signal. Thus, it may be safely concluded that the contribu-
tions in the 1620-1700 cm-1 region arise from the carbonyl
stretching frequencies of the carbonyl groups of theâ Asn0
mutant. The band at ca. 1644 cm-1 (Figure 2) is very similar
to that observed in the WT spectra, although broader, and

therefore originates from both the acetyl carbonyl stretching
frequencies from both the Bchl molecules. In contrast, there
is a substantial attenuation of the band arising from the C9

keto stretching frequencies, accompanied by a small upshift
to 1662 cm-1 and the appearence of an additional peak at
1678 cm-1. This new feature can only be attributed to the
stretching frequency of a less strongly interacting C9 keto
carbonyl group, and must therefore have arisen from the
weakening of an H-bond to the C9 keto carbonyl of one of
the B880 Bchls.

DISCUSSION

The results of the mutagenesis of LH1R His0 presented
in this paper, showing that no complex is formed when this
residue is changed, are in accord with those of Bylinaet al.
(1988) for the equivalent residue inRb capsulatus. One
conclusion which may be drawn from our work is that the
LH1 Bchl binding site is much more demanding, in terms
of the Bchl ligands, than the binding site for the primary
donor of electron (P) in bacterial RCs. Indeed, in the latter,
it is possible to replace each of the histidine residues that
form the ligands to P by a series of residues, such as glycine,
glutamine, asparagine, leucine, in the latter case the primary
donor becomes a Bchl/Bpheo heterodimer (Bylina & You-
van, 1988). As would be expected, when the substitute
residue is able to ligand a Mg ion the physicochemical
properties of P are well-conserved (Bylina & Youvan, 1988);
however, when a glycine residue is employed, P is still
unchanged, and this has been interpreted as evidence that a
water molecule is interpolated between the glycine and the
Mg ion (Goldsmithet al., 1996). In the case of LH1, none
of the changes we have introduced on theR polypeptide
resulted in the presence of functional proteins in the
membrane, and most of the changes affecting theâ His0

(b)(a)

FIGURE 2: (a) FT Raman spectra (1580-1720 cm-1 region) of membranes fromRb sphaeroides: (1) WT in LH1-only strain; (2)â Asn0
in LH1-only strains; and (3) computed spectra of theâ Asn0 mutant, after subtraction of membrane contributions (see text). (b) FT Raman
spectra (1550-1750 cm-1 region) of membranes fromRb sphaeroides: (1) WT in LH1 + RC strain and (2)â Asn0 in LH1 + RC strain.
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appear to be incompatible with the presence of functional
LH1 in the photosynthetic membrane, even when those
potentially allow the liganding of the Mg atom of the bound
Bchl molecule. Moreover, in the RC, the mutations affecting
the ligands of P do not significantly perturb the interactions
between the carbonyl groups of P and the surrounding protein
(Goldsmithet al., 1996; Allenet al., 1996). In LH1, by
contrast, the only mutation resulting in the presence of
complexes in the photosynthetic membrane induces a clear
perturbation of the binding site of one of the Bchl, as
evidenced by FT-Raman spectroscopy. This difference in
tolerance between the RC and antenna binding sites is
possibly due to the fact that RC is a more “globular”
membrane protein, in which P is enclosed far more com-
pletely by the protein structure. In this case the loss of the
Mg atom, together with the attendant stabilizing forces, is
tolerated, because the Mg ligands represent only a small
fraction of the energy which maintains the protein structure.
However, it is also possible that energy terms arising from
structural constraints are higher in LH1 than in RC, and that
mutations targetting the Hisâ0 residue destabilise these
complexes through, for example, steric hindrances. The
same argument might also apply to the LH2R Asn0 andâ
Asn0 mutants, as it appears that these binding sites are even
more demanding than those of LH1.

These steric constraints in the B880 binding pocket of LH1
may be due to the interactions between the Bchls, and also
between the Bchls and the polypeptides. A comparison of
the protein sequences of theRb sphaeroidesR and â
polypeptides with that of a naturally occurring complex that
has Asn in place of His0 in theâ polypeptide, theEctothio-
rhodospira halochlorisâ polypeptide, is shown in Chart 1
together with the corresponding sequences of the LH1R and
â polypeptides ofRb sphaeroides(Wagner-Huberet al.,
1988). The volumes of the relevant side chains are Gly, 66

Å3; Ala, 92 Å3; Asn, 135 Å3; Val, 142 Å3; His, 167 Å3;
Leu, 168 Å3.
The residues that are probably closest to the Bchl are

underlined. As can be seen, at positions-1 and+3 theR
polypeptide has much larger residues than either of theâ
polypeptides, while at positions-4 and+3, which are likely
to be adjacent to the Bchls, the smallest residues are found
in the E. halochlorisâ polypeptide. Therefore the LH1-

phenotype of theR His0 mutants and the low levels of theâ
N0 mutant LH1 inRb sphaeroidesmay be linked to the
disposition of the larger residues in this region of the helix,
compared to those of theE. halochlorisâ polypeptide. This
could be particularly significant for Ala-4, which is conserved
among most LH1 complexes (Brunisholz & Zuber, 1992);
also, it has been shown by site-selected mutagenesis that no
residue larger than Val is tolerated at that position (Bylina
et al., 1988). The failure of Asn and Gln to replaceR His0
as the fifth ligand of the central Mg ion suggests that a very
specific relative geometry of theR polypeptides, forming
the inner ring of the complex, and the corresponding Bchl
macrocycles is required in order for the complex to assemble.
In contrast, theâ polypeptides on the outside of the complex
may be in a less constrained environment, permitting greater
flexibility in the length and orientation of the Bchl ligand.
Further mutagenesis of the residues that face the Bchls on
theR andâ polypeptides should reveal information on these
putative protein steric constraints and possibly increase the
stability of the mutated complex.

FIGURE 3: Schematic model of the B880 binding site viewed approximately perpendicular to the membrane plane. The His residues and
the Bchl orientations are based upon theRps molischianumstructure. The proposed H-bonds are represented by the black dashed lines. The
His residues belongint to theR andâ subunits are indicated on the diagram asRH0 andâH0, respectively. The respective C9 keto carbonyl
for each Bchl is labeled A or B.

Chart 1
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The co-expression of RCs is clearly advantageous for the
expression of mutated LH1 complex, since their levels in
membrane are increased fourfold relative to those in the LH1-
only strain. This may be the consequence of an interaction
between these complexes, either because RCs act as stabiliz-
ing scaffolds for the antenna complex or because their
presence enhances insertion of LH polypeptides into the
membrane. The small difference between the Qy absorption
maxima of WT LH1 in the absence and presence of RCs
(Table 2) also indicates that the properties of LH1 are
influenced by the presence of RCs and PufX.
The more pronounced blue shift ofâ Asn0 LH1 relative

to that of the WT complex may be a consequence of the
relatively low antenna levels in these membranes, the latter
influencing the aggregation state of the complexes. Com-
parable spectral shifts have been observed withRb sphaeroi-
des LH1 mutants where C-terminal truncations of the
R-polypeptide led to reduced antenna levels (McGlynnet
al., 1996), and these were attributed to a smaller aggregation
state of the complex. Alternatively, these shifts may be
related to an alteration of the H-bonding to the C9 keto
carbonyls of the Bchls. However, blue shifts of the absorp-
tion maxima inR Y+11 and F+11 mutants, accompanying the
perturbation of the H-bond to one of the C2 acetyl carbonyls,
generally were considerably larger. Alterations in the
H-bonding of the C9 keto carbonyls resulting from the
replacement of His by Asn may therefore have relatively
little or no direct effect upon the absorption red shift of the
complex, a conclusion that mirrors the situation in LH2
complexes (Sturgiset al., 1995).
Comparison of the Raman spectra leads to the conclusion

that half of the 1661 cm-1 band appears to upshift in theâ
Asn0mutants. This demonstrates that this band is degenerate,
as predicted in earlier studies (Olsenet al.,1994), and that
it must account for each of the keto carbonyl groups of the
Bchl bound to the LH1 protein, both being strongly H-
bonded in the WT complex. In theâ Asn0 mutant, one of
these H-bonds is either broken or considerably weakened.
As previously concluded for LH2 proteins (Sturgiset al.,
1995), modifying the interaction state of a keto carbonyl
group seems to have only a very limited influence on the
absorption and fluorescence properties of the complex. Thus,
the breakage of an H-bond between a C2 acetyl carbonyl
and the protein generally results in a blue shift in the
absorption of the protein of ca. 10-15 nm, in both LH2 and
LH1 (Fowleret al., 1994; Olsenet al., 1994; Sturgiset al.,
1995, 1996), whereas the absorption changes directly induced
by theâ Asn0 mutation are at most 3 nm.
Site-directed modification of theâ His0 residue is highly

specific, with regard to the effects on the Raman spectra.
This is a counterpart to previous work, in which the C9 keto
carbonyl H-bonds were largely undisturbed in mutants of
the LH1 ofRb sphaeroides(Olsen, 1994; Olsenet al., 1994;
Sturgiset al., 1997) in which the C2 acetyl carbonyl H-bond
status of the B880 Bchls were perturbed and broken.
Therefore it is proposed that the coordinating His residue
on theâ-polypeptide is the H-bond partner of the C9 keto
carbonyl of theR bound Bchl, and that it is this H-bond that
has been perturbed by theâ Asn0 mutation. It should be
noted that mutations of other highly conserved residues close
to the Bchls have been constructed, such asRS+5 andRT+6;
these were possible candidates as donors of an H-bond to
the C9 keto carbonyls but the alteration to Ala, which is not

capable of H-bonding, did not significantly alter the Raman
spectrum (Sturgis and Olsen, unpublished data). These
results are in good agreement with the structure of the
binding site of the LH2 ofRsp molischianum(Koepkeet
al., 1996) which has been shown to be closely related to
that of LH1 (Germerothet al., 1993). Indeed, in these
complexes, no amino acid side chain is close enough to the
keto group of each Bchl to be a likely candidate for
interacting with them, other than the imidazole rings of the
R0 andâ0 histidines. We therefore propose a structural model
of the LH1 Bchl binding site which accounts for FT-Raman
data on theâ Asn0 mutation. In this model, the Bchls in a
minimal unit are arranged in a head-to-head configuration,
similar to that seen in the LH2 structures, but with an
imidazole conformation such that it results in the C9 keto
carbonyl of the Bchl liganded to theR polypeptide approach-
ing the protonated nitrogen of the His residue on theâ
polypeptide, andVice Versa. The symmetry of this model
is a first approximation, accounting for the degeneracy of
the C9 keto peak in at room temperature, although this
degeneracy could be resolved at low temperature (Robert &
Lutz, 1985; Sturgis & Robert, 1997). Such a model is
summarized in Figure 3, which was built from the BChl
binding site of theRsp molischianumLH2 (Koepkeet al.,
1996). It must be noted that, because of the similarity
between the Raman frequencies observed forRsp molis-
chianumLH2 and LH1 proteins, the length and geometry
of the H-bonds involved in the BChl binding sites should
be very well conserved among these complexes. Because
the Asn coordinating residue is smaller than the His and also
has a different disposition of atoms capable of H-bonding,
it is likely that the exchange of Asn for His partially disrupts
the H-bond to theR bound Bchl C9 keto carbonyl.
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