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ABSTRACT: The influence of hydrogen bonds on the electronic structure of the light-harvesting I complex from
Rhodobacter sphaeroides has been examined by site-directed mutagenesis, steady-state optical spectroscopy,
and Fourier-transform resonance Raman spectroscopy. Shifts of 4-23 nm in the Qy absorption band were
observed in seven mutants with single or double changes at Leu R44, Trp R43, and Trp β48. Resonance
Raman spectra were consistent with the loss of a hydrogen bond with the alteration of either Trp R43 or Trp
β48 to Phe. However, when the Trp R43 to Phe alteration is combined with Leu R44 to Tyr, the spectra show
that the loss of the hydrogen bond to R43 is compensated by the addition of a new hydrogen bond to Tyr R44.
Comparison of the absorption and vibrational spectra of the seven mutants suggests that changes in the
absorption spectra can be interpreted as being due to both structural and hydrogen-bonding changes. To
model these changes, the structural and hydrogen bond changes are considered to be independent of each
other. The calculated shifts agree within 1 nm of the observed values. Excellent agreement is also found
assuming that the structural changes arise from rotations of the C3-acetyl group conformation and hydrogen
bonding. These results provide the basis for a simple model that describes the effect of hydrogen bonds on the
electronic structures of the wild-type and mutant light-harvesting I complexes and also is applicable for the
light-harvesting II and light-harvesting III complexes. Other possible effects of the mutations, such as changes
in the disorder of the environment of the bacteriochlorophylls, are discussed.

The photosynthetic unit of purple bacteria is composed of three
integral membrane proteins: the reaction center, a core light-
harvesting I complex (LH1),1 and in many bacteria a peripheral
light-harvesting II (LH2) complex (1). All three complexes of the
photosynthetic unit of Rhodobacter sphaeroides contain the same
pigment, bacteriochlorophyll (BChl) a, but within these three
complexes, this pigment gives rise to absorption bands with
maxima at 800 and 850 nm in LH2 and 875 nm in LH1. The
means by which the protein environment tunes the absorption
bands of this cofactor in antenna complexes has long been a topic
of study (2-5). The proposed mechanisms include distortions to
the planar conformation of the macrocycle, excitonic coupling
between closely spaced pigments, rotation of the C3-acetyl group,
and hydrogen bonding to the carbonyl groups conjugated to the
delocalized electronic structure of the macrocycle. By altering
certain residues using site-directed mutagenesis and correlating
shifts in the absorption spectrum with shifts of the vibrational
bands attributed to these carbonyl groups in the Fourier-trans-
form resonance Raman spectrum, an understanding of the
importance of hydrogen bonding can be established.

Atomic level information for the photosynthetic proteins in the
purple bacterial photosynthetic unit comes from the three-
dimensional structures of the reaction centers from Rb. sphaeroi-
des and Blastochloris viridis (6, 7), the LH2 complexes fromRho-
dopseudomonas acidophila andRhodospirillummolischianum (8, 9),

and a spectroscopic variant of the LH2 complex from Rps.
acidophila called the light-harvesting III (LH3) complex (10). The
LH2 and LH3 three-dimensional structures show eight or nine
protomeric complexes arranged in a symmetrical ring confi-
guration (Figure 1A). Each protomeric complex is made up of
two peptides, R and β, three BChl a molecules, and at least one
carotenoidmolecule. Two of these BChl molecules are positioned
near the periplasmic side of the membrane and are closely spaced
with their ring planes perpendicular to themembrane in amanner
similar to the arrangement observed for the BChls that make up
the primary donor in reaction centers. The third is located closer
to the cytoplasmic side of the membrane and oriented with its
plane closer to parallel with the membrane. The circular arrange-
ment of the individual units results in the overlapping of the
closely spaced pair of BChl molecules with similar BChls from
neighboring units. The resulting complex has 16 or 18 over-
lapping BChl molecules whose close proximity forms an aggre-
gate of excitonically coupled pigments that collectively give rise to
an absorption band near 850 nm and eight or nine monomeric
BChl molecules that have an absorption band near 800 nm.

The LH1 complex has a similar ring arrangement of 16
protomeric complexes (Figure 1B), but current studies lack the
resolution to provide a detailed picture. Projection maps from
electron micrographs of two-dimensional crystals of LH1 from
Rhodospirillum rubrum are consistent with a composition of two
peptides, R and β, two BChl a molecules, and one carotenoid
molecule arranged in a manner similar to that seen in LH2 but
lacking the thirdmonomeric BChl (11). Structural studies of LH1
from different species have shown that the circular architecture
observed in Rsp. rubrum is probably not typical of LH1 in other
species (3, 4). In Rb. sphaeroides and Rhodobacter capsulatus,
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the PufX protein has been proposed to be part of the LH1 com-
plex (12-15). The disruption of a symmetrical arrangement of
LH1 is supported by atomic force microscopy that has revealed
elliptical LH1 complexes in Rb. sphaeroides (16, 17) as well as
other organisms (18). Additional support is provided by a low-
resolution model of LH1 from Rhodopseudomonas palustris
(Figure 1B) that shows an ellipse broken because of the presence
of a third polypeptide (19). While understanding of the quatern-
ary structure of the LH1 complex continues to develop, the
protomeric complexes fromwhich they are assembled are believed
to be structurally similar to those found in the LH2 complexes
with the absence of the B800 BChl. In particular, the similarity

between the sequences of the LH2 complex fromRsp. molischianum
and the LH1 complex ofRb. sphaeroides (20) has led to the use of
this LH2 structure as a model for the protomeric complex of the
LH1 complex.

In the LH1 complex of Rb. sphaeroides, the hydrogen bond
donors are believed to be Trp R43 and Trp β48. Replacing Trp
β48 with Phe results in the loss of a hydrogen bond and a 6 nm
blue shift in the absorption spectrum (21), while replacing Trp
R43 with Phe results in a similar loss of a hydrogen bond but a
much larger 24 nm blue shift (22). However, this latter shift is not
believed to be solely the result of the loss of the hydrogen bond, as
replacing Trp R43 with Tyr maintains the hydrogen bond but the

FIGURE 1: (A) Three-dimensional structure of the LH2 complex fromRps. acidophila showing the backbones of the R subunits (green) forming the
inner ring and theβ subunits (blue) forming the outer ring and theBChls (red) forming two sets of rings.The carotenoids are not shown.The structure
is from McDermott and co-workers (8), file 1KZU.pdb. (B) Low-resolution three-dimensional structure of the LH1 complex from Rps. palustris
showing the backbones of the R subunits (green) forming the inner ring and the β subunits (blue) forming the outer ring, the putative pufX protein
(purple), and the BChls (red) forming one ring. The carotenoids are not shown. The structure is fromRoszak and co-workers (19), file 1PYH.pdb.
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mutant still exhibits a 12nmblue shiftwith respect towild type (22).
The 12 nm difference between the Trp R43 to Phe mutant and the
Trp R43 to Tyr mutant was interpreted as being more representa-
tive of the effect of the loss of the hydrogen bond, with the remain-
der of the difference relative to wild type being due to some other
factor, such as a structural change. Slightly larger shifts of approxi-
mately 16 nm have been reported for mutations in LH2 that alter
the hydrogen bonding to the B850 BChls (23-25), and an approxi-
mately 10 nm shift has been reported for mutations that alter the
hydrogen bonding to the B800 BChls (26). All of these shifts are
similar to a theoretical hydrogen bond effect of 101.5 cm-1, which
at these wavelengths corresponds to a shift of approximately 7 nm,
calculated for a monomeric BChl a molecule (27).

The relationship between hydrogen bonds and optical shifts
became less clear with the determination of the three-dimensional
structure of theLH3 complex ofRps. acidophila (10). This complex
exhibits a dramatically blue-shifted absorption band at 820 nm
relative to the 850 nm band for the LH2 complex. Prior to the
structure determination, a comparison of the sequences and
resonance spectra of the two complexes, along with the spectral
shifts observed for the LH1 and LH2mutants, implicated the lack
of hydrogen bonds in the LH3 complex as a potential reason for
the blue shift (28). The three-dimensional structure of LH3 shows
that only one of the BChls associatedwith the 850 nmband lacks a
hydrogen-bonded acetyl group, while the other maintains it
through a Tyr residue at position R41. Both of the BChls in the
three-dimensional structure of LH3 associated with the 850 nm
band show a dramatic rotation of the acetyl groups away from the
plane of the BChl macrocycle. This large conformational differ-
ence along with the maintenance of one of the hydrogen bonds
indicates that the spectral difference between the LH2 and LH3
complexes is more likely to be the result of the increase of the
dihedral angles for theC3-acetyl groups rather than the decrease in
the number of hydrogen bonds to the acetyl groups.

This comparison of the LH2 and LH3 complexes raises the
question of the relative importance of structural differences in the
shifts in the spectra of theRb. sphaeroidesLH1 andLH2mutants.
Structural differences almost certainly contribute to the large shift
observed for the mutant LH1 complex with Trp R43 replaced by
Phe, but the extent towhich structural changes affect the observed
shifts for other LH mutants is unclear. In earlier work, the
substitution of Trp R43 with Phe was associated with possible
perturbation of the excitonic interactions between the BChls (22)
or rearrangement of the BChls (21). The differences in the angle of
the acetyl group when comparing the LH2 and LH3 complexes
provide a specific type of structural change that is expected to alter
the transition energy of the individual BChl pigments but not the
coupling between the BChl molecules (29). Thus, the relationship
between the electronic structure of the BChls and the observed
transition energy is not simple, and in particular it is not clear why
changes in hydrogen bonding should produce similar optical
shifts for the monomeric and coupled BChls.

This paper reports the characterization of seven mutants of the
LH1 complex of Rb. sphaeroides with alterations at residues R43,
R44, and β48. Optical spectra in isolated LH1 complexes were
measured using steady-state optical spectroscopy, and the hydro-
gen-bonding patterns of the BChls were determined using Fourier-
transform resonance Raman spectroscopy. Different approaches
were taken to differentiate the structural and hydrogen-bonding
contributions to the observed shifts in the absorption spectrum.
One approach used a fitting procedure to interpret the observed
spectral differences between several LH1 mutants in terms of

structural and hydrogen-bonding contributions. Another approach
estimated the effect of hydrogen bonding and acetyl group con-
formation on the site energy of the BChl pigments with the effect of
excitonic coupling explicitly included. The consistency of the two
approaches is discussed as well as the general impact of hydrogen
bonding on the spectral features of light-harvesting complexes.

MATERIALS AND METHODS

Mutagenesis and Protein Isolation. The seven LH1 mu-
tants described in this paper were constructed from four mutated
R genes, onemutated β gene, and thewild-typeR and β genes. The
four mutated R genes code for four mutant R-peptides with the
following changes: Trp R43 to Phe, Leu R44 to Tyr, Leu R44 to
Phe, and a double mutant, Trp R43 to Phe and Leu R44 to Tyr.
One mutation was made in the β gene resulting in the change of
Trp β48 to Phe. The mutants were named on the basis of the
amino acid residues at positions R43, R44, and β48. Thus the
effects of changes at these positions can be compared in the seven
mutants, WYW (Trp R43, Tyr R44, Trp β48), WFW (Trp R43,
PheR44, Trpβ48),WLF (TrpR43, LeuR44, Phe β48),WYF (Trp
R43, TyrR44, Phe β48),WFF (TrpR43, PheR44, Phe β48), FYW
(Phe R43, Tyr R44, Trp β48), and FLW (Phe R43, Leu R44, Trp
β48), and the wild-typeWLW (TrpR43, LeuR44, Trp β48). All of
the possible combinations of R43 (Phe or Trp), R44 (Leu, Phe, or
Tyr), and β48 (Phe or Trp) were constructed, but the fourmutants
with Phe substituted at both R43 and R44 or β48 (FLF with Phe
R43, Leu R44, Phe β48, FFF with Phe R43, Phe R44, Phe β48,
FFW with Phe R43, Phe R44, Trp β48, and FYF with Phe R43,
Tyr R44, Phe β48) did not produce detectable amounts of LH1 in
membrane preparations and are not considered in this paper.

Mutagenesis was performed on templates in the vector
pUC19 (30) containing the individual LH1 R or β gene, using
either a PCR technique or a variant of the procedure employed by
the commercially available QuikChange mutagenesis kit (Strata-
gene). The PCR technique used a mutagenic oligonucleotide and
either a forward or reverse sequencing primer to generate a muta-
ted gene fragment containing restriction sites that allowed transfer
of the mutated segment back into the template plasmid. The first
step in the second techniquewasperforming aPCRreactionusing a
mutagenic oligonucleotide and a reverse sequencing primer to
generate a mutant gene fragment. Unlike the PCR technique des-
cribed above, this fragment did not contain suitable restriction sites
that would allow its easy transfer back into one of the template
plasmids. Instead, this double-stranded gene segment was substi-
tuted for the double-stranded mutagenic oligonucleotide construct
in the procedure utilized by the QuikChange mutagenesis kit.

The mutated genes were combined either with each other or
with the wild-type genes to form pUC19-based constructs con-
taining both R and β genes. These mutant LH1 sequences were
transferred to the plasmid pLH30, based on pRK415 (31). This
plasmid contains the puf operon with two substantial modifica-
tions: the replacement of the pufB to pufA segment with a
kanamycin resistance cassette and the deletion of a KpnI-KpnI
fragment of the pufL gene. The deletion in the pufL gene prevents
assembly of the photosynthetic reaction center. Transfer of the
fragment containing the mutated LH1 sequence replaces the
kanamycin resistance cassette and produces a vector capable of
expressing the mutant LH1 complexes without the reaction
center. The plasmids were transformed into Escherichia coli
S17-1 (32) and conjugated to theRb. sphaeroides strainΔBALM,
which is incapable of expressing the reaction center, LH1,
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and LH2 complexes (33). Wild-type LH1 was obtained from the
Rb. sphaeroides strain ΔRC-1A, which contains a plasmid coding
for the wild-type LH1 R and β subunits but includes the deletion in
the gene encoding the reaction center L subunit.

Mutant strains were grown semiaerobically in the dark at 30 �C
for 3 days. Harvested cells were resuspended in 15 mM Tris 3HCl,
pH 8, and 1 mM EDTA, and fragmented by either sonication
(Branson) or using a French press (SLM Instruments). The
resulting lysate was cleared by centrifugation for 10 min at
9000g and 4 �C in a Sorvall R5 centrifuge. Chromatophores were
isolated from the resulting supernatant by centrifugation for 2 h at
184000g and 4 �C in a Beckman L7 centrifuge. The pelleted
chromatophores were resuspended in 15mMTris 3HCl and 1mM
EDTA, pH8. LH1 complexes were extracted from themembranes
using a variant of a procedure described previously (34). The
complexes were solubilized using 0.5-1.0% lithium dodecyl
sulfate with the detergent concentration adjusted depending upon
the level of LH1 in themembrane. In addition, the complexes were
independently isolated using the detergent octyl β-glucoside at
concentrations of 0.5-1.0%. After solubilization, membranes
were removed by ultracentrifugation for 2 h at 184000g and
4 �C in a Beckman L7 centrifuge. Excess detergent was removed
by adding solid KCl to the resulting supernatant to achieve a final
concentration of 15 mM. After 15 min of stirring on ice, the
precipitated detergentwas removed by centrifugation for 10min at
20000g and 4 �C. The resulting supernatant was brought to 2%
ammonium acetate and stirred on ice for 15 min. After 10 min of
centrifugation at 20000g and 4 �C, the pelleted LH1 complexes
were resuspended in 15 mM Tris 3HCl, 1 mM EDTA, pH 8, and
0.05% lithium dodecyl sulfate (or 0.8% octyl β-glucoside).
Resuspended complexes were subjected to two cycles of centrifu-
gation for 2 h at 184000g and 4 �C in aBeckmanL7 centrifuge and
resuspension in 15mMTris 3HCl, 1mMEDTA, pH 8, and 0.05%
lithium dodecyl sulfate (or 0.8% octyl β-glucoside).
Size-Exclusion Chromatography. The sizes of the purified

complexes were estimated by use of size-exclusion chromatogra-
phy with a Sephacryl HR 200 column (Amersham) in 15 mM
Tris 3HCl, 0.1% Triton X-100, and 1 mM EDTA. Measurement
of each sample was performed three to five times. In addition to
standardwater-soluble proteins, the columnwas calibrated using
LH2 and reaction centers from Rb. sphaeroides.
Optical Spectroscopy. Steady-state optical absorption spectra

weremeasuredusing aCary 5 spectrophotometer (Varian). Because
several of the detergent-solubilized mutant complexes were not
very stable at room temperature, samples were maintained at 8 �C
during the measurement by use of a jacketed cuvette holder cooled
by water flow from a refrigerated, circulating water bath (Haake).
Fourier-Transform Resonance Raman Spectroscopy.

Fourier-transform resonance Raman spectra were recorded using

a Bruker IFS 66 interferometer equipped with a liquid nitrogen-
cooled Ge detector, which was coupled to a Bruker FRA Raman
module equippedwith a continuous diode-pumpedNd:YAG laser
providing 1064 nm excitation, in preresonance with the approxi-
mately 870-880 nm absorption band, as described elsewhere (35).
LH1 samples were concentrated using MicroCon (Amicon) con-
centratorswith a 10 kDa cutoffmembrane.Approximately 7μLof
the samples was deposited into aluminum cups that were kept on
ice prior to measurements. The samples were covered with a glass
coverslip to prevent sample evaporation and were measured using
a 180� backscattering geometry for 15 min, and then the sample
was changed for a fresh one in another precooled aluminum cup.
This procedure was repeated until the averaged spectrum was of
the desired quality; the spectra reported here are the averages of
2000-5000 coadded interferograms. Laser power was 250 mW,
and the spectral resolution was 4 cm-1. The Raman signals were
carefully monitored during initial 15 min trials, and no evolution
of the Raman spectra was observed during the measurements.
Buffer spectra were also recorded under similar conditions and
were subtracted from the sample spectra. A linear baseline was fit
to valley regions common in all of the sample spectra from 500 to
1800 cm-1 and subtracted to reduce the visual effect of the slope
resulting from the instrument response.
Excitonic Calculations. To evaluate the effect of the muta-

tions on the coupling, changes made to the amino acid sequence
were interpreted as affecting the site energy of theR- and β-bound
BChl molecules. Evaluating the effect of these changes on the Qy

transition of the LH complex requires using those altered site
energies in a calculation that takes into account the excitonic
coupling of the BChl molecules in the complex. The most
accessible approach to doing this type of calculation is the use
of an effective Hamiltonian provided byHu and co-workers (36).
Their approach utilizes the three-dimensional structure of LH2
from Rsp. molischianum, but one of the key advantages of the
effective Hamiltonian approach is its easy extensibility to several
systems. The Hamiltonian itself has been applied to nonsymme-
trical LH1models incorporating PufX (37) but is more accessible
if the symmetric case is taken. In this treatment, the complex
is considered to be a symmetric arrangement of R/β dimers
with perfect CN symmetry with any effects due to asymmetry
assumed to be minor. For evaluation of the LH1 complexes,
coordinates were taken from Hu and coworkers (36), and for the
LH2 and LH3 complexes the coordinates of the Rps. acidophila
LH2 (1KZU.pdb) (8) were transformed to achieve a three-
dimensional structure with C9 symmetry. Calculation of the Qy

transition energy does not include any consideration of diagonal
disorder.

An idealized LH complex with CN symmetry can be repre-
sented by the Hamiltonian:

Ĥ ¼

εR ν1 W1, 3 W1, 4 ::: W1, 2N-2 W1, 2N-1 ν2
ν1 εβ ν2 W2, 4 ::: W2, 2N-2 W2, 2N-1 W2, 2N

W3, 1 ν2 εR ν1 ::: W3, 2N-2 W3, 2N-1 W3, 2N
W4, 1 W4, 2 ν1 εβ ::: W4, 2N-2 W4, 2N-1 W4, 2N
::: ::: ::: ::: ::: ::: ::: :::

W2N-2, 1 W2N-2, 2 W2N-2, 3 W2N-2, 4 ::: εβ ν2 W2N-2, 2N
W2N-1, 1 W2N-1, 2 W2N-1, 3 W2N-1, 4 ::: ν2 εR ν1

ν2 W2N, 2 W2N, 3 W2N, 4 ::: W2N, 2N-2 ν1 εβ

0
BBBBBBBBB@

1
CCCCCCCCCA

ð1Þ

where εR and εβ are the individual transition energies, or
site energies, of the R- and β-bound BChl, respectively.

The nearest-neighbor intra- and interdimer couplings are
given by ν1 and ν2, respectively. All other matrix elements
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are determined by the dipole-dipole coupling interac-
tion:

Wi, j ¼ C
di 3 dj
jRi, jj3

-
3ðdi 3Ri, jÞðdj 3Ri, jÞ

jRi, j j5
" #

ð2Þ

where di and dj are unit vectors parallel to the transition
dipole moments of the ith and jth BChls in the complex,
respectively. The parameter Ri,j represents the vector
pointing from the central Mg of the ith BChl to the
central Mg of the jth BChl, and |Ri,j| is the magnitude of
this vector, or the distance between two Mg atoms. The
scaling parameterC is given by the product of the transition
dipole moments for the ith and jth BChl, μi and μj, and the
dielectric constant, ε, within the complex:

C ¼ jμijjμjj
4πε

ð3Þ

Because of the symmetry of the complex, the diagonaliza-
tion of this matrix can be done algebraically (36) and
results in 2N eigenvalues: two for eachvalueofn=1,2, 3, ...,
N, eachofwhich corresponds to an energy value for a level in
the excitonic manifold. The value for each of these eigen-
values is given by

En, ( ¼ εR þ εβ
2

þ 1

2

XN-1

k¼1

Χkþ 1, nðW1, 2kþ 1 þW2, 2kþ 2Þ
 !

(
1

4
εR -εβ þ

XN-1

k¼1

Χkþ 1, nðW1, 2kþ 1 -W2, 2kþ 2Þ
" #28<

:
þ ν1 þΧ8, nν2 þ

XN-2

k¼1

Χkþ 1, nW1, 2kþ 2

 !

ν1 þΧ2, nν2 þ
XN-2

k¼1

Χkþ 2, nW2, 2kþ 3

 !)1=2

ð4Þ

The coefficients, Χ, are complex numbers determined by

Χk, n ¼ exp i
2π

N
nðk-1Þ

� �
ð5Þ

Following the published approach (36), the excitonic mani-
fold is determined via a semiempirical INDO/S calculation
using truncated BChl molecules positioned according to a
symmetrized set of coordinates from the Rsp. molischianum
LH2 structure. The resulting manifold contained four
nondegenerate levels, corresponding to the levels where
n = 4 and n = 8. These four levels were used to fit four
parameters: ε, the site energy of the BChls (only a single
value since the assumption of ε= εR= εβwas used), ν1, ν2,
and W1,3. The last parameter allows the calculation of the
value of C by

C ¼ W1,3
d1 3 d3
jR1,3j3

-
3ðd1 3R1,3Þðd3 3R1,3Þ

jR1,3j5
" #-1

ð6Þ

where the vector parameters are provided by the symme-
trized set of coordinates. The resulting fitted values were
ε=13362 cm-1, ν1=806 cm-1, ν2=377 cm-1, and W1,3=
-152 cm-1, which gives a value of C= 519310 Å3 cm-1.

Using these values, the equation for the Qy transition is
composed of two degenerate states corresponding to the (-)
form of the equation when n = 1 and n = N - 1. For this
analysis, an assumption is made that the mutations introduced
alter only the site energies of the BChls, leaving the geometry and
coupling interactions untouched. With this assumption, many of
the terms in eq 4 can therefore be grouped together. For use in an
equation describing the Qy transition for a symmetrical LH
complex, three parameters are defined that are taken to be
constant for a given LH complex:

σ1 ¼
XN-1

k¼1

Χkþ 1, 1ðW1, 2kþ 1 þW2, 2kþ 2Þ ð7Þ

σ2 ¼
XN-1

k¼1

Χkþ 1, 1ðW1, 2kþ 1 -W2, 2kþ 2Þ ð8Þ

σ3 ¼ ν1 þΧ8, 1ν2 þ
XN-2

k¼1

Χkþ 1, 1W1, 2kþ 2

 !

ν1 þΧ2, 1ν2 þ
XN-2

k¼1

Χkþ 2, 1W2, 2kþ 3

 !
ð9Þ

The energy for theQy transition,EQy
(eq 4), can then be written in

terms of the site energies, εR and εβ, as

EQy
¼ εR þ εβ

2
þ 1

2
σ1 -

1

4
ðδεþ σ2Þ2 þ σ3

� �1=2

ð10Þ

where δε = εR - εβ. For LH2 from Rps. acidophila and Rb.
sphaeroides, the values for these constants are σ1 = -348.202,
σ2 = -63.6535, σ3 = 1317709, and for the LH1 complex, these
constants are σ1=-499.874, σ2=-1.184187, σ3=1517107 (all
values are in cm-1).

RESULTS

The optical absorption spectra of the mutants all have a single
absorption band in the near-infrared region of 855-880 nm with
different positions for the peak maximum, λmax (Figure 2). In
general, mutations at the wild-type hydrogen bond donor posi-
tions R43 and β48 have a more significant effect on λmax than
mutations at residue R44. The observed spectra of the mutants
have line widths comparable to previous measurements at room
temperature, noting that low-temperature measurements of LH1
show a significant decrease (38).

The wild type and five mutants with the native Trp R43
hydrogen bond donor have the largest λmax, ranging from 879
nm for wild type (WLW) to 868 nm for the WFF mutant. Of
these five mutants, the two with the native Trp β48, WYW and
WFW, are the most similar to wild type with λmax values of 875
and 874 nm, respectively. The three other mutants that have Phe
at β48, WLF, WYF, and WFF, have absorption band positions
that are shifted further to the blue with λmax at 872, 870, and 868
nm, respectively. The two mutants with the hydrogen bond from
Trp R43 not present due to the substitution of this residue with
Phe, FYW and FLW, have the most shifted bands with λmax at
867 and 856 nm, respectively. The shifts for the WLF and FLW
mutants agree with previous measurements (21, 22). The muta-
tions at the R44 position result in relatively small but consistent
perturbations of the spectra compared to the larger changes
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imposed by altering TrpR43. They produce a consistent relation-
ship of decreasing λmax with the largest shifts from the Leu
substitution and Tyr and Phe resulting in smaller shifts.

These optical measurements were performed using the deter-
gent lithium dodecyl sulfate based upon a previously developed
protocol that had been shown not to shift the optical spectrum or
resonance Raman compared to the membrane spectrum (34, 38).
As with any detergent, use of certain conditions can disrupt the
membrane protein complex as found for LH1 when isolated
using the combination of a high concentration of lithium dodecyl
sulfatewith polyacrylamide gel electrophoresis (39, 40).While the
detergent concentration was maintained at 0.05% for most
experiments on the LH1 mutants, measurements using concen-
trations up to 0.1% showed no changes in the optical spectra.
Evenwhen the isolated complexeswere at 22 �C for a short period
of time rather than 8 �C, no shifts to shorter wavelengths were
observed as would be expected if fragmentation was occurring.
To ensure against any possible unexpected effects due to the use
of lithium dodecyl sulfate, complexes were isolated from the
membranes for all of the mutants using the detergent octyl β-
glucoside. For all cases, the experimental optical spectrum
matched for the two detergents (data not shown). In addition,
the spectral shifts reported here for the purified complexes of the
mutants compared to wild type are the same as previously
reported for the shifts seen in chromatophores of the WLF and
FLW mutants compared to wild type (21, 22).

The intactness of the complex after detergent extraction was
investigated by measurement of the size of the LH1 preparations
using size-exclusion chromatography. These results showed that
the samples contained only one, very large, complex with an
estimated molecular mass of 210 ( 30 kDa, consistent with the
estimatedmolecular mass of 220 kDa. The presence of a complex
with a lowmolecularweight, for example, a complex consisting of
only two protein subunits, was not detected. In these experi-
ments, the complexes derived from the mutant strains behaved
identically to wild type.

The resonance Raman spectra for the sevenmutants show dis-
tinctive changes compared to the wild-type complex (Figure 3).

The spectrum of the purified wild-type LH1 has three peaks at
1607, 1641, and 1661 cm-1 in agreement with previous studies of
wild type in membrane fragments (22). The peak at 1607 cm-1 has
been assigned to a coordination-sensitivemethine bridge-stretching
mode, and the peaks at 1641 and 1661 cm-1 have been assigned to
the hydrogen-bonded C3-acetyl groups and the C13-keto groups,
respectively. The spectrum of the WLF mutant, with the single
change of Trpβ48 toPhe, shows a shift of intensity from the region
near 1641 cm-1 to the region near 1660 cm-1, indicating the loss of
one of the hydrogen bonds (21). The signal from the remaining
hydrogen-bonded acetyl group is clearly visible at 1639 cm-1. The
spectrum of the FLWmutant with the single change of TrpR43 to
Phe has a shift of intensity from the band at 1641 cm-1 to the band
near 1660 cm-1 and is consistent with the loss of the hydrogen
bond as previously reported for this mutant in membrane frag-
ments (22). The signal from the remaining hydrogen-bonded
acetyl group is poorly resolved from the 1660 cm-1 band but
can be seen as a shoulder to this band near 1642 cm-1. Taken
together with the model of the Rsp. molischianum LH2 structure,
the interpretation of these spectra of the purified complexes is that
themutation of Trp R43 to Phe removes the hydrogen bond to the
R-bound BChl, leaving the hydrogen bond to the β-bound BChl
unchanged, while the mutation of Trp β48 to Phe removes the
hydrogen bond to the β-bound BChl, leaving the hydrogen bond
to the R-bound BChl unchanged as previously concluded based
upon measurements of the cell membranes (21).

FIGURE 2: Normalized absorption spectra of isolated wild-type and
mutant LH1 complexesmeasured at 8 �C.The peak position (λmax) is
at 879 nm in the wild type (WLW, Trp R43, Leu R44, Trp β48), 875
nm in the WYW mutant (Leu R44 to Tyr), 874 nm in the WFW
mutant (Leu R44 to Phe), 872 nm in the WLF mutant (Trp β48 to
Phe), 870 nm in the WYF mutant (Leu R44 to Tyr and Trp β48 to
Phe), 868 nm in the WFF mutant (Leu R44 to Phe and Trp β48 to
Phe), 867 nm in the FYW mutant (Trp R43 to Phe and Leu R44 to
Tyr), and 856 nm for the FLW mutant (Trp R43 to Phe).

FIGURE 3: Fourier-transform resonance Raman spectra for wild-
type and mutant LH1 complexes: (a) wild type, FLW, and WLF
mutants that have been previously reported in the literature (21, 24);
(b) the WFW, WFF, and FYW mutants; (c) the WYF and WYW
mutants. The mutants are named according to the identity of the
residue at positionsR43,R44, and β48, which inwild type (WLW) are
Trp R43, Leu R44, and Trp β48.
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The change of Leu R44 to Phe in theWFWmutant results in a
spectrum that is nearly identical towild typewith the acetyl group
peak at 1641 cm-1 and the keto group peak slightly shifted to
1659 cm-1. The WFF mutant, which combines this mutation
with the Trp β48 to Phe mutation, results in a spectrum that is
nearly identical to the WLF spectrum with peaks at 1638 and
1659 cm-1 and the methine peak shifted slightly to 1609 cm-1. In
both cases, it appears that replacement of Leu R44 with Phe does
not disturb the hydrogen bond arrangement. The spectrumof the
FYWmutant, which has both Trp R43 and Leu R44 changed, is
different from the spectra described so far but is the most similar
to that of the FLWmutant. In the spectrum of the FYWmutant,
the largest peak is near 1659 cm-1, but it is smaller than the one in
the FLW spectrum. The spectrum has a poorly resolved shoulder
near 1642 cm-1 as in the FLW spectrum, but it also has a new
peak at 1630 cm-1. The spectrum also shows a small shift of the
methine peak to 1609 cm-1. This spectrum of the purified FYW
mutant is very similar to the one reported for a mutant that has
Trp R43 replaced with Tyr (22) and likely represents the case
where a hydrogen bond is now being donated by Tyr R44.

The remaining two mutants, the WYW and WYF mutants,
both have Tyr R44 and result in rather distinctive spectra.
Although the WYW mutant has the two wild-type hydrogen
bond donors, Trp R43 and Trp β48, at first glance its resonance
Raman spectrum appears similar to the spectra of the mutants
lacking the hydrogen bond from Trp β48, namely, the WLF and
WFF mutants. The peak at 1661 cm-1 is the largest in the
spectrum and is greater than twice the intensity of the signal at
1641 cm-1. The spectrum for the WYWmutant does have some
significant differences with the spectra of the two β48 mutants,
WLF and WYF. The peak for the methine bridge stretching
shifts to 1611 cm-1, and the relative size of the 1661 cm-1 peak
compared to the 1611 cm-1 peak is more similar to that of the
ones in spectra with both native hydrogen bond donors, the wild
type andWFWmutant. Additionally, the peak near 1640 cm-1 is
actually at 1641 cm-1, indicating that it has contributions from
both the signal at 1639 cm-1, the one for the hydrogen-bondedR-
bound BChl, and the signal at 1642 cm-1, the one for the
hydrogen-bonded β-bound BChl. It appears that the result of
replacingLeuR44withTyr is a partial loss of the intensity at 1639
cm-1 but no apparent gain of intensity at 1660 cm-1. The WYF
mutant has a spectrum that appears to show no hydrogen-
bonded C3-acetyl groups as the only peaks are at 1611 and
1659 cm-1. However, a close examination of the spectra of the
WYW and WYF mutants shows a broad and weak signal in the
region between 1620 and 1640 cm-1, and this signal likely
contributes to the apparent shift of the methine peak in the
spectra of these mutants.

DISCUSSION

Eight LH1 complexes were examined in this study, including
the wild type, which has residues Trp R43, Leu R44, and Trp β48
(designated WLW), and seven mutants with single or double
changes at these residues. Four of these mutants have changes
solely in the R-peptide at R43 or R44: FLW, WFW, FYW, and
WYW. The FLWmutant, with the change of the hydrogen bond
donor Trp R43 to Phe, has been thoroughly discussed in the
literature (21, 22). Of principal relevance to these results is the
conclusion that only part of the large blue shift observed in the
absorption spectrum of this mutant, with respect to wild type,
couldbe attributed to the loss of a hydrogen bond.The remainder

of the shift was attributed to some other cause, such as a
structural change that alters the excitonic interactions in the
complex. The WFW mutant, with the change Leu R44 to Phe,
provides an example of a complex where a significant shift, 5 nm
to the blue, can be accomplished while leaving the hydrogen-
bonding arrangement undisturbed. The observed shift is assumed
to arise from structural differences between this mutant complex
and the wild type, but in the absence of structural data, assigning
the specific type of structural difference is difficult.

The FYWdoublemutant (TrpR43 to Phe andLeuR44 toTyr)
is very similar to the previously reported mutant in which Trp
R43 was altered to Tyr (22). The differences between the Raman
spectra of the FLW and FYWmutants point to the formation of
a hydrogen bond in the latter mutant, presumably from Tyr R44.
The previously reported similarity between the LH1 complex and
the LH2 complex from Rsp. molischianum (20) provides a model
by which the feasibility of this arrangement can be assessed. In
the three-dimensional structure of LH2 from Rsp. molischianum,
the acetyl groups for the R- and β-bound BChls are hydrogen
bonded to Trp residues at R45 and β44, respectively (9). The
analogous residues in the LH1 complex of Rb. sphaeroides are
Trp residues at R43 and β48. The hydrogen bond donors in the
LH2 complex of Rps. acidophila are Tyr R44 and Trp R45. An
overlay of the LH2 and LH3 complexes fromRps. acidophila and
the LH2 complex fromRsp. molischianum shows a closematch of
the B850 BChls (Figure 4). TrpR45 from theRps. acidophilaLH2
structure can be seen to occupy the same region of space as Ile
R46, which is one residue past the hydrogen bond donating Trp
R45, in the Rsp. molischianum LH2 structure. As a result, there
appears to be the capability for a residue in this region to form a
hydrogen bondwith theR-boundBChl. If IleR46 in this structure

FIGURE 4: Superposition of the structures of the Rsp. molischianum
LH2 complex (cyan) and the Rps. acidophila LH2 (green) and LH3
(magenta) complexes showing the hydrogenbonding to theC3-acetyl
groups of the excitonically coupled BChls. In the Rsp. molischianum
LH2 complex, hydrogen bonds are provided by residues TrpR45 and
Trp β48. In the Rps. acidophila LH2 complex, hydrogen bonds are
provided by residuesTyrR44 andTrpR45, and in the LH3 complex a
hydrogen bond is provided by Tyr R41. In the Rb. sphaeroides LH2
complex, the hydrogen-bonding pattern is believed to be similar to
that observed for the Rps. acidophila LH2 complex with the analo-
gous residues Tyr R44 and Tyr R45. In the Rb. sphaeroides LH1
complex, the hydrogen-bonding pattern is believed to be similar to
that observed for the Rps. molischianum LH2 complex with the
analogous residues Trp R43 and Trp β48. In this picture, the Rs.
molischianumLH2IleR46occupies the same regionasRps. acidophila
LH2 Trp R45. The analogous residue in the Rb. sphaeroides LH1
complex is Leu R44.
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is replaced by Tyr, alteration of neither the backbone nor the
dihedral angle positioning the side chain is necessary to allow the
tyrosyl oxygen to be positioned within hydrogen-bonding dis-
tance of theC3-acetyl group. If a similar arrangement exists in the
LH1 complex of Rb. sphaeroides, it seems reasonable to expect
that Tyr at R44 could form a hydrogen bond with the acetyl
group of the R-bound BChl.

The potential of TyrR44 to form a hydrogen bond to the same
C3-acetyl group as Trp R43 presents the possibility of two
hydrogen bonds to theR-boundBChlwhenboth of these residues
are present, as in the WYW (Trp R43, Tyr R44, Trp β48) and
WYF (Trp R43, Tyr R44, Phe β48) mutants. In the resonance
Raman spectrum of the WYW mutant, there appears to have
been a loss of intensity near 1641 cm-1 but no corresponding gain
in intensity near 1660 cm-1. Such a spectrum may arise from a
BChl conformation where the C3-acetyl group has rotated so far
out of the plane of the macrocycle that it no longer experiences
the resonance enhancement effect. However, when taken in
conjunction with the ability of Tyr R44 to form a hydrogen bond
to the same C3-acetyl group as Trp R43, the picture that arises is
one inwhich there is a competition between these two residues for
the same C3-acetyl group in the WYW and WYF mutants, in
which either Trp R43 or Trp R44 forms a hydrogen bond but not
both simultaneously. The broad, weak intensity observed for
both of these mutants in the 1620-1640 cm-1 region is likely the
result of some combination of the 1629 cm-1 signal observed in
the FYWmutant and the 1639 cm-1 signal observed in theWLF
mutant. The WYW spectrum is therefore interpreted as repre-
senting two hydrogen bonds, inwhich each individualmutant has
one hydrogen bond from Trp β48 and one hydrogen bond from
either Trp R43 or Trp R44, while theWYF spectrum corresponds
to each mutant having a single hydrogen bond, from either Trp
R43 or Trp R44.

The mutation of Trp β48 to Phe removes the wild-type
hydrogen bond donor. A 6 nm blue shift has previously been
reported as being the result of the loss of the hydrogen bond to
the C3-acetyl group of the β-bound BChl in this single mu-
tant (21). In this study, this mutation has been performed in
conjunctionwith themutations to theR-peptide described above.
The Raman spectra (Figure 3) show the distinct loss of a
hydrogen bond when comparing mutants whose sole difference
is at β48. For example, when comparing wild type (WLW) and
WLF or comparingWFWandWFF, a shift in intensity from the
1641 cm-1 region to the 1660 cm-1 region is evident, indicating
the loss of the hydrogen bond to the β-bound BChl. Comparison
of the optical spectra (Table 1) shows that, independent of the

identity of the residue at position R44, alteration of β48 produces
similar shifts of approximately 6 nm. Likewise, independent of
the residue at position β48, alteration of the residue at position
R44 produces comparable shifts of 4-5 nm. The mutations at
either position R44 or position β48 appear to produce changes
that are largely conservative and independent of one another. In
addition to the changes being independent of one another, the
effects that result from single mutations seem to be additive when
two mutations are performed together. For example, the differ-
ence of 11 nm between wild type (WLW) and WFF (Leu R44 to
Phe andTrpR43 to Phe) is very close to the sum of the 5 and 7 nm
shifts observed for the individual mutants WFW (Leu R44 to
Phe) and WLF (Trp R43 to Phe), respectively. These differences
hold not only for each mutant compared to wild type but also
when comparing twomutants. A similar pattern is also seen in the
Rb. sphaeroides LH2 mutants (24, 25). This type of pattern of
independent and additive shifts is consistent with a situation in
which the individual R and βmutations alter only the individual
site energies of the R- and β-bound BChls.

The structure of the LH3 complex raises the possibility that the
changes in the absorption spectra observed here and in previous
work are at least partly due to structural changes and not solely
the result of the removal of hydrogen bonds. The consistency of
the shifts observed when altering the hydrogen bonding to the
monomeric BChl inLH2 and the coupled BChls inLH1 andLH2
implies a significant effect for hydrogen bonding on the electronic
structure. Previous mutagenesis work on LH1 invoked the
possibility of a structural change to explain the large shift on
mutating Trp R43 to Phe, which removed a hydrogen bond, as
well as the difference observed on mutating Trp R43 to Tyr (22),
which did not remove the hydrogen bond. Likewise, the differ-
ence between the absorption spectra of wild type (WLW) and
WFW (with the change Leu R44 to Phe) requires some cause
other than hydrogen bonding, as their resonance Raman spectra
are nearly identical. It is therefore likely that the mutations
reported here and in the literature induce shifts in the absorption
spectra that are not due solely to the alteration of the hydrogen
bonding of the pigments. However, in the absence of structural
data, it is difficult to determine the relative contributions that
structural and hydrogen-bonding changes make to these ob-
served shifts. One approach is to alter the complex while
maintaining the hydrogen bonds to the acetyl groups. In this
case, the spectral difference between the mutant and wild type
would be due solely to structural alterations.
Differentiating the Effects of Hydrogen-Bonding and

Structural Changes. Comparison of the properties of the

Table 1: Experimental and Calculated Absorbance Maxima for Solubilized LH1 Complexes

straina ΔΕ contributionsb ΔE (cm-1) Δλcalc (nm) Δλobs (nm)c

WLW (wild type)

WYW ΔΕS(LYR44) 39.2 3 4

WFW ΔΕS(LFR44) 59.0 4.5 5

WLF ΔΕS(WFβ48) þ ΔΕH 78.7 7 7

WYF ΔΕS(LYR44) þ ΔΕS(WFβ48) þ ΔΕH 117.9 9 9

WFF ΔΕS(LFR44) þ ΔΕS(WFβ48) þ ΔΕH 137.7 10.5 11

FYW ΔΕS(WFR43) þ ΔΕS(LYR44) 151.2 11.5 12

FLW ΔΕS(WFR43) þ ΔΕH 299.4 22.5 23

aMutants are named according to the identity of the residue at positions R43, R44, and β48; for example, wild type (Trp R43, Leu R44, Trp β48) is named
WLW, and the mutant with the single mutation Trp R43 to Phe is named FLW. bContributions to the change in the Qy transition energy as fitted using eq 11
and the values ΔΕS(LYR44) = 39.2 cm-1, ΔΕS(LFR44) = 59.0 cm-1, ΔΕS(WFβ48) = -108.8 cm-1, ΔΕS(WFR43) = 112.0 cm-1, and ΔΕH = 187.4 cm-1,
where the structural termLYR44 is for the change LeuR44 to Tyr, LFR44 is for the change LeuR44 to Phe,WFβ48 is for the change Trp β48 to Phe, andWFR43
is for the change Trp R43 to Phe. cExperimental shift of the absorption peak compared to the 879 nm band of wild type.
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mutants allows an estimation of the effect of structural changes
that accompany the mutations. In particular, the combination of
the hydrogen-bonding ability of Tyr R44 with the alteration of
Trp R43 to Phe in the FYW mutant yields the same number of
hydrogen bonds in the mutant as the wild type (WLW). If the
structural changes that accompany the replacement of Trp R43
with Phe are independent of other changes, then the difference
between the FYW andWYWmutants provides an estimation of
the structural contribution to the spectral difference between the
FLW mutant and the wild type (WLW). This in turn should
allow an estimation of the change in absorption spectra due solely
to the hydrogen bonding of the C3-acetyl groups. This analysis
follows the approach of Olsen and co-workers (22), who exam-
ined the optical differences between wild type, the Trp R43 to Tyr
mutant, and the Trp R43 to Phe mutant. The structural similarity
of the Tyr and Phe residues provoked the possibility that similar
structurally dependent shifts were occurring in the two mutants
and that the most representative value for the effect of the loss of
a hydrogen bond could be seen in the difference between the two
mutants, as opposed to the difference between the mutant and
wild-type complexes. Here we take this approach and apply it to
the differences observed between the LH complexes described in
this paper.

It is assumed that the difference between the observed Qy

transition energies, ΔEQy
(A/B), of two LH complexes, A and B,

can be partitioned into a structural and a hydrogen bond
component:

ΔEQy
ðA=BÞ ¼ EQy

ðBÞ-EQy
ðAÞ ¼ ΔESðA=BÞþΔEH ð11Þ

where ΔES(A/B) is the change in the transition energy due solely
to structural differences between the two complexes and ΔEH is
the change in transition energy due to any changes in hydrogen
bonding to the C3-acetyl groups. For the set of mutants in this
paper, there are four parameters, one for the Trp R43 to Phe
mutation, one for the Trp β48 to Phe mutation, and two for the
change of Leu R44 to Phe and Tyr. If the number of hydrogen-
bonded C3-acetyl groups is the same in complexes A and B, then
ΔEH is set equal to zero, and any difference between the observed
transition energies is interpreted as being due solely to structural
differences.

For the eight LH1 complexes presented in this paper, there are
28 unique pairing combinations. The Solver tool in Excel was
used to adjust the fitted values of the four structural parameters
and one hydrogen bond parameter to yield the lowest sum of the
squared deviations for the 28 equations. The resulting values of
the five parameters are 39.2 cm-1 for ΔES(LYR44), correspond-
ing to the Leu R44 to Tyr mutation, 59.0 cm-1 for ΔES(LFR44),
corresponding to the Leu R44 to Phe mutation,-108.7 cm-1 for
ΔES(WFβ48), corresponding to the Trp β48 to Phe mutation,
112.0 cm-1 for ΔES(WFR43), corresponding to the Trp R43 to
Phe mutation, and 187.4 cm-1 for ΔEH. When the fitted
parameters are used to calculate the shifts of the peak wavelength
positions of the seven mutants relative to wild type, the resulting
differences are within 1 nm of the experimentally determined
values (Table 1).

The parameters with the smallest values, 39.2 and 59.0 cm-1,
are for the insertion of Tyr or Phe for Leu R44, respectively.
These parameters reflect the relatively small spectral shifts for
those mutants and the limited impact that the Leu substitution
has on the three-dimensional structure even when Tyr, which is
much bulkier, is substituted in the hydrogen-bonded position. In

contrast, substitution of Trp by Phe, which might be considered
to be a much more conservative change, at either β48 or R43
results in much larger contributions of -108.7 and 112.0 cm-1,
respectively. The negative sign for the β48 substitution represents
a shift to longer wavelengths. However, all mutants show a shift
to shorter wavelengths as the β48 substitution also results in a loss
of a hydrogen bond resulting in a net positive change in energy
(Table 1). The possible reasons for the opposite shifts are
discussed below. The largest contribution, a value of 187.4
cm-1 for ΔEH, is found to arise from the effect of hydrogen
bonding. This value is in general agreement with the contribution
of changes in hydrogen bonds estimated from other mutagenesis
studies of LH1. Previously, the mutation of Trp R43 to Tyr and
Phe has been shown to result in blue shifts of 12 and 24 nm,
respectively (21, 22).
Interpreting the Structural Contributions. The approach

described in the previous section interpreted the spectral differ-
ences among the various LH1 complexes in terms of structural
and hydrogen bond parameters without regard for what these
structural changes are or how they specifically affect the excita-
tion energy of the complex. The pattern of spectral changes that
occur withmutations of both the LH1 andLH2 complexes points
to a situation where individual mutations alter the site energies of
either theR- or β-boundBChls, regardless of whether the effect of
the mutation is interpreted as being due to a structural or
hydrogen bonding change. As a result, the type of structural
changes that accompany the mutations described in this paper,
whether they alter the hydrogen bonding to the acetyl groups or
not, may alter only the site energy of the BChls and not the
excitonic coupling between them. Changes arising from the
alteration of hydrogen bonding are well-defined in terms of the
observed spectral changes of the absorption and resonance
Raman spectra. Effects due to some of the other changes cannot
be excluded, and so the interpretation should be regarded as
representing an upper limit for the effects due to hydrogen
bonding. Thus, the data will primarily be used to establish
whether the observed spectral changes can be interpreted in
terms of changes in hydrogen bonding and subsequent rotations
of the acetyl groups.

The Qy transition energy can be expressed in terms of the
site energies for theR- andβ-boundBChls and the summations of
several of the dipolar coupling terms for the pigments in the
LH complex, assuming that the mutations being examined do
not appreciably alter the positions or orientation of the BChl
pigments (eq 10). For the evaluation of mutations that alter
only one of the site energy values, the difference in the observed
energy of the Qy transition, ΔEQy

, as the function of a change
in the site energy of either the R- or β-bound BChl, ΔεR/β, is
found to be

ΔEQy
¼ ΔεR=β

2
-

1

4
ðδε(ΔεR=β þ σ2Þ2 þ σ3

� �1=2

þ 1

4
ðδεþ σ2Þ2 þ σ3

� �1=2
ð12Þ

The (þ) formof the equation is used for changes toR site energies
while the (-) formof the equation is used for changes to the β site
energies. The value of σ3 is dramatically larger than any of the
other parameters so the first square root term largely cancels out
the second square root term. As a result, if only one of the site
energies changes, then the change in the transition energy is
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approximately half of the change in the site energy:

ΔEQy
≈Δε=2 ð13Þ

Using this approximation, the pattern of independent and
additive shifts observed for the Qy transitions of the mutant
LH1 complexes can be linked to changes in the individual site
energies of the BChl pigments.

One critical parameter that could result in a shift of the Qy

transition is a rotation of the acetyl group of a BChl. The
dependence of the site energy of a BChl can be expressed in
terms of the acetyl group angle, ω, using the empirical relation-
ship:

εðωÞ ¼ εð0Þþ Fωþ bH 1-
ω

90�

� �
ð14Þ

where ε(0) is the site energy of the molecule with the acetyl group
completely in plane and lacking a hydrogen bond, F is a scaling
parameter, and ω is defined as the dihedral angle for the acetyl
group by C2B-C3B-CAB-OBB that equals zero when the
acetyl group is in plane. The second term approximates a
previously described dihedral dependence (29). A value of
8 cm-1/deg is assigned to F based upon an estimate of 320 cm-1

for a 40� angle (41). The parameter bH is the effect of a hydrogen
bond when the acetyl group is completely in plane (ω=0) and is
zero if no hydrogen bond is present. Based upon He and co-
workers (42), this term has a value of 364 cm-1 for the loss of a
hydrogen bond to an acetyl group with a dihedral angle of 30�,
yielding a bH value of 546 cm-1. The usefulness of these empirical
dependences is evident when relating the Qy transition energies to
the observed torsion angles for the BChl in the FMOprotein that
contains seven BChls whose conformations have been deter-
mined at high resolution (29, 43-45).

The opposite signs ofΔES for the β48 andR43mutants, having
values of -108.8 and þ112.0 cm-1, respectively, may be ex-
plained in terms of the rotation of the acetyl group. Assuming
that the structural difference is due to changes in the angle of
the acetyl group, the opposite signs represent opposite rota-
tions of this group relative to wild type. Using the approximation
that the shift of the energy of the Qy transition energy is half
of the site energy change (eq 13), the structural change for
the R43 mutation may be modeled as a 15� rotation of the
acetyl group away from the BChl plane while the β48 muta-
tion would arise from a comparable rotation but in the
opposite direction, namely, toward the BChl plane. In contrast,
the small structural components of 39.2 and 59.0 cm-1 for the
insertion of Tyr or Phe for Leu R44, respectively, suggest that the
acetyl groups have angles similar to wild type in these two
mutants.

The protein surrounding the BChls may influence the absorp-
tion spectrum of the LH1 complex in different ways, including
providing side chains that directly interact with the tetrapyrroles,
throughdispersive forces, or steric hindrance (4, 46). The hydrogen-
bonding state has been shown in a number of different experi-
ments involving LH1 and LH2 to strongly affect the spectrum.
For example, in LH2 when Tyr R44 and Trp R45, which are
involved in hydrogen-bonding interactions with the BChls, are
replaced by phenylalanine and leucine, the peak wavelength is
decreased from 850 to 826 nm (23). Similar changes in the
absorption spectrum are measured for the corresponding muta-
tions reported here for LH1. These effects can be understood in
terms of changes in the site energies of the individual BChls

that affect the excitonically coupled levels of the collective
system. Associated with the change in hydrogen bonding is a
potential rotation of the acetyl group that has been modeled to
result in a shift of the optical spectrum (27, 29, 41, 47, 48). A
shift to higher energy is expected for rotation of the acetyl
group completely out of plane in terms of effectively lowering
the extent of conjugation in the system and also by analogy to
BChl derivatives that have the acetyl group converted to a
hydroxyl group (49). Another possible interaction that could
influence the spectrum is hydrogen bonding to the keto group
of the BChl. However, it has been shown in both LH1 and LH2
that breaking of this interaction through mutagenesis does not
alter the Qy transition (50, 51). The lack of influence of this
interaction probably is because this group is less conjugated
with the macrocycle.

The conformation of the macrocycle may play a role in tuning
the spectrum based upon isolated porphyrin models in sol-
vent (29, 52). Steric hindrance from side groups can lead to
features such as ruffling or saddling, resulting in large spectral
shifts and decreases in the lifetime of the first excited singlet state.
The LH2 complex shows that the β-bound BChl can have a
distorted tetrapyrrole and the different BChls exhibit different
conformations in the three-dimensional structures (53, 54).
However, even at the best resolution of 2.0 Å, the errors of the
positions of the BChl atoms are still approximately 0.2-0.3 Å
and dependent upon the specific library used in the refinement.
The distortions of the BChls in LH2 that are observed are also
much smaller than those seen in synthetic systems, and the
contribution of these distortions to the BChl site energies is
unclear. Due to the lack of a high-resolution structure, there is no
structural evidence of such distortion for the BChls in LH1.
Spectroscopic studies have established a distortion of the BChls
of LH1 and LH2 compared to the relaxed conformation of the
isolated pigments in organic solvents, but such features are the
same when comparing the spectra of mutants or the LH1 and
LH2 complexes from different species (55).

The estimates of the alterations of the site energies of the
individual BChls use the assumption of a symmetrical arrange-
ment of the proteins forming the LH1 complex. However, a
number of experiments show that while this assumption is a fair
approximation, LH1 does not have this precise symmetry. The
reaction center-LH1 complex has been visualized by electron
microscopy and found to form regular hexagonal arrays in Bl.
viridis (56). The LH1 complex from Rsp. rubrum reconstituted
from the individual proteins shows a circular arrangement with
16 pairs of protein subunits with the center empty (11). More
recently, a variety of arrangements have been reported, including
circular (57), square (58), and open arcs (17), with some arrays
showing a 2-fold symmetry involving two interacting LH1
complexes (18, 59) that are more symmetrical in the absence of
the reaction center.

A number of experiments have shown that disorder plays a
critical role in defining the functional properties of the LH
complexes. For example, the position of the fluorescence electronic
transition is dependent upon the wavelength of the excitation at
low temperatures, suggesting a mixture of populations of the LH
complex due to either a static or dynamical disorder (60). The
otherwise identical BChls have different electronic states because
of such disorder. The disorder could have a major impact on the
distribution of the electronic states over the BChls, in particular
any localization of the excitation energy.Modeling of disorder as
giving rise to fluorescence properties of the LH complexes at low
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temperatures shows the pigments to be highly coupled with the
disorder large enough to disrupt the delocalization of the excited
states. While absorption and circular dichroism spectroscopy
would be useful in determining the parameters of these models,
interpretation of the spectrum of the LH1 complex has proven to
be difficult, as the almost identical arrangement of the transition
dipoles in the plane of the rings causes the contributions to nearly
cancel, making the signal sensitive to small variations due to local
disorder (61).

The impact of such effects can be modeled in terms of the
Hamiltonian (eq 1). The assumption of symmetry allows the
electronic states to be considered as being delocalized over the N
equivalent pigments. However, the symmetry can broken by
different effects on the BChls (4, 46). Local variations in the
protein environment of the binding sites result in a static disorder
in the site energies of the pigments that alters the diagonal
elements of the Hamiltonian. Deviations from perfect symmetry
give rise to a variation in the pigment-pigment interactions that
affect the off-diagonal elements. Dynamics such as low-fre-
quency oscillations of the protein lead to a time-dependent
variation in the site energies and interactions of the pigments.
In principle, such factors can be calculated using high-resolution
structures, but it remains a challenge to perform such calcula-
tions, even for the highly symmetrical LH2 complex. These terms
for LH2 show awide range of values; for example, the interaction
strength of the pigments has been estimated to be 240-770 cm-1.
The structural variations, namely, the ellipticity of the LH1 ring
or interruption of the ring due to the presence of PufX, are
expected to be minor compared to the impact of disorder on the
Hamiltonian parameters. Detailed studies show only a very
minor change of 1-2 nm in the peak position of the Qy transition
of the optical spectrum, and single-molecule spectroscopic mea-
surements suggest that such disorder has little impact on the
exciton manifold when comparing strains with and without the
PufX protein (62, 63). Such small shifts are comparable towhat is
observed due to changes in the growth conditions. The disorder
of the LH2 complex is large enough to affect the delocalization of
the exciton over the coupled BChls as shown by the fluorescence
properties and other spectroscopic measurements (4, 46). For
LH1, disorder can arise from differences in the arrangement of
the ring or the involvement of the PufXprotein. Solvation effects,
which could influence the vibrational states of the BChls, have
been shown to systematically shift the optical spectrum, although
only at very high, non-natural pressures (64-66), suggesting that
their involvement at ambient pressures is limited.
Comparison of the Structural and Hydrogen Bond Effects

on Different LH Complexes. These models developed for the
LH1 complex can be extended to the LH2 and LH3 complexes.
The dihedral angles for theR- and β-boundBChls are 14� and 24�
for LH2 and 48� and 45� for LH3 ofRps. acidophila (10), and the
effective parameters are σ1 = -348.2 cm-1, σ2 = -63.6 cm-1,
σ3 = 1317800 cm-1, with bH = 546 cm-1 and F = 8 cm-1. For
wild-type LH2, the values of εR and εβ are approximated as being
equal, to give the experimentally observed value for the Qy

transition, and calculated to be 12963 cm-1. For LH3, the two
values are slightly different at 13441 and 13531 cm-1 for εR and
εβ, respectively. The transition energy for LH3 is calculated to be
520 cm-1 larger than LH2 in agreement with the observed 584
cm-1 value or, equivalently a calculated peak of 822 nm rather
than the observed 818 nm. The difference is seen as arising from
roughly equivalent contributions from acetyl rotations, the loss
of the hydrogen bond to the β BChl, and a decrease in the

effect of the R-BChl hydrogen bond. Thus, the change in the
number of hydrogen bonds is not the major reason for the
difference in the peak position. The correlation of the optical
shift and the difference in the angles of the acetyl groups
when comparing the BChls of LH2 and LH3 has been noted
earlier (4).

The structural differences observed in the three-dimensional
structures of LH2 andLH3 clearly indicated that the difference in
the number of hydrogen-bonded BChls was not likely to be the
dominant reason for the difference in their observedQy transition
energies. However, the mutations made in the LH2 complex of
Rb. sphaeroides provide a compelling pattern that has indicated
the importance of hydrogen bonding in this complex. When
applied to LH2 from Rb. sphaeroides using the parameters, the
site energy of wild type is estimated to be 13108 cm-1 for both
BChls.When either of the wild-type hydrogen bond donors, both
Tyr residues at R44 and R45, is mutated to Phe, the resulting
mutant complexes have the same Qy transition at 11933 cm-1, a
237 cm-1 blue shift relative to the wild-type complex (23, 25). The
237 cm-1 blue shift can be modeled as arising from comparable
changes in the site energies but predominately for different
BChls, namely, εR and εβ for the R44 and R45 mutants,
respectively. The double mutant that changes Tyr R44 and Tyr
R45 to Phe R44 and Leu R45 results in a mutant complex with a
Qy transition at 12107 cm

-1, a 411 cm-1 blue shift relative to wild
type, a shift nearly double that observed for the single mutants
and resulting from shifts of both site energies. The sequence and
spectral similarities of the Rps. acidophila LH2 and LH3 com-
plexes and the Rb. sphaeroides LH2 wild-type and mutant
complexes have long implied a structural similarity as well, but
a structural analogy between the LH3 complex and mutant Rb.
sphaeroides LH2 complexes can no longer be easily made for the
R-bound BChl, since the LH2 sequence of Rb. sphaeroides is
incapable of maintaining the hydrogen bond as observed in the
LH3 structure (Figure 4).

The LH1 mutants in this paper show a pattern of shifts
indicating that the mutations made to the R and β peptides
produce changes in the optical spectrum that are largely inde-
pendent and additive. Such a pattern is consistent with the
situation where the individual mutations affect either the R or
β site energies, leaving the other site energy unchanged. Similar to
the analysis of theRps. acidophila complexes, the site energies for
the wild-type LH1 are set to be both equal to 12858 cm-1 in order
to yield the experimentally observed Qy transition energy. The
calculated value for the R BChl site energy of the Trp R43 to Phe
mutant FLW is found to be 713 cm-1 greater thanwild typewhile
the Trp β48 to Phe mutant WLF has a 190 cm-1 shift of the β
BChl site energy. These changes in the site energies yield
estimated shifts of 26 nm for the FLW mutant and 7 nm for
the WLF mutant, in very good agreement with the observed
values of 23 and 7 nm, respectively.

The availability of LH complexes with altered cofactors
provides an additional means of examining the role of the site
energies. Biochemical substitution of Zn-BChl for BChl in LH1
results in a 6 nm shift, or a 100 cm-1 difference in the spectra (67),
which provides an estimate of 100 cm-1 for the change in the site
energies, εR and εβ, when Zn-BChl is present compared to BChl.
Based upon themeasured ratio of 0.744 for extinction coefficients
of isolated Zn-BChl compared to BChl (68), the ratio of the
squared dipole moments will also be 0.744, allowing an estimate
of the change in the scaling parameter C using eq 3. With these
estimates for the site energies, εR and εβ, and the scaling
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parameter C, the σ1, σ2, and σ3 parameters can be determined
using eqs 7-9 to be -371.9, 0.882, and 1474260 cm-1, respec-
tively, for LH1 and σ1 = -273.2 cm-1, σ2 = -54.68 cm-1, and
σ3 = 1,304,430 cm-1 for LH2. Both LH1 and LH2 have been
altered in a strain of Rb. sphaeroides containing a mutated
magnesium chelatase subunit D that produces zinc bacterio-
chlorophyll (Zn-BChl) instead of the normal magnesium-
containing BChl (69-71). For the monomeric BChls near 800
nm in LH2, the difference in the energies of the Qy transition
moments should be 6 nm, or 794 nm for the Zn-BChlmutant. For
the coupled BChls at 850 nm in LH2 and 875 nm in LH1, these
parameters yield differences in the transition energies (eq 12) of
143 and 181 cm-1, or 840 and 861 nm for the Zn-BChl-containing
LH2 and LH1, respectively. These calculated peak values are in
excellent agreement with the observed peaks at 793, 836, and 859
nm for the Zn-BChl-containing LH1 and LH2 complexes. The
agreement of the observed and calculated peaks provides addi-
tional support for the utility of these relationships to understand
the light-harvesting complexes.

CONCLUSIONS

Overall, these relationships provide a framework in which the
electronic structure of BChls,models provided by the existingLH
structures, and the observed Qy transition energies for mutant
LH complexes can be linked together in terms of structural
changes, in particular acetyl group rotations, and hydrogen-
bonding alterations. Mutations that affect the hydrogen bonding
to the BChls in the LH complexes of purple bacteria have long
been correlated with shifts in their absorption spectra. In this
paper it is shown that changing Leu R44 of the LH1 complex of
Rb. sphaeroides has a significant effect on the absorption
spectrum of the complex. The mutation from Leu to Tyr, which
produces a 4 nmblue shift and a resonanceRaman spectrumwith
a significant alteration to the hydrogen bonding of the C3-acetyl
groups of the BChl pigments, indicates that a hydrogen bond
donor at this position is capable of forming a hydrogen bond to
the R-bound BChl. The mutation from Leu to Phe produces a
similar blue shift of 5 nm but results in a resonance Raman
spectrum that shows no change to the hydrogen bonding of the
C3-acetyl groups of the BChl pigments, indicating that shifts in
the absorption spectrum can be produced solely from structural
changes. When these mutations are performed in conjunction
with the previously reported mutations Trp R43 to Phe and Trp
β48 to Phe, a consistent picture showing the dependence of the
absorption spectrum on the hydrogen bonding of the C3-acetyl
group emerges, but also showing that shifts in the absorption
spectra of these mutants have to be considered as being due to
structural changes as well as hydrogen bond changes. These
spectral changes are interpreted inmodels in which themutations
result in both a structural contribution,which ismodeled in terms
of a rotation of the acetyl groups, and a contribution from a loss
or gain of a hydrogen bond. A relationship is also developed that
links the effects of acetyl group rotations and hydrogen bonding
to the Qy transition energy of individual BChl molecules along
with a relatively simple equation that incorporates this change in
site energy to produce the change in the Qy transition energy of
the LH complex. This interpretation of the optical shifts in terms
of alterations of the site energies of the individual BChls requires
the assumption of a symmetrical arrangement of the proteins
forming the LH1 complex. An asymmetry of the LH1 com-
plex, due to a combination of PufX and disorder, could be

incorporated, but the lack of consensus in these features, such as
the value of the disorder parameters, makes use of the derived
parameters problematic. While the spectral changes most likely
arise from a number of structural changes, including alterations
of the disorder of the complex, that cannot be directly modeled at
present, the assumption of a symmetrical ring shows that the
spectral changes can be interpreted in terms of rotations of the
acetyl groups that yield reasonable changes in angles.
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