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ABSTRACT: The structural and functional consequences of changing the coordination state of one of the
bacteriochlorophyll (BChl) cofactors in the purple bacterial reaction center have been explored. A
combination of steady state spectroscopy and X-ray crystallography was used to demonstrate that
mutagenesis of residue 181 of the L-polypeptide from Phe to Arg (FL181R) causes the BChl at the accessory
(Bg) position on the so-called inactive cofactor branch to become hexacoordinated, with no significant
changes to the structure of the surrounding protein. This change was accompanied by the appearance of a
distinctive absorbance band at 631 nm in the room-temperature absorbance spectrum. The ligand donor was
not the Arg side chain but rather an intervening water molecule, and contrary to expectations, the Mg of Bg
did not adopt a more in-plane geometry in response to hexacoordination. The mutation caused a disturbance
to the detailed conformation of the BChl macrocycle that manifested in a number of subtle changes to the
resonance Raman spectrum. Hexacoordination of Bg produced a small increase in the lifetime of the excited
electronic state of the primary donor bacteriochlorophylls (P*), indicating some disturbance to light-driven
energy and/or electron transfer events on the time scale of a few picoseconds after light excitation. The By
bacteriochlorophyll returned to a pentacoordinated state in a double mutant where the FL181R mutation was
combined with removal of the native axial ligand through mutation of His M182 to Leu. Experimental
evidence of hexacoordinated bacteriochlorophylls in the literature on antenna proteins is considered, and
possible reasons why hexacoordinated bacteriochlorophylls and chlorophylls appear to be avoided in
photosynthetic proteins are discussed.

Photosynthetic systems based on chlorophyll (Chl)" use light
energy to power a series of electron transfer reactions that are
linked to proton translocation across a charge impermeable
membrane. The Chl cofactors have two principal roles, acting
as light-harvesting pigments in the antenna and as electron
carriers in the reaction centers (RCs) of the electron transfer
chain. Chl is a magnesium tetrapyrrole, the central Mg atom
being coordinated to the four nitrogen atoms of the macrocycle.
A variety of Chl types are known, varying in the substituent
groups attached to the four pyrrole rings (/), and anoxygenic
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photosynthetic bacteria possess a number of related bacterio-
chlorophyll (BChl) pigments (/, 2). The structure of the macro-
cycle of BChl « is shown in Figure 1A. In pheophytin ¢ and
bacteriopheophytin a (BPhe a), specialist pigments found in type
IT RCs, the Mg is replaced with two hydrogen ions (7).

In organic solvent, the Mg of BChl or Chl [denoted (B)Chl] can
be either penta- or hexacoordinated, depending on the polarity of
the solvent, with the fifth and sixth ligands arranged perpendi-
cular to, and on either side of, the plane of the (B)Chl macrocycle
(termed axial ligands). In proteins, a pentacoordinated state
appears to be very strongly favored, with a single axial ligand
donated to one side of the macrocycle by a suitable donor group.
An example, taken from the Rhodobacter sphaeroides RC, is
shown in Figure 1A. The most commonly observed ligand donor
in structurally characterized (B)Chl-containing proteins is a His
residue or water molecule, but the side chains of Asn, Gln, Asp,
Glu, Met, and Tyr can also act as ligand donors, along with the
oxygen of a backbone carbonyl or a lipid phosphodiester
group (3—11). As defined elsewhere (12), the ligand can be either
in an anti configuration with the ligand donor on the opposite
side of the BChl macrocycle from the phytol chain (as shown in
Figure 1A) or in a syn configuration with the ligand donor on the
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F1GURE 1: Structure of pentacoordinated BChl ¢ and cofactor orga-
nization in the Rba. sphaeroides RC. (A) Stick model of the macro-
cycle of the Bg BChl (cyan carbons, blue nitrogens, and red oxygens),
in which the phytol side chain (bottom left) is truncated for the sake of
clarity. The central Mg (magenta sphere) is coordinated in-plane by
the four pyrrole nitrogens (yellows dashes) with a fifth, axial ligand
(green dashes) donated by a nitrogen of His M 182 (green carbons).
Ligation is in the anti configuration (see the text). (B) Cofactor
nomenclature and organization in the Rba. sphaeroides RC. Most
of the hydrocarbon side chains of the BChl, BPhe, and ubiquinone
cofactors have been removed for the sake of clarity. Carbons are
colored yellow for the P BChls, cyan for the B/Bg BChls, salmon for
the Ha/Hp BPhes, green for the Q4/Qg quinones, and turquoise for
the carotenoid (Crt). Other atom colors are as in panel A. The route
of transmembrane electron transfer is indicated by the arrows.

same side of the BChl macrocycle as the phytol chain. All
four BChls of the purple bacterial RC exhibit anti ligation, and
there is a strong bias toward anti ligation in photosynthetic
proteins (12—14).

The purple bacterial RC was the first integral membrane
protein to yield a high-resolution X-ray crystal structure
(15, 16). In Rba. sphaeroides, the RC consists of three polypep-
tides, termed H, L, and M, that encase four BChl ¢ molecules,
two bacteriopheophytin a (BPhe) molecules, two ubiquinones, a
single photoprotective carotenoid, and a non-heme iron atom.
The BChl, BPhe. and ubiquinone cofactors are arranged around
an axis of pseudo-2-fold symmetry in two membrane-spanning
branches (17—20) (Figure 1B). Light excitation of the RC triggers
electron transfer across the membrane along the A-branch
(Figure 1B, arrows) from a pair of excitonically coupled BChl
molecules (Pa/Pg, denoted P) to the Qs ubiquinone (see
refs (21—25) for reviews). In the first step, an electron is passed
from the lower-energy singlet excited state of P (denoted P*) to
the adjacent A-branch monomeric BChl (By,), forming the
P*B,~ radical pair with a time constant of 3—5 ps at room
temperature. The electron is then passed to the A-branch BPhe
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(Hp), forming the P*H, ™~ radical pair with a time constant of
0.5—2 ps. The second of these reactions is more rapid than the
first, the result being that the P*B, ™~ radical pair is difficult to
detect as a discrete intermediate as the electron is passed from P*
to Ha. The electron is then transferred from Hy ™~ to Qu with a
time constant of ~200 ps (2/—25).

All four of the BChl cofactors in the Rba. sphaeroides RC are
pentacoordinated (/7—20), with the fifth ligand donated by a His
residue in the anti configuration (Figure 1A). If one of these His
ligands is replaced with an apolar residue through site-directed
mutagenesis, then a metal-free BPhe is incorporated in place of
the native BChl during assembly of the complex (26, 27). These
experiments have demonstrated that BChl cannot be stably
incorporated into the protein structure in the absence of an axial
ligand. One constraint for the structure of a (B)Chl binding site in
a photosynthetic protein is therefore the provision of a suitable
ligand donor at a position over the center of one face of the
tetrapyrrole macrocycle.

Reports of naturally occurring hexacoordinated (B)Chls in
photosynthetic proteins are confined to two recent publications,
one presenting spectroscopic evidence for partial hexacoordina-
tion in the Rhodospirillum rubrum LH1 antenna complex (28) and
the other presenting crystallographic evidence for a hexacoordi-
nated BChl in the Fenna—Matthews—Olson (FMO) light-har-
vesting protein from Prosthecochloris aestuarii (29). With the
exception of these two cases, considered in more detail in the
Discussion, (B)Chl cofactors in photosynthetic complexes of
known structure are uniformly pentacoordinated (3—17). Thus,
a second major constraint for the structure of a (B)Chl binding
site in a photosynthetic protein appears to be exclusion of any
groups that could donate a sixth ligand to the Mg of the
tetrapyrrole on the opposite side of the macrocycle from the
mandatory fifth ligand.

The biophysical consequences of introducing a sixth ligand
into a protein-bound (B)Chl cofactor remain largely unexplored.
However, DiMagno and co-workers have described the proper-
ties of a mutant Rhodobacter capsulatus RC in which Phe 181 of
the L-polypeptide was altered to Lys (denoted FL181K) (30).
This residue is located close to the center of the macrocycle of the
monomeric BChl on the B-branch of cofactors (denoted Bg), on
the opposite side from residue His M 182 that donates the fifth
ligand to the central Mg of By (Figure 1A). The FLISIK
mutation produced a change in the absorbance spectrum of the
RC BChls that was consistent with hexacoordination of the By
BChl (see below). The rate of primary charge separation,
measured as the average lifetime of the P* state, was somewhat
accelerated from 5.0 psin the wild type to 4.0 ps in the mutant, an
effect that may have been connected to a small increase in the
midpoint potential for one-electron oxidation of P, from 492 mV
in the wild type to 502 mV in the mutant (30). In a subsequent
study on a Rba. sphaeroides RC with this mutation, the conclu-
sion thata Lys at the L181 position elicits hexacoordination of Bg
was supported by a partially refined X-ray crystal structure that
showed the new Lys side chain at the L181 position pointing
toward the central Mg of the By cofactor, with proposed direct
coordination between the Lys side chain and the Mg atom (31).
Such direct coordination by a strong base has not been reported
in other X-ray crystal structures for (B)Chl-containing proteins.
Hexacoordination also involved the Mg of the Bg cofactor
adopting a more symmetrical, in-plane geometry (31).

In this work, the effects of a Phe to Arg mutation at the L181
position (FL181R) have been examined. A combination of steady
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state spectroscopy and X-ray crystallography is used to demon-
strate that this mutation also causes the By BChl to become
hexacoordinated, and the nature of the new ligand and the effects
on the detailed conformation of the By cofactor are discussed. The
extent to which resonance Raman spectroscopy can be used to
detect this shift in coordination state is also explored. Functional
effects of the FL181R mutation are described, and the question of
whether Bg can be returned to a pentacoordinated state by
removal of the native ligand is investigated. Possible reasons
why hexacoordinated (B)Chls do not appear to be present at
appreciable levels in photosynthetic proteins are discussed.

EXPERIMENTAL PROCEDURES

Biological Material. All mutations were generated using the
QuikChange mutagenesis procedure (Stratagene). The template
was plasmid pUCXB-1, which is a derivative of pUC19 contain-
ing a 1841 bp Xbal—BamHI restriction fragment encompassing
pufLM (32). Mutagenic changes were confined to codon 181 of
the pufL gene and/or codon 182 of the pufM gene and were
confirmed by DNA sequencing. The mutated genes were ex-
pressed in Rba. sphaeroides deletion strain DD13 (33), using a
derivative of expression vector pPRKEH10D that lacks the pufBA
genes that encode the core LH1 antenna complex (33). This
produced transconjugant strains that had mutant RCs but lacked
both the LH1 and LH2 light-harvesting complex.

Experimental material for steady state and time-resolved
absorbance spectroscopy consisted of intracytoplasmic mem-
brane fragments prepared from cells that had been grown under
semiaerobic conditions in the dark, using procedures described
previously (34). For the preparation of purified RCs for absor-
bance spectroscopy, resonance Raman spectroscopy, or X-ray
crystallography, membrane fragments were suspended in 20 mM
Tris-HCI (pH 8.0) and RCs were solubilized by the addition of
NaCl to a final concentration of 100 mM and lauryl dimethyla-
mine oxide (LDAO) to a final concentration of 1.5%. Solubilized
RCs suspended in 20 mM Tris-HCl and 0.1% LDAO (pH 8.0)
were purified by two sequential passes through a DES52 anion
exchange column, followed by passage through Sepharose Q and
Sephadex 200 columns (Pharmacia), as described in detail
previously (32).

Assays of BChl and BPhe content were conducted on RCs that
had been pelleted by overnight ultracentrifugation and dried by
vacuum desiccation at room temperature for 1 h in a SpeedVac
dryer (Thermo Electron). A 1 mL aliquot of a 7:2 (v:v) acetone/
methanol mixture was added to the dried RCs and the pellet
resuspended by ultrasonication. Debris was removed by centri-
fugation in a benchtop centrifuge before the absorbance spec-
trum of the supernatant was recorded (see the text). Assays were
repeated at least three times, and values reported in the text are
averages (+standard deviation)

Steady State and Time-Resolved Spectroscopy. Absor-
bance spectra were recorded on a Perkin-Elmer UV—vis Lamda-
35 spectrophotometer. Spectra at 77 K were recorded using an
Oxford Instruments DN1704 liquid nitrogen cryostat. Low-
temperature resonance Raman spectra were recorded as de-
scribed previously (35). Excitation at 799.3 nm was provided
by a Krypton ion laser (Coherent Innova).

Femtosecond transient absorbance difference spectra were
recorded using antenna-deficient membranes and a spectrometer
that has been described in detail previously (36, 37). In brief, the
output of a Ti:sapphire oscillator was amplified by means of
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chirped pulse amplification (Alpha-1000 US, B.M. Industries)
generating 1 kHz, 795 nm, 60 fs pulses. The absorption of the
sample was 0.6 OD mm ™" at 795 nm, and typically, 20% of the
RCs were excited with each pulse. The steady state absorption
spectrum of the sample before and after measurements did not
show any changes. Spectra were corrected for white light group
velocity dispersion and the instrument response function and
fitted globally with four components as described previously (38).
X-ray Crystallography. Trigonal crystals of the FLI§IR
RC, space group P3;21, were grown by sitting drop vapor
diffusion as described previously (32). Briefly, well solutions
containing 9 mg/mL FL181R RC, 0.09% (v:v) LDAO, 3.5% (w:v)
heptane-1,2,3-triol, and 0.65 M potassium phosphate (pH 8.0)
were equilibrated against a reservoir solution of 1.5 M potassium
phosphate. Crystals appeared within [ —2 weeks and presented as
prisms of variable size. The crystals had the following unit cell
dimensions: a = b = 1402 A, ¢ = 185.7 A, a0 = f§ = 90°, and
y = 120°. X-ray diffraction data were collected using cryo-cooled
crystals and an ADSC Quantum 4 detector, on beamline 14.1 of
the Daresbury Synchrotron Facility (Warrington, U.K.). Crys-
tals were prepared for cryocooling by being sequentially soaked
in mother liquor containing increasing concentrations of ethylene
glycol to give a final concentration of 30%. The crystal used for
data collection diffracted to a higher-resolution limit of 2.56 A,
and diffraction data collected over the range of 44.5—2.72 A were
processed and scaled using XDS (39). Molecular replacement was
performed using AMORE (40) using the coordinates of the wild-
type RC as the search model (32). Partial refinement was
performed using restrained maximum likelihood refinement in
REFMAC version 5.0 (41). Modeling of the area surrounding the
L181 residue was conducted on the basis of omit maps, with the
L181 residue as Ala in the initial round of refinement. Data
collection and refinement statistics are listed in Table 1.

RESULTS

Steady State Absorption Spectroscopy. Figure 2A shows
the near-infrared region of the absorbance spectrum of mem-
brane-bound wild-type and FL181R mutant RCs, recorded using
intracytoplasmic membranes prepared from antenna-deficient
strains of Rba. sphaeroides as described in Experimental Proce-
dures. For the wild-type RC, the band with a maximum at ~756 nm
can be attributed to the RC BPhes (termed the H Q, band), the
band at ~804 nm to the accessory BChls with a smaller
contribution from the P BChls (termed the B Q, band), and
the band at ~868 nm to the P BChls (termed the P Q, band). In
the Q, region, the band at ~598 nm can be attributed to all four
RC BChls (these labels are shown in Figure 2B). The sloping
baseline in the region between 950 and 650 nm and the marked
increase in absorbance at shorter wavelengths are caused by
scatter from the membrane. This scatter and absorption from
other membrane components obscure the Q, absorbance band
attributable to the two RC BPhes at ~540 nm, and this region of
the spectrum is not shown in Figure 2A.

The FL181R mutation produced two notable changes to this
spectrum. The first was an approximately 4 nm blue shift of the
maximum of the B Q, band, consistent with a mutation near one
of the accessory BChls. This was accompanied by 1—2 nm red
shifts in the maxima of the P and H Q, bands which, although
small, were seen consistently in spectra of both membrane-
bound and purified RCs at room temperature and 77 K. Second,
the spectrum of the FLISIR mutant exhibited a new small
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Table 1: Crystallographic Statistics for Data Collection with the
FLI8IR RC

Data Collection Statistics

resolution range (A) 44.5-2.72
outer shell (A) 2.87-2.72
no. of unique observations 56225
redundancy 4.6(44)
completeness (outer shell) 98.5(97.8)
Ryym (%) (outer shell) 0.09 (0.50)
mean //ol (outer shell) 8.6(2.1)
Refinement
data range (all data with F > 0.0) 20.4—2.72

no. of reflections in the
working set (test set)

53598 (2627)

R factor (outer shell)” 23.5(27.6)
Rypee (Outer shell)® 34.0 (42.0)
rmsd for bonds (A) 0.019
rmsd for angles (deg) 2.22
average B factor (Az) 68.3
Model
no. of protein residues 822
no. of cofactors” 4 BChl, 2 BPhe,
1 Ubi, 1 Fe, 1 Spn
no. of waters 310
no. of other components® 1 CDL, 6 LDA,

3HTO 1 GOL, I Na*

“Roym is defined by S411, — 141/> 415, where I, and T, are the intensities
of two symmetry-related reflections and )", is the sum over all reflections.
PR factor is defined by 3)/|F,| — |Fo|/S2|Fy|. ©Riee was calculated with 5%
of the reflections selected to be the same as in the refinement of the wild-type
RC (32). “Ubi, ubiquinone; Spn, spheroidenone. “CDL, cardiolipin; LDA,
LDAO; GOL, glycerol; HTO, heptane-1,2,3-triol.

absorbance band with a maximum in the region of 630—632 nm
(indicated by the asterisk in Figure 2A), the possible origins of
which are considered below. The appearance of this new band in
the Q, region occurred alongside a 1—2 nm blue shift of the
maximum of the BChl Q, band at 598 nm. A wild-type minus
FLI8IR mutant difference spectrum (not shown) indicated the
appearance of a component centered at 631 nm in the mutant
coupled with the loss of a component centered at 600 nm in the
wild type.

To examine the effects of the FL181R mutation in more detail,
absorbance spectra were also recorded for purified RCs at room
temperature (data not shown) and 77 K (Figure 2B). The spectral
changes seen for membrane-bound FL181R RCs were preserved
in the spectrum of the purified complex at room temperature (not
shown), including the new absorbance band around 632 nm. The
Q. absorbance band of the two BPhes, centered at ~540 nm, was
resolved in the room-temperature spectra of purified RCs, and
the shape and position of this band were not affected by the
FLI181R mutation (not shown).

The increased resolution of the spectra of purified RCs
recorded at 77 K (Figure 2B) allowed three additional observa-
tions. First, the Q, transitions of the two BPhe cofactors were
resolved as discrete bands at 545 nm for H and 533.5 nm for Hy
in the spectrum of the wild-type RC (Figure 2B). The position of
the 545 nm band was unchanged in the 77 K spectrum of purified
FL181R RCs, but the maximum of the band attributed to Hg was
blue-shifted to 532 nm. Second, the pronounced shoulder on the
red side of the asymmetric B Q, band in the spectrum of the wild-
type RC, attributed in many studies to the Bg BChl, was not
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FIGURE 2: Absorbance spectra of antenna-deficient membranes
and purified RCs. Panel A shows the room-temperature spectra
of membrane-bound RCs. The spectra are superimposed on back-
ground scatter from the membrane which increases at shorter
wavelengths and, below 600 nm, on background absorbance from
other membrane components. Panel B shows the 77 K spectra of
purified RCs. In both panels, the spectra have been normalized to
the same amplitude of the P Q, band and offset for the sake
of comparison, and the asterisk indicates the absorbance band in-
dicative of a hexacoordinated BChl in the FL181R single mutant RC.

present in the spectrum of the FL181R mutant. This was not due
to the absence of this component, but rather a blue shift of its
absorbance maximum to produce a much sharper B Q, band in the
spectrum of the mutant (Figure 2B). Finally, the Q, band of the
RC BChls also showed a distinct change in line shape. In the
spectrum of the wild-type RC, this band had a pronounced
asymmetry, with a main component around 598 nm and a
shoulder at ~606 nm. In the spectrum of the FLI81R mutant,
the main band was at approximately 596 nm but was diminished in
intensity, and the shoulder at longer wavelengths was not resolved.
However, a new band was observed with a maximum at 635 nm
(asterisk in Figure 2B), and a difference spectrum indicated the loss
of a component in the spectrum of the wild-type RC centered at
603 nm accompanied by the appearance of a new component in
the spectrum of the mutant centered at 635 nm (not shown).
The principal effect of the FL181R mutation was therefore a
pronounced red shift in the Q, absorbance band of one or more
BChl cofactors, and given the location and character of the
mutation, a possible explanation is a change in the coordination
state of the monomeric Bg BChl. A number of research groups
have reported, on the basis of studies of BChl « in solvent, that
the absorbance maximum of the Q. band in the spectrum of
hexacoordinated BChl « is located approximately 30—40 nm to
the red of that of pentacoordinated BChl a (42—44). Accordingly
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the ~31 nm red shift of a BChl Q, band seen in the spectrum
of the FL181R mutant is consistent with a change in the Bg BChl
cofactor from penta- to hexacoordination. An effect of the
mutation on the By BChl would also be consistent with the
observed sharpening and small blue shift of the B Q, band seen in
the 77 K spectra, together with small effects on the absorbance
properties of the neighboring Hg BPhe, which is also located
close to the mutated Phe L181 residue.

These conclusions implied that the BChl content of the
FL181R RC should be unaltered. To examine this, the bacterio-
chlorin cofactors were extracted from purified RCs using an
acetone/methanol mixture (7:2, v:v), as described in Experimen-
tal Procedures. Absorbance spectra of the extracts were analyzed
as described by van der Rest and Gingras (45) (data not shown),
and the resulting BChl:BPhe ratios for the wild type and FL181R
mutant were 1.83 £ 0.07 and 2.05 £ 0.35, respectively, consistent
with a normal complement of four BChls and two BPhes in the
FLISIR RC.

X-ray Crystallography. The FL181R RC was crystallized in
a trigonal form, as described in Experimental Procedures,
and diffraction data were collected to a maximum resolution
of 2.56 A using cryo-cooled crystals and an ADSC Quantum 4
detector, on beamline 14.1 of the Daresbury Synchrotron Facil-
ity. Data collected over the range of 44.5—2.72 A were used for
the determination of the structure by molecular replacement (see
Experimental Procedures), and data collection and refinement
statistics are listed in Table 1. The FL181R RC exhibited good
overall structural conservation, with changes in structure being
confined to the immediate vicinity of the mutation site.

Figure 3A shows 2F, — F. (blue) and F, — F,. (green for
positive, red for negative) electron density maps for the region
around the L181 residue and the adjacent Bg BChl, with the L181
residue modeled as an Ala. The map shows a tube of unsatisfied
density (green) extending from the L181 o-carbon toward the
Bg Mg. This density could be modeled as an Arg side chain
(Figure 3B); however, the closest approach of the Arg side chain
to this Mg (via the NH1 atom) was around 3.5 A, which would
be unusually long for a ligand (see Discussion), and differ-
ence density maps highlighted unsatisfied density in the region
between the Arg side chain and the Mg of Bg (not shown). After
examining a number of possibilities, including different confor-
mations of the Arg side chain, we achieved the best fit of structure
to density (Figure 3B) by including a water molecule placed
between the NH1 atom of Arg L181 and the Mg of Bg, with
center-to-center distances of 2.11 A (Arg to H,0) and 1.99 A
(H,0 to Mg) in the final refined structure.

One feature of many of the BChl and Chl molecules in
structurally characterized photosynthetic proteins is that the
central Mg sits slightly out of the plane of the BChl ring on the
side of the axial ligand, and this is the case for the Mg of the By
BChl in the wild-type RC (Figure 1A). Given this, one possible
consequence of hexacoordination might be a pulling of this Mg
into the plane of the BChl, but this was not the case in the final
refined structure of the FL181R RC, where this Mg appeared not
to have moved to any significant extent when the structure was
overlaid with that of the wild-type RC (32). The remainder of the
structure showed no deviations from that of the wild-type RC
over and above very small (<0.3 A) shifts expected when
structures at ~2.7 A resolution are compared (where the typical
coordinate error is ~0.2—0.3 A)

Resonance Raman Spectroscopy. Resonance Raman spec-
troscopy can be used to provide information about the detailed
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F1GURE 3: Electron density map for the region around the By BChlin
the FL181R RC, including the native ligand donor His M182. (A)
Electron density map following molecular replacement with the L181
residue modeled as an alanine. (B) Final model with a water built
between the Mg of the BChl and Arg L181. Both panels show 2F, —
F_ electron density (blue) displayed at the 1.20 level and F, — F,
positive electron density (green) and negative electron density (red)
displayed at the 3.00 level. Residues and cofactors are shown with
green and cyan carbons, respectively, with nitrogens colored blue and
oxygens red. The Mg of the Bg BChl is shown as a magenta sphere
and the fitted water as a red sphere.

structure of a BChl, including the coordination number and core
size. The latter is defined as the distance between the center of the
molecule and the pyrrole nitrogens, and in principle, this distance
could become larger if the central Mg adopts a more in-plane
geometry due to a structural change such as a switch from penta-
to hexacoordination (46, 47). In previous resonance Raman
experiments on R26.1 RCs, two excitation wavelengths were
used, 800 and 810 nm, enabling near-selective excitation of Bp
and Bg, respectively, and allowing the structures of the two BChls
to be compared (35). In the case of the FLI8IR RC, the lack of
discrete absorbance bands for B, and By in the 77 K absorbance
spectrum meant that such selective excitation was not possible,
but nevertheless, a resonance Raman spectrum was recorded to
determine if the FLI8IR mutation caused any discernible
spectral changes consistent with hexacoordination of the By
BChl. As with previous work, the sample of FLI81R RCs was
oxidized by the addition of a small amount of potassium
ferricyanide prior to the measurement to minimize interference
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from background fluorescence from P (see ref 35 for a discussion
of this).

Figure 1A of the Supporting Information shows the overall
resonance Raman scattering spectrum of FLI81R RCs between
180 and 1800 cm™' at 77 K, with selected regions shown on
expanded scales in Figure 1B—D of the Supporting Information. A
full list of the frequencies of bands observed in the resonance
Raman scattering spectrum of the FLI81R mutant and their
assignments are listed in Table 1 of the Supporting Information,
and the main differences between the data sets obtained for the
FLI81IR and R26.1 RCs are listed in Table 2 of the Supporting
Information. There was good agreement between the two data sets,
confirming the result from X-ray crystallography that the FL181R
mutation did not bring about any large-scale perturbation of the
conformation of the Bg BChl or its protein surroundings.

A previous study performed on BChl ¢ and metal-substituted
Zn-, Ni-, Cu-, and Co-BPhe a identified a set of modes (denoted
R1—R6) that are sensitive to core size and the coordination
number of the central Mg (46). These R1—R6 modes are of
obvious relevance to this study and are listed in Table 2 of the
Supporting Information. The R1 methine bridge stretching mode
has the greatest sensitivity to coordination state and is found at
1609 cm ™! for pentacoordinate BChl a in Et,O and at 1595 cm ™!
for hexacoordinate BChl ¢ in THF (46). In the spectrum of the
FLI8IR RC, the R1 mode was at 1611 cm™, similar to the R1
modes at 1610 cm ™" for both B, and By in the R26.1 RC (35).
However, this was expected as the R1 mode of B, should
be located at this position in the composite spectrum of the
FLI8IR complex. The detection of a downshifted Bg mode
around 1585 cm ™', expected for a hexacoordinated By (46), was
complicated by the presence of a mode at this position in the
spectrum of both B, and By (35). Therefore, it was not possible
to detect the change from penta- to hexacoordination through the
R1 mode. Previous work has shown that the remaining R modes
have a much smaller sensitivity (<4 cm™') to coordination
number (46), and the difference between their positions in the
spectrum of the FL181R RC and that of B in the R26.1 RC (35)
was no greater than 2 cm ™', which is on the order of the accuracy
of the measurement.

In the low-frequency region between 200 and 400 cm ™', the
spectra of B, and By in the R26.1 RC contain a number of modes
that involve motion of the Mg atom, at 187, 329, 357, and 393 cm ™"
for B, and 185, 335, 353, and 391 cm ™' for Bg. In the spectrum of
the FLI81R RC, these modes were at 185, 337, 359, and 392 cm ™',
with the second and third of these being at frequencies rather
higher than what would be expected given the composite nature
of the FL181R spectrum. Therefore, this gave some indication of
a change in the environment of the Mg of one of the accessory
BChlsinthe FL181R RC. Finally, shifts in two other bands are of
note. The SCNC mode situated at 435 cm ™! for both B, and By
in the R26.1 RC was shifted to 437 cm™' in the composite
spectrum of the FL181R mutant, and the band assigned to the
vYCpCp, s ¥C,Cpi(y), vCN(IIT) modes at 1521 cm”! for B, and
1519 cm ™! for By in the R26.1 RC was shifted to 1524 cm™ ' in the
FLI81R mutant. Again, in both cases, the difference would be
consistent with an upshift of the mode for the Bg BChl in the
FL181R mutant of several wavenumbers.

Femtosecond Absorbance Difference Spectroscopy. Ul-
trafast transient absorbance difference spectroscopy was used to
determine whether the FL181R mutation had any effect on the
rate of A-branch photochemical charge separation. Absorbance
difference spectra were recorded at varying time intervals after
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FIGURE 5: Species-associated absorbance difference spectra for the
FL181R RC calculated using an irreversible sequential model with
four components.

exposure of membrane-bound FLI81R RCs to a 795 nm excita-
tion pulse, with a maximum delay time of 4 ns, as described in
Experimental Procedures. Experiments were conducted at room
temperature, the 795 nm pulse exciting both B, and Bg.
Representative spectra recorded at several delay times are shown
in Figure 4. Excitation caused a bleach around 800 nm at early
delay times [100 fs spectrum (Figure 4)], and subsequent rapid
excitation transfer from the monomeric BChls to the P BChl
dimer caused a bleaching of the P band around 870 nm,
concomitant with a loss of the bleach at 800 nm [500 fs spectrum
(Figure 4)]. Stimulated emission on the red side of the bleach of
the 870 nm P band was maximal at ~1 ps and subsequently
decayed as the P* state decayed through electron transfer [1 ps
spectrum vs 50 ps spectrum (Figure 4)]. This spectral evolution
was similar to that obtained previously for wild-type RCs, with
the exception that there was an ~25% decrease in the bleach of
the P Q, band at 3 ns compared to that at 5 ps. Possible origins of
this feature are considered in the Discussion.

A global analysis of the data was conducted using an irrever-
sible sequential model (i.e., | =2 — 3 — ). Four spectrally and
temporally distinct components were needed to describe the data,
and the species-associated difference spectra (SADS) of these
components are shown in Figure 5. The first component was
attributed to the short-lived excited states of the accessory BChls
(B*), with a lifetime of 120 fs (Figure 5). This evolved into a state
with a spectrum that was characteristic of P*, with a lifetime of
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6.0 ps (Figure 5). This lifetime was a little longer than the lifetime
of 4.5—4.8 ps previously described for membrane-bound wild-
type RCs (48, 49). This longer lifetime could indicate a slowing of
the P* — P"H, ™ reaction, perhaps due to a subtle change in the
properties of P, or could indicate a change in the relative influence
of an alternative route for P* decay, such as charge separation to
the B-branch, for example, with no change in
the transfer time for the P* — PYH, ™ reaction. In addition,
given that it has been shown that electron transfer can also be
driven by B5* in wild-type RCs (50), it is also possible that there
was a contribution of a small amount of P"B,~ and/or By THA~
to the 6.0 ps spectrum in Figure 5. The third state revealed by the
analysis was assigned to P"H,™ [200 ps spectrum (Figure 5)].
This state had a spectrum that was similar to that determined
previously for the membrane-bound wild-type RC (49), and it
decayed with a lifetime of 200 ps, which was the same as that
associated with the PTH,~ — PTQ,~ transfer time in the
membrane-bound wild-type RC [175—210 ps (48, 49)]. The final
state had the spectral features characteristic of P*Q, ™~ and had a
lifetime that was infinite on the time scale of the measurement.

Effects of Removal of the Native Ligand Donated by His
M 182. Having established that introduction of an Arg residue at
the L181 position introduces a second axial ligand to the By
BChl, we were also interested in whether this BChl could be
returned to a pentacoordinated state by removal of the native
axial ligand donated by His M182. It has been reported pre-
viously that mutation of His M 182 to Leu causes a BPhe to be
assembled in the RC at the By position, and the absorbance
spectra of such a single HM 182L mutant are shown in Figure 2.
In the room-temperature spectrum of membrane-bound
HM182L RCs, this BChl to BPhe substitution was characterized
mainly by a decrease in the relative intensity of the B Q, band and
a broadening of the blue side of this band (Figure 2A). In purified
RCs at 77 K (Figure 2B), this spectral change was resolved as a
loss of the shoulder at ~814 nm in the spectrum of the wild-type
RC, attributed to the Bg BChl, and the appearance of a new
absorbance band at ~791 nm consistent with the presence of a
new BPhe at the By position. In support of this conclusion, in the
Q. region there was a decrease in the relative intensity of the BChl
Q, band and a change in the shape of the BPhe Q. bands, the
maximum of the shorter wavelength band shifting from 533.5 nm
in the wild type to 536 nm in the HM182L RC (and with a larger
red shift of the composite band at room temperature). In
addition, analysis of acetone/methanol extracts of the HM182L
RC yielded a BChl:BPhe ratio of 1.28 & 0.03, significantly lower
than values obtained for the wild-type RC and consistent with
replacement of one BChl with a BPhe in this mutant. The changes
in the spectrum of the HM182L RC determined in this study
showed good agreement with changes described previously for
this mutant (57).

The FLI81R mutation was combined with the HM182L
change, and the equivalent spectra of the resulting double mutant
are also shown in Figure 2. The room-temperature spectrum of
the membrane-bound double mutant FLISIR-HM182L RC
(Figure 2A) was similar to that of the FLI8IR single mutant,
with the notable exception that the band at 632 nm was absent,
but was markedly dissimilar to the spectrum of the HM182L
single mutant. The same conclusions could be drawn from
spectra of purified RCs recorded at 77 K (Figure 2B). The lack
of the spectral signatures of an additional BPhe or a hexacoordi-
nated BChl in the spectra of the double mutant FLI8IR-
HM182L RC indicated that this complex had assembled with
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a pentacoordinated BChl. However, the influence of the non-
native Arg residue at the L181 position in the double mutant
was still manifest as (1) a 3—4 nm red shift of the H Q, band and
a smaller (I nm) red shift of the Hg Q, band at 77 K and (2) a
2—4 nm blue shift of the B Q, band and a 1—3 nm red shift of the
BChl Q, band. These small shifts indicate an influence of the new
Arg residue on the adjacent Bg BChl and Hg BPhe. The precise
basis of the sole axial ligand donated to the By BChl in the
FLI181R-HM182L double mutant was not pursued, but it was
presumably similar to that described above for the single FL181R
mutant. Analysis of acetone/methanol extracts of the FL181R-
HM182L RC gave a BChl:BPhe ratio of 1.88 & 0.24, similar to
the values obtained for the wild-type and FLI81R RCs (see
above) and consistent with the presence of BChl at the By
position, rather than the BPhe seen in the HMIS2L single
mutant.

DISCUSSION

Changes in Protein Structure Precipitated by the
FLI81R Mutation. As explained above, data from steady state
absorbance spectroscopy and X-ray crystallography demon-
strated that mutation of residue Phe L181 to Arg results in
hexacoordination of the By BChl. Examination of electron
density maps obtained for the FLI8IR mutant showed an
elongated feature consistent with the substitution of Phe with
Arg. The modeled position of this Arg placed the NH1 atom in
the vicinity of the central Mg of the Bg macrocycle, but two pieces
of evidence suggested that the sixth ligand donated to this Mg
does not arise directly from the Arg side chain. First, difference
electron density maps suggested the presence of an additional
small molecule in the region adjacent to the Arg and the Mg of
Bg. Second, the center-to-center distance between this Mg and
the NH1 atom of Arg L181 was ~3.50 A, which is considerably
longer than the distances typical for a BChl or Chl axial ligand.

To illustrate this second point, examination of the X-ray
structure of the FLI8IR RC showed that the average N-to-Mg
distance for the His ligands of the four BChl cofactors was
232 A, the longest being 2.44 A. In the structure of the wild- -type
RC used for molecular replacement (32), the equivalent distances
are 2.46 A (average) and 2.58 A (longest). In Photosystem I,
which contains 96 Chls liganded by a variety of donors (8), the
average ligand donor-to-Mg distance is 2.30 A with only five
Chls having a ligand distance of more than 2.5 A and the longest
being 2.77 A. In LHCII, which has 14 Chls per monomer (/0), no
ligand distance is longer than 2.27 A. A distance of 3.50 A would
therefore clearly be unusually long in light of data on more than
100 structurally characterized pentacoordinated BChls or Chls. It
is also worth commenting that nitrogen ligands are confined to
the side chain of His in the fully refined structures that have been
deposited in the Protein Data Bank to date, with no examples of
direct ligation by an Arg or Lys side chain.

The best match of the structural model to the electron density
was obtained with a water molecule placed between the NH1
atom of Arg L181 and the Mg of Bg (Figure 3B). The distance
from this water ligand to the Mg (1.99 A) is in the range of values
for the shortest ligands donated by water molecules in determined
X-ray structures. Six of the Chls in Photosystem I liganded by a
water have a Mg—O distance between 2.06 and 1.95 A, and three
of the water-liganded Chls in LHCII have a Mg—O distance
between 2.06 and 1.87 A. Thus, the arrangement of ligands in the
FLI8IR structure is consistent with other cofactors liganded by
water.
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The details of hexacoordination in the FLI§1R mutant are
somewhat different from those reported by Morris and co-
workers for a Lys mutation at this residue (3/). A partially
refined structure at 2.9 A resolution was determined for the
FLI181K mutant, showing direct ligation of the Mg of By by the
Lys side chain, with “movement of the Mg”" atom to a position
in the plane of the macrocycle or slightly below the plane towards
the L181 lysine” (37). The possibility of ligation by an intervening
water was specifically excluded in the case of the FLISIK
complex, and therefore, the chemical identity of the ligand donor
is different in the FL181R and FL181K RCs. With regard to the
position of the Mg atom, although hexacoordination might be
expected to pull the Mg of By into the plane of the macrocycle,
making the structure more symmetrical, this was not the case in
this study. Comparison of the structure of the FL181R RC with
that of the wild-type complex, which is at a comparable resolu-
tion of 2.6 A (32), showed no significant change in the position of
the Bg Mg or ligating His M 182 side chain relative to the BChl
macrocycle. Itis possible that the requirement of accommodating
both the bulky Arg side chain and the ligating water in the
FLI8IR RC meant that such an in-plane movement was
precluded in the FLISIR, and that such movement does not
necessarily occur in response to hexacoordination.

We also investigated whether the new Arg—water structure
could act as a sole coordinating ligand during assembly of the
RC, through a double mutant in which the native ligand was
removed by mutation of His M182 to Leu. The resulting RC had
an absorbance spectrum and pigment composition consistent
with the presence of a pentacoordinated BChl at the By position.
The simplest interpretation of this result is that the Arg—water
structure is indeed capable of providing a sole ligand to a
pentacoordinated BChl, although the details of this will require
confirmation through X-ray crystallography in future work.

Spectroscopic Consequences of Hexacoordination of Bp.
Hexacoordination of By in the FL181R RC caused a red shift of
the Q, absorbance band of By from around 606 to 635 nm at
77 K, and a blue shift of its Q, absorbance band to a position
where, at 77 K, it overlapped with the Q, absorbance of By,
giving rise to a single, sharp band centered at 803.5 nm.
The magnitude and direction of these changes were consis-
tent with findings with penta- and hexacoordinated BChl ¢ in
solvent (42—44). There was also some evidence from resonance
Raman spectroscopy of small changes to vibrational modes
associated with the macrocycle and central Mg. However, the
Raman analysis was complicated by an inability to selectively
excite the hexacoordinated By in the Q, region, and in particular,
it was not possible to confirm the introduction of the sixth ligand
using the so-called R1 vibrational mode because of the composite
nature of the Raman spectrum of the FLI81R mutant.

As outlined above, a Phe to Lys mutation at the L181 position
has been reported also to cause hexacoordination of the Bg BChl
in both Rba. capsulatus (30, 31) and Rba. sphaeroides (31). Room-
temperature spectra have been reported for both FL181K RCs,
while a 4 K spectrum has been reported for the Rba. capsulatus
RC. The shifts in band position seen in the room-temperature
and 77 K absorbance spectra of the FL181R RC obtained in this
work were broadly similar to those reported previously for the
FLI81K RC. At room temperature, the Rba. sphaeroides
FL181K RC exhibited a new absorbance band characteristic of
a hexacoordinated BChl at ~632 nm (~631 nm in this work) and
a 3—4nm blue shift of the B Q, band. At4 K, the Rba. capsulatus
FLI181K RC had a new absorbance band at ~634 nm, compared
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with that at 632 nm for the Rba. sphaeroides complex at 77 K in
this work, and the spectra of both mutants also both exhibited a
small blue shift of the Q, band of the adjacent Hg BPhe. Thus,
there was good agreement between spectral changes reported
previously for the Phe to Lys mutation at the L181 position of the
RC and those obtained in this work for the Phe to Arg mutation.
This suggests that these changes are principally attributable to the
change in coordination state of the By cofactor, rather than the
chemical identity of the species providing the sixth ligand.

In terms of function, hexacoordination of By through the
FLI8IR mutation had an only modest effect on light-driven
electron transfer in the RC. The main effect observed was a small
increase in the lifetime of P* from ~4.8 to ~6 ps which could have
a number of causes, the most likely of which would be a small
change in the properties of the adjacent P dimer. The effect was
somewhat different from that seen in the Rba. capsulatus
FLI81K RC, where the average P* lifetime decreased from
5 ps in the wild type to 4 ps in the mutant, this being associated
with an ~10 mV increase in the midpoint potential for oxidation
of the P dimer (31).

A feature of the time-resolved absorbance difference spectra
shown in Figure 4 was an ~25% decrease in the bleach of the P
Q, band at 3 ns compared to 5 ps. The origins of this feature were
uncertain, but a possible source could be a decrease in the yield of
P*Q, . Such spectral features have been reported previously,
principally in RCs with mutations that affect the properties of Hx
and/or Q. An example is the so-called LM214H mutant of Rba.
sphaeroides in which the BPhe at the H position is replaced with
BChl due to a Leu to His mutation at the M214 position (52); in
this RC, the yield of P*Q, " is reduced to 60% due to slowed
electron transfer to Q4 coupled with an accelerated rate of
decay of P*H, ™ to the ground state (52). However, in this case,
scrutiny of the X-ray crystal structure of the FLI§IR RC and
associated electron density in the region of the Q4 quinone and
adjacent H, BPhe gave no indication of a change in the structure
of the protein in this region that might affect the electron transfer
properties of Hy or Q4 or decrease in the occupancy of the Qa
site. The high degree of structural conservation away from the
immediate vicinity of the Bg BChl in the FL181R RC seems at
odds with a possible decrease in the yield of P*Q, ™ caused by this
mutation, and this issue is the subject of ongoing investigations.

Another potential effect of hexacoordination of the Bg BChl
could be a change in the yield of B-branch electron transfer, and
indeed, it has been reported that the FL181K mutation causes a
decrease in the yield of this process when combined with
mutations that impair A-branch transfer (see ref 63 in ref 37).
In previous work from our laboratories, we have assayed the
effects of mutations on the yield of B-branch electron transfer
through picosecond (37) or millisecond (37, 53) transient absor-
bance spectroscopy in a background containing the Ala M260 to
Trp (AM260W) and Leu M214 to His (LM214H) double change.
The AM260W mutation causes steric exclusion of the Qa
ubiquinone (54), while the LM214H mutation lowers the effi-
ciency of A-branch charge separation (see ref 52). A triple
FLI81R-AM260W-LM214H mutant was constructed with a
view of conducting such an analysis, but unfortunately, this
RC did not assemble in the membrane.

Do Hexacoordinated (B)Chls Occur in Vivo? The growing
body of high-resolution structural data on Chl- and BChl-
containing proteins seems to suggest that hexacoordination is
avoided in photosynthetic pigment proteins. However, two
reports have questioned whether this is an absolute rule. In the
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first, Fiedor conducted deconvolution on the BChl Q, absor-
bance band in purified or reconstituted LH1 antenna complexes
from Rsp. rubrum and found that accurate fitting required a
major component (76—81%) at ~589 nm and a minor compo-
nent (24—19%) to account for a shoulder with a maximum at
601—611 nm (28). This minor component was interpreted as
arising from a minor population of hexacoordinated BChls, the
structural flexibility of the LH1 complex being responsible for the
heterogeneity in coordination state.

Although it is possible that this red-shifted population may
have been due to hexacoordination, it is noticeable that the
absorbance maximum of the BChl Q, band of this minor
population was between 601 and 611 nm, well to the blue of
the absorbance band for hexacoordinated BChl @ seen in this
study and reported previously (30, 31, 42—44). In addition, the
difference in absorbance maximum between the penta- and
hexacoordinated populations was between 12 and 22 nm, a
smaller difference than the ~30 nm red shift attributed to
hexacoordination in this study, and reported in previous
work (30, 31, 42—44).

A complicating issue is the fact that the position of the Q,
transition is sensitive to variations in structure other than
hexacoordination, and shifts of the BChl Q. transitions have
been described in a number of reports about the spectroscopic
consequences of mutagenesis, albeit mainly in spectra recorded at
77 K (see refs 30 and 55—357 for examples). As an illustration, in
previous work from our laboratories, we showed that whereas the
77 K absorbance spectrum of the wild-type RC had an asym-
metric BChl Q, band at 597 nm with a shoulder at ~605 nm, the
equivalent spectrum for a GM203D mutant contained two
discrete components at 604 and 590 nm and that of a GM203L
mutant had two components at 604 and 588 nm (55). The
simplest interpretation of this is a 7—9 nm blue shift of a
component present at 597 nm in the wild-type RC. In this case,
it is known from crystallographic data that neither mutation
affects the coordination state of the RC BChls but instead
removes a hydrogen bond interaction between the keto C=0
group of the By BChl and the surrounding protein (55). Further-
more, in a study of the spectroscopic consequences of 11 single or
double mutations at the symmetrical M210 and L181 posi-
tions (30), DiMagno and co-workers found that a single BChl
Q, band at 597 nm in the 4 K absorbance spectrum of the wild-
type RC was replaced with two components located at 587—593
and 597—602 nm in the spectra of the mutants, with a splitting
between the two absorbance maxima between 8 and 17 nm. The
one exception to this was a FL181K single mutant, which had an
additional discrete band at 634 nm [attributable to a hexacoor-
dinated By (see above)]. Given these observations, it seems
possible that 10—20 nm variations in the energy of the Q.
transition of a BChl such as those analyzed by Fiedor (28) could
in principle arise from variation in the details of the protein
structure other than the coordination state of the central Mg.

The second report of hexacoordination in a native complex
concerns the X-ray crystal structure of the FMO protein, a water-
soluble component of the antenna of green sulfur bacteria that
connects the main chlorosome antenna to the RC. This protein
has a trimeric architecture, each monomer binding seven mole-
cules of BChl «, and can be isolated from different species as one
of two types that can be distinguished spectroscopically at 77 K.
Recently determined X-ray crystal structures for the FMO
protein from Chlorobaculum tepidum (29, 58) and Ptc. aestuarii
2K (29) have revealed the presence of an eighth BChl located in a
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surface cleft of the protein, the location and orientation of this
BChl indicating a possible role as a conduit for the transfer of
energy from the chlorosome to the FMO pigment system. In Chl.
tepidum, which has a type 2 FMO complex, the additional eighth
BChl is pentacoordinate, whereas in Ptc. aestuarii 2K, which has
a type 1 complex, this BChl is hexacoordinate (29). In the latter,
the fifth ligand that is common to both complexes, donated by a
backbone carbonyl oxygen, is augmented by a sixth ligand
donated by the side chain oxygen of a serine (residue 123) present
in a second monomer in the trimer. The hexacoordinated BChl is
therefore bound at the interface of two monomers, with an axial
ligand donated by each. In Cbl. tepidum, residue Ser 123 is
replaced with Ala, precluding hexacoordination by this residue.

Tronrud and co-workers (29) have attempted to correlate
the changes in sequence associated with hexacoordination of the
eighth BChl with the two types of 77 K spectrum known for the
FMO protein and shown that the presence of the residue that
provides the second ligand can indeed be correlated with a type 1
complex. However, in the context of our report, and previous
investigations of the effect of hexacoordination on the absor-
bance spectrum of BChl a (30, 31, 42—44), it is worth noting that
the main differences in spectra between type 1 and type 2 FMO
complexes involve the relative amplitudes of bands in the Q,
region, with only very small changes in line shape of the BChl Q,
band. This is difficult to reconcile with what is known from this
study, and previous work, about the relatively pronounced effects
of hexacoordination on the BChl Q, band, and much smaller
effects expected for the Q, bands. In particular, the 77 K
spectrum of the type 1 complex from Ptc. aestuarii 2K does
not contain a discrete band that is significantly (>30 nm) red-
shifted from the main BChl Q, band, unlike the spectrum of the
FL181R RC described above.

An additional point to note from the work of Tronrud and co-
workers (29), and also a previous report on the Cbl. tepidum
FMO protein (58), is that the eighth BChl was present at a
substoichiometric occupancy in the crystals used to collect
diffraction data (estimated at ~34% in the case of the Ptc.
aestuarii 2K complex). This raises questions concerning whether
this site is fully occupied in the complex in vivo, and the
physiological significance, if any, of the hexacoordination seen
in certain species (see ref 29 for a discussion). A low occupancy of
this site could explain the lack of an obvious spectral signature
of a hexacoordinated BChl in the Q, region of the 77 K spectrum
of the Ptc. aestuarii 2K FMO complex but could not explain the
very obvious spectral changes in the Q, region that have been
correlated with the protein sequence differences that facilitate
hexacoordination.

Why Are All Structurally Characterized BChls Penta-
coordinated? The data described in the Results, and those of
Morris and co-workers (31) reported previously, show that it is
possible to hexacoordinate a protein-bound BChl without there
being drastic effects on the structure of the surrounding protein
or the main Q, absorbance band of the BChl. Nevertheless, with
the exception of the low-occupancy FMO BChl described in the
previous section, all of the structurally characterized BChls and
Chls reported to date appear to be pentacoordinated, which
places a significant limitation on the structure of the surrounding
protein scaffold and possible cofactor—cofactor geometries
(the latter point stems from the fact that in aggregates of BChl
the keto or acetyl groups of one BChl can act as a ligand donor to
the Mg of a neighboring BChl). Hexacoordination seems to be
avoided, although, as outlined in the previous section, this may
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not be an absolute rule. To avoid hexacoordination, each (B)Chl
binding pocket in these protein—cofactor systems has an asym-
metric structure, with one ligand-donating side and a side devoid
of any potential ligand donors, even in proteins such as PS-I and
LHC-II that contain large numbers of relatively densely packed
(B)Chl cofactors. Why hexacoordinated BChls are avoided in
these proteins remains unclear as, from the point of view of light
harvesting, which is the principal function of most protein-bound
(B)Chls, hexacoordination has only modest effects on the Q,
absorbance of these cofactors, as is apparent from Figure 2. The
principal effect is rather a decrease in the energy of the Q.
transition of the hexacoordinated BChl, but there is no particular
reason to believe that overall light harvesting and energy transfer
would be adversely affected by changing the energy of the Q,
transition relative to the Soret and Q, transitions.

A possible reason why hexacoordination is avoided in
photosynthetic systems concerns the redox properties of BChl.
Although most studies of the effects of hexacoordination
have focused on the optical properties of BChl and related
pigments, some study of consequences for both oxidation and
reduction of BChl has also been pursued (59, 60). Noy and co-
workers (60) have reported that a shift from penta- to hexa-
coordination is associated with a decrease of approximately
140 mV in the midpoint potential for single-electron reduction
of BChl, and an increase of approximately 90 mV in the
midpoint potential for single-electron oxidation. It is there-
fore conceivable that the consistent pentacoordination seen in
light-harvesting systems is required to ensure approximate
uniformity of the redox properties of the constituent BChls,
to prevent the occurrence of unwanted charge separation
reactions that could interfere with productive energy or elec-
tron transfer processes.

Unfortunately, it is not possible to assay the redox properties
of the Bg BChl in the Rba. sphaeroides RC, so the actual impact
of the FL181R mutation on parameters such as the free energy of
the P*By~ state is not known. However, it is interesting to note
that an equivalent FL181K mutation, which also induces hex-
acoordination of B, is reported to cause a decrease in the yield of
B-branch electron transfer when combined with mutations that
impair A-branch transfer (3/). This effect is consistent with a shift
in the midpoint potential of the Bg/Bg ™~ couple to more negative
values, which would be expected to increase the free energy of the
P'By~ intermediate and make B-branch electron transfer less
accessible.

To close, it remains to be established whether the introduction
of hexacoordinated BChls or Chls into a light-harvesting system
would cause unwanted charge separation reactions or impair the
efficiency of light harvesting and energy transfer in other ways.
However, the high-resolution information now available for
proteins such as LHC-II, PS-I, and PS-II should allow this to
be tested, using the type of approach described for By in the
purple bacterial RC.

SUPPORTING INFORMATION AVAILABLE

Figure showing the resonance Raman spectrum acquired for
ferricyanide-treated FL18§1R RCs at 77 K excited at 799.3 nm, a
table of maxima of main bands observed in this spectrum, and a
table showing main differences in band maxima observed in
resonance Raman spectra from ferricyanide-treated FL181R and
R26 RCs at 77 K. This material is available free of charge via the
Internet at http://pubs.acs.org.
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