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ABSTRACT: The X-ray crystal structure of aRhodobacter sphaeroidesreaction center with the mutation
Ala M260 to Trp (AM260W) has been determined. Diffraction data were collected that were 97.6%
complete between 30.0 and 2.1 Å resolution. The electron density maps confirm the conclusions of a
previous spectroscopic study, that the QA ubiquinone is absent from the AM260W reaction center (Ridge,
J. P., van Brederode, M. E., Goodwin, M. G., van Grondelle, R., and Jones, M. R. (1999)Photosynthesis
Res. 59, 9-26). Exclusion of the QA ubiquinone caused by the AM260W mutation is accompanied by a
change in the packing of amino acids in the vicinity of the QA site that form part of a loop that connects
the DE and E helices of the M subunit. This repacking minimizes the volume of the cavity that results
from the exclusion of the QA ubiquinone, and further space is taken up by a feature in the electron density
maps that has been modeled as a chloride ion. An unexpected finding is that the occupancy of the QB site
by ubiquinone appears to be high in the AM260W crystals, and as a result the position of the QB ubiquinone
is well-defined. The high quality of the electron density maps also reveals more precise information on
the detailed conformation of the reaction center carotenoid, and we discuss the possibility of a bonding
interaction between the methoxy group of the carotenoid and residue Trp M75. The conformation of the
2-acetyl carbonyl group in each of the reaction center bacteriochlorins is also discussed.

The bacterial reaction center is a membrane-bound pig-
ment-protein complex that catalyzes the transduction of light
energy into electrochemical potential energy. InRhodobacter
(Rb.)1 sphaeroides, the reaction center has three subunits,
two of which, termed L and M, each have five transmem-
braneR-helices and are arranged around an axis of 2-fold
symmetry that runs approximately perpendicular to the plane
of the bacterial inner membrane (1-5). The L and M subunits
encase four molecules of bacteriochlorophyll (BChl), two
molecules of bacteriopheophytin (BPhe), two molecules of
ubiquinone-10 (UQ10), a carotenoid, and a non-heme iron.
The BChl, BPhe, and UQ10 cofactors are arranged in two
branches that span the membrane. In the initial photochemical
reaction, light energy is used to drive the transfer of an

electron from an excitonically coupled pair of BChl mol-
ecules (P), which straddle the symmetry axis close to the
periplasmic side of the membrane, to a UQ10 (QA) located
close to the cytoplasmic side (6, 7). This electron transfer
takes place in approximately 200 ps and involves, as
intermediate electron carriers, a monomeric BChl (BL) and
a BPhe (HL). The remaining monomeric BChl and BPhe (BM

and HM) on the symmetry-related cofactor branch do not
participate in transmembrane electron transfer, but the BM

BChl is involved in the transfer of triplet energy to the single
carotenoid of the reaction center (8-10). This carotenoid,
which is spheroidenone inRb. sphaeroidesreaction centers
isolated from cells grown under semiaerobic conditions,
fulfils a photoprotective function, dissipating the energy of
BChl triplet states before they can react to form singlet
oxygen (8-10).

Research on the bacterial reaction center has been greatly
aided by the determination of X-ray crystal structures for
the complex fromRhodopseudomonas(Rps.) Viridis (11, 12)
and Rb. sphaeroides(1-5, 13), and in particular these
structures have guided the application of site-directed mu-
tagenesis. In recent years, a combination of mutagenesis and
spectroscopy has been used to investigate how the protein
modulates the biophysical properties of the reaction center
cofactors and to investigate the mechanism of light-driven
electron transfer and associated protonation reactions (14-
17). Directed mutagenesis has also been used to alter the
cofactor composition of the reaction center, most notably
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through the replacement of BChl by BPhe, or vice versa, or
the exclusion of individual cofactors (14-17).

In a recent report, the spectroscopic properties of a reaction
center with the mutation Ala M260 to Trp (AM260W) were
described (18). This reaction center was not capable of
supporting photosynthetic growth ofRb. sphaeroidesand
appeared to lack a functional QA ubiquinone, as a result of
which light-driven electron transfer was blocked at the HL

BPhe. The kinetics of primary electron transfer from P to
HL were not affected by the AM260W mutation (18).

In this report, we describe an X-ray crystal structure for
the AM260W reaction center, derived from diffraction data
that were 97.6% complete between 30.0 and 2.1 Å resolution.
The electron density maps confirm that the QA ubiquinone
is absent from the AM260W reaction center and show that
there is a change in the packing of amino acids in the vicinity
of the QA site to minimize the volume of the cavity that
results from the exclusion of this cofactor. The occupancy
of the QB sites appears to be high in the AM260W crystals,
and the position of the QB ubiquinone is well-defined. The
high quality of the electron density maps also reveals more
precise information on the detailed conformation of the
reaction center carotenoid and bacteriochlorin cofactors. The
coordinates of the structure of the AM260W reaction center
have been deposited in the Protein Data Bank under
accession code 1QOV. Crystallographic information on the
binding of the diacidic phospholipid cardiolipin to the
intramembrane surface of the AM260W reaction center has
been described in a recent publication (19), and the present
report presents a more detailed description of the structure
of this mutant reaction center.

MATERIALS AND METHODS

Mutagenesis.The mutation Ala M260 to Trp (AM260W)
was introduced into thepufM gene of the reaction center
using a mismatch oligonucleotide as described in detail in a
recent publication (18). The mutatedpufM gene was ex-
pressed in the double deletion/insertion mutant strain DD13,
as described in detail previously (20, 21). The resulting strain,
named AM260W, lacked both the LH1 and LH2 antenna
complexes and contained the mutant reaction center as the
sole pigment-protein complex.

Cell Growth and Purification of Reaction Centers. Rb.
sphaeroidesstrain AM260W was grown under semiaerobic/
dark conditions at 34°C in M22+ medium, and intracyto-
plasmic membranes were isolated by breakage of harvested
cells in a French pressure cell, as described previously (22,
23). Membranes were pelleted by ultracentrifugation at
∼250000g for 1.5 h and were resuspended to a concentration
of approximately 10 AU cm-1 at 800 nm in 20 mM Tris/
HCl (pH 8.0).

Reaction centers were isolated by exposure of resuspended
membranes to the detergent lauryldimethylamine oxide
(LDAO), as described in a recent publication (23). Purifica-
tion of the reaction centers was achieved by two passes of
the solubilized material through a DE52 (Whatman) anion
exchange column, followed by further anion exchange
separation on a Sepharose Q column (Pharmacia) and gel
filtration using a Superdex200 preparative grade column
(Pharmacia), as described in detail elsewhere (23). After the
final chromatography step, pooled reaction centers typically

had an absorbance ratioA280/A800 ) 1.3 and were suitable
for crystallization.

Purified reaction centers were concentrated in a stirred
ultrafiltration cell (Amicon) under nitrogen gas, followed by
further concentration in Centricon concentrators (Amicon).
The reaction centers were then washed with 10 mM Tris/
HCl (pH 8.0)/0.1% LDAO and were reconcentrated using
Centricon concentrators. This washing was repeated at least
five times to ensure good buffer exchange, and the reaction
centers were brought to a final concentration of 60 AU cm-1

at 800 nm, again in 10 mM Tris/HCl (pH 8.0)/0.1% LDAO.
Crystallization of Reaction Centers.Trigonal crystals (24),

space groupP3121, were grown by sitting drop vapor
diffusion from droplets containing 10 mg/mL of reaction
center, 0.1% v/v LDAO, 3.5% w/v 1,2,3-heptanetriol, 0.5
M trisodium citrate, and 10 mM Tris/HCl (pH 8.0). The drops
were equilibrated against a reservoir of 1.1 M trisodium
citrate. Trigonal crystals appeared within 1-4 weeks and
ranged from 0.5 to 1.5 mm in the longest dimension. The
crystals had unit cell dimensions ofa ) b ) 142.0 Å,c )
186.8 Å.

Data Collection and Analysis.X-ray diffraction data were
collected at room temperature at beam line 9.6 of the
Daresbury Synchrotron Radiation Facility, using a Quan-
tum-4 ADSC detector, and were processed using the Denzo
and Scalepack packages (25). Data collection and refinement
statistics are shown in Table 1. A total of 124 853 unique
reflections were recorded using two crystals, giving data that
were 97.6% complete between 30.0 and 2.1 Å and 82.9%
complete in the outer shell (2.15-2.1 Å), with an overall
multiplicity of 4.2 and an overallRmergeof 5.7%. TheRmerge

for the outer shell was 28.1%. Rigid body refinement was
performed using XPLOR 3.1 (26) using the coordinates of
the wild-type reaction center from the antenna-deficient strain
RCO2 (23) as a starting model, followed by restrained
maximum likelihood refinement in REFMAC (27), with
waters fitted by ARPP (28). The restraints used during
refinement were as follows: The restraints of Engh and
Huber were used for the protein chains of the complex (29).
The restraints for the reaction center cofactors were based
on XPLOR parameter and topology files used in a previous
publication (23), which were a gift from Ulrich Ermler,
Günter Fritzsch, and Roy Lancaster. The information in these
files was used to create dictionaries for the cofactors in
PROTIN format, and a new dictionary was made for
cardiolipin. The ideal geometry values for the lipid and
carotenoid were obtained from analysis of the Cambridge
Structural Database (30). Figures were produced using the
programs Molscript (31), Raster3D (32), and XtalView (33).

RESULTS

X-ray Crystallography.Reaction centers containing the
AM260W mutation were purified and crystallized as de-
scribed in brief in Materials and Methods, using a protocol
described in detail in a previous publication (23). The only
changes to the crystallization conditions in the present study
were the replacement of potassium phosphate as precipitant
by sodium citrate and the omission of 1,4-dioxane. After
refinement, the structure of the AM260W reaction center was
found to be similar to that of the wild-type reaction center
(4, 5, 23), with the exception of the regions around the
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ubiquinone binding pockets that are described in detail below.
Superimposition of theR-carbons of the structures of the
wild-type (4, 5, 23) and AM260W reaction centers using
the program LSQKAB (34) gave a root-mean-square dis-
placement of 0.291 Å. Those regions of the protein not
resolved in data on the wild-type reaction center (4, 5, 23)
were also disordered in the map of the AM260W reaction
center. These were the first 10 amino acids of the H chain,
residues 251-260 of the C terminus of the H chain, and
residues 303-307 of the C terminus of the M chain. The
structural model of the AM260W reaction center included a
molecule of cardiolipin; the structural details of this lipid
and the manner in which it binds to the intramembrane
surface of the reaction center have been described in detail
in a recent publication (19).

The electron density maps obtained for the AM260W
reaction center were of particularly good quality. There were
several reasons for this. First, the crystals of the AM260W
reaction center diffracted to high resolution, with initial
diffraction being observed to 1.8 Å. In addition, data were
collected with a high completeness (82.9% complete in the
2.15-2.10 Å resolution shell) for the reasons outlined below.
The attainment of a high overall resolution was aided by
the use of an ADSC detector, together with a particularly
high beam flux, which meant that the time required for
acquision of a full data set was relatively short (2 h compared

with >60 h for an equivalent number of images in our
previous experiments using other detectors). As a result,
radiation damage of the crystals leading to loss of high-
resolution diffraction was minimized. Furthermore, the
precision of the measured data was greater than for other
structures we have reported (23, 35-37), again largely due
to use of the ADSC detector. Finally, the relatively rapid
data acquisition meant that it was possible to collect data
with a high completeness and multiplicity, and the data
collected included low-resolution reflections (30.0-10.0 Å),
which were also used in the refinement.

Structure of the QA Site.In the wild-type reaction center,
the QA site is formed by residues from the D, DE, and E
helices of the M subunit and the loop connecting the DE
and E helices (38, 39). The distal and proximal (to the non-
heme iron) carbonyl oxygens of the QA headgroup form
hydrogen bond interactions with the backbone nitrogen of
Ala M260 and the side chain of His M219, respectively (4,
5). Figure 1A shows part of the electron density map and
fitted structure of the wild-type RCO2 reaction center (23),
focusing on the headgroup of the QA ubiquinone and
surrounding residues, including Ala M260 and His M219.
In the equivalent region of the AM260W reaction center
(Figure 1B), the density corresponding to the Trp M260
occupied part of the volume that is normally occupied by
the ubiquinone headgroup in the wild-type reaction center.
The conclusion that the AM260W mutation causes exclusion
of the QA ubiquinone, which was based on physiological and
spectroscopic data, was therefore supported by the crystal-
lographic data obtained for the AM260W reaction center,
which showed no indication of binding of ubiquinone at or
near the QA site. With one exception, detailed below, all of
the electron density in the immediate vicinity of the QA site
in the AM260W reaction center could be accounted for by
the backbone and residues of the M subunit or by water
molecules.

Exclusion of the QA ubiquinone from the AM260W
reaction center left a cavity in the interior of the reaction
center which was only partially filled by Trp M260. This
Trp residue occupied approximately half of the volume that
is occupied by the QA headgroup in the wild-type complex
(Figure 1). The volume of the cavity created by the exclusion
of the QA ubiquinone was further reduced by the presence
of a group that gave rise to an intense spherical feature in
the electron density that is shown just to the right of Trp
M260 in Figure 1B. This density peak was too intense to be
attributable to a water molecule, having a value of ap-
proximately 9σ, and has been attributed to an ion. An ion at
this position would not only serve to fill up part of the cavity
created by exclusion of the QA headgroup, as illustrated in
Figure 1B, but could also satisfy bonding requirements of
surrounding groups. The ion is located approximately 3.1 Å
from the indole nitrogen of Thr M260, 3.0 Å from the ND
nitrogen of His M219, and 3.5 Å from the side-chain oxygen
of Met M222. The lengths of these possible bonding
interactions were too great for the ion to be a metal, and the
density itself was too small and spherical in nature to be
attributable to a complex ion such as sulfate or phosphate.
In light of this, we have modeled this feature as a chloride
ion as, of the likely candidates, chloride was the most
abundant ion in the growth medium. Further investigation
will be required to obtain a definite identification. In addition,

Table 1: Crystallographic Statistics for Data Collection and
Refinement

AM260W reaction center

Collection Statistics
no. of unique reflections 124 853
completenessa 97.6% (82.9%)
multiplicity 4.2 (1.6)
Rmerge

a,b 5.7% (28.1%)

Refinement Statistics
resolution range 30.0-2.1 Å
R factorc 16.9%
free-R factord 18.6%
averageB factor 40.0 Å2

Geometry
rmsd from ideality
bonds 0.011 Å
angles 0.026°

Ramachandran Plot, Residues in:e

most favored areas 93.2%
additional allowed areas 6.5%
generously allowed areas 0.3%
disallowed areas 0.0%
coordinate errorf 0.10 Å

Model
no. of protein residues 823
no. of cofactors 4 BChl, 2 BPhe, 1 Ubi,g 1 Spo,g 1 Feg

no. of waters 250
no. of detergents 0
no. of lipids 1 Cdlg

a Figures within parentheses refer to the statistics for the outer
resolution shell (2.15-2.10 Å). b Rmerge) ∑h∑i|〈I(h)〉 - I(h)i|/∑h∑iI(h)i

where I(h) is the intensity of reflectionh, ∑h is the sum over all
reflections,∑i is the sum over alli measurements of reflectionh. c R
factor is defined by∑||Fo| - |Fc||/∑|Fo|. d Free-R was calculated with
5% reflections, selected randomly (61), and these reflections were
omitted from all refinement steps.e Ramachandran plot was produced
by Procheck version 3.0 (62). f Coordinate error was estimated by DPI
(63). g Cdl ) cardiolipin (diphosphatidyl glycerol); Fe) non-heme
iron; Spo) spheroidenone; Ubi) ubiquinone.
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it is not yet clear whether this ion is present at this position
in AM260W reaction centers in intact cells or whether it is
incorporated during reaction center purification and crystal-
lization.

The volume of the cavity created by the exclusion of the
QA ubiquinone was further reduced by limited repacking of
residues that line the QA binding pocket. The structure of
this pocket in the wild-type reaction center is shown in Figure
2A. Figure 2B shows a stereoview of the amino acids that
line the QA pocket in the wild-type reaction center, while
Figure 2C shows the conformation of the same amino acids
in the AM260W reaction center. The repacking mainly
affected residues M256-M260, which form part of a loop
connecting the transmembrane E helix and DE helix of the
M subunit. This loop is highlighted with an orange backbone
in Figure 2. The repacking also affected residue Gln H32
(part of the H subunit is shown with a blue backbone in
Figure 2), which is located close to residues Phe M258 and
Asn M259. The largest change in packing was movement
of residue Phe M258, which is also apparent by comparison
of Figure 1B with Figure 1A. In the AM260W reaction
center, this residue occupies a position that is equivalent to
the position of the first two isoprenoid units of the tail of
the QA ubiquinone in the wild-type reaction center. There
was also significant movement of residues Asn M259 and
Met M256 (Figure 2C), the latter also having moved toward
the cavity created by exclusion of the tail of the QA

ubiquinone. As is apparent from Figure 2, the repositioning
of residues M256-M260 was accompanied by a change in
the conformation of the backbone in that region of the M
subunit (highlighted in orange in Figure 2). Comparison of
the positions of the CR carbons of the L, M, and H
polypeptides in the structural models of the AM260W and
RCO2 reaction centers using the program LSQKAB (34)
revealed the extent of this. Superposition of the two data
sets was excellent, apart from a short stretch of residues
between positions M256 and M261 (see Supporting Informa-
tion). Repacking of the backbone between M256 and M261
can be seen by comparing Figure 2C with Figure 2B.

The packing of residues contributed to the QA binding
pocket by the D, DE, and E helices of the M subunit was

largely unaffected by exclusion of the QA ubiquinone and
the structural changes outlined above. In particular, residue
Trp M252, which is stacked between the headgroup of the
QA ubiquinone and the HL BPhe, was not affected by the
structural changes (Figure 2). A small change in the angle
of residue His M219 was observed (approximately 15°),
reflecting the fact that this residue was no longer interacting
with the proximal carbonyl group of the QA headgroup but
was probably interacting with the species designated as a
chloride ion. This small change in packing did not have a
significant effect on the interaction of this residue with the
non-heme iron (see below). The possible interactions of the
chloride ion with Trp M260 and His M219 are also apparent
in Figure 2C.

Effects of Protein Repacking near the QA Site on the
Remainder of the Protein.With the exception of the changes
detailed above, the mutation at the M260 position had no
significant effect on the structure of the reaction center
(bearing in mind that the estimated coordinate error for the
structures discussed in this report is of the order of 0.1 Å).
In particular, there was no change in the conformation of
the residues that form the binding pocket of the QB

ubiquinone and the structure of the non-heme iron and
surrounding ligands was also not affected, with the exception
of the slight change in conformation of His M219 mentioned
above. To quantitate this, the bond lengths between the non-
heme iron and the six surrounding ligands were compared
in the structures of the AM260W and RCO2 (wild-type)
reaction centers. These bond lengths did not vary by more
than 0.3 Å when the structures were compared, and most
were conserved to within 0.1 Å. There were also no
significant changes in structure in the vicinity of the reaction
center BChls and BPhes, consistent with the conclusion
derived from spectroscopic data that the mutation had very
little effect on the absorbance properties of these cofactors,
and no discernible effect on the rate of primary electron
transfer (18).

Although no significant changes in structure outside the
immediate vicinity of the QA site were apparent, the excellent
quality of the electron density maps obtained for the
AM260W reaction center did bring some additional insights

FIGURE 1: Electron density in the QA binding pocket. (A) REFMAC 2mFo - DFc electron density map of the RCO2 (wild-type) reaction
center with the fitted structure of the QA ubiquinone and the surrounding protein. The view includes residues Ala M260 (to the left of the
ubiquinone) and Phe M258 (top center). (B) Same view as in part A of the REFMAC 2mFo - DFc electron density map of the AM260W
reaction center with the fitted structure of the protein. The view includes residue Trp M260 (center) and Phe M258 (top center).

Ubiquinone Exclusion in a Mutant Reaction Center Biochemistry, Vol. 39, No. 49, 200015035



into a number of aspects of the detailed structure of the
reaction center cofactors, which are discussed below.

Structure of the QB Site. In contrast to the QA site in the
wild-type reaction center, where ubiquinone forms an integral
part of the complex, ubiquinone binding at the QB site is
transient and the ubiquinone may be lost during purification
of the complex. A feature of the data typically collected for
both theRb. sphaeroidesandRps.Viridis reaction centers is
that the electron density attributable to the native QB

ubiquinone is poorly defined compared to that of the
surrounding protein and the other reaction center cofactors.
This poor definition appears to be due to a low occupancy
of the QB site by ubiquinone and the possibility of more than
one binding conformation for the QB ubiquinone, with
accompanying changes in the number and position of
crystallographically defined water molecules (40, 41). The
first description of the trigonal crystal form of the wild-type
Rb. sphaeroidesreaction center reported a high-temperature
factor for the QB ubiquinone relative to that of the surround-

ing protein, indicating that the occupancy of the QB site was
rather low (4, 5). Our own findings on the wild-type reaction
center and a number of mutant complexes agree with this
observation (unpublished data), and a similar low occupancy
of the QB site has been reported for theRps.Viridis reaction
center (12).

When the diffraction data for the AM260W reaction center
were examined, it was apparent that the electron density
attributable to the QB ubiquinone was unusually well-defined.
To illustrate this, in Figure 3, an electron density map for
the AM260W reaction center in the region of the QB site
(Figure 3B) is compared with a map of the same region from
data collected at 2.3 Å resolution for a WM115F/FM197R
mutant reaction center (Figure 3A) (35), which represents
our “next best” structure in terms of resolution (the WM115F
and FM197R mutations do not affect the structure of the QB

site). In the context of QB site structure, the data obtained
for the WM115F/FM197R reaction center is typical of that
obtained in our studies (seven structures determined to date

FIGURE 2: Structural models of the QA binding pocket. (A) The binding pocket of the QA ubiquinone (red) in the RCO2 (wild-type)
reaction center, consisting of stretches of the D, DE, and E helices of the M subunit (yellow backbone), the loop connecting the DE and
E helices (orange backbone), the A helix of the H subunit (cyan backbone), and the non-heme iron (brown sphere). Fourteen amino acid
residues are shown, and the residues mentioned in the text are labeled. (B) Stereoview of the model of the RCO2 (wild-type) reaction
center. (C) Stereoview of the model of the AM260W reaction center, showing the Trp M260 residue, the repacking of residues in the loop
(residues M256-M260) connecting the DE and E helices (orange backbone), and the chloride ion (purple sphere).
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for wild-type or mutant reaction centers at resolutions of
between 2.8 and 2.3 Å). The coordinates of the structure of
the WM115F/FM197R reaction center have been deposited
with the Protein Structure Databank, under entry 1E6D. As
shown in Figure 3A, the electron density data for the
WM115F/FM197R reaction center did not clearly define the
position of the QB ubiquinone. The headgroup of the
ubiquinone was modeled in the region of highest density,
and four water molecules were modeled into the remaining
density located deeper in the pocket. In marked contrast, in
the data obtained for the AM260W reaction center, the
position of the QB ubiquinone was clearly defined (Figure
3B). The O4 carbonyl oxygen of the QB ubiquinone was
within hydrogen bond distance of His L190 (2.6 Å), and the
O1 carbonyl oxygen was within hydrogen bond distance of
the backbone amide nitrogen of Ile L224 (3.0 Å) and within
2.7 Å of the side-chain oxygen of Ser L223 (2.7 Å).

The well-defined electron density for the QB ubiquinone
suggested that the occupancy of the QB binding pocket was
significantly greater that that routinely observed for this
crystal form of the reaction center, and possible reasons for
this are considered in the Discussion. The mean temperature
factor for the atoms of the headgroup of the QB ubiquinone
in the AM260W reaction center was calculated to be 47.6
Å2, compared with a value of 31.0 Å2 for a selection of 10
residues (including main chain atoms) in the immediate
vicinity of the QB ubiquinone. This would indicate an
occupancy of at least 65% of the QB sites in the AM260W
crystals.

Conformation of Spheroidenone.In Figure 4 we show the
electron density attributable to the reaction center carotenoid,
which was spheroidenone in the present study and a fit to
this density of 15,15′-cis and 13,14-cis structures for sphe-
roidenone (parts A and B of Figure 4, respectively). In

FIGURE 3: Electron density in the QB binding pocket. (A) REFMAC 2mFo - DFc electron density map of the WM115F/FM197R reaction
center (PDB entry 1E6D) with the fitted structure of the QB ubiquinone, four adjacent water molecules, and the surrounding protein. (B)
Same view as in part A of the REFMAC 2mFo - DFc electron density map of the AM260W reaction center, with the fitted structure of
the QB ubiquinone and the surrounding protein.

FIGURE 4: Electron density attributable to the reaction center carotenoid in the AM260W reaction center. (A,B) REFMAC 2mFo - DFc
electron density map of the reaction center carotenoid with the fitted structure of spheroidenone in (A) the 15,15′ cis conformation and (B)
the 13,14-cis conformation. (B) REFMAC 2mFo - DFc electron density map of the methoxy end of the reaction center carotenoid and
density attributed to neighboring amino acids. Electron density attributable to the carotenoid and residue Trp M75 is highlighted in red.
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previous reports on the structure of carotenoid-containing
Rb. sphaeroidesreaction centers (4, 5, 42-45), it has not
been possible to discriminate conclusively between these two
possible conformations for the reaction center carotenoid,
and previous data collected by us for both wild-type and
mutant reaction centers have also been ambiguous on this
point (not shown). The higher quality maps obtained with
the AM260W reaction center clearly show that a 15,15′-cis
arrangement gives a better fit to the electron density in omit
maps, in full agreement with long-standing conclusions based
on NMR and Raman spectroscopy (46, 47). Similar results
have been obtained for 1,2-dihydroneurosporene in theRps.
Viridis reaction center (48).

A feature of the binding of spheroidene/spheroidenone by
the Rb. sphaeroidesreaction center is that no bonding
interactions have been identified between the carotenoid and
the surrounding protein. In addition to improved detail on
the conformation of the spheroidenone, the data collected
for the AM260W reaction center revealed a possible
hydrogen bond interaction between residue Trp M75 and the
terminal methoxy group of the spheroidenone (Figure 4C).
In the structural model of the AM260W reaction center, the
best fit to the electron density was obtained with the side-
chain nitrogen of Trp M75 pointing toward the methoxy
oxygen of the carotenoid (Figure 4C). In this conformation,
the separation of the nitrogen and oxygen was 3.1 Å,
suggesting a possible hydrogen bond interaction between the
two. Possible implications of this interaction are considered
below. The keto oxygen of the spheroidenone does not form
a hydrogen bond interaction with the surrounding protein.

Orientation of the Acetyl Groups of the Reaction Center
Bacteriochlorins. Each of the reaction center BChls and
BPhes has an acetyl carbonyl group attached to carbon 2 of
ring I. This carbonyl group is conjugated to theπ electron
system of the bacteriochlorin and provides a point at which
the protein can make a through-bond connection with the
bacteriochlorin macrocycle. The angle that the 2-acetyl
carbonyl group makes with the plane of the bacteriochlorin
ring is thought to be important, as this is expected to affect
the strength of the conjugation of the carbonyl group with
the remainder of theπ electron system (49). The strength of
this conjugation should decrease as the carbonyl group is
rotated out of the plane of the bacteriochlorin macrocycle.
Examination of the structures of theRb. sphaeroidesreaction
center available in the Protein Data Bank shows some
variation in the modeled orientation of the 2-acetyl carbonyl
group, relative to the plane of the bacteriochlorin ring, for
each of the reaction center BChls and BPhes. An additional
complication is that, at the resolutions of the available
structures, it is not possible to assign the oxygen and methyl
“arms” of the 2-acetyl carbonyl groups. As a result, the
assignments made in the available structures should be
regarded with caution.

With the good quality electron density maps obtained for
the AM260W reaction center, we examined the orientations
of the 2-acetyl carbonyl groups. To evaluate the orientation
of the acetyl groups of the six reaction center bacteriochlo-
rins, refinements were performed in REFMAC (34) with the
acetyl groups at the orientations previously assigned in the
structural model of the wild-type reaction center or with all
of the acetyl groups rotated by 180 degrees relative to these
orientations. The most likely orientation for each bacterio-

chlorin was assigned on the basis of these refinements. Two
further rounds of refinement were then performed, one using
these assignments and one with all of the acetyl groups
rotated by 180° (alternative conformation). This second round
of refinements gave a difference inR factor of 0.03% and a
difference in freeR of 0.1%, in both cases favoring the
assigned conformations over the alternative conformations.

Figure 5A shows a fit of the structure of the PL BChl to
the electron density to illustrate the quality of the data. A
view of the orientation of the 2-acetyl carbonyl group relative
to the plane of the macrocycle for each of the reaction center
BChls and BPhes is shown in Figure 5B-G. In some cases
it was clear that one of the two possible gross orientations
provided a better fit to the data, reflecting an apparent
asymmetry in the electron density of the acetyl group which
is evident in the example shown in Figure 5A. However,
this discrimination was clearer in some cases than in others,
and to err on the side of caution given the resolution of the
data obtained in the present study, we have concluded that
it is not possible tounequiVocally assign the methyl and
oxygen arms of the group. The fits shown in Figure 5B-G
should therefore be regarded as the most likely assignments,
made on the basis of the available data, rather than definitive
statements of the correct assignment.

The orientation of the 2-acetyl carbonyl group is often
discussed in terms of the C12-C2-C2a-O dihedral angle
φAc. Figure 5B-G shows edge-on views of the 2-acetyl
carbonyl groups, viewed down the axis of the C2-C2a bond
with the horizontal axis being defined by the C12-C2 bond
of ring I. The 2-acetyl carbonyl of BM (Figure 5B) is oriented
nearly in the plane of the macrocycle, withφAc ) 350° (or
-10°), while the group of BL lies more out-of-plane, with
φAc ) 333° (or -27°) (Figure 5E). These groups reside in
largely apolar environments and do not form hydrogen bond
interactions with the surrounding protein. The 2-acetyl
carbonyl of PL hasφAc ) 13° (Figure 5C) and points toward
His L168 (according to the most likely assignment), with
the oxygen of the carbonyl group located 3.0 Å from the
NE2 nitrogen of His L168. The 2-acetyl carbonyl of PM

(Figure 5D) shows an approximately symmetrical arrange-
ment to that of PL, with φAc ) 5° and the carbonyl oxygen
(probably) pointing toward Phe M197. The 2-acetyl groups
of HM (Figure 5F) and HL (Figure 5G) both lie out of the
plane of the BPhe ring, withφAc ) 43° and φAc ) 28°,
respectively. Neither carbonyl group is hydrogen bonded to
the surrounding protein.

DISCUSSION

Ubiquinone Exclusion at the QA Site.The main purpose
of this study was to examine the structural basis for an
apparent lack of QA function in the AM260W mutant reaction
center and to look at the extent of any structural changes
caused by the mutation. The first conclusion that can be
drawn from the data presented above is that the changes in
the structure of the protein-cofactor complex that occur in
response to the AM260W mutation are confined to the
immediate vicinity of the QA binding pocket. This is in line
with the observations of Ridge and co-workers (18) that there
is little effect of the mutation on the absorbance spectrum
of the reaction center bacteriochlorins, on the midpoint
potential of the P dimer, or on the rate of primary electron
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transfer from P* to HL. The crystallographic data presented
above show that the QA ubiquinone is not present in the
AM260W reaction center, which accounts for the lack of
electron transfer from HL to QA and the inability to generate
millisecond time-scale charge-separated states such as P+QA

-

or P+QB
- in this mutant (18).

The failure of this complex to bind the QA ubiquinone is
presumably due to the presence of the Trp M260 residue,
which occupies approximately one-half of the volume
normally occupied by the headgroup of the QA ubiquinone.
The other significant structural changes are the movement
of residue Phe M258 to occupy space normally occupied by
the tail of the QA ubiquinone and the incorporation of an
ion, assigned as a chloride, which not only helps to fill the
QA binding pocket but also may satisfy bonding requirements
for neighboring polar groups. Repacking of the protein
mainly concerns a short, nonhelical stretch of six amino
acids, and the structural changes do not appear to have any
significant effect on the structure or interactions of the non-
heme iron (other than a slight change in the tilt of the His
M190 residue, which provides one of the ligands to the iron)
or the structure of the QB site.

Occupancy of the QB Site. The most surprising aspect of
this study was the well-defined electron density obtained for
the QB ubiquinone. As described in the Results, in previous
studies we have found that electron density in the QB pocket
is difficult to model, and this has been attributed to a
combination of low occupancy of the pocket by ubiquinone,
the possibility of multiple binding conformations for the
ubiquinone, and the possibility of water molecules in the
pocket depending on conformation/presence of the ubiquino-

ne. In the present study, the well-defined electron density
for the QB ubiquinone (Figure 3B) is ascribed to a higher-
than-usual occupancy of the QB pocket by ubiquinone in the
crystals of the AM260W reaction center. No particular steps
were taken to achieve this, the isolation, purification, and
crystallization procedures used for the AM260W reaction
center being largely the same as those used in previous
studies. The principal differences in the present study were
the use of sodium citrate as the precipitant during crystal-
lization and the relatively short time required for data
acquisition. As described above, there was no indication of
any changes in the structure of the QB pocket that could
account for a tighter binding of ubiquinone in the AM260W
reaction center.

The most likely explanation for the high occupancy of the
QB site in the crystallized AM260W reaction center lies in
the nature of the mutant complex. The standard procedure
for depletion of QB ubiquinone involves illumination of the
reaction center in the presence of a species that can reduce
the photooxidized primary donor, which leads to the ac-
cumulation of doubly reduced and protonated ubiquinone
(ubiquinol) at the QB site and release of this ubiquinol from
the complex. Clearly, in the AM260W reaction center, this
process is blocked due to the absence of the QA ubiquinone,
which prevents light-driven reduction of QB by P (18). Our
conclusion, therefore, is that unlike in functional reaction
centers, the QB ubiquinone in the AM260W reaction center
does not become reduced during the procedures involved in
isolation, purification, and crystallization of the complex. As
a result, occupancy of the QB pocket in the final crystallized
form of the reaction center is relatively high. However, it

FIGURE 5: Electron density maps of the reaction center bacteriochlorins. (A) REFMAC 2mFo - DFc electron density map of the PL BChl
with the fitted structure of BChl. The 2-acetyl carbonyl group is at the top right, and the density attributed to this group is highlighted in
red. (B-G) REFMAC 2mFo - DFc electron density maps and fitted structures showing a view of the 2-acetyl carbonyl group of each BChl
(highlighted in red) down the axis of the C2-C2a bond (arrow in panel A), with the C1a methyl group on the left in each case. Data shown
are (B) BM BChl, (C) PL BChl, (D) PM BChl, (E) BL BChl, (F) HM BPhe, and (G) HL BPhe.
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should be noted that the redox state of the QB ubiquinone
was not monitored during the collection of X-ray data, and
hence, at this stage, we cannot be certain as to the reduction/
protonation state of the quinone shown in Figure 3B under
these conditions.

Ubiquinone Conformation at the QB Site.The QB ubiquino-
ne displays the most complex redox chemistry of all of the
reaction center cofactors, undergoing a double reduction that
is linked to the uptake of two protons. The ubiquinone can
exist in three principal forms, unreduced ubiquinone, singly
reduced semiquinone, and doubly reduced and protonated
ubiquinol. Depending on the precise sequence of reduction
and protonation reactions, additional intermediates are also
possible during the conversion of semiquinone to ubiquinol.
Two recent studies have used X-ray crystallography to
examine the structure of the QB site and have addressed the
question of how details of the structure can explain the
sequence of reduction-coupled protonation reactions required
to achieve conversion of ubiquinone to ubiquinol.

Stowell and co-workers (50) have examined the structural
changes that accompany charge separation by comparing the
structure of theRb. sphaeroidesR26 reaction center cooled
to cryogenic temperatures under illumination with the
structure of the complex cooled to cryogenic temperature in
the dark. The results of this study were combined with the
results of a spectroscopic study of the reaction center to
produce a mechanism for light-driven reduction of QB based
on conformational gating (51). The crystallized reaction
centers had a QB occupancy of 60-70%, and this was
increased further by soaking crystals in ubiquinone-2, a short
chain analogue of the native ubiquinone-10 (50). Crystals
cooled in the dark were estimated to be>95% in the neutral
state, PQAQB, and generated a structural model at 2.2 Å
resolution that was termed the dark structure. Crystals cooled
under illumination were estimated to be∼90% in the charge-
separated state, P+QAQB

-, and generated a structural model
at 2.6 Å resolution that was termed the light structure.

The principal difference between the two structures was
in the conformation of the QB ubiquinone. In the light
structure, the headgroup of the semiquinone was located deep
in the QB pocket (termed the “light conformation”). The O4
carbonyl oxygen was hydrogen bonded to His L190, the O1
carbonyl oxygen was hydrogen bonded to the backbone
amide nitrogen of Ile L224, and the O1 carbonyl oxygen
was in a position to form a weak hydrogen bond with the
side-chain hydroxyl of Ser L223 and the backbone amide
nitrogen of Gly L225. In the dark structure, the headgroup
of the ubiquinone was located closer to the entrance of the
QB pocket (termed the “dark conformation”). The O4
carbonyl oxygen of the QB ubiquinone was hydrogen bonded
to the backbone amide of Ile L224, and the O1 carbonyl
oxygen was free from hydrogen bond interactions. In the
dark structure, density was also observed in the QB pocket
that could indicate a minor population of ubiquinones in the
light conformation, or occupancy of that part of the pocket
by water molecules. The change in structure on going from
the dark to light conformation not only required a 4.5 Å
movement of the ubiquinone headgroup deeper into the QB

pocket but also required a 180° rotation of the headgroup of
the ubiquinone. In the conformational gating mechanism, the
rate of electron transfer from QA to QB was proposed to be
limited by the rate of this conversion of the reaction center

from the dark (inactive) conformation to the light (active)
conformation and a number of possible factors that could
control the rate of this gating process were discussed (51).

A study by Lancaster and Michel on theRps. Viridis
reaction center has also addressed the question of changes
in QB conformation during turnover of the reaction center
(41). This study involved the crystallization of reaction
centers depleted in ubiquinone, reaction centers reconstituted
with ubiquinone-2, reaction centers inhibited at the QB site
with stigmatellin, and the construction of structural models
at 2.4-2.45 Å resolution. The outcome of this study was a
mechanistic model of QB site turnover based around two
basic binding conformations for the QB ubiquinone, a distal
conformation in which the O4 carbonyl oxygen accepts a
hydrogen bond from the backbone amide of Ile L224 and a
proximal conformation in which the O4 carbonyl oxygen is
hydrogen-bonded to His L190, and the O1 carbonyl oxygen
forms two hydrogen bonds, one with the backbone amide
nitrogen of Ile L224 and the other with the backbone amide
nitrogen of Gly L225. The model envisages binding of
ubiquinone in the distal conformation, followed by translation
and a 180° rotation of the ubiquinone headgroup into the
proximal conformation. Double reduction and protonation
of the ubiquinone is then followed by exit of ubiquinol from
the pocket, the resulting cavity being filled by water
molecules.

The conformation adopted by native ubiquinone-10 in the
structure of the AM260W reaction center is similar to the
light conformation assigned to semiquinone in the light
structure of Stowell and co-workers (50) and the proximal
conformation described in the work of Lancaster and Michel
(41). The three models are similar in that they all indicate a
hydrogen bond between the O4 oxygen of the ubiquinone
and the side-chain nitrogen of His L190, with a distance of
2.6 Å between the two. At the O1 oxygen of the ubiquinone,
Stowell and co-workers described a hydrogen bond interac-
tion with the backbone amide of Ile L224 (3.0 Å) and two
possible weaker hydrogen bonds with the backbone amide
of Gly L225 (3.3 Å) and the hydroxyl of Ser L223 (3.2 Å).
Lancaster and Michel, on the other hand, described two
hydrogen bond interactions with the backbone amides of Ile
L224 (3.0 Å) and Gly L225 (2.9 Å) in the structure of the
Rps.Viridis reaction center reconstituted with ubiquinone-
2, despite the fact that the hydroxyl of Ser L223 is in a
suitable hydrogen-bonding position, 2.8 Å from the O4
carbonyl oxygen. Instead, an interaction of the hydroxyl of
Ser L223 with the side-chain oxygen of Asn L213 was
favored (2.8 Å) based on related studies on mutant com-
plexes.

In the present study, the modeled structure in the vicinity
of the O4 oxygen of the ubiquinone showed greater similarity
to that of Lancaster and Michel than to that of Stowell and
co-workers, with two possible hydrogen bond interactions
between the O4 oxygen and the backbone amides of Ile L224
(3.0 Å) and Gly L225 (3.2 Å) and a third slightly shorter
range interaction with the hydroxyl of Ser L223 (2.7 Å),
which in turn was 2.6 Å from Asp (inRb. sphaeroides) L213.
One possible explanation for this variation could be that Ser
L223 makes a slightly closer approach to the ubiquinone
headgroup when the latter is in the ubiquinone state than
when it is in the semiquinone state, as in the structure of
Stowell and co-workers. However, although correctly un-
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derstanding the pattern of hydrogen bond interactions in this
area of the protein is of crucial importance if the detailed
mechanism of coupled reduction and protonation of the QB

ubiquinone is to be determined, it has to be remembered that
the coordinate error in all of the structures discussed above
is of the order of 0.3 Å and so small variations between
independently determined structures have to be treated with
some caution. In addition, as indicated above, the reduction/
protonation state of the QB ubiquinone in the crystals of the
AM260W reaction center was not monitored. As a result,
we cannot rule out the possibility that it was in the
semiquinone form during the collection of X-ray data,
although we feel that the lack of the conventional route for
the reduction of the QB ubiquinone makes this unlikely. At
present, therefore, all that can be said with certainty is that
all three structures show the same general features, with a
single, strong hydrogen bond to the O1 oxygen of the
ubiquinone headgroup and the possibility of multiple hy-
drogen bonds to the O4 oxygen.

It is apparent from our results that in the AM260W
reaction center, where the occupancy of the QB pocket is
high, the proximal/light conformation is favored for the
binding of ubiquinone-10, with no evidence for a mixture
of binding conformations. In that respect, our results are
similar to those of Lancaster and Michel onRps. Viridis
reaction centers reconstituted with ubiquinone-2 but differ
from the dark structure of Stowell and co-workers, which
was obtained with reaction centers containing a mixture of
native ubiquinone-10 and ubiquinone-2 and where the
ubiquinone was either all in the dark position or in a mixture
of light and dark positions. Our findings therefore seem to
rule out the possibility that in these structures the ubiquinone
seen to be occupying the proximal/light position is the
ubiquinone-2 used in reconstitutions, while the ubiquinone
seen to be occupying the distal/dark position is the native
ubiquinone-10. Were this to be the case, then all of the QB

ubiquinone in the AM260W reaction center would be
expected to occupy the distal position, in contrast to the
experimental results.

Carotenoid Conformation and Binding by the Reaction
Center. Not all of the structures of theRb. sphaeroides
reaction center deposited in the Protein Data Bank include
the single reaction center carotenoid. This is due to the use
of the carotenoidless R26 strain as a source of reaction
centers in some studies. Where it is present, there is
considerable variation in the detailed conformation of the
reaction center carotenoid, reflecting the difficulty in ac-
curately modeling this particular cofactor (4, 5, 42-45). In
some of the structures deposited in the Protein Data Bank,
the carotenoid has been modeled with a 13,14-cis conforma-
tion (4, 5, 42). The high-quality electron density maps
obtained in the present study have allowed us to model the
reaction center carotenoid with some confidence, and in
particular, as illustrated in Figure 4, the electron density is
best modeled by a carotenoid with a 15-15′ cis conforma-
tion, in line with long-standing conclusions based on
spectroscopic studies (46, 47).

The modeled conformation of the Trp M75 residue in the
present study, with the indole nitrogen pointing toward the
end of the carotenoid, is similar to the conformation modeled
in the 1PST and 1PSS structures of Chirino and co-workers
(42) and in the 1YST structure of Arnoux and co-workers

(44). However, in terms of the orientation of the terminal
methoxy group, the structural model of the carotenoid in the
AM260W reaction center is different from those in the 1PST,
1PSS, and 1YST structures. The conformation of the
methoxy group in the present study was similar to that
described in the 1PCR structure by Ermler and co-workers
(4, 5), but in the 1PCR structure the Trp M75 residue is
modeled in a conformation that would not allow a hydrogen
bond interaction with the methoxy group of the carotenoid.
In the present study, the conformations of Trp M75 and the
spheroidenone methoxy group that gave the best fits to the
electron density (Figure 4C) placed the indole nitrogen and
methoxy oxygen in orientations that strongly suggested a
hydrogen bond interaction between the two (separation 3.1
Å). It should be commented that essentially the same
interaction was apparent in the structural model of the
FM197R/YM177F reaction center described by us recently
(23) and deposited in the Protein Data Bank under the code
1MPS. The same is also true for structures of the wild-type
(23) and FM197R/WM115F reaction centers determined by
our group (35). However, we have not commented on this
probable carotenoid-protein interaction in previous reports
because the precise conformation of the spheroidenone was
less clear in previous structures due to the lower quality of
the electron density maps.

In the present study, we have modeled the reaction center
carotenoid as spheroidenone, as in all our studiesRb.
sphaeroidescells are grown under semiaerobic conditions
in the dark. However, it seems likely that the carotenoid-
protein interaction described above would be retained in
reaction centers in photosynthetically grown cells, as sphe-
roidene (the carotenoid formed under such conditions) retains
the terminal methoxy group, differing from spheroidenone
only in the lack of the carbonyl group at carbon 2 of the
polyene chain (which does not interact with the surrounding
protein; see above). However, an interaction with the protein
involving a noncovalent bond is probably not essential for
carotenoid binding by the reaction center per se, as 1,2-
dihydroneurosporene, a green carotenoid found in theRps.
Viridis reaction center, does not have the terminal methoxy
group (or any oxy groups for that matter). Interestingly,
residue Trp M75 is not conserved in theRps.Viridis reaction
center, being replaced by alanine.

A large number of mutants ofRb. sphaeroideshave been
isolated that have green carotenoids such as neurosporene
and its oxygenated derivatives, rather than the red/brown
spheroidene/spheroidenone. It has been noted, however, that
the Rb. sphaeroidesreaction center preferentially binds
methoxy and hydroxy carotenoids, such as spheroidene/
spheroidenone and methoxyneurosporene, rather than non-
oxygenated carotenoids such as neurosporene (8, 52). The
hydrogen bond donated by Trp M75 could provide an
explanation for this preference and perhaps for more subtle
effects, such as an apparent preference of theRb. sphaeroides
reaction center for spheroidenone over spheroidene, which
may be related to the fine detail of the carotenoid-Trp
interaction.

Influence of the 2-Acetyl Carbonyl Groups on the Optical
and Electronic Properties of the Reaction Center Bacterio-
chlorins.A number of computational studies have predicted
that the optical properties of the reaction center BChls and
BPhes should be influenced by the orientation of the 2-acetyl
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group relative to the plane of the macrocycle (53-55). It is
also to be expected that the electrochemical properties of
these bacteriochlorins will be affected by the orientation of
the acetyl group (49). In the present study, the quality of
the electron density maps has allowed us to judge with
reasonable accuracy the angle made by the acetyl group
relative to the bacteriochlorin ring and also to make proposals
concerning which “arms” of the electron density correspond
to the methyl and carbonyl groups (Figure 5).

A striking observation that is depicted in Figure 5 is that,
regardless of tilt, the assigned overall orientation is the same
in all six cases in that the methyl arm of the acetyl group is
nearest to the methyl group 1a that is attached to carbon 1
of ring I. This may be fortuitous or represent a preferred
conformation. However, it is worth repeating that even at a
resolution of 2.1 Å it is not possible to be absolutely certain
as to which arm of the acetyl group is the methyl and which
is the carbonyl oxygen, and so at present the assignments
shown have to be regarded as proposals of the most probable
conformations.

As explained in the Results, the orientation of the 2-acetyl
carbonyl group can be quantitated in terms of the C12-C2-
C2a-O dihedral angleφAc. Molecular orbital calculations
of the RHF-INDO/SP type have revealed that the total energy
of BChl a•+ and BPhea•- in vacuo as a function ofφAc has
two minima atφAc ≈ 45° andφAc ≈ 135°, separated by a
small barrier atφAc ≈ 90° (56, 57). The total energy rises
strongly whenφAc approaches 0° or 180°, because of steric
hindrance. Only the HM BPhe shows a conformation that
might conform to such an energy minimum (Figure 5F), with
φAc ) 43°. The remaining bacteriochlorins have aφAc that
is between 28° and-27°.

Comparisons of the modeled conformation of the bacter-
iochlorin acetyl groups in the various structures for theRb.
sphaeroidesreaction center deposited in the Protein Data
Bank show that, for each of the bacteriochlorins, the gross
conformation of the acetyl group is similar. In general, the
acetyl groups of the BChl cofactors show an approximately
in-plane geometry, while the acetyl groups of the BPhe
cofactors show a more out-of-plane geometry (as illustrated
in Figure 5). For each bacteriochlorin, there is some variation
in the precise geometry of the acetyl group relative to the
plane of the bacteriochlorin ring and in the assignment of
the methyl and carbonyl arms of the group, but this is no
more than the variation that would be expected among
structures based on data obtained at different resolutions
(between 2.2 and 3.1 Å) and on electron density maps of
varying quality. The most notable exception to this gross
consensus is the orientation of the acetyl carbonyl of the PL

BChl in the 1PCR structure of Ermler and co-workers (4,
5), which is modeled with an approximately 90° out-of-plane
geometry. This is of interest because it is the only acetyl
group of the six reaction center bacteriochlorins that is
hydrogen-bonded to the surrounding protein, the hydrogen
bond being donated by the residue of His L168. In the
structure of the AM260W reaction center, the assignment
of the methyl and carbonyl arms of the PL acetyl group
(Figure 5C) is consistent with the presence of a hydrogen
bond interaction with His L168. The carbonyl group points
toward His L168, with a separation of 2.9 Å between the
carbonyl oxygen and the NE2 nitrogen of His L168.
However, theφAc of 13° reported for the acetyl of the PL

BChl in the present study is clearly at odds with the
approximately 90° out-of-plane geometry described by the
1PCR structure. The orientation of this group in the structure
of the AM260W reaction center is more consistent with the
orientations of this group in the remaining structures available
in the Protein Data Bank and with a number of structures
for mutantRb. sphaeroidesreaction centers determined by
our group (23, 35-37).

Conformational Freedom of the 2-Acetyl Carbonyl Group.
An intriguing question concerns whether the orientation of
one or more of the acetyl groups of the reaction center
bacteriochlorins changes during or following light-driven
electron transfer. In the wild-type reaction center, absorption
of a photon by P triggers the stepwise transfer of an electron
across the membrane. The electron is transferred from P to
BL in 3-5 ps, from BL to HL in 1-2 ps, and from HL to QA

in 200 ps, each step being accompanied by characteristic
changes in the absorption properties of the complex (6, 7).
These changes are due to the bleaching of ground state
absorbance bands, anion and cation absorbance, excited state
absorbance and emission, and shifts in absorbance bands due
to the electric field created as the positive and negative
charges are separated by the electron transfer process. The
nature of any conformational changes in the cofactor-protein
matrix that occur in response to the movement of the electron
is only poorly understood, but one of the most obvious ways
in which the bacteriochlorins can respond to changes in their
environment is through rotation of the 2-acetyl group.
Presumably, the conformation of each 2-acetyl group in the
reaction center represents an energy minimum that is
determined by the interaction of the acetyl group with the
rest of the bacteriochlorin ring and the surrounding protein.
If this energy minimum changes when the redox state of the
bacteriochlorin is altered or if it changes in response to a
change in the structure of the protein, then rotation of the
acetyl group may occur, with the possibility of accompanying
changes in the absorption spectrum of the bacteriochlorin,
as described above.

It has been proposed recently on the basis of1H-Special
TRIPLE spectroscopy that the 2-acetyl carbonyl group of
the HL anion can adopt more than one conformation in freeze
trappedRb. sphaeroidesreaction centers, termed HL1

- and
HL2

- (58, 59). The relevance of these conformations to
relaxation processes and the energetics of primary electron
transfer have been discussed (58-60). It was suggested that
the HL1

- state, withφAc ) 45° or 315° (i.e., -45°), and the
HL2

- state, withφAc ) 135° or 225° (i.e. -135°), reflected
different conformations of HL- associated with different
redox states of the reaction center. In the present study, HL

hadφAc ) 28°, which would be broadly consistent with the
proposed orientation of the acetyl group in the HL1

- state.
However, as discussed above, we cannot rule out the
possibility that HL hadφAc ) 208° in our study, which would
be more consistent with the proposed orientation of the group
in the HL2

- state. We are currently attempting to obtain higher
resolution X-ray data to address this point further.

SUPPORTING INFORMATION AVAILABLE

Comparisons of the positions of the CR carbons of the M
polypeptide in the structural models of the AM260W and
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RCO2 reaction centers. This information is available free
of charge via the Internet at http://pubs.acs.org.
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