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ABSTRACT The three-dimensional structure of the cofac-
tors of the reaction center ofRhodobacter sphaeroides R-26 has
been determined by x-ray diffraction and refined at a resolution
of 2.8 A with an R value of 26%. The main features of the
structure are similar to the ones determined for Rhodopseu-
domonas viridis [Michel, H., Epp, 0. & Deisenhofer, J. (1986)
EMBO J. 5, 2445-2451]. The cofactors are arranged along two
branches, which are approximately related to each other by a
2-fold symmetry axis. The structure is well suited to produce
light-induced charge separation across the membrane. Most of
the structural features predicted from physical and biochem-
ical measurements are confirmed by the x-ray structure.

The reaction center (RC) is an integral membrane protein-
pigment complex that mediates the primary processes of
photosynthesis-i.e., the light-induced electron transfers
from a donor to a series of acceptor species. The three-di-
mensional structure of the RC from the photosynthetic
bacterium Rhodopseudomonas viridis has recently been
determined by x-ray diffraction at a resolution of 2.9 A (1-
3). In this paper, we report the structure analysis of the RC
from another purple bacterium, the carotenoidless mutant
R-26 of Rhodobacter sphaeroides (previously called Rhodo-
pseudomonas sphaeroides). The motivation for undertaking
the structure determination of the RC of a second bacterial
species was 2-fold. (i) The RC from Rb. sphaeroides has been
investigated for the past two decades and, consequently, is
the best characterized RC (for reviews see refs. 4 and 5); in
addition, the methodologies for manipulating its structure
(e.g., exchanging cofactors, dissociating and reassociating
the subunits) have been worked out in detail (4-10). (ii) The
availability of structures from two organisms may help in
elucidating structure-function relationships by correlating
differences in structure with differences in function.
The RC from Rb. sphaeroides is composed of three protein

subunits-L, M, and H-and the following cofactors: four
bacteriochlorophylls (Bchls), two bacteriopheophytins
(Bphes), two ubiquinones, and one nonheme iron. The RC
from R. viridis has an additional subunit, a cytochrome with
four c-type hemes; its Bchls and Bphes are of the "b" type
instead of the "a" type found in Rb. sphaeroides, and its
primary quinone is a menaquinone. Notwithstanding these
differences, the two structures were found to be very similar.
This made it possible to use the method of molecular
replacement (11) to solve the phase problem in the x-ray
analysis (12-14). The crystals of Rb. sphaeroides diffract at
least to a resolution of 2.6 A and retain the ability to perform
the primary photochemistry (15). We have solved the struc-
ture of the protein and the cofactors to a resolution of 2.8 A
with an R factor of26%. In this paper, we report the structure
of the cofactors. The structure of the protein, the relation of

the RC protein to the membrane, and the interaction of the
cofactors with the protein will be reported in subsequent
publications (52, 53). Preliminary accounts of this work have
been presented (12, 14-18).

EXPERIMENTAL PROCEDURES
Crystallization and Data Collection. The RC from Rb.

sphaeroides has been crystallized in various space groups
(15) including the form (space group P212121) used in this
work (18). The crystals were grown by vapor diffusion in the
presence of the detergent lauryl dimethyl amine oxide
(LDAO) as described (14, 17). The crystals often exhibited
additional weak reflections, which could be indexed on a
C-centered lattice, with a doubling of the a and b axes. The
presence of these additional reflections indicates a short-
range orientational disorder in the crystal packing (19, 20).
This disorder was suppressed by replacing through dialysis
the detergent LDAO in the crystallization buffer with octyl
P-glucoside after the crystal was fully grown. All crystals
described in this work were treated this way.

Initially, we analyzed a data set at 3.3 A resolution
obtained from two crystals with a multiwire area detector (21)
mounted on a GX-21 rotating anode x-ray generator. The
DIFCOR program of the ROCKS crystallographic computing
package (22) was used to merge the data. The R factor
(defined as R = Y.li - Iji/jII, + 'il, where the measured
intensities I are summed over all symmetry-related reflec-
tions i and j) for merging this data set was 6.8%. More
recently, we have collected data on a rotation camera to a
resolution of 2.8 A at the Brookhaven National Laboratory
Synchrotron facility. Films were scanned with the SCAN12
package (23) and the intensities were merged using DIFCOR
resulting in an R factor of 8.9%. A total of 23,349 unique
reflections (62% of maximum) with intensities exceeding
twice the standard deviation were measured.
Data Refinement. An initial analysis of the structure of the

RC from Rb. sphaeroides had been performed using the
molecular replacement method (12, 14, 17). However, the
replacement of the detergent, as discussed above, changed
the unit cell dimensions from 142.4, 75.5, and 141.8 A to
138.0, 77.5, and 141.8 A for a, b, and c, respectively.
Consequently, the original rigid body and unit cell parameters
of the RC model needed to be refined. The refinement
resulted in a rotation of the model by 1.90 and a translation of
the center of mass by 1.4 A. The R factor between observed
and calculated structure factors was 43% for the data be-
tween 8 A and 3.5 A resolution.

Abbreviations: RC, reaction center; Bchl2, bacteriochlorophyll di-
mer; (Bchl2)A and (Bchl2)B, tetrapyrrole rings closer to the A and B
branches, respectively; Bphe, bacteriopheophytin; BpheA and
BpheB, Bphe branches A and B, respectively; QA and QB, primary
and secondary quinones, respectively.
*This is paper no. 1 in a series. Papers nos. 2 and 3 are references 52
and 53, respectively.
tTo whom reprint requests should be addressed.
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Atomic refinement of the RC model was performed with
the restrained least-squares program PROLSQ of Hendrick-
son and Konnert as discussed in ref. 24. Structure factor
derivatives were determined from the differences in the ob-
served and calculated electron density maps with the DERIV
program (25). Individual temperature factors (B) were refined in
subsequent refinement cycles. We used as an initial structure
for the RC from Rb. sphaeroides the structure of the RC from
R. viridis with the cytochrome removed and the nonconserved
residues replaced by alanine (14). Refinement cycles were
alternated with model building (i.e., the replacement of alanines
with the proper residues in the nonconserved positions) using an
interactive graphics terminal (Evans and Sutherland PS 300)
and the program FRODO (26). At the present stage of refine-
ment, the R factor between observed and calculated structure
factors is 26% for the data between 6 A and 2.8 A resolution.
The root-mean-square (rms) deviations from standard bond
distances and angles are 0.02 A and 50, respectively. All
residues were built into the electron density, except for six
residues at the carboxyl terminus of the L subunit and residues
48-53 of the H subunit.

Luzzati plots (27) of the R factor as a function of resolution
indicate an average rms error in the coordinates of 0.4 A.
Analysis of the average temperature coefficient B for each
residue suggests that the transmembrane region of the RC
structure is better defined than the regions exposed to the
solvent. The higher B values in the solvent-exposed regions
reflect either increased flexibility oran uncertainty in the atomic
positions. Refinement at higher resolution is expected to im-
prove the detail with which the RC structure will be determined.

RESULTS AND DISCUSSION
General Organization of the Cofactors. The cofactors of the

RC from Rb. sphaeroides are arranged along two branches
called A and B,¶ which are approximately related to each
other by a 2-fold symmetry axis, as has been previously found
in R. viridis (1) (see Figs. 1 and 2). The arrangement of
pigments along branch A is in accord with the electron
pathway as predicted from spectroscopic measurements (for
reviews, see refs. 28 and 29)-i.e., the primary donor Bchl2
is followed by Bchl, Bphe, and a quinone. The distances and
angles between the cofactors are presented for both species
in Table 1. The positions of the centers of the tetrapyrrole
rings are well conserved; there are, however, some differ-
ences in the relative orientation of the rings and the place-
ment of the side chains. For both species, the acetyl groups
on ring I of the six tetrapyrroles lie approximately in the plane
of the ring. The positions of the primary quinones differ,
although this may be partially due to the difference between
ubiquinone (in Rb. sphaeroides) and menaquinone (in R.
viridis). Comparison cannot be made between the two QBS
since the secondary quinone has apparently been lost in the
RC from R. viridis.
The line joining the center of the dimer Bchl2 and the Fe

atom represents only an approximate 2-fold symmetry axis.
To obtain the best rotation axis that relates equivalent
cofactors in the two branches, a transformation matrix was
determined by a least-squares method, which optimized the
superposition of the cofactors of the A branch onto the
cofactors of the B branch (30). The rotation axis obtained
from this transformation matrix is specified by the polar
angles 4 = 81°, /, = 52°, and K = 1830 (see ref. 14 for definition
of angles). For this transformation, the rms deviation be-
tween equivalent atoms was 0.7 A for Bchl2, 1.3 A for Bchl,

Table 1. Parameters relating neighboring cofactors of RC from
Rb. sphaeroides* and R. viridist

Distance between Angle between ring
ring centers, At normals§

Cofactors Rb. sph. R. vir. Rb. sph. R. vir.

(Bchl2)A; (Bchl2)B 7.0 7.0 100 150
(Bchl2)A; BchlA 11.0 10.5 700 650
(Bchl2)B; BchlB 10.5 11.0 700 700
BchlA; BpheA 10.5 10.0 600 700
BchlB; BpheB 11.0 11.0 600 700
BpheA; QA 13.0 14.0 350 350
BpheB; QB 15.0 NA 350 NA
QA; QB 18.5 NA 200 NA
Fe; QA 11.0o 9.01 NA NA
Fe;QB 8.01 NA NA NA
Rb. sph., Rb. sphaeroides; R. vir, R. viridis; NA, not applicable.

*This work.
tFrom ref. 14.
tRing centers are the centeroids of the cofactor ring system.
Estimated error of the coordinates is ± 0.4 A.
tNormal to the plane of the cofactor ring system (obtained by a least
squares fit); estimated error for tetrapyrrole rings, +60 and for
quinones, ± 15°.
$Distance from Fe to center between the two carbonyl oxygens.

1.4 A for Bphe, and 2.2 A for the quinones. Thus, in terms of
function, the cofactors that are involved in the more primary
processes obey the 2-fold symmetry better than those in-
volved in the later stages.
The phytyl chains of the tetrapyrrole rings and the isopre-

noid chain ofQA are also approximately conserved in the two
species. There are, however, two obvious differences. First,
the phytyl chain of BchlA ofRb. sphaeroides is directed away
from the other cofactors, but for R. viridis, this chain loops
toward QA (see Fig. 1). Second, the phytyl chain of BchlB of
Rb. sphaeroides is approximately in a symmetry-related
position to that of BchlA. In R. viridis, this chain extends
down toward the putative position of QB. The placement of
this chain is surprising since in Rb. sphaeroides such a
placement would interfere with the isoprenoid chain of QB.
This placement implies either a different location of QB in R.
viridis or a structural change that resulted from the removal
of QB in R. viridis.
We next consider the overlaps of the van der Waals

surfaces between phytyl and isoprenoid chains and the
pigments. These may play a role in the electron transfer
processes. A striking demonstration of the ability of hydro-
carbon chains to conduct electrons has recently been report-
ed (31). The phytyl chain of (Bchl2)A contacts both the
tetrapyrrole rings of BchlA and BpheA, whereas (Bchl2)B
contacts only BpheB. The phytyl chain of BchlA has no
contacts with other cofactors, whereas BchlB contacts
BpheB. The isoprenoid chain ofQA, contacts the phytyl chain
of BchlA, whereas the isoprenoid chain of QB is in contact
with the tetrapyrrole ring of BpheB. Except for the differ-
ences noted previously, these features are conserved in R.
viridis.
The Bchl2 Dimer. The identification of Bchl2 as the primary

donor was obtained from EPR and electron nuclear double
resonance (ENDOR) experiments. The EPR line width of the
electron donor signal in Rb. sphaeroides was found to be
-zz1.4 times narrower than that of the Bchl cation radical (32).
This led to the suggestion that the unpaired electron is shared
between two Bchls (33) giving rise to the so-called "special
pair" or dimer. This model was confirmed by ENDOR
experiments (34, 35). In contrast to Rb. sphaeroides, the line
width of the electron donor in R. viridis shows only a
reduction of 1.18 (36). This is interpreted as arising from a less
symmetric sharing of the electron distribution in the Bchl2 of

IThese correspond to the L and M branches in the publications of
Deisenhofer and co-workers (1-3). In view of the intertwining of the
two subunits (e.g., QA, which lies on the L branch, binds to the M
subunit), we chose to label the cofactors according to their positions
relative to the primary and secondary quinones QA and QB.
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FIG. 1. Cofactor structures of the RC from Rb. sphaeroides (a) (this work) and from R. viridis (b) (1, 3). The 2-fold symmetry axis is aligned
vertically in the plane of the paper. Electron transfer proceeds preferentially along the A branch. The periplasmic side of the membrane is near
the top and the cytoplasmic side is near the bottom of the structure.

R. viridis. Recent ENDOR experiments together with mo-
lecular orbital calculations resulted in a model of the dimer
consisting of two Bchls related by a C2 symmetry axis with
one overlapping ring (37, 38).
The above model is confirmed by the x-ray structure.

Comparison of the Bchl2 of the two species shows a strong
homology (see Table 1 and Fig. 1). In the RC from both
species, the Bchls of the dimer overlap at the ring I positions
(1, 14). In Rb. sphaeroides, the distance between ring centers
is 7.0 A. The two Bchls are approximately parallel; the angle
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b

FIG. 2. Stereoplots of the cofactors of the RC
from Rb. sphaeroides. b is related to a by a 900
clockwise rotation around the 2-fold symmetry axis
with the direction defined from the Fe to the dimer.

between the ring normals is -10'. The angle between the lines
joining N1 with N3 ofeach Bchl is 1400 ± 10° for both bacterial
species. This angle (Y5)T optimizes the overlap between rings
I. The average distance between rings I in Rb. sphaeroides is
3.5 A and in R. viridis it is closer to 3 A.
The acetyl groups of ring I lie approximately in the plane of

the Bchls and are located -3.5 A from the central Mg atoms. It
was originally postulated that in R. viridis the acetyl group was
coordinated to the Mg (1). The more recent analysis postulates,
in accord with resonance Raman data (39), a 5-coordinated Mg
with the acetyl group hydrogen bonded to His L168 and Tyr
M195 (3). Similarly, in Rb. sphaeroides the respective acetyl
groups are within hydrogen bonding distance to His L168 and
Tyr M210. It should be noted that the acetyl group forms part
of the ring conjugation; consequently, the angle that it makes
with respect to the plane ofthe ring is ofgreat importance. Small
conformational changes (e.g., induced by light or temperature
variations) may result in relatively large changes in the elec-
tronic properties and electron transfer characteristics of the
dimer; these changes may even cause a switch from one
bonding configuration to another.
The Bchl Monomers. The function of the Bchl monomers

has been the subject of considerable debate (for a review, see
ref. 29). Although it is now generally accepted that they do
not serve as an intermediate acceptor, their presence is
believed to play an important role in facilitating electron
transfer from Bchl2 to Bphe.
The x-ray structure shows that the Bchl monomers are

positioned in each branch between Bchl2 and Bphe (Fig. 1).
However, their positioning differs in the two branches. For
instance, in Rb. sphaeroides the closest approach of ring II of
BchlA to ring V of (Bchl2)A is -6.5 A, whereas the closest
approach of ring II of BchlB to ring V of (Bchl2)B is -5.0 A.
Furthermore, the van der Waals overlap (40) between BchlA
and (Bchl2)B is larger by a factor of -1.5 than the corresponding
overlap between BchlB and (Bchl2)A. Similar asymmetries are
present in R. viridis. These asymmetries may contribute to the
preferential electron transfer along the A branch.
The Bphes. Optical studies have shown that one of the

Bphes serves as an intermediate acceptor, while the other is
not involved in the electron transfer. The characteristic
transfer time from Bchl2 to Bphe in both species at 295 K is
-4 ps (for review, see ref. 29).
The Bphe is located in each branch between the Bchl

monomers and the quinones (see Fig. 1 and Table 1). We

identify BpheA as the intermediate acceptor since QA is
considerably closer to BpheA than it is to BpheB. The acetyl
groups of both Bphes point toward the Bchl2. The distance
between the acetyl group of BpheA and ring IV of (Bchl2)A is
=7.0 A. In the RC from Rb. sphaeroides, Tyr M210 is located
between Bchl2 and BpheA. Its possible role in hydrogen
bonding has been discussed in a previous section. Here we
want to point out that Tyr M210 is in van der Waals contact
with rings I of both (Bchl2)B and BpheA; it may, therefore,
serve as a conduit for electron transfer from Bchl2 to BpheA.
A similar role may be played in R. viridis by the correspond-
ing residue Tyr M208.
The Primary Quinone. The electron transfer proceeds from

BpheA to the primary quinone in both Rb. sphaeroides and R.
viridis in =200 ps at 295 K (28, 29). We identify the primary
quinone with QA of Fig. la due to the equivalent location of
the menaquinone in R. viridis (Fig. lb) and on the basis of
photoaffinity labeling experiments (41) and EPR data dis-
cussed in a later section.
QA receives an electron from BpheA; the centers ofQA and

BpheA are separated by 13 A (see Table 1). In Rb. sphae-
roides, the aromatic ring of Trp M252 is located between the
rings of these cofactors; its closest approach to the tetrapyr-
role ring of BpheA is 5 A and to the quinone ring it is 3-5
A. The structure suggests that Trp M252 plays a likely role in
the electron transfer process. The residue Trp M252 is
conserved in R. viridis, although the distances (and angles) to
the cofactors differ somewhat (3).
The Secondary Quinone. The secondary quinone, QB, is the

final electron acceptor of the RC. When this quinone be-
comes doubly reduced it interacts with exogenous quinones,
thus serving as a two-electron gate (42, 43). In Rb. sphae-
roides electron transfer occurs from QA to QB in "100 ,/s at
295 K (28). The separation between the two quinones is 18.5
A (Table 1). Located between the quinones are the imidazole
rings of His M219 and His L190. The separation between
neighboring rings is 3-5 A. This arrangement suggests that
these two histidines play a role in the electron transfer from
QA to QB. The two histidines are conserved in the RC of R.
viridis (His M217 and His L190) (3), although as mentioned
before, the putative QB site is not occupied by a quinone in
the crystals of R. viridis.
A striking feature associated with the quinones is the

difference of at least 2 orders of magnitude in the direct
charge recombination rate of QA and QB with (Bchl)' (44).

Biophysics: Allen et al.



Proc. Nati. Acad. Sci. USA 84 (1987)

This is difficult to reconcile with the symmetrical structure
shown in Fig. la, in which the distance between the carbonyl
oxygen ofQA to ring IV of(Bchl2)A is approximately the same
(-23 A) as that of QB to (Bchl2)B. The protein matrix may be
responsible for the difference in the recombination rates.
Similarly, the asymmetry of the protein matrix may contrib-
ute to the preferential electron transport along the A branch.
The Nonheme Iron. The electronic structure of the iron has

been investigated by a variety of experimental techniques.
These include magnetic susceptibility measurements (45),
Mossbauer spectroscopy (46), extended x-ray fine structure
absorption (47, 48), and EPR (49, 50). The conclusions about
the Fe2+ arrived at from these experiments are (i) it is in a
high spin Fe2+ state irrespective of the oxidation state of the
quinone acceptors (45, 46); (ii) it does not form a direct ligand
to the quinones (45-49); (iii) it interacts magnetically with the
unpaired electron on the quinone (45, 49, 50); (iv) its most
likely number of ligands is six, with an average bond length
of 2.12 ± 0.03 A (47, 48); (v) its environment is a distorted
octahedron (45-49); (vi) it is closer to QB than to QA (49). It
was originally thought that the Fe2+ may play an important
role in the electron transfer from QA and QB (6,51). However,
recent experiments have shown that removal of Fe2' does
not significantly affect the rate of electron transfer to QB (10).
Consequently, other roles for the Fe2+ were postulated (10),
among them a structural role to be discussed in more detail
in a later paper.
The predictions discussed above are supported by the x-ray

diffraction data. The Fe2+ is located between the two quinones
(see Fig. la). In Rb. sphaeroides, it is coordinated to four
histidines (L230, L190, M219, and M266) and to the bidentate
ligands ofGlu M234. All five residues are conserved in R. viridis
(His L190, L230, M217, and M264; Glu M232) (3). As in R.
viridis (3), the ligands form a distorted octahedron, and Fe2+ in
Rb. sphaeroides is closer to QB than to QA by ==2 A (see Table
1).
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