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Abstract

The three-dimensional structures of bacterial reaction centers have served as the framework for much of our
understanding of anoxygenic photosynthesis. A key step in the determination of the structure of the reaction center
from Rhodobacter sphaeroides was the use the molecular replacement technique. For this technique, we made
use of two sets of data. First, X-ray diffraction data had been measured from crystals of the reaction center from
R. sphaeroides by our research group in California, led by George Feher and Douglas Rees. The second data set
consisted of the coordinates of the three-dimensional structure of the reaction center from Rhodopseudomonas
(now Blastochloris) viridis, which had been solved in the pioneering efforts of a group in Martinsried, led by
Johann Deisenhofer, Robert Huber and Hartmut Michel. The collaborative efforts of these two groups to determine

the structure of the reaction center from R. sphaeroides is described.

Abbreviation: EPR — electron paramagnetic resonance

Introduction

The summer of 1982 was an eventful time for me. I
had just graduated from the University of Illinois at
Urbana and headed out to La Jolla, California, to per-
form postdoctoral studies in the laboratory of George
Feher. Little did I know that the field of photosynthesis
was undergoing developments that would lead to an
explosion of new ideas that now serve as a critical
basis for our current understanding of photosynthesis.
For an engaging story of the entire history of research
on bacterial reaction centers, see Feher (1998). Below
I recount these events from my humble perspective of
postdoctoral fellow.

Isolation of reaction centers

The first reports of the isolation of the bacterial re-
action center in 1968 described a large complex that

upon illumination produced changes in the electron
paramagnetic resonance (EPR) and optical spectra
(Parson 1968; Reed and Clayton 1968; McElroy et al.
1969). In a very short time, the addition of the de-
tergent lauryl dimethyl amine oxide to cell extracts of
the bacterium Rhodopseudomas sphaeroides, that was
later renamed Rhodobacter sphaeroides, was found
to produce a small complex that retained full activity
(Clayton and Wang 1971; Feher et al. 1971; Clayton
2002). This small complex consisted of three protein
subunits that were named the L, M, and H subunits
according to their apparent molecular weights, as
determined by sodium-dodecyl sulfate polyacrylam-
ide gel electrophoresis. The protein also contained a
number of cofactors; four bacteriochlorophylls, two
bacteriopheophytins, two ubiquinones, and one non-
heme iron. These original isolations were from a
blue-green strain named R-26 and so did not contain
another cofactor, a carotenoid, that is usually present
in wild-type strains. The availability of an isolated
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complex provided the means for detailed characteriz-
ation of the functional properties by a large number of
spectroscopic techniques (Feher 1998).

Crystallization of reaction centers

Spectroscopic studies of the reaction center had led to
a basic understanding of many functional features by
1982 (Parson 2003). For example, the electron trans-
fer characteristics had been determined for the two
quinones that serve as electron acceptors, most notably
by George Feher, Mel Okamura and their colleagues
(Figure 1). However, a detailed understanding was
not possible due to the lack of the three-dimensional
structure of the reaction center. Although the struc-
tures of thousands of proteins had been determined by
protein crystallography, the reaction center had never
been crystallized. One critical reason for the lack of
crystals was the required presence of the detergent
lauryl dimethyl amine oxide for the isolation of the
protein. The reaction center is embedded in the cell
membrane, and the detergent is required to replace the
lipids normally surrounding the surface of the protein.
Although these detergent molecules do not interfere
with the spectroscopic measurements, the presence of
the detergents demands that a protein—detergent com-
plex be crystallized rather than a simple protein. For
crystallization, the complex can be viewed as having
a well-defined protein and cofactor structure with a
disordered belt of detergents around the center of the
protein. Thus, the only ordered regions of the surface

-

Figure 1. A photograph of George Feher (rightmost), Mel Okamura
(middle) Ed Abresch, who is a research scientist (second from
right), Marco Flores (leftmost) and Govindjee, one of the editors
of this special volume of Photosynthesis Research (second from
left). The photograph was taken at the University of California, San
Diego, in the laboratory where most of the EPR experiments were
performed on the bacterial reaction centers.

are the protein loops emerging from each end. In order
to produce crystals it is necessary to create specific in-
teractions between these protein—detergent complexes
involving specific atoms of the protein loops. At
that time, all efforts to crystallize protein—detergent
complexes had been unsuccessful, and many viewed
it to be essentially impossible. This dire view of
the crystallization of membrane proteins came to an
abruptend in 1980 with reports of the crystallization of
bacteriorhodopsin (Michel and Oesterhelt 1980) and
the outer membrane porin (Garavito and Rosenbush
1980). This was soon followed by the crystallization of
the reaction center from Rhodopseudomonas viridis,
later renamed Blastochloris viridis (Michel 1982).

Where do I fit into all of this?

My original decision to move to La Jolla was based
upon a desire to learn new biophysical techniques. As
a graduate student at Urbana, Illinois, I worked in the
laboratory of Dr Harvey Stapleton on the character-
ization of proteins using EPR. For most proteins, an
understanding of the EPR spectra in terms of ligand
field theory had been developed. Our work involved
the use of pulsed, rather than continuous, microwaves
to generate signals that then decayed with rates that
were highly temperature dependent. For proteins, this
temperature dependence was very unusual but could
be interpreted in terms of ‘fractals,” or equivalently
the irregular fashion by which proteins fold (Stapleton
et al. 1980; Alexander and Orbach 1982; Allen et al.
1982; Wagner et al. 1985). From these EPR studies I
had known of Professor Feher and had been excited by
his new project of studying the crystallization process
of proteins (Kam et al. 1978). Therefore, in La Jolla, I
began biophysical measurements on various proteins,
such as myoglobin, that were intended to elucidate the
mechanism by which proteins crystallize.

The report of the crystallization of the reaction cen-
ter from B. viridis led us to attempt some crystalliza-
tion trials of the reaction center from R. sphaeroides
that was being characterized in Feher’s laboratory. In a
very short time our efforts were successful and presen-
ted at the Biophysical Society Meeting in February
1983. The crystals were small but very reproducible
and our work was published in 1984 (Allen and Feher
1984). However, for the determination of the structure
using X-ray diffraction it was necessary to improve
on the size of the crystals. Since our results were so
promising I redirected my efforts exclusively towards
the crystallization of the reaction center, and the



original project was put aside until a new postdoctoral
fellow, Steve Durbin, picked it up again (Durbin and
Feher 1986). The attempts to improve on the crys-
tallization were at times frustrating, but the crystals
did become larger and the X-ray diffraction could
be measured. This led us to collaborate with Doug
Rees who was at the University of California, Los
Angeles, and later moved to the California Institute
of Technology (Pasadena, California).

Strategies for structure determination

By 1985 we were able to measure a complete dif-
fraction data set from the crystals but additional in-
formation was required to determine the structure. The
diffraction data from a protein crystal is not sufficient
because only the intensity of each diffraction point
can be measured and information concerning the
phase of each diffraction point is lost. This obstacle
can be overcome by modifying the protein bio-
chemically using heavy metals and determining the
changes in the diffraction due to the addition of
the metal. Indeed, this approach had been success-
fully used to determine the structure of the cofactors
and protein backbone for the reaction center from
B. viridis (Deisenhofer et al. 1984, 1985). We realized
that it would probably take a few years to perform
the heavy metal studies and determine the structure.
However, the availability of the structure of the reac-
tion center from B. viridis provided us with a different
option. We could in principle make use of that struc-
ture in order to determine the phases by using what is
termed a molecular replacement approach.

The efforts to determine the structure of the re-
action center from B. viridis were lead by Johann
Deisenhofer and Hartmut Michel who worked with
Robert Huber, the director of project; the experi-
ments were performed at the Max Planck Institute in
Martinsried, Germany. Our group in California and
the group in Martinsried decided that we would try the
molecular replacement approach and have one person
from our group go to Martinsried. Doug Rees would
have been the logical person to go but he had various
obligations that prevented him from making the trip.
So it was decided that I would go to Martinsried even
though I had never performed such an analysis before.

Molecular replacement approach

I flew to Germany in July 1985. On my first day
there, I met Huber, Deisenhofer and Michel for the
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first time and started work immediately. The molecu-
lar replacement approach required that the diffraction
data that I had brought be analyzed using the structure
of the reaction center from B. viridis. The assumption
of the approach, that the two reaction centers were
structurally very similar, was unproven and so the fea-
sibility was uncertain. Since the diffraction data had
already been obtained, the work involved exclusively
computer analysis using the crystallographic package
PROTEIN that had been developed in Martinsried. To
make the reaction center from B. viridis more closely
resemble the reaction center from R. sphaeroides, the
tetraheme subunit that is present in B. viridis but
not R. sphaeroides was removed from the structural
model. In addition, the non-conserved amino acid
residues from the L and M subunits were truncated
to alanine. The amino acid residues of the H subunit
were all alanines, as explained below.

The molecular replacement approach would work
if we could rotate and translate the structural model
such that it was at the exact position that the reaction
center from R. sphaeroides occupied in the crystals.
Simply summarized, when this was the case the dif-
fraction simulated from the structural model would
closely resemble the true diffraction pattern. So the
approach involves looking for correlations that are op-
timized when the model is correctly positioned. Due
to the complexity of proteins, rotating and translat-
ing the search model was far beyond the reach of
the computers at that time and the problem was ac-
tually broken down into steps that involve ‘Patterson
maps.’

The next several weeks consisted of me going
into the Institute and working on adjusting the vari-
ous parameters of the programs and seeing what
the results were. Most of the time I worked with
Hans Deisenhofer and Robert Huber who together had
solved many protein structures. Hartmut Michel was
primarily involved in the crystallization and character-
ization of the reaction center and would occasionally
stop by to check on our progress. Since this was es-
sentially a ‘winner take all’ approach and we did not
know at that time if our work would be successful,
we would analyze the previous day’s result and make
adjustments accordingly.

Our daily constitutional

My most pleasant memory of that time was our daily
constitutionals. We would start at the Institute around
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8 AM. and work until about noon. The crystallogra-
phers, including Hans Deisenhofer and the other group
members that were working on various projects, such
as Jim Remington and Jim Pflugrath, would all go to
the Mensa and have lunch together. After lunch we
would go for a constitutional around the large forested
area that was immediately adjacent to the Institute.
These times provided an opportunity for me to have
non-scientific discussions with the group while having
a nice meal and a walk outside. The topics were far
ranging and helped relieve the ever-present question
of success from my mind.

After approximately three weeks we had indica-
tions that the approach was working but still no clear
answer. So George Feher and I made the decision that |
would stay for about another week for one final push.
I made my best efforts to work on the problem and
late one day I stayed until the program was finished so
that I could analyze the output before leaving. For the
first time I found what appeared to be the correlation
that we had been looking for (technically in the trans-
lation peaks of the different Harker sections). Since it
was late no one else was around and I simply left my
notebook with the summary of the results open on my
desk. The next day I found ‘We got it!” written on the
page by Robert Huber. The approach was successful
and we now could solve the structure of the reaction
center from R. sphaeroides.

Back to La Jolla, California

I returned to La Jolla shortly thereafter and we start-
ed to rebuild the structure. Although the major hurdle
was overcome, there was still much work that needed
to be done; this was performed by myself, a graduate
student, Todd Yeates, and another postdoctoral fellow,
Hiromi Komiya. The molecular replacement work was
reported at the Biophysical Society Meeting in Febru-
ary 1986 and published soon thereafter (Allen et al.
1986). Another group, based at Argonne National
Laboratories, obtained the coordinates of the reaction
center from B. viridis and also presented a molecu-
lar replacement solution that same year (Chang et al.
1986). This competition motivated us to complete the
rebuilding and refinement as quickly as possible and
we were able to present the structure at the Biophysical
Society Meeting in February 1987 and report the struc-
ture in a series of three manuscripts (Allen et al. 1987a,
b; Yeates et al. 1987).

Gene sequencing, the structure and beyond

The X-ray diffraction data were sufficient to deter-
mine the structure of the cofactors and protein back-
bone of the reaction centers, but completion of the
structures with the positions of the amino acid side
chains required that the genes be sequenced. The
efforts of George Feher and Lisa Steiner lead to
the determination of the first 25-28 residues for-
ming the amino-terminus of each protein subunit for
R. sphaeroides (Sutton et al. 1982). These protein
sequences provided the basis for the construction
of oligonucleotide probes that were used by JoAnn
Williams, a graduate student in George Feher’s labo-
ratory, to sequence the genes encoding the L, M, and
later H subunits (Williams et al. 1983, 1984, 1986).
With the availability of these sequences, we were able
to position the amino acid side chains in the electron
density maps and complete the full three-dimensional
structure by 1988 (reviewed in Feher et al. 1989). At
the same time the sequences of the protein subunits
of the reaction center from B. viridis were completed
(Michel et al. 1986) and the three-dimensional struc-

Figure 2. The three-dimensional structure of the reaction center
from R. sphaeroides. Shown are the backbones of the L (light
shade), M (dark shade), and H (medium shade) subunits as well
as the cofactors (intermediate shade). The approximate two-fold
symmetry axis of the protein is aligned in the plane of the paper
with the cytoplasmic side of the membrane at the top. For a color
version of this figure, see color section in the front of the issue.
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Figure 3. A photograph of our group taken at Arizona State University outside of the laboratories where we perform our research. From left
to right: myself, JoAnn Williams, Ana Camara-Artigas, a visiting Professor from the University of Almeria in Spain, Alayna Goetsch, an
undergraduate who is now a PhD student at Michigan State University, Greg Uyeda, a graduate student, Ana Julia Naravez, who is now a
postdoctoral fellow in Sweden and Uma Swamy. In the tree are graduate students Matt Rosenow and Alex Smith.

ture, including the amino acid side chains, of the reac-
tion center from B. viridis was finished (Deisenhofer
and Michel 1989). The group at Argonne continued
to work on the structure determination and presented
their results in 1991 (Chang et al. 1991).

The determination of the structure of the reaction
center is an example of a rewarding scientific investi-
gation that also yields unexpected and beautiful results
(see Figure 2 for the R. sphaeroides reaction center;
see color section in the front of the issue for a color
version of this figure). The L and M subunits were
found to each have five transmembrane helices; this
result was the first clear demonstration of the use-
fulness of hydropathy analysis for integral membrane
proteins. These two subunits are related to each other
by a central two-fold symmetry axis. Surprisingly, the
cofactors were found to form two branches that are
also related by the same two-fold axis; only one of
which is an active participant in light-induced elec-
tron transfer. One pleasing outcome of the symmetry
was the presence of two closely interacting bacterio-
chlorophylls that serve as the primary electron donor
as predicted from some of the first spectroscopic mea-
surements of the reaction center (Feher 1998). The H
subunit of the reaction center has a single transmem-
brane helix and largely forms an extracellular domain
that protects the quinones and non-heme iron.

For their pioneering efforts to determine the struc-
ture of the reaction center from B. viridis, which was
the first structure of a membrane protein, Deisenhofer,
Michel and Huber (of the Martinsried group) were re-
warded with a Nobel Prize in 1988 (Deisenhofer and
Michel 1989). The availability of the two structures
finally allowed researchers in photosynthesis to ask
questions concerning how the protein structure influ-
enced the properties of the cofactors at a molecular
level. Theoreticians could finally perform calculations
of the molecular orbitals of the bacteriochlorophylls,
electron transfer rates, and protonation states on side
chains near the quinones. These calculations provided
a platform for experimental testing of the factors that
determined the various electron transfer rates. A re-
warding approach for these experiments was to in-
vestigate the effects of mutations, with the reaction
center from R. sphaeroides being the preferred system.
Mutations that interfered with the function of the reac-
tion center could still be expressed in R. sphaeroides
under non-photosynthetic conditions, but B. viridis
would not tolerate these growth conditions and so
it was difficult to use for mutagenesis. Such efforts
are still ongoing to understand different functional
aspects, such as why only one branch of cofactors
serves as carriers for the light-induced transfer of
electrons.
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Research at Arizona State University

After completing the structural work in La Jolla,
both JoAnn Williams and I accepted positions at the
Photosynthesis Center at Arizona State University and
started our independent research efforts (Figure 3).
We continue to use the structure to address one of
the major remaining questions concerning photosyn-
thesis: how Photosystem II is capable of converting
water into molecular oxygen in a four electron—proton
process. Our efforts have focussed on manipulating the
bacterial reaction center such that it gains the func-
tional features of Photosystem II (Kalman et al. 1999).
Meanwhile there are research groups throughout the
world that are at a similar point described in this short
essay, namely diligently worked in growing crystals of
Photosystem II, with low-resolution electron density
maps hinting at the excitement to come (Zouni et al.
2001).
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