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Abstract

The discovery by Louis N. M. Duysens in the 1950s that illumination of photosynthetic purple bacteria can cause
oxidation of either a bacteriochlorophyll complex (P) or a cytochrome was followed by an extended period of
uncertainty as to which of these processes was the ‘primary’ photochemical reaction. Similar questions arose
later about the roles of bacteriopheophytin (BPh) and quinones as the initial electron acceptor. This is a personal
account of kinetic measurements that showed that electron transfer from P to BPh occurs in the initial step, and
that the oxidized bacteriochlorophyll complex (P+) then oxidizes the cytochrome while the reduced BPh transfers
an electron to a quinone.

Abbreviations: BChl – bacteriochlorophyll; P – the BChl complex that serves as electron donor in the initial
electron-transfer step of photosynthesis in purple bacteria; P+ – the oxidized form of P

The primary electron donor

As a predoctoral student at the University of Utrecht,
Louis N. M. (Lou) Duysens measured the ability of
purple photosynthetic bacteria to use light of various
wavelengths for photosynthesis (Duysens 1952). A
photograph of the cover of his classical thesis appears
in Govindjee et al. (this issue). Comparisons with
the excitation spectra for bacteriochlorophyll (BChl)
fluorescence indicated that light absorbed by other
pigments was used for photosynthesis only after the
energy was transferred to BChl. Duysens found that
the bacteria contain BChl complexes with a variety of
absorption spectra, and that energy appeared to mi-
grate quickly to complexes that absorbed at the longest
wavelengths. He suggested the initial chemical steps
of photosynthesis occur when the energy reaches a
‘reaction center’ or ‘trapping’ pigment (P), which he

estimated might be present in a concentration ratio of
about 1/200 relative to the antenna BChl.

To look for absorbance changes that would reveal
activities in the hypothetical reaction center, Duy-
sens built a differential spectrophotometer that could
measure changes of less than 1% in the absorbance
of bacterial cell suspensions in the near infrared. He
found what he was looking for. When suspensions of
Rhodospirillum rubrum or Chromatium vinosum cells
were exposed to light, there were small, reversible
changes in the absorption spectra in the region of 750
to 900 nm.

Following Duysens’ discovery, William (Rod)
Clayton (1962a, 1963) found that the BChl complex
that gave rise to the light-induced signals remained
functional in aged bacterial cultures after most of the
BChl had been degraded to bacteriopheophytin. Irwin
(Tac) Kuntz, Paul Loach and Melvin Calvin (Kuntz
et al. 1964) and Clayton (1966) found that P also
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survived destruction of the bulk BChl by strong ox-
idants such as K2IrCl6. William (Bill) Sistrom and
Rod Clayton showed further that the light-induced ab-
sorbance changes did not occur in a mutant strain of
Rhodobacter sphaeroides (then called Rhodopseudo-
monas spheroides) that was unable to grow photosyn-
thetically (Clayton et al. 1965; Sistrom and Clayton
1964; for a historical minireview, see Clayton 2002).
The picture thus began to take shape that P was a
special BChl-protein complex that differed signific-
antly from the antenna complexes and was an essential
component of the photosynthetic apparatus.

Duysens, however, had found that illuminating
bacterial cell suspensions also caused oxidation of a
c-type cytochrome (Duysens 1954). Pursuing this ob-
servation, Britton (Brit) Chance and Lucille Smith
showed that illumination or aeration of Rs. rubrum
cell suspensions caused oxidation of several differ-
ent cytochromes (Chance and Smith 1955). Chance
and Mitsuo Nishimura (Chance and Nishimura 1960)
then made the remarkable discovery that photooxida-
tion of cytochrome C552 in Chromatium (Ch.) vinosum
occurred rapidly even at 77 K, and John Olson and
Britton Chance found that that the quantum yield of
cytochrome photooxidation at room temperature was
close to 100% (Olson and Chance 1960a, b, 1962).
To Chance and his coworkers, these observations sug-
gested that cytochrome oxidation was driven directly
by light and thus was likely to be the initial electron-
transfer reaction of bacterial photosynthesis. Because
the process occurred when the cells were illuminated
at wavelengths that excited BChl, an excited BChl mo-
lecule presumably initiated the reaction by extracting
an electron from the cytochrome.

A photograph of Chance is shown in Figure 1. A
photograph of Duysens can be found in a paper by
Delosme and Joliot (2002).

Whether P played any role in the cytochrome
photooxidation was not clear. For one thing, the ab-
sorbance changes associated with P appeared to reflect
BChl oxidation, not reduction. Joop H. C. Goedheer
(1958, 1960), Duysens (1958), Clayton (1962a) and
Kuntz et al. (1964) showed that similar absorbance
changes occurred on the addition of chemical oxid-
ants, and that the absorbance changes induced by
either light or oxidants could be reversed by reduct-
ants. In addition, the photochemical bleaching of P
was not seen at all in intact cells, except at very high
light intensities or in the presence of oxidants or inhib-
itors that abolished cytochrome photooxidation (Duy-
sens et al. 1956). Under more moderate conditions,

photooxidation of P became detectable only after the
cytochrome was already oxidized (Arnold and Clayton
1960; Beugeling and Duysens 1966; Clayton 1962b;
Duysens 1952; Duysens et al. 1956).

There were two equally plausible interpretations
of these observations. If the ‘primary’ photochemical
reaction in purple bacteria was oxidation of a c-type
cytochrome, as Britton Chance and Mitsuo Nishimura
had suggested, BChl oxidation might be a side reac-
tion that occurred only when cytochrome oxidation
was blocked or already completed. Alternatively, pho-
tooxidation of P could be the primary process, as Lou
Duysens and Rod Clayton proposed, if the oxidized
BChl (P+) was reduced rapidly by the cytochrome. I
remember hearing a lively exchange on this issue in
1964 at the International Congress of Biochemistry
in New York, where Rod Clayton presented evidence
that P formed the ‘reaction center’ of photosynthetic
bacteria. In the question period after Rod’s talk, Brit
pointed out that the rapid oxidation of the cytochrome
at cryogenic temperatures provided compelling evid-
ence that this was the photochemical step. Rod replied
with a smile that he liked to maintain two conflicting
opinions on controversial scientific questions. I think
he attributed this precept originally to Bill Arnold.
(See Govindjee et al., 1996, for a special issue ded-
icated to Arnold’s discoveries.) As a biochemistry
graduate student working in a remote area of meta-
bolism, I never imagined that I might soon have an
opportunity to resolve the issue myself.

When I arrived at the University of Pennsylvania’s
Johnson Foundation as a postdoctoral fellow a year
later, much of the research going on there revolved
around the theme of developing new instrumentation
to address biophysical questions. Although my prior
experience of electronics consisted almost solely of
having built a hi-fi amplifier from a commercial kit,
I found this spirit exciting. I watched with awe as
Brit tinkered with a stopped-flow apparatus and Don
DeVault worked out the circuit for a new preamplifier.
(See Parson, 1989, for a tribute to Don, and Figure 1
for a photograph; a better photograph appears in the
1989 special issue of Photosynthesis Research dedic-
ated to him.) With help from Don, I began to read
specifications for transistors and photomultipliers with
interest and to look forward to each new issue of Re-
view of Scientific Instruments. But when I sounded
Brit out on exactly what biophysical question I should
address, all he would say was ‘Take your time. You’ll
think of something interesting sooner or later!’
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Figure 1. A photograph of Britton Chance (standing) and DeVault (sitting, second from left). Others in the background are Tomoko Ohnishi
and Jane Vanderkooi. This photograph was provided to Govindjee by Brit Chance.

As I read more about photosynthesis, it seemed
increasingly critical to clarify the role of P in the
cytochrome photooxidation. The way to do this was
not hard to see. If P oxidation was the primary step,
P+ should appear quickly after a short pulse of light
and then should disappear as cytochrome c went oxid-
ized. The conversion of P to P+ should be measurable
as a transient bleaching of the absorption band in
the region of 870 nm, with the exact wavelength de-
pending on the species of bacteria selected for the
experiment. It would be important to make the meas-
urements under conditions in which the quantum yield
of cytochrome oxidation was close to 1, and to determ-
ine whether the transient photooxidation of P had the
same high quantum yield. If both processes could be
driven by absorption of a single photon, then they must
occur sequentially rather than by competing pathways.

It was clear that the measurements would require
high time resolution in order to probe the true kinet-
ics of the cytochrome oxidation. However, this was a
moving target. In their landmark 1960 study, Chance
and Nishimura (1960) had measured a half-time of
several seconds for cytochrome photooxidation at both
room temperature and 77 K, which appeared to show
that the rate was independent of temperature. How-
ever, Wim Vredenberg and Lou Duysens (Vredenberg
and Duysens 1964) later found that this was the case
only if the excitation light was relatively weak; with
stronger excitation, the rate decreased at low temper-
atures. The kinetics that Brit and Mitsuo had measured

evidently were limited by the rate of excitation. But
the half-time of about 0.1 s that Vredenberg and
Duysens measured for cytochrome oxidation at high
light intensities also was limited by their instrumenta-
tion, and Chance and DeVault (1964) soon measured
a startlingly shorter half-time of 20 µs by using a Q-
switched laser flash for the excitation. By 1966, further
improvements in the apparatus had reduced the ap-
parent half-time of the reaction to 2 µs (DeVault and
Chance 1966).

The main difficulty in detecting the transient pho-
tooxidation of P was that excitation of bacterial cell
suspensions with a short pulse of light elicited a burst
of fluorescence in the same region of the spectrum
where I wanted to measure the absorbance changes.
The fluorescence overloaded the photomultiplier and
preamplifier, and the recovery from this overload
could take many microseconds. Worse, the fluores-
cence artifact could easily be mistaken for a transient
bleaching of P. The solution to this problem again was
simple enough. If the measuring light beam was made
stronger, the sensitivity of the photomultiplier could
be reduced. I therefore replaced the continuous meas-
uring lamp that I had been using by a xenon flash lamp.
This was a logical extension of Don DeVault’s idea to
boost the current through an ordinary tungsten lamp
for measurements on millisecond time scales (DeVault
and Chance 1966). Placing an inductance in series
with the flash lamp stretched the discharge sufficiently
to give a relatively flat signal on the microsecond time
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scale. Fortuitously, xenon flash lamps have a strong
emission line at 881.9 nm, which coincides perfectly
with the main absorption band of P in Ch. vinosum.
Although the peak intensity of the light incident on
the chromatophores was about 40 times that given by
a tungsten lamp, the short duration of the flash kept the
integrated irradiance small enough to make the actinic
effect negligible (Parson 1968).

To maximize the fraction of the measuring light
that reached the photomultiplier, I decided to use
chromatophores (membrane fragments) rather than the
turbid suspension of whole cells that had been the
subject of most previous studies. This required show-
ing that cytochrome photooxidation occurred with a
quantum yield near 1.0 in chromatophores as well as
in intact cells, which turned out to be the case as
long as the cytochrome was poised in the reduced
state before the excitation pulse (Parson 1968). Using
the optically clear chromatophore suspensions made it
possible to put a monochromator between the sample
and the photomultiplier, and this helped considerably
to discriminate against fluorescence.

But even with these measures, fluorescence arti-
facts still obscured the signals at short times after
the excitation flash. The main trick to reducing these
artifacts further lay in the electronic circuitry that
followed the photomultiplier. I tried numerous home-
built and commercial preamplifiers before Jack Leigh
showed me the tiny Fairchild µA702 preamplifier
in a fluorescence-lifetime apparatus he had built for
Warren Butler. Like many of the integrated circuits
that became available in the late 1960s, the µA702
cost only a few dollars but was astonishingly fast
and robust. With some attention to minimizing the
capacitance at the input and the addition of an emitter-
follower to reduce the output impedance, it recovered
quickly enough from the fluorescence spike so that
I finally could measure absorbance changes on sub-
microsecond time scales.

Using Don DeVault’s Q-switched ruby laser for the
excitation, I found that the absorption band of P was
bleached in less than 0.5 µs after the flash (Parson
1968). The absorbance of P then reappeared with a
time constant of about 2 µs at room temperature, and
a c-type cytochrome (‘C422’) was oxidized in syn-
chrony with this recovery (Figure 2). Both processes
occurred with a quantum yield close to 1 (Figure 3).

Although these measurements showed that pho-
tooxidation of P preceded photooxidation of the cyto-
chrome, Brit was pleased to see the question settled
in a way that he found convincing, and he congrat-

Figure 2. Kinetics of P photooxidation and reduction (A) and
cytochrome C422 oxidation (B) in Chromatium vinosum chromato-
phores. The upward deflection of the trace in A shows the transient
decrease in the absorbance of P at 882 nm caused by a 30-ns excit-
ation flash (arrow). The absorbance reappears with a time constant
of about 2 ms. The measuring light from the Xe flash lamp gave a
curving baseline that was measured separately in the absence of the
excitation flash (not shown). A fluorescence artifact drove the trace
off-scale for about 0.5 µs after the flash. The artifact was measured
separately in the absence of the measuring light, and also by using
chromatophores in which photooxidation of P was blocked by prior
reduction of the electron acceptor. The measurements in B were
made with continuous measuring light at 422 nm, where oxidation
of the cytochrome causes a longer-lived absorbance decrease (up-
ward deflection of the trace). The cytochrome oxidation parallels
the return of P to the reduced state. The small, initial absorbance in-
crease (downward deflection) at 422 nm reflects an absorption band
of P+ that peaks near 430 nm. Reproduced from Parson (1968).

ulated me heartily on the results. Reading the 1968
paper now, I am struck by the figure entitled ‘Meas-
urements of Artifacts,’ which today probably would
fall under the editor’s ax or disappear into a supple-
mentary section. Distinguishing transient absorbance
changes from instrumental artifacts was the heart of
the problem.

My wife Polly and I moved to Seattle with our
daughters Christy and Wendy shortly after I submitted
the paper on the photooxidation of P for publication.
(See Figure 4 for a photograph of Christy, Wendy
and myself shortly after our move.) At the University
of Washington, I tried exciting Ch. vinosum chroma-
tophores with pairs of laser flashes separated by an
adjustable delay (Parson 1969a, b). If the delay was
less than about 10 microseconds, little photooxidation
of either P or cytochrome was seen on microsecond
time scales after the second flash. The energy of this
flash instead appeared to be lost as fluorescence and
heat. With longer delays, P+ could be generated again
by the second flash and it then oxidized a second cyto-
chrome heme with kinetics similar to those seen after
the first flash. The delay between the flashes evidently
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Figure 3. Amplitudes of the absorbance changes associated with
photooxidation of P (�) and cytochrome C422 (�) in Chromatium
vinosum chromatophores, as functions of the intensity of the excit-
ation flash. Photooxidation of P was measured from the transient
absorbance decrease at 882 nm and was corrected for fluores-
cence artifacts; cytochrome photooxidation was measured from the
longer-lived absorbance decrease at 422 nm. The change in the
molar extinction coefficient at the measuring wavelength was estim-
ated to be approximately 90 mM−1 cm−1 for both molecules. The
initial slopes of the plots indicate that both processes have a quantum
yield close to 1.0, which means that they must occur sequentially
rather than as competing reactions. Reproduced from Parson (1968).

was needed in order for the electron acceptor that re-
moved an electron from P to return to its resting state
by passing an electron on to a secondary acceptor.
These and subsequent studies (Parson and Case 1970;
Seibert and DeVault 1970) showed that P+ can draw
electrons sequentially from four hemes with a range of
midpoint redox potentials, and the same turned out to
be true in Blastochloris (Bl., formerly Rhodopseudo-
monas) viridis (Case et al. 1970; Holten et al. 1978;
Ortega et al. 1993).

When the crystal structures of the Bl. viridis
(Deisenhofer et al. 1985, 1995) and Thermochroma-
tium tepidus (Nogi et al. 2000) reaction centers were
solved, both were found to have a bound cytochrome
with four hemes stretching out in a zigzagged chain
from P (see Figure 7). Although Ch. vinosum reaction
centers have not yet been crystallized, they are func-
tionally similar to the reaction centers of these species
and probably have very similar structures.

Figure 5 shows a current scheme of the initial
electron-transport steps discussed in this paper. Fur-

Figure 4. A 1968 photograph of the author (Bill Parson) with
daughters Wendy and Christy in Mt. Ranier National Park. Photo
by Polly Parson.

ther discussion of these reactions can be found in Ke
(2001).

Electron acceptors

The double-flash technique also provided a way to
measure the kinetics of electron transfer between the
‘primary’ and ‘secondary’ electron acceptors (Parson
1969b). Further studies showed that o-phenanthroline
inhibits the secondary electron-transfer reaction (Par-
son and Case 1970), and experiments in which we
extracted lyophilized chromatophores with organic
solvents led to the identification of the secondary
acceptor as ubiquinone (Halsey and Parson 1974).
Studies by several other investigators converged on the
identification of the primary acceptor as a quinone at
about the same time (Clayton and Straley 1970; Loach
and Hall 1972; Cogdell et al. 1974; Okamura et al.
1975, 1976; Verméglio and Clayton, 1977; Wraight
1977). However, Rod Clayton and his coworkers
pointed out a puzzling discrepancy in the effects of
blocking photoreduction of the primary quinone (QA).
When the photoreduction was blocked by lowering
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Figure 5. The path of electron flow in the initial steps of photosyn-
thesis in purple bacteria. The excited BChl dimer (P∗) reduces a BPh
by way of another BChl. The reduced BPh transfers an electron to a
quinone (QA), and the oxidized dimer (P+) draws an electron from
a c-type cytochrome. Reaction centers of Chromatium vinosum,
Thermochromatium tepidum and Blastochloris viridis have a bound
cytochrome with four c-type hemes; Rhodobacter sphaeroides and
most other nonsulfur purple bacteria use cytochrome c2, which has
a single heme and dissociates more freely from the reaction center.
The primary quinone returns an electron to the cytochrome by way
of a secondary quinone (QB) and the cytochrome bc1 complex. The
triplet state of P (3P or PR) can be formed if electron transfer from
BPh− to QA is blocked. This step requires spin rephrasing in the
P+BPh− radical pair (PF).

the ambient redox potential to reduce the quinone be-
forehand, the yield of fluorescence from the excited
BChl complex (P∗) increased by only about a factor
of three to four (Zankel et al. 1968; Reed et al. 1969;
Clayton et al 1972). The increase in the fluorescence
yield on the second of two closely-spaced flashes was
similar (Parson 1969b). Since Colin Wraight and Rod
Clayton had shown that photooxidation of P occurred
with a quantum yield of at least 0.98 in unblocked
reaction centers (Wraight and Clayton 1974), block-
ing this process would be expected to increase the
fluorescence from P∗ by at least a factor of 50. The
discrepancy suggested that the initial electron-transfer
step could involve another electron acceptor preceding
the quinone. Alternatively, electron transfer might oc-

Figure 6. Absorbance changes at 430 nm caused by exciting
Rhodobacter sphaeroides reaction centers with 20-ns, 834-nm
flashes at room temperature. In (A) QA was in the oxidized state
before the flash; the downward signal (an absorbance increase) re-
flects the 430-nm absorption band of P+, which lives for about 100
ms under the conditions of the measurements. In panel (B) QA was
reduced before the flash; the short-lived downward signal represents
PF (P+BPh−); the small, longer-lived signal comes from the triplet
state of P (PR). At room temperature, the triplet state has a lifetime
of about 6 µs. At low temperatures, the decay kinetics of the differ-
ent zero-field sublevels of the triplet state can be resolved (Parson
and Monger 1976). Reproduced from Parson et al. (1975).

cur from a triplet state of P, rather than from the excited
singlet state that gives rise to fluorescence.

There were several reasons for thinking that the ini-
tial electron-transfer reaction might proceed through
a triplet state. Most importantly, P. Leslie (Les) Dut-
ton, Jack Leigh and Michael (Mike) Seibert (Dutton et
al. 1972; Leigh and Dutton 1974) had detected EPR
signals indicative of a BChl triplet state when they il-
luminated reaction centers in which electron transfer
to the primary quinone was blocked. Robert Uphaus,
James (Jim) Norris and Joseph Katz confirmed these
observations, and pointed out that the triplet state
had an unusual spin polarization that could not be
explained well by the ordinary mechanism of intersys-
tem crossing (Uphaus et al. 1974). In addition, most of
the photochemical reactions of BChl or chlorophyll in
solution were known to involve triplet states. However,
this observation was not necessarily pertinent to pho-
tosynthetic reaction centers, where the close proximity
of the initial electron donor and acceptor could allow
electron transfer in the excited singlet state to compete
much more favorably with intersystem crossing.

Kinetic studies of the of reaction centers in which
QA was already reduced required further improve-
ments in the electronics to decrease the response time
to about 5 ns. Rod Clayton, Richard Cogdell and I
then found that exciting reduced reaction centers with
a 20-ns flash generated a transient state (‘PF’) that
decayed with a time constant of about 20 ns (Parson
et al. 1975). Figure 6 shows a typical measurement
of the absorbance changes induced by flashes before
and after reducing the quinone. The new state was
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formed with a quantum yield near 1.0 at both room-
and cryogenic temperatures, and thus appeared to be a
candidate for an intermediate between P∗ and P+Q−

A.
State PF differed spectroscopically from P+, particu-
larly in the region around 540 nm where one of the
two bacteriopheophytin (BPh) molecules in the reac-
tion center absorbed. The eventual identification of PF

as a P+BPh− radical-pair state was aided greatly by
Jack Fajer’s studies of the electrochemical and spec-
troscopic properties of BPh anion radicals in solution
(Fajer et al. 1975; a historical minireview by J. Fajer is
in press in Part 3 of these historical issues). The broad
absorption band of PF at 680 nm is characteristic of
such radicals.

Vladimir Shuvalov and Vyacheslav (Slava) Klimov
(Shuvalov and Klimov 1976, Klimov et al. 1977) and
David Tiede and Les Dutton (Tiede et al. 1976a, b;
Dutton et al. 1976) showed that the BPh− radical ac-
cumulated in the absence of P+ when reaction centers
from Ch. minutissimum, Ch. vinosum or Bl. viridis
were illuminated continuously at low redox potentials.
Each time the P+BPh− radical pair is formed, its 20-
ns lifetime provides a brief opportunity for the bound
cytochrome to reduce P+, trapping the BPh in the
reduced state. Continued illumination thus can drive
virtually all the reaction centers into this state. This
finding made it possible to obtain the EPR and optical
absorption spectra of the BPh− radical, which helped
to solidify the identification of P+BPh− and provided
information on the interactions of the BPh with other
components of the reaction center.

Measurements of the flash-induced absorbance
changes in reduced reaction centers also revealed the
formation of another, longer-lived state (‘PR’) as the
P+BPh− radical pair decayed (Parson et al. 1975).
Judging from its absorption spectrum, PR was the
triplet state of P that Dutton et al. (1974) had de-
tected by EPR. PR was formed in a high quantum
yield at cryogenic temperatures, but its yield decreased
to about 0.1 at room temperature, indicating that
the triplet state was unlikely to be an intermediate
in the ordinary photochemical electron-transfer reac-
tions. Robert (Bob) Blankenship, Tjeerd Schaafsma
and I subsequently found that the quantum yield de-
creased further in the presence of relatively weak mag-
netic fields, as would be expected if the triplet state
formed by charge-recombination after rephasing of the
upaired electron spins of P+ and BPh− in the P+BPh−
radical-pair (Blankenship et al. 1977). The direction
of this effect, and the unusual spin polarization seen in
the EPR spectrum showed clearly that P+BPh− was

created initially in a singlet state. Further studies of
the effects of magnetic fields by the late Arnold Hoff,
and by Mary Elizabeth (Maibi) Michel-Beyerle, Klaus
Schulten, Steven (Steve) Boxer, Marion Thurnauer,
Jim Norris, and their coworkers unearthed a rich
source of information on the electronic coupling and
energetics of the P+ and BPh− radicals, and led to
some of the initial suggestions that there might be
still another electron carrier between P and the BPh
(see, e.g., Thurnauer et al 1975; Hoff et al. 1977;
Haberkorn and Michel-Beyerle 1977; Werner et al.
1978; Haberkorn et al. 1979; Boxer 1983). In re-
action centers that contained carotenoids, the BChl
triplet state decayed on nanosecond time scales by
transferring energy to a carotenoid (Cogdell et al.
1975; Parson and Monger 1976; Shuvalov and Klimov
1976).

Although the high quantum yield with which
P+BPh− was formed in reduced reaction centers sug-
gested that the BPh might serve as the initial electron
acceptor in functional reaction centers, this remained
to be proved. Again, it was possible that reduction
of the BPh was a side reaction that came into play
only when the normal pathway was blocked by re-
ducing the quinone. As with photooxidation of P and
the cytochrome, it was not hard to imagine a kinetic
experiment that would distinguish between the two
schemes. But at this point we seemed to have hit the
practical limit of real-time kinetic measurements. If
P+BPh− was indeed an intermediate in functional re-
action centers, it evidently passed an electron on to
QA on a sub-nanosecond time scale that was shorter
than any instrumental response time we could achieve.
Fortunately, a different experimental approach was
just being developed in several laboratories, including
those of Peter Rentzepis, Charles Shank and others at
Bell Laboratories and Maurice Windsor at Washington
State University. In this approach, the sample is ex-
cited with a short pulse of light and a similar pulse is
used to measure the sample’s absorbance as a function
of time after the excitation. The time resolution of such
measurements is limited mainly by the widths of the
excitation (‘pump’) and measuring (‘probe’) pulses
and the reproducibility of the delay between pumping
and probing, and not by the instrumental response to
the transmitted probe light. The discovery that mode-
locked lasers could emit pulses with widths of only
a few picoseconds thus opened the door to studies of
processes that occur on a whole new time scale. In
a typical experiment, a weak probe pulse is split off
from the pump pulse by a beam splitter, and the delay
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Figure 7. Electron carriers in the reaction center of Thermochro-
matium tepidum. The coordinates are from Protein Data Bank file
1EYS.pdb (Nogi et al. 2000). The prenyl side chains have been
removed or truncated for clarity. The primary quinone (QA) is men-
aquinone in Thermochromatium tepidum, Chromatium vinosum and
Blastochloris viridis, and ubiquinone in Rhodobacter sphaeroides
and most other non-sulfur purple bacteria. The secondary quinone
(QB) is bound less tightly and is missing in the Thermochromatium
tepidum crystal structure; its binding site is on the opposite side of
the nonheme Fe atom from QA.

between the pulses is controlled by using a mirror on
a translation stage to change the path that one of the
pulses follows before it reaches the sample. Because
light travels at a known velocity, the delay can be
measured with nothing more than a ruler.

Using pump and probe pulses with widths of about
8 ps, Mark Rockley, Maurice Windsor, Richard Cog-
dell and I (Rockley et al. 1975), and Ken Kaufmann,
Katherine Petty, Les Dutton, Britton Chance and
Peter Rentzepis (Dutton et al. 1975; Kaufmann 1975,
1976) independently found that state PF (P+BPh−)
was formed transiently in high yield in functional
reaction centers of Rb. sphaeroides. Dewey Holten,
Maurice Windsor, Philip Thornber and I subsequently
obtained similar results with reaction centers of Bl.
viridis (Holten et al. 1978). In both species, the
P+BPh− radical pair formed within 10 ps after the

excitation and then decayed with a time constant of
about 200 ps, leaving a state that we presumed to
be P+Q−

A. Although the kinetics of reduction of the
quinone could not be measured directly on this time
scale, it seemed safe to identify QA as the acceptor that
removed an electron from BPh−, since pre-reducing
or extracting the quinone reversibly blocked the rapid
reoxidation of the BPh−. This assignment proved to be
consistent with the reaction center crystal structures
(Figure 7), in which QA sits close to one of the two
BPh molecules (Deisenhofer et al. 1984, 1995; Allen
et al. 1987; Chang et al 1991). However, a tryptophan
side chain is inserted between the BPh and the quinone
and appears to play an important role in the electron-
transfer reaction. Replacing the tryptophan by tyrosine
or phenylalanine weakens the binding of QA to the re-
action center and slows the reoxidation of BPh− (Stilz
et al. 1994).

One of the most remarkable features of the reaction
center crystal structure is its symmetry (Deisenhofer
1984,1995; Allen et al. 1987; Chang et al 1991;
Lancaster and Michel 1999). The BChl dimer that
makes up P has a two-fold axis of approximate sym-
metry, so that a 180 degree rotation around this axis
approximately interchanges corresponding atoms of
the two BChls. The same symmetry axis also relates
homologous residues in the L and M polypeptides, and
two chains of monomeric BChl, BPh and quinone mo-
lecules extend out from P symmetrically on either side
of this axis. Proceeding away from P along either of
these chains, one encounters first a monomeric BChl
(BChlL in one chain or BChlM in the other), then a
BPh (BPhL or BPhM), and finally a quinone (QA or
QB) (see Figure 7). The rotational symmetry, how-
ever, is only approximate. Because the keto group of
BPhL forms a hydrogen bond with a glutamic acid
residue while the keto group of BPhM is not hydrogen
bonded, the two BPh molecules have slightly differ-
ent absorption spectra (Deisenhofer 1984,1995; Allen
et al. 1987; Chang et al 1991; Bylina et al. 1988;
Peloquin et al. 1990). The spectroscopic signatures of
BPh− and P+BPh− show clearly that only BPhL nor-
mally undergoes photoreduction (Parson et al. 1975;
Kaufmann et al. 1976; Tiede et al. 1976b; Shuvalov
and Klimov 1976 Kirmaier et al. 1985a, b; Robert et
al. 1985), although Su Lin, Neal Woodbury and their
coworkers have found that electron transfer to BPhM
can occur with high-energy excitation (Lin et al. 1999,
2001).

The high specificity for reduction of BPhL un-
der ordinary conditions probably is determined in the
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earliest step of the electron-transfer process, in which
P∗ passes an electron preferentially to BChlL rather
than BChlM. Electrostatics calculations (Parson et al.
1990; Alden et al. 1995; Gunner et al. 1996; Warshel
and Parson 2001) and kinetic studies in a variety of
modified reaction centers (Arlt et al. 1996a, b; Heller
et al. 1995; Jia et al. 1993; Katilius et al. 1999;
Kirmaier et al. 1995, 2001, 2002; Nagarajan et al.
1993; Schmidt et al. 1994) indicate that P+BChl−L
is probably close to or slightly below P∗ in en-
ergy, while P+BChl−M lies considerably higher. Craig
Schenck, Chris Kirmaier, Dewey Holten, Neal Wood-
bury, Arnold Hoff, Dieter Oesterhelt, Wolfgang Zinth
and others have shown that mutations that lower the
energy of P+BChl−M or raise the energy of P+BChl−L
can increase the yield of electron transfer to the nor-
mally inactive pigments. Although the formation of
P+BChl−L is difficult to resolve in wild-type reaction
centers, these studies of modified reaction centers
have provided increasingly convincing evidence for
this state as an intermediate between P∗ and P+BPh−

L
and have highlighted the importance of energetics in
the specificity of charge separation. However, dif-
ferences between the electronic coupling of P∗ to
P+BChl−L and P+BChl−M probably contribute to the
specificity. The coupling to P+BChl−L appears to be
significantly stronger than that to P+BChl−M (Ivashin
et al. 1998; Kolbashov and Scherz 2000; Zhang and
Friesner 1998). The relative importance of this con-
tribution is still not entirely clear (Bixon and Jortner
1999; Warshel and Parson 2001; Kirmaier et al. 2001,
2002).
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graphic refinement at 2.3 Å resolution and refined model of the
photosynthetic reaction centre from Rhodopseudomonas viridis.
J Mol Biol 246: 429–457

Delosme R and Joliot P (2002) Period four oscillations in chloro-
phyll fluorescence. Photosynth Res 73: 165–168

DeVault D and Chance B (1966) Studies of photosynthesis using a
pulsed laser. I. Temperature dependence of cytochrome oxidation
rate in Chromatium. Evidence for tunneling. Biophys J 6: 825–
847

Dutton PL, Leigh JS, and Seibert MS (1972) Primary processes in
photosynthesis: in situ ESR studies on the light-induced oxidized
and triplet states of reaction center bacteriochlorophyll. Biochem
Biophys Res Commun 46: 406–413

Dutton PL, Kaufmann KJ, Chance B and Rentzepis PM (1975) Pi-
cosecond kinetics of the 1250 nm band of the Rps. sphaeroides
reaction center: the nature of the primary photochemical inter-
mediary state. FEBS Lett 60: 275–280

Dutton PL, Prince RC, Tiede DM, Petty KM, Kaufmann KJ, Netzel
TL and Rentzepis PM (1976) Electron transfer in the photosyn-
thetic reaction center. Brookhaven Symp Biol 28: 213–37

Duysens LNM (1952) Transfer of excitation energy in photosyn-
thesis. Thesis, State University Utrecht, Utrecht, The Nether-
lands

Duysens LNM (1953) Reversible changes in the light absorp-
tion of purple bacteria caused by illumination. Carnegie Inst
Washington Yearb 52: 157

Duysens LNM (1954) Reversible photo-oxidation of a cytochrome
pigment in photosynthesizing Rhodospirillum rubrum. Nature
173: 692–693

Duysens LNM (1958) The path of light in photosynthesis.
Brookhaven Symp Biol 11: 10–25

Duysens LNM (1989) The study of reaction centers and of the
primary and associated reactions of photosynthesis by means
of absorption difference spectrophotometry: a commentary.
Biochim Biophys Acta 1000: 395–400

Duysens LNM, Huiskamp WJ, Vos JJ and van der Hart JM (1956)
Reversible changes in bacteriochlorophyll in purple bacteria
upon illumination. Biochim Biophys Acta 19: 188–190

Fajer J, Brune DC, Davis MS, Forman A and Spaulding LD (1975)
Primary charge separation in bacterial photosynthesis: oxidized
chlorophylls and reduced pheophytin. Proc Natl Acad Sci USA
72: 4856–4960

Goedheer JC (1958) Reversible oxidations of pigments in bacterial
chromatophores. Brookhaven Symp Biol 11: 325–331

Goedheer JC (1960) Spectral and redox properties of bacteri-
ochlorophyll in its natural state. Biochim Biophys Acta 38:
389–399

Govindjee, Knox RS and Amesz J (1996) William Arnold. A tribute.
Photosynth Res 48: 1–146

Govindjee, Beatty JT and Gest H (2003) Celebrating the millen-
nium – historical highlights of photosynthesis research, Part 2.
Photosynth Res 76: 1–11 (this issue)

Gunner M, Nichols A and Honig B (1996) Electrostatic potentials in
Rhodopseudomonas viridis reaction centers: implications for the
driving force and directionality of electron transfer. J Phys Chem
100: 4277–4291

Haberkorn R and Michel-Beyerle ME (1977) On the mechanism of
magnetic field effects in bacterial photosynthesis. Biophys J 26:
489–498

Haberkorn R, Michel-Beyerle ME and Marcus RA (1979) On spin-
exchange and electron-transfer rates in bacterial photosynthesis.
Proc Natl Acad Sci USA 76: 4185–4188

Halsey YD and Parson WW (1974) Identification of ubiquinone as
the secondary electron acceptor in the photosynthetic apparatus
of Chromatium vinosum. Biochim Biophys Acat 347: 404–416

Heller BA, Holten D and Kirmaier C (1995) Control of elec-
tron transfer between the L- and M-sides of the photosynthetic
reaction center. Science 269: 940–945

Hoff AJ, Rademaker H, van Grondelle R and Duysens LNM (1977)
On the magnetic field dependence of the yield of the triplet state
in reaction centers of photosynthetic bacteria. Biochim Biophys
Acta 460: 547–555

Holten D, Windsor MW, Parson WW and Thornber JP (1978)
Primary photochemical processes in isolated reaction centers of
Rhodopseudomonas viridis. Biochim Biophys Acta 501: 112–
126

Ivashin N, Källenbring B, Larsson S and Hansson Ö (1998) Charge
separation in photosynthetic reaction center. J Phys Chem B 102:
5017–5022

Jia Y, DiMagno TJ, Chan C-K, Wang Z, Du M, Hanson DK, Schiffer
M, Norris JR, Fleming GR and Popov MS (1993) Primary charge
separation in mutant reaction centers of Rhodobacter capsulatus.
J Phys Chem 97: 13180–13191

Katilius E, Turanchik T, Lin S, Taguchi AKW and Woodbury NW
(1999) B-side electron transfer in a Rhodobacter sphaeroides
reaction center mutant in which the B-side monomer bacterio-
chlorophyll is replaced with bacteriopheophytin. J Phys Chem B
103: 7386–7389



91

Kaufmann KJ, Petty KM, Dutton PL and Rentzepis PM (1975)
Picosecond kinetics of events leading to reaction center bacteri-
ochlorophyll oxidation. Science 188: 1301–1304

Kaufmann KJ, Petty KM, Dutton PL and Rentzepis PM (1976) Pi-
cosecond kinetics in reaction centers of Rps. sphaeroides and
the effects of ubiquinone extraction and reconstitution. Biochem
Biophys Res Commun 70: 839–845

Ke B (2001) Photosynthesis: Photobiochemistry and Photobiophys-
ics. Kluwer Academic Publishers, Dordrecht, The Netherlands

Kirmaier C, Holten D and Parson WW (1985a) Temperature and
detection-wavelength dependence of the picosecond electron-
transfer kinetics measured in Rhodopseudomonas sphaeroides
reaction centers. Resolution of new spectral and kinetic compon-
ents in the primary charge-separation process. Biochim Biophys
Acta 810: 33–48

Kirmaier C, Holten D and Parson WW (1985b) Picosecond-
photodichroism studies of the transient states in Rhodopseudo-
monas sphaeroides reaction centers at 5 K. Effects of electron
transfer on the six bacteriochlorin pigments. Biochim Biophys
Acta 810: 49–61

Kirmaier C, Laporte L, Schenck CC and Holten D (1995) The nature
and dynamics of the charge-separated intermediate in reaction
centers in which bacteriochlorophyll replaces the photoactive
bacteriopheophytin. 2. The rates and yields of charge separation
and recombination. J Phys Chem 99: 8910–8917

Kirmaier C, He C and Holten D (2001) Manipulating the direction
of electron transfer in the bacterial reaction center by swapping
Phe for Tyr near BChlM (L181) and Tyr for Phe near BChlL
(M208). Biochemistry 40: 12132–12139

Kirmaier C, Cua A, He CY, Holten D and Bocian DF (2002) Prob-
ing M-branch electron transfer and cofactor environment in the
bacterial reaction center by addition of a hydrogen bond to the
M-side bacteriopheophytin. J Phys Chem B 106: 495–503

Klimov VV, Shuvalov VA, Krakhmaleva IN, Klevanik AA and
Krasnovsky AA (1977) Photoreduction of bacteriopheophytin
b in the primary light reaction of Rhodopseudomonas viridis
chromatophores. Biokhim 42: 519–530 [in Russian]

Kolbasov D and Scherz A (2000) Asymmetric electron transfer in
reaction centers of purple bacteria strongly depends on different
electron matrix elements in the active and inactive branches. J
Phys Chem 104: 1802–1809

Kuntz IDJ, Loach PA and Calvin M (1964) Absorption changes in
bacterial chromatophores. Biophys J 4: 227–249

Lancaster CR and Michel H (1999) Refined crystal structures of
reaction centres from Rhodopseudomonas viridis in complexes
with the herbicide atrazine and two chiral atrazine derivatives
also lead to a new model of the bound carotenoid. J Mol Biol
286: 883–898

Leigh JS and Dutton PL (1974) Reaction center bacteriochlorophyll
triplet states: redox potential dependence and kinetics. Biochim
Biophys Acta 357: 67–77

Lin S, Jackson JA, Taguchi AKW and Woodbury NW (1999) B-side
electron transfer promoted by absorbance of multiple photons in
Rhodobacter sphaeroides R-26 reaction centers. J Phys Chem B
103: 4757–4763

Lin S, Katilius E, Haffa ALM, Taguchi AKW and Woodbury NW
(2001) Blue light drives B-side electron transfer in bacterial
photosynthetic reaction centers. Biochem 40: 13767–13773

Loach PA and Hall RL (1972) The question of the primary electron
acceptor in bacterial photosynthesis. Proc Natl Acad Sci USA
69: 786–790

Nagarajan V, Parson WW, Davis D and Schenck CC (1993) Kinetics
and free energy gaps of electron-transfer reactions in Rhodobac-
ter sphaeroides reaction centers. Biochem 32: 12324–12336

Nogi T, Fathir I, Kobayashi M, Nozawa T and Miki K (2000)
Crystal structures of photosynthetic reaction center and high-
potential iron-sulfur protein from Thermochromatium tepidum:
thermostability and electron transfer. Proc Natl Acad Sci USA
97: 13561–13566

Okamura MY, Isaacson RA and Feher G (1975) The primary
acceptor in bacterial photosynthesis: the obligatory role of ubi-
quinone in photoactive reaction centers of Rp. spheroides. Proc
Natl Acad Sci USA 72: 3491–3495

Okamura MY, Ackerson LC, Isaacson RA, Parson WW and Feher
G (1976) The primary electron acceptor in Chromatium vinosum
(strain D). Biophys J 16: 223a

Olson JM and Chance B (1960a) Oxidation-reduction reactions
in the photosynthetic bacterium Chromatium. I. Absorption
changes in whole cells. Arch Biochem Biophys 88: 26–39

Olson JM and Chance B (1960b) Oxidation-reduction reactions in
the photosynthetic bacterium Chromatium. II. Dependence of
light reactions on intensity of irradiation and quantum efficiency
of cytochrome oxidation. Arch Biochem Biophys 88: 40–53

Olson JM and Chance B (1962) Quantum efficiency of cytochrome
photooxidation in a photosynthetic bacterium. Science 135: 101–
102

Ortega JM and Mathis P (1993) Electron transfer from the tetra-
heme cytochrome to the special pair in isolated reaction centers
of Rhodopseudomonas viridis. Biochem 32: 1141–1151

Parson WW (1968) The role of P870 in bacterial photosynthesis.
Biochim Biophys Acta 153: 248–259

Parson WW (1969a) Cytochrome photooxidations in Chromatium
chromatophores. Each P870 oxidizes two cytochrome C422
hemes. Biochim Biophys Acta 189: 397–403

Parson WW (1969b) The reaction between primary and secondary
electron acceptors in bacterial photosynthesis. Biochim Biophys
Acta 189: 384–396

Parson WW (1989) Don DeVault: A tribute on the occasion of his
retirement. Photosynth Res 22: 11–13

Parson WW and Case GD (1970) In Chromatium, a single pho-
tochemical reaction center oxidizes both cytochrome C552 and
cytochrome C555. Biochim Biophys Acta 205: 232–245

Parson WW and Monger TG (1976) Interrelationships among ex-
cited states in bacterial reaction centers. Brookhaven Symp Biol
28: 195–211

Parson WW, Clayton RK and Cogdell RJ (1975) Excited states of
photosynthetic reaction centers at low redox potentials. Biochim
Biophys Acta 387: 265–278

Parson WW, Chu ZT and Warshel A (1990) Electrostatic control of
charge separation in bacterial photosynthesis. Biochim Biophys
Acta 1017: 251–272

Peloquin JM, Bylina EJ, Youvan DC and Bocian DF (1990) Res-
onance Raman studies of genetically modified reaction centers
from Rhodobacter capsulatus. Biochem 29: 8417–8424

Reed DW, Zankel KL and Clayton RK (1969) The effect of
redox potential on P870 fluorescence in reaction centers from
Rhodopseudomonas spheroides. Proc Natl Acad Sci USA 63:
42–46

Robert B, Lutz M and Tiede DM (1985) Selective photochemical re-
duction of either of the 2 bacteriopheophytins in reaction centers
of Rps. sphaeroides R-26. FEBS Lett 183: 326–330

Rockley MG, Windsor MW, Cogdell RJ and Parson WW (1975)
Picosecond detection of an intermediate in the photochemical
reaction of bacterial photosynthesis. Proc Natl Acad Sci USA
72: 2251–2255

Schmidt S, Arlt T, Hamm P, Huber H, Naegele T, Wachtveitl J,
Meyer M, Scheer H and Zinth W (1994) Energetics of the
primary electron transfer reaction revealed by ultrafast spectro-



92

scopy on modified bacterial reaction centers. Chem Phys Lett
223: 116–120

Seibert M and DeVault D (1970) Relations between the laser-
induced oxidations of the high and low potential cytochromes
of Chromatium D. Biochim Biophys Acta 205: 220–231

Shuvalov VA and Klimov VV (1976) The primary photoreactions in
the complex cytochrome-P-890•P-760 (bacteriopheophytin760 )
of Chromatium minutissimum at low redox potentials. Biochim
Biophys Acta 440: 587–599

Stilz HU, Finkele U, Holzapfel W, Lauterwasser C, Zinth W
and Oesterhelt D (1994) Influence of M subunit Thr222 and
Trp252 on quinone binding and electron transfer in Rhodobacter
sphaeroides reaction centres. Eur J Biochem 223: 233–242

Sistrom WR and Clayton RK (1964) Studies on a mutant of
Rhodopseudomonas spheroides unable to grow photosynthetic-
ally. Biochim Biophys Acta 88: 61–73

Thurnauer MC, Katz JJ and Norris JR (1975) The triplet state in
bacterial photosynthesis: possible mechanisms of the primary
photoact. Proc Natl Acad Sci USA 72: 3270–3274

Tiede DM, Prince RC, Reed GH and Dutton PL (1976a) EPR
properties of the electron carrier intermediate between the re-
action center bacteriochlorophylls and the primary acceptor in
Chromatium vinosum. FEBS Lett 65: 301–304

Tiede DM, Prince RC and Dutton PL (1976b) EPR and optical spec-
troscopic properties of the electron carrier intermediate between
the reaction center bacteriochlorophylls and the primary acceptor
in Chromatium vinosum. Biochim Biophys Acta 449: 447–467

Uphaus RA, Norris JR and Katz JJ (1974) Triplet states in photo-
synthesis. Biochem Biophys Res Commun 61: 1057–1063

Verméglio A and Clayton RK (1977) Secondary electron transfer
in reaction centers of Rhodopseudomonas sphaeroides: out-of-
phase periodicity of two for the formation of ubisemiquinone and
fully reduced ubiquinone. Biochim Biophys Acta 459: 516–524

Vredenberg WJ and Duysens LNM (1964) Light-induced oxida-
tion of cytochromes in photosynthetic bacteria between 20 and
–170◦. Biochim Biophys Acta 79: 456–463

Warshel A and Parson WW (2001) Dynamics of biochemical and
biophysical reactions: insight from computer simulations. Quart
Rev Biophys 34: 563–679

Werner H-J, Schulten K and Weller A (1978) Electron transfer and
spin exchange contributing to the magnetic field dependence of
the primary photochemical reaction of bacterial photosynthesis.
Biochim Biophys Acta 502: 255–268

Wraight CA (1977) The primary acceptor of photosynthetic bac-
terial reaction centers: direct observation of oscillatory behavior
suggesting two closely equivalent species. Biochim Biophys
Acta 459: 525–531

Wraight CA and Clayton RK (1974) The absolute quantum effi-
ciency of bacteriochlorophyll photooxidation in reaction centres
of Rhodopseudomonas spheroides. Biochim Biophys Acta 333:
246–260

Zankel KL, Reed DW and Clayton RK (1968) Fluorescence and
photochemical quenching in photsynthetic reaction centers. Proc
Natl Acad Sci USA 61: 1243–1249

Zhang LY and Friesner RA (1998) Ab initio calculation of electronic
coupling in the photosynthetic reaction center. Proc Natl Acad
Sci USA 95: 13603–13605


