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Abstract: Light-induced radical pairs in fully deuterated photosynthetic reaction centers of purple bacteria Rhodobacter
sphaeroides have been studied by high time resolution electron paramagnetic resonance. Quantum beat oscillations
are detected at early times after laser excitation for native and iron-removed reaction center preparations. Due to their
spin-correlated generation, the secondary radical pairs P*[QFe2*]- and P*Q- are expected to start out in a coherent
superposition of eigenstates, as observed experimentally. Analysis of the quantum beats as a function of the static
magnetic field can ultimately provide detailed information on the molecular structure of the short-lived intermediates

in the primary steps of bacterial photosynthesis.

Introduction

Spin-correlated radical pairs (rps)!-6 are generated as short-
lived intermediates in the primary energy conversion steps of
natural and artificial photosynthesis.}:+15 If the initial configu-
ration of the rp (singlet or triplet) is not an eigenstate of the
corresponding spin Hamiltonian, the rp starts out in a coherent
superposition of two of the four spin states,'¢-19 which can manifest
itself as quantum beats in an electron paramagnetic resonance
(EPR) experiment with adequate time resolution.202! In the
following we report observation of quantum beats for the light-
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induced rps in purple photosynthetic bacterial reaction center
proteins (rcs) and suggest how they may be used to obtain new
structural details of the rc.

Inthe photosystem of purple bacteria Rhodobacter sphaeroides
the initial steps are2223

hy ~2.8ps ~200 ps
PHQFe** — 'P*HQFe?* — P*H QFe?* —

PTH[QFe**]~ (T<50K) (1)

where P is a special pair of bacteriochlorophylls, H is bacte-
riopheophytin, and Q is ubiquinone, which (in its reduced form)
interacts with high-spin Fe?*. Asa result, light-induced polarized
EPR signals from native bacterial rcs are not observed except at
cryogenic temperatures,!42425 where the [QFe2*]- complex can
be modeled by two doublets, characterized by a large g-tensor
anisotropy.26-28 We report high time resolution transient EPR
of fully deuterated (99.7%) iron-removed rcs of Rb. sphaeroides
R26, and discuss the results together with those from native
preparations.

Experimental Section

Sample Preparation. Deuterated rcs were isolated from whole cells
of Rb. sphaeroides R26 which were grown in D20 (99.7%) on deuterated
substrates.?? Res were isolated according to the procedures described by
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Wraight.3® The method by Tiede and Dutton3! was followed for removal
of Fe2* from the rcs. Samples for the EPR experiments were prepared
by filling the rc solutions (deuterated tricine buffer) into a quartz tube
(2-mm inner diameter) located in the symmetry axis of the microwave
resonator. The temperature of the samples was controlled using a helium
flow cryostat (Oxford CF-935) and was stable to £0.1 K.

EPR Measurements. The basic concept of the EPR experiment is
similar tothat described previously.2132 A modified X-band spectrometer
(Bruker ER-200 D) was used, equipped with a fast microwave preamplifier
(36 dB, 1.8 dB noise figure) and a broad band video amplifier (band
width 200 Hz-200 MHz). The sample was irradiated in a home-built
split ring resonator with 2 ns pulses of an Nd:YAG pumped dye laser
(Spectra Physics, 580 nm, 10 mJ/pulse) at a repetition rate of 10 Hz.
The split ring resonator exhibits a high filling factor at low Q (unloaded
Q =~ 500) and provides an easy means of sample irradiation.

The time-dependent EPR signal was digitized in a transient recorder
(LeCroy 9450 digital oscilloscope) at a rate of 2.5 ns/12 bit sample. The
time resolution of the experimental setup is estimated to be in the 10-ns
range. Typically, 512 transients were accumulated at off-resonance
conditions and subtracted from those on resonance to get rid of the laser
background signal. As demonstrated shortly, the best overall view of the
full data setis obtained from a two-dimensional plot of thesignal intensity
versus the time and magnetic field axis.

Theoretical Background

In this section we briefly summarize a model for transient
EPR of spin-correlated rps and define the model parameters.17.21.33
Specifically, we consider a sudden, light-induced generation of
the rp with a spatially fixed geometry. Particular emphasis is
given to the slow-motional regime where anisotropic magnetic
interactions dominate.

Spin Hamiltonian. The total spin Hamiltonian, #($,t),
depends on the orientation, Q, of the rp and can be divided in five
parts

FE(Qt) = Q) + F(Qt) + Hpy + Hp(Q) + Hyp(Q)
@)

The first term, describing Zeeman interactions of the electron
spins S;, i = 1,2, with the static magnetic field By = (0,0,By) is
given by

#7(Q) = BBy[g,(2)S, + g,()Sy] (3

where 8 and g;, i = 1,2, are the Bohr magneton and the g-tensor
of radical i, respectively.

In the presence of a rotating microwave field B, = (B, cos wt,
B, sin wt, 0) the Hamiltonian includes the radiation term

ﬁR(Qat) = ISBl'[gl(Q)'Sl + gz(ﬂ)'szl 4
where B, denotes the magnitude of the microwave radiation. The

next two terms of eq 2 account for the isotropic and anisotropic
spin—spin coupling of the rp

Hrx = (@1 - Qg) (5
Hp(Q) = (S, +S,)-D(Q)(S, +S,) (6)
Or= (% + SI'SZ) @)
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Qs = (% -5,5,) ®)

where J, D(Q) are the electron exchange interaction and dipolar
coupling tensor, respectively. Since Dis traceless,twoparameters,
D and E, completely determine this tensor.

The last term of the Hamiltonian 2 describes the magnetic
interactions between electron and nuclear spins. For weakly
coupled rps this part of the Hamiltonian can be written as34

Hyp(Q) = lek'Alk(ﬂ)'sl + lerAzz(ﬂ)'Sz ®
7

where I is the spin operator of nucleus k in radical i and Ax(Q)
is the corresponding hyperfine tensor. a; denotes the isotropic
hyperfine coupling constant

1
ay = (AL + AL+ 4] (10)

and 4}, j = X, Y, Z, are the principal values of Ay, respectively.

Because of the explicit time dependence of #gr(Q,f) we
transforminto a frame of reference, rotating with the microwave
frequency w around the static magnetic field Bo. This trans-
formation is not a matter of pictorial convenience, but an essential
step toward a proper theoretical analysis.3> Neglect of all
nonsecular terms, as usualin the high-field approximation, renders
the transformed Hamiltonian #7(Q) virtually time independent.

Stochastic Liouville Equation. Generally, the time evolution
of the density matrix, p*(2), is described by the stochastic Liouville
equation36:37

a%o'(ﬂ,t) =-i[(1/A)H¥(2) - iL(Q) + iR]p"(Q,)  (11)

which we solve using a finite grid point method.’%3% Here H*" ()
denotes a superoperator associated with the spin Hamiltonian
F1(Q) of the rp. L(Q) is the stationary Markov operator for the
various rotational processses, and R is a phenomenological
relaxation superoperator.

The specific form of the Markov operator L(Q) depends on the
model used to describe the motions.3? For isotropic tumbling of
the rp as the only motional process, L(2) can be expressed in
terms of a single rotational correlation time 7 and the equilibrium
populations P.() of the orientations. Intheslow-motional limit
(7r > 10-%5), applying to the present case, L({) may be dropped.
The relaxation superoperator R accounts for all relaxation
processes neglected in truncating H¥(2) and L(Q). Generally,
the elements of R can be related to the residual relaxation times
T, and T, as described elsewhere.!":33

Formally, integration of eq 11 leads to

p'(Q.2) = exp{-[(i/ A)H"(Q) + L(2) -R]#»'(2,0) (12)

where p7(£,0) is the initial condition of the density matrix at the
time of the sudden generation of the rp. Only in the case of
primary rps do we expect pure initial spin states

F(@0) =P(2)Q;  i=ST (13)
determined by the spin multiplicity of the excited precursor. For
all following pairs, the pure singlet might be admixed with some

triplet character and vice versa.!214 In these cases pr(£,0) can
be evaluated by solving eq 11 for the lifetime of the precursor rp.
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Figure 1. Complete data sets of the transient EPR signal of light-induced
radical pairsin 99.7% deuterated bacterial reaction centers of Rhodobacter
sphaeroides R26. Positive and negative signals indicate absorptive (a)
and emissive (€) polarizations, respectively: microwave field, B, = 0.08
mT; temperature, T = 10K. (a) Datasetof secondary radical pairs P*Q-
in iron-removed reaction centers. Microwave frequency w/27 = 9.8997
GHz. (b) Data set of secondary radical pairs P* [QFe2*]- in iron-
containing reaction centers. Microwave frequency w/27 =9.8811 GHz.

Evaluating the trace of p"(2)«(S] + S3) finally gives the
observable EPR signal of the transient nutation experiment as

M(1) = Tr[o"())(S} + S})] (14)

o) = [or(@nda (15)

where p*(2,t) is obtained by solving eq 12. The corresponding
diagonalizations were accomplished using the Rutishauser
algorithmaccording to Gordon and Messenger.¥ For this purpose,
Fortraa routines have been adapted from the literature*%4! and
modified.!”

Experimental Results

Fully deuterated native and iron-depleted bacterial rcs of Rb.
sphaeroides R26 were irradiated with 2 ns pulses of an Nd:YAG pumped
dye laser, and the time evolution of the transverse magnetization was
monitored for various static magnetic fields. Typical results are shown
in Figures 1-4. The observed time profiles vary drastically according to
the experimental parameters employed.
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Figure 2. Transient EPR line shapes of the light-induced radical pairs
P*Q- in 99.7% deuterated iron-removed bacterial reaction centers of
Rhodobacter sphaeroides R26 at various times after the laser pulse.
Time window = 10 ns. Positive and negative signals indicate absorptive
(a) and emissive (¢) polarization, respectively: microwave frequency,
w/27 = 9.8997 GHz; microwave field, B, = 0.08 mT; temperature, T =
10 K.

Complete Data Sets. As described in the Experimental Results, a
complete data set consists of transient signals taken at equidistant magnetic
field points covering the total spectral width. This implies a two-
dimensional variation of the signal intensity with respect to both the
magnetic field and time axis. Such a complete data set can be conveniently
presented in a two-dimensional plot as shownin Figure 1 for iron-removed
(a) and iron-containing (b) rcs. The plots refer to a constant microwave
magnetic field of B; =0.08 mT and 7= 10K. Note that a positive signal
indicates absorptive (a) and a negative emissive (e) spin polarization.

Transient spectra can be extracted from this plot at any fixed time
after the laser pulse as slices parallel the magnetic field axis. Likewise,
the time evolution of the transverse magnetization may be obtained for
any given field as a slice along the time axis. In the following, transient
spectra and time profiles are presented separately.

Transient Spectra. Typical line shapes for iron-depleted rcs, observed
40, 60, 80, and 100 ns after the laser pulse, are shown in Figure 2. They
refer toa microwave field of B; = 0.08 mT and T=10K. Eachspectrum
is integrated over a narrow time window of 10 ns. Apparently, the early
spectrumis much broader than the later ones. Moreover, the polarization
changes from a simple e¢/a pattern at, early times to a characteristic
¢/a/e/a pattern at later times. A detailed analysis reveals that lifetime
broadening actually dominates the early spectrum.3?

Figure 3 compares stationary spectra for iron-removed (a) and iron-
containing (b) rcs, averaged in the time gate 400440 ns after laser
excitation. The spectra refer to T = 10 K. In order to avoid line shape
distortions by Torrey oscillations a reduced microwave field of B, = 0.01
mT has been employed.

The e/a/e/a pattern for the iron-removed sample was observed over
the entire long time range of our experiments. Evidence for a triplet
spectrum of the primary donor P was not obtained. Even though we have
not measured the lifetime of P*H- independently, the absence of triplet
signal indicates that this intermediate is short-lived.4>-44 The results are

(42) Liu, B.-L.; van Kan, P. J. M,; Hoff, A. J. FEBS Lett. 1991, 289,
23-28.
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Figure 3. Stationary EPR spectra of light-induced radical pairs in 99.7%
deuterated bacterial reaction centers of Rhodobacter sphaeroides R26.
Spectra were taken 400440 ns after laser excitation. Positiveand negative
signals indicate absorptive (a) and emissive (¢) polarizations, respec-
tively: microwave field, B, = 0.01 mT; temperature, T = 10 K. (a)
Spectrum of secondary radical pairs P+*Q-iniron-removed reaction centers.
Microwave frequency, w/2x = 9.8997 GHz. (b) Spectrum of secondary
radical pairs P*[QFe?*]~in iron-containing reaction centers. Microwave
frequency, w/2x = 9.8811 GHz.

in agreement with those made on similar preparations under comparable
conditions.%15 Therefore, the e/a/e/a pattern can be assigned to the
secondary rp P*Q-. Model calculations,!7:21:33 based on the spin-correlated
rp concept,¢ indicate the anisotropic nature4615 of this spectrum.
However, the spectral resolution, even for a fully deuterated sample, is
not sufficient to evaluate the various parameters unambiguously.

The stationary spectrum for iron-containing rcs is presented in Figure
3b. The experimental conditions were the same as those used for the
iron-removed sample (B = 0.01 mT, T = 10 K). Yet, the observed
polarization differs significantly, starting absorptive at the low-field end.
Thedistincta/e/a pattern, centered at g = 2.0026, corresponds to previous
observations,14:24:25

Time Profiles, Figure 4 (left column) depicts the time evolution of
the transverse magnetization for iron-removed rcs, measured with a
resolution of 10 ns.21:3 The transients refer to a constant microwave
field of By = 0.08 mT, T = 10 K, and four selected field positions (A-D,
Figure 3a). Apparently, all transients exhibit oscillatory behavior at
carly times after the laser pulse. Note, however, that the frequency of
these oscillations varies across the spectrum, indicating an anisotropic
nature of the transients.

(44) Gunner, M. R.; Robertson, D. E.; LoBrutto, R. L.; Mc.Laughlin, A.
C.; Dutton, P. L. In Progress in Photosynthetic Research; Biggins, J., Ed.;
M. Nijhoff: Dordrecht, 1987; Vol. I, pp 217-220.
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Figure 4. Time evolution of the transverse magnetization of light-induced
radical pairsin 99.7% deuterated bacterial reaction centers of Rhodobacter
sphaeroides R26. Time profiles were taken at various static magnetic
fields (positions A-F, Figure 3). Positive and negative signals indicate
absorptive (a) and emissive (¢) polarizations, respectively: temperature,
T = 10K. Left column: Experimental time profiles for the secondary
radical pairs P*Q- in iron-removed reaction centers. Microwave
frequency, w/2x = 9.8997 GHz. Microwave field, B; = 0.08 mT. Right
column: Experimental time profiles for the secondary radical pairs
P*+[QFe?*]-in iron-containing reaction centersat two different microwave
fields. By = 0.15 mT (upper curves) and B, = 0.08 mT (lower curves).
Microwave frequency, w/2x = 9.8811 GHz.
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Generally, oscillation frequencies of 1020 MHz can be extracted
from the profiles. In addition, isotropic Torrey oscillations™? with a
frequency of w) /27 =~ 2.2 MHz can be seen. Basically, the fast oscillations
represent quantum beats detected in the transverse magnetization.
Observation of such coherence phenomena for deuterated samples of
photosystem I from cyanobacteria has been reported recently,29:21.33 Dye
to their spin-correlated generation, the secondary rps P*Q-are expected
to start out in a coherent superposition of eigenstates,16-19 as observed
experimentally. Detection of quantum beats in bacterial rcs confirms
previous interpretations of the transient EPR spectrum employing the
correlated rp concept.46 Furthermore, the frequency of the beats and the
amplitude variation ultimately provides a direct measurement of a number
of important magnetic and structural parameters.3?

Figure 4 (right column) depicts the time evolution of the transverse
magnetization for native iron-containing rcs, measured at T= 10 K. The
transients were taken at two selected field positions (E and F, Figure 3b)
and two different microwave magnetic fields (8) = 0.15 mT upper curves;
B, =0.08mT lower curves). Inall cases,slow oscillations with frequencies
between two and four MHz are present. Closer inspection reveals that
these oscillations not only result from Torrey precessions but also have
components from nuclear coherences, generated by the nonadiabatic
change of the spin Hamiltonian at the instant of the laser pulse.#* In
addition, at the low-field absorptive maximum (E, Figure 3b) fast initial
oscillations with a frequency of 20 MHz are observed. As noted above,
such oscillations may be assigned to quantum beats associated with the
spin-correlated generation of a rp.

Analysis of Experiments

Parameter Values. Analysis of the transient EPR experiments
was performed employing the model outlined in the Theory section.
Table 1 summarizes the parameters used in the calculations. The

(45) Weber, S.; Ohmes, E.; Thurnauer, M. C.; Norris, J. R.; Kothe, G.,
manuscript in preparation.
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Table 1. Parameters Used in EPR Model Calculations for the Light-Induced Radical Pairs P*Q- and P*[QFe2*]- in Iron-Removed and Native

Bacterial Reaction Centers of Rhodobacter Sphaeroides R26

g-tensors? geometry®
P+ Q [QFe?*]- ground doublet [QFe2+*]- first exc doubl spin—spin coupling® Pt dipol tensor
g5, 2.0033 g‘§ 2.0066 e 1.77 o 1.81 J,0 ¢p,-17° p, arbitr
g5,2.0023 , 2.0054 Fer 0.60 Fe» 545 D,-0.125 mT Op, 56° 6p, 65°
gZ,2.0021 , 2.0022 2,-,, 1.84 Fer 1.71 E,0 ¥p, —2° ¥p, 59°

¢ Data for P* and Q- from recent W-band EPR studies.*47 Analysis of the [QFe?*]- complex revealed that the low temperature EPR spectrum
can be modeled by two doublets, each characterized by a large g-tensor anisotropy.2® ® Estimated on the basis of the crystal structure of the reaction
center complex.48-50 ¢ The Euler angles relate the principal axis system of the respective magnetic tensor and the molecular reference system (g-tensor
of Q). Data from a transient K-band EPR study of zinc-substituted bacterial reaction centers.!

g-tensor components of P+ and Q- were adopted from recent
W-band EPR studies of Rb. sphaeroides rcs.*647 Magnetic
characterization of the [QFe2*]- complex in rcs from Rb.
sphaeroides has previously been achieved.26282 Accordingly, the
low temperature EPR spectrum of [QFe2*]- can be modeled by
twodoublets, each characterized by a large g-tensor anisotropy .28
The separation of the doublets is ~3 K.28

The spin-spin coupling parameters in the rps are estimates
based on the crystal structure of the rc complex.43-50 Angles for
the magnetic tensor orientations in P*Q- were adopted from a
recent K-band EPR study of deuterated zinc-substituted rcs from
Rb. sphaeroides.s! The listed Euler angles relate the principal
axis system of the respective magnetic tensor (g-tensor of P+,
dipolar coupling tensor) and the molecular reference system,
collinear with the g-tensor of Q52 Data for the g-tensor
orientations of the lowest doublets in [QFe?*]-have been published
recently.53.54

Model Calculations. Typically, 2000 grid points, regularly
spaced over the surface of a sphere, were employed to simulate
the static distribution of the rp with respect to the laboratory
frame. In Figure S we compare experimental (left column) and
calculated (right column) time profiles for P*Q-iniron-removed
bacterial rcs. The parameters for the calculations, intended to
demonstrate the observation of quantum beats, are taken from
the literature (see Table 1). Hyperfine interactions were
approximated by considering four nitrogens (an = 0.082 mT) in
P* and four deuterons (ap = 0.076 mT) in Q-, respectively. The
residual relaxation times T, = 5 us and 7, = 800 ns have been
estimated from the B, dependence of the effective decay of the
transient magnetization. Inhomogeneous broadening was con-
sidered by convolution with a Gaussian of line width AB, =0.175
mT.

Generally, the agreement between observed and calculated
transients is satisfactory. We thus conclude that the secondary
rp P*Q-is generated in a virtually pure singlet state, as assumed
in the calculations. Notice that all transients start out with a
horizontal slope. Then, amplitude and phase vary depending on
the field position. Finally, 120 ns after the laser pulse all initial
oscillations are averaged by residual hyperfine interactions in the
fully deuterated sample.?® This result shows that high time
resolution is required for a successful EPR detection of quantum
beats.
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Preliminary model calculations for P+[QFe2t]-, based on the
published g-tensor parameters for the lowest doublets in
[QFe?*]-,2853 (see Table 1) are in qualitative agreement with the
experimental observations. We therefore conclude, that quantum
beat oscillations have been detected in native iron-containing
bacterial rcs. This result confirms the previous assignment of
the transient spectrum (see Figure 3b) to P+ from P*[QFe2+]-.1425
Moreover, it explains why detection of quantum beats is restricted
to only a few field positions. Because of the large g-tensor
anisotropy associated with [QFe?*]-the beat frequencies generally
exceed our upper detection limit of ~100 MHz.

Discussion

Light-induced rps in fully deuterated photosynthetic rcs of
purple bacteria Rb. sphaeroides R26 have been studied by high
time resolution transient EPR. Quantum beat oscillations are
detected at early times after laser excitation for native and iron-
removed rc preparations. In the following part we discuss how
analysis of these coherence phenomena may provide insight into
structure and function of the bacterial photosynthetic rc.

Under solid-state conditions the frequency of the quantum
beats

p = (/mf[27+ 307 @] + 7@ - er@rsE)
16)

critically depends on the orientation Q of the rp in the laboratory
frame (z = direction of static magnetic field). The weak B, field,
commonly employed in transient EPR, allows for only a small
range of orientations to meet the resonance condition. Conse-
quently, we expect the beat frequencies to vary significantly with
B across the powder spectrum, as observed experimentally (see
Figure 4). The pronounced variation has been used to evaluate
the geometry of the secondary rp in plant photosystem 1.33

For zinc-substituted bacterial rcs the geometry of P+Q- has
recently been discussed.5*5 The favored structure is based on
the results of X-ray diffraction®-5¢ and W-band EPR studies*6.47
of singlecrystal res proteins. In Figure 5 we compare experimental
time profiles from iron-removed rcs (left column) with those
calculated employing the favored geometry (right column).5!
Inspection reveals some deviations between experimental and
calculated beat frequencies. These may be due to a number of
factors, i.e., different sample conditions (zinc-substituted vs iron-
removed preparations) or uncertainties in theemployed geometry
parameters. A simultaneous fit of several B, dependent time
profiles could provide the necessary information.3? Studiesalong
these lines, involving different rc preparations,*3%4 are currently
in progress.

(55) Fichsle,G.; Bittl, R.;vander Est, A.; Lubitz, W.; Stehlik, D. Biochim.
Biophys. Acta 1993, 1142, 23-35.
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Figure 5. Time evolution of the transverse magnetization of the light-
induced radical pairs P*Q-in 99.7% deuterated bacterial reaction centers
of Rhodobacter sphaeroides R26. Time profiles were taken at various
static magnetic fields (position A-D, Figure 3a). Positive and negative
signals indicate absorptive (a) and emissive (b) polarizations, respectively.
Left column: Experimental time profiles at T = 10 K. Microwave
frequency, w/2x = 9.8997 GHz. Microwave field, B) = 0.08 mT. Right
column: Calculated time profiles using the parameters given in Table 1.
Microwave frequency, w/2x = 9.8997 GHz. Microwave field, By = 0.08
mT. Inhomogeneous broadening, ABy =0.175mT. Residualrelaxation
times 73 = S us and 7> = 800 ns. Hyperfine interactions in P*: four
nitrogens with ax = 0.082 mT. Hyperfine interactions in Q~: four
deuterons with ap = 0.076 mT.
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Although the major features of the magnetic interactions in
the [QFe2*}- complex are now resolved,26-28 the g-tensor orienta-

Kothe et al.

tions in the lowest doublets are not known in any great detail .53
Investigation of the observed quantum beats as a function of the
detection field could provide this information. We are therefore
analyzing the two-dimensional experiment, depicted in Figure
1b, in terms of an extended Hamiltonian, which accounts for
high-spin Fe2+ and its interaction with Q-.22 From the results we
expect to assess the effect of Fe2* on the spin dynamics of the
short-lived intermediates in the primary steps of bacterial
photosynthesis.

Finally, quinone replacement could provide a means to vary
the electron-transfer rate from the primary to the secondary
rp.141556 Thus, electron spin polarization could be studied with
primary rp lifetimes of 200 ps in native bacterial rcs to 10 ns in
quinone replaced preparations.!> In the latter case triplet
admixture is expected to occur in the precursor pair, giving rise
to significant phase and amplitude variations in the quantum
beat oscillations.

Conclusion

Using high time resolution transient EPR we have been able
to detect quantum beat oscillations in the transverse magnetiza-
tion of spin-correlated rps generated by pulsed laser excitation
of photosynthetic bacterial rcs. Thorough investigation of these
coherences allows a more detailed characterization of the short-
lived intermediates of bacterial photosynthesis. It appears that
quantum beam oscillations represent sensitive molecular probes
for the study of the primary steps in natural photosynthesis.
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