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ABSTRACT: Electron paramagnetic resonance (EPR) was
used to study light-induced electron transfer in Photosystem
I—flavodoxin complexes. Deuteration of flavodoxin enables
the signals of the reduced flavin acceptor and oxidized primary
donor, P+, to be well-resolved at X- and D-band EPR. In
dark-adapted samples, photoinitiated interprotein electron
transfer does not occur at 5 K. However, for samples prepared
in dim light, significant interprotein electron transfer occurs at
5 K and a concomitant loss of the spin-correlated radical pair
P*A;A" signal is observed. These results indicate a light-
induced reorientation of flavodoxin in the PSI docking site
that allows a high quantum yield efficiency for the interprotein
electron transfer reaction.

Interprotein electron transfer reactions are involved in a variety
of physiologically important processes. In photosynthesis, inter-
protein electron transfer reactions between mobile charge carrier
proteins and integral membrane photosynthetic reaction center
proteins (RCs) are essential for utilizing the photon energy,
efficiently captured as a stabilized charge separation across the
RC, to drive a series of cellular reactions, including NADP™ reduc-
tion for carbon fixation (/). New experimental approaches for
examining fundamentals of RC—charge carrier protein interac-
tions can help discern factors involved in these dynamic protein—
protein electron transfer events. Herein, we examine electron
transfer between the Photosystem I reaction center protein (PSI)
and its acceptor protein, flavodoxin.

PSI catalyzes light-driven electron transfer across the thylakoid
membrane from plastocyanin located in the lumen to ferredoxin in
the stroma (2). Flavodoxin replaces ferredoxin as an electron
acceptor under iron deficiency in most cyanobacteria and some
algae and is capable of substituting for ferredoxin in several
ferredoxin-driven redox reactions, including reduction of ferredoxin-
NADP* reductase (FNR) (3). Flavodoxin contains one flavin
mononucleotide (FMN) cofactor and is capable of performing two
successive single-electron transfer reactions, with the FMN group
shuttling between the oxidized, protonated semiquinone, and fully
reduced quinol redox states.

The photoreduction kinetics of ferredoxin and flavodoxin by
PSI have been studied with optical spectroscopy (7, 4). In addition,
chemically cross-linked PSI—ferredoxin and PSI—flavodoxin com-
plexes have been examined (3, 6), and low-resolution crystal data
have been obtained for a cocrystal of the PSI—ferredoxin com-
plex (7). However, no detailed EPR spectroscopic studies of the
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light-induced electron transfer from PSI to its acceptor proteins in
solution have been reported. In this paper, we demonstrate that
EPR signals can be used to directly monitor the coupled inter-
protein electron transfer reaction that follows charge separation in
the RC and report the observation of light-induced changes that
alter electron transfer.

Following photoexcitation, a cascade of electron transfer
events occurs between redox cofactors embedded within PSI
(Figure 1A) (2). The primary electron donor of PSI, P5, (a dimer
of chlorophyll molecules), becomes oxidized, with concurrent
rapid, sequential electron transfer to two spectroscopically identi-
fied electron acceptors, Ao, a chlorophyll molecule, and A, a phyl-
loquinone. From A; ", the electron is transferred to the [4Fe-4S]
cluster Fy, and further to F5 and Fg, two [4Fe-4S] clusters held
within the PsaC subunit. The electron is then transferred to
either the [2Fe-2S] cluster of ferredoxin or the FMN cofactor of
flavodoxin (4). EPR detection of ferredoxin photoreduction by PSI
is complicated because the EPR signals of the reduced [2Fe-2S]
cluster of ferredoxin and reduced [4Fe-4S] clusters of PSI are
similar (7, 8). Likewise, the g factors for oxidized P7go" and the
semiquinone radical of reduced protonated flavodoxin are similar
and their EPR spectra strongly overlap when recorded via con-
ventional X-band (9.5 GHz) EPR. However, deuteration of
flavodoxin effectively narrows the inhomogeneous line width of
the EPR signal that is due to unresolved hyperfine interac-
tions (9, 10). Figure 1B shows the D-band (134 GHz) high-field
(HF) EPR spectrum of the semiquinone FMN radical for deuter-
ated flavodoxin isolated from Synechococcus lividus grown in
deuterated medium and purified with protonated buffers (9). The
semiquinone state was generated by UV illumination of isolated
flavodoxin in the presence of EDTA under anaerobic conditions.
The substitution of *H at all nonexchangeable proton positions
results in a decrease in the hydrogen hyperfine coupling constants
so that the large coupling constants to nitrogens and exchangeable
hydrogen are observed (/0) and the flavodoxin semiquinone (FId )
signal can be easily distinguished from that of the oxidized
protonated P7g" via X-band EPR. The resolution of these signals
is even better in D-band EPR spectra because of the high spectral
resolution of HF EPR and small differences in the g tensors of
Fld™ (g, =2.00436; g,, =2.00361; g..=2.00221) and P7o9" (g1 =
2.00329; g, = 2.00282; g.. = 2.00246).

We have used EPR spectroscopy to directly examine the
photoinitiated interprotein electron transfer reaction between PSI
and flavodoxin. A remarkable light dependence on the photore-
duction of oxidized flavodoxin by PSI at cryogenic temperatures
was observed. For these experiments, PSI isolated from cyanobac-
terial membranes of protonated S. /ividus or Synechococcus leopo-
liensis (11) was incubated with deuterated S. /ividus flavodoxin
(9) in the presence of dichloro(phenol)indophenol (DCPIP) and
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FIGURE 1: (A) Donor and acceptor cofactors and light-induced
sequential electron transfer pathways of PSI. Following electron
transfer through the terminal [4Fe-4S] clusters of PSI, interprotein
electron transfer to either ferredoxin or flavodoxin (FId) occurs. (B)
D-Band (130 GHz) two-pulse, echo-induced field swept (ESE) EPR
spectrum of deuterated flavodoxin recorded at 40 K (blue). The
semiquinone state of isolated flavodoxin was generated by UV
illumination in the presence of EDTA. This signal is distinct from
that of the primary donor Py (red).

sodium ascorbate as donors to Pygo". Figure 2A shows X-band
EPR spectra for a sample prepared anaerobically in the dark prior
to being frozen in liquid nitrogen. No EPR signal is observed in the
initial dark spectrum. Following continuous illumination at 5 K,
a signal due to P7go" is observed in the g = 2.0 region of the EPR
spectrum. Signals of Fo~ and Fy~ are observed in a broader spec-
tral window (data not shown). A Fld™ signal is not observed,
indicating that no low-temperature interprotein electron transfer
occurred in the strictly dark-adapted sample. Figure 2B shows EPR
spectra for a sample that was exposed to dim room light (~4 uE
m~2s") for 30 min at room temperature prior to being frozen in
liquid nitrogen. For this light-exposed sample, a small FId ™ signal is
observed in the initial dark spectrum. The intensity of this signal
depends on the amount of light exposure prior to freezing.
Following continuous illumination at 5 K, large overlapping signals
of Pyo* and FId™ appear. Corresponding light-minus-dark EPR
spectra obtained at the D-band for dark-adapted and light-exposed
samples are shown in Figure 2C. As with the X-band spectra, only a
P signal is observed for the dark-adapted sample whereas sig-
nals from both P7oy™ and Fld™ are observed for the light-exposed
sample.

X- and D-band EPR experiments provide definitive evidence
that at room temperature a light-induced alteration that allows
photoinitiated low-temperature interprotein electron transfer be-
tween PSI and flavodoxin occurs. What is the nature of the light-
induced change? In general, electron transfer between proteins is
facilitated by formation of a complex of two proteins, a dynamic
process involving creation of an initial collision complex followed
by additional rearrangement of the proteins into optimized con-
formations for electron transfer (12). Electrostatic alignment is a
major determinant involved in orienting flavodoxin on PSI, with
flavin atoms contributing (3, /3—15). Our EPR results suggest
an intriguing scenario in which, after the initial formation of a
complex, the redox state of FMN directs the reorientation of
flavodoxin within the PSI docking site. Under strict dark condi-
tions, oxidized flavodoxin tests different docking positions on PSI.
These PSI—FId,, conformations trapped by freezing are inactive
with respect to low-temperature electron transfer. However, when
in these PSI—Fld,, conformations, flavodoxin can accept electrons
via PSI light-induced room-temperature electron transfer under
low-light conditions, and a pool of flavodoxin in the semiquinone
state forms (Fldg). This Fld,, reorients on the PSI surface to form a
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FiGure 2: X-Band (9.5 GHz) continuous wave EPR spectra recorded
at 5 K for PSI—flavodoxin samples that were either (A) strictly dark-
adapted or (B) exposed to dim light at room temperature for 30 min
prior to being frozen in liquid N,. The sample contained 120 uM
S. leopoliensis PSI, 840 uM S. lividus [*H]flavodoxin, 10 mM ascorbate,
0.3 mM DCPIP, 20 mM Hepes (pH 7.8), 10 mM NaCl, 30 mM MgSOy,,
10 mM KCl, and 0.3% n-dodecyl 5-p-maltopyranoside. Initial dark
signals (black) and light-induced signals obtained by in-cavity illumina-
tion with a 200 W xenon lamp at 5 K are shown (red in panel A and blue
in panel B). (C) D-Band (130 GHz) pulsed ESE EPR spectra recorded
at 20 K for a PSI—flavodoxin sample (169 uM S. lividus PSI and
1.19 mM [*H]flavodoxin) either strictly dark-adapted (red) or exposed
to dim light (blue) prior to being frozen. Light-minus-dark spectra are
shown. Note that EPR spectra recorded in the pulse mode (C) are
shown as the absorption lines.

low-energy optimized PSI—FIdy, complex. The Fldg, within the
complex becomes oxidized prior to being frozen in our experiment
but remains locked in the optimized PSI—Fldy, conformation.
When frozen, the optimized PSI—Fld, conformation is observed as
active with respect to low-temperature interprotein electron trans-
fer. In vivo, such “redox reorientation” may be important so that
Fldg, is in the optimal position to accept a second electron to form
hydroquinone (Fldyg), as the Fldg/Fldyq pair (Egqnq ~ —400 mV)
is believed to shuttle electrons between PSI and FNR (3). This
scenario is distinct from the light-induced alteration of reaction
kinetics in bacterial RCs, the so-called “Kleinfeld effect” (16).

Importantly, data analysis of the EPR spectrum for the light-
exposed sample shows remarkably efficient low-temperature
photoreduction of flavodoxin by PSI. The efficiency can be
estimated from fitting of the HF pulsed EPR data (Figure 2C).
Spectral analysis shows a nearly 1:1 formation of oxidized donor
P00 " and reduced flavodoxin acceptor FId™ (see the Supporting
Information). The high efficiency of PSI electron transfer to a
bound acceptor protein is surprising. In the absence of flavodoxin,
PSI has complicated low-temperature electron transfer kinetics,
with low yields of electron transfer to the F, and Fg electron
acceptors (17, 18).
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FIGURE 3: (A) Proposed change in redox potentials of the terminal
[Fe-S] clusters of PSI after flavodoxin (Fld) binding. (B) D-Band
time-resolved EPR spectra of PSI with (blue) or without (red)
flavodoxin at 77 K. The initial dark signals (see the Supporting
Information) were not subtracted from these spectra. The PTA 5~
spin-correlated radical pair is observed for PSI but is absent in the
presence of flavodoxin.

Our EPR results illustrate that, at low temperatures, PSI
functions best when in a complex with its reaction partner. One
idea is that flavodoxin binding alters the energetics of the
terminal [Fe-S] clusters. In PSI, F5 has a more positive redox
potential than Fy and electron transfer from F4 to Fp is uphill in
terms of energy (/). This has been proposed to be a protective
mechanism such that electron transfer from solvent-exposed
Fp is not wasted by going to other molecules or detrimental
oxygen (19). The observed 5 K interprotein electron transfer
(Figure 2) provides evidence for a F5 to Fg downhill electron
transfer step. Thus, our EPR results are consistent with the idea
that, when flavodoxin is docked in the light-optimized complex
on PSI, Fy is no longer exposed to solvent and Fy’s redox
potential changes to become more positive than that of F 5. With
electron transfer from Fa to Fp being downhill in terms of
energy, electron transfer to flavodoxin is facilitated (Figure 3A).

It is also possible that flavodoxin binding influences other
electron transfer events within PSI. To investigate this, we exam-
ined time-resolved (TR) HF EPR spectra of PSI with and without
flavodoxin bound. Electron transfer in PSI is bidirectional (for a
review, see ref 20), proceeding through two symmetric branches of
cofactors, the A branch and the B branch (27). At low tempera-
tures, a P*A, 5~ spin-correlated radical pair (SCRP) is routinely
observed for PSI (20), as a fraction of electron transfer through the
A branch of cofactors cannot proceed to Fx. A typical SCRP EPR
signal of PSI (no flavodoxin) is shown in Figure 3B, with the P*
and A5~ portions of the spectra clearly resolved at D-band. The
TR spectrum of a PSI—flavodoxin solution exposed to dim light at
room temperature prior to being frozen is also shown (Figure 3B).
In this case, no SCRP is observed, most evident by the lack of signal
in the quinone region of the HF spectrum. This result confirms the
high efficiency of electron transfer through PSI in the presence of
flavodoxin and, furthermore, suggests that both cofactor branches
are open to electron transfer at low temperatures for dim light-
exposed PSI—flavodoxin complexes.
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In summary, EPR studies suggest light-induced redox reor-
ientation of flavodoxin within the PSI docking site as a factor that
influences the interprotein electron transfer event. Furthermore,
we provide evidence that flavodoxin binding to PSI, in essence,
completes the circuit of PSI electron transfer chemistry such that
high-quantum yield efficiency is achieved for the interprotein
electron transfer reaction at low temperatures.
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