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ABSTRACT: Photosystem I (PS I) contains two molecules of phylloquinone that function as electron transfer
cofactors at highly reducing midpoint potentials. It is therefore surprising that each phylloquinone is
hydrogen bonded at the C, position to the backbone —NH of a Leu residue since this serves to drive the
midpoint potential more oxidizing. To better understand the role of the H-bond, a PS I variant was generated
in which L722p,,4 was replaced with a bulky Trp residue. This change was designed to alter the
conformation of the A-jk(1) loop and therefore change the strength of the H-bond to the PsaA-branch
phylloquinone. Transient EPR studies at 80 K show that the A, site in the PS I variant is fully occupied
with phylloquinone, but the absence of methyl hyperfine couplings in the quinone contribution to the
P00 "A;"" radical pair spectrum indicates that the H-bond has been weakened. In wild-type PS 1, reduction
of F, and Fg with sodium dithionite causes a ~30% increase in the amplitude of the P;op""A,"~ transient
EPR signal due to the added contribution of the PsaB-branch cofactors to low temperature reversible
electron transfer between P7oy and A4. In contrast, the same treatment to the L722Wpg,4 variant leads to
a ~75% reduction in the amplitude of the P;oo"" A"~ transient EPR signal. This behavior suggests that
Aja has undergone double reduction to phyllohydroquinone, thereby preventing electron transfer past
Aoa. The remaining 25% of the P;oy"" A"~ radical pair spectrum shows an altered spin polarization pattern
and pronounced methyl hyperfine couplings characteristic of asymmetric H-bonding to the phylloquinone.
Numerical simulations of the polarization pattern indicate that it arises primarily from electron transfer
between Py and A . The altered reduction behavior in the L722Wp, variant suggests that the primary
purpose of the H-bond is to tie up the C4 carbonyl group of phylloquinone in a H-bond so as to prevent
protonation and hence lower the probability of double reduction during periods of high light intensity.

Photosynthetic reaction centers are classified as one of two
types depending on the cofactor which functions as the
terminal electron acceptor. Type I reaction centers employ
a bound iron—sulfur cluster, while type II reaction centers
employ a mobile quinone. The underlying common structural
motif of both type I and type II reaction centers includes
the presence of a protein dimer that forms the photoactive
core, anchoring the two branches of electron transfer
cofactors that span the width of the membrane (/). In
oxygenic photosynthetic organisms, the type I reaction center
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is Photosystem I (PS I)! and its photoactive core is composed
of a heterodimer of the PsaA and PsaB proteins (2). The
electron transfer chain begins at the primary electron donor,
P700, which is a special pair of Chl a/a” molecules ligated by
PsaB and PsaA, respectively (3). The chain bifurcates into
two branches (denoted by the A and B subscripts according
to the protein subunits), each consisting of two additional
Chl a molecules, A_;4 and Aga (A_g and Agg), and one
phylloquinone molecule, Ajs (A;g). The chain reconverges
at the [4Fe-4S] cluster Fx, which is ligated by four cysteine
residues, two of which are provided by PsaA and two of
which are provided by PsaB. Two additional [4Fe-4S]
clusters, labeled F, and Fg, are bound to the stromal PsaC
protein and function in series to accept the electron from Fy
and transfer it to soluble ferredoxin.

There is now a convincing body of evidence that points
toward bidirectional electron transfer in plant, algal, and
cyanobacterial PS I, although the extent to which the two
branches are active is still under investigation (4—9). Below
the glass transition temperature, two distinct fractions are
formed such that irreversible charge separation to F/Fp
occurs in one fraction and reversible electron transfer
between P,y and A; occurs in the other (/0). It has been
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FIGURE 1: The phylloquinone binding pocket in PS I from the 2.5 A X-ray crystal structure (3) (Protein Data Bank number 1JB0). The Aa
phylloquinone associated with the PsaA subunit is viewed parallel to the membrane plane.

proposed that electron transfer in the PsaB branch leads to
stable charge separation between Py, and F,/Fp whereas
electron transfer through the PsaA branch leads to an electron
cycle between Py and A, (7, 9). One model that attempts
to explain these observations suggests that electron transfer
from A;s~ to Fx is thermodynamically unfavorable while
electron transfer from A;g~ to Fx is thermodynamically
favorable (//—13). This would be consistent with the
observation that the slow phase of A;™ oxidation exhibits a
strong Arrhenius type temperature dependence with an
activation energy of ~110 meV, whereas the fast phase of
A;” oxidation is nearly temperature independent, with an
activation energy of ~15 meV (10, 11). However, the factors
that result in the two fractions are not fully understood at
present.

For the fraction involved in reversible electron transfer,
transient EPR, CW EPR, and pulsed ENDOR data on
phylloquinone binding site mutants show no evidence for
involvement of the PsaB-branch of cofactors (7, 14—17).
However, when subjected to varying periods of illumination
in the presence of a reductant to reduce the terminal
iron—sulfur clusters, different spin polarized species are
observed simultaneously and can be separated on the basis
of their different kinetic behaviors. In out-of-phase electron
spin echo experiments (7, 9) two different echo decay times
of 2—4 us and 16—25 us are observed. The longer lifetime
is attributed to the loss of spin correlation of the Pop A 5™~
radical pair, while the component with the shorter lifetime
is attributed to the Pqoo"A "~ radical pair. Under more
stringent photoaccumulation conditions, A;x can be com-
pletely reduced, in which case reversible electron transfer
occurs between P;o0 and A;z and between P,y and
Aoa (I8, 19). A spectrum attributed to the spin polarized
P;oo"Ajp"~ radical pair has been obtained under these
conditions using high-field (135 GHz) transient EPR spec-
troscopy and a kinetic analysis of the data. As predicted from

the known geometry, the spin polarized EPR spectrum
assigned to the Psoo"tAjp"™ radical pair is significantly
different from that of the Pop""A;,"™ radical pair (20).

Figure 1 shows a view of the PsaA-branch phylloquinone
binding pocket derived from the 2.5 A X-ray crystal structure
of cyanobacterial PS I. The two most striking features are
(1) a Trp residue (W697psa/W677pg,) in van der Waals
contact with the phylloquinone, forming a s-stacked ar-
rangement and (ii) a single hydrogen bond formed between
the backbone amide of a Leu residue (L722psua/L706p,5)
and the oxygen atom of the C, carbonyl group meta to the
methyl group of the phylloquinone. The presence of a single
H-bond is most strongly supported by EPR and ENDOR
studies on the photoaccumulated A;"™ radical and on the spin
correlated Pygp"A 4" radical pair, both of which show an
asymmetric spin density distribution on the phylloquinone
ring (2/—24). The presence of a H-bond is counterintuitive
because its electron withdrawing ability would be expected
to stabilize the semiquinone state relative to the ground state,
which should lead to a higher (i.e., more oxidizing) midpoint
potential (25). Given that the phylloquinones must function
at highly reducing midpoint potentials, the surrounding
protein environment must drive the redox potential lower
(i.e., more reducing) than would otherwise be necessary to
compensate for the effect of the H-bond. In light of these
considerations, the relevant question becomes: what is the
purpose of the H-bond?

Here, we focus on L722pg,4, the residue involved in the
formation of the single H-bond with the C4 carbonyl group
of the transient EPR-detectable A, phylloquinone. Because
it is formed with the backbone nitrogen of L722p,, the
H-bond will not necessarily be affected by a simple change
in the side chain of the amino acid. However, the introduction
of a residue such as Trp, with a bulky side chain, might be
expected to cause a reorientation of the A-jk(1) loop of the
PsaA protein thereby weakening the H-bond to the phyllo-
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quinone. In this paper, we describe the initial characterization
of the L722Wpg,4 variant using low temperature transient
EPR spectroscopy. The spin-polarized spectra of Poo" A 5"~
indicate that the spin density distribution on the phyllosemi-
quinone is altered in a manner that is consistent with a
weakening of the hydrogen bond. The data suggest that the
Aja phylloquinone in the variant is highly susceptible to
double reduction in the presence of dithionite in comparison
to the wild-type. We propose that this difference arises
because protonation of the phylloquinone, which is required
for double reduction, occurs more easily when the H-bond
is weakened. The selective alteration of the properties of the
A phylloquinone also allows the Q-band spectrum of the
spin-polarized Pso""A;g"” radical pair to be accurately
recorded.

MATERIALS AND METHODS

Generation of the Point Mutants. The point mutant
L722Wpgawas generated as described in ref /5. To generate
mutations in the A, binding site, the pIBC plasmid was
constructed through cloning of a DNA fragment that
contained most of the psaA gene, the psaB gene and a 760-
bp region downstream of the psaB gene into a pBluescript
IT KS vector. A chloramphenicol-resistant gene was inserted
after the 3" terminator of the psaB gene. PCR mutagenesis
was carried out using the QuikChange site directed mu-
tagenesis kit (Stratagene Inc.). The construct with the specific
mutation in the psaA gene was generated through PCR
mutagenesis using the pIBC plasmid DNA as the template
and appropriate primers for L722Wpg,4. The plasmid with
the desired psaA mutations derived from pIBC was used to
transform the Synechocystis sp. PCC 6803 recipient strain
pWX3. The pWX3 recipient strain was constructed by
replacing the 1130-bp 3 end of the psaA gene and the entire
psaB gene with a spectinomycin resistance gene. Transfor-
mants with chloramphenicol resistance were selected under
low light intensities. To verify the full segregation of the
transformants, DNA fragments containing the mutation sites
were amplified through PCR from the genomic DNA of the
mutant strains and sequenced to confirm the desired nucle-
otide change.

Cell Culture and PS I Isolation. The Synechocystis sp. PCC
6803 wild-type and mutant strains were cultured in S-HEPES
medium with 5 mM glucose under low light intensities.
Preparation of thylakoid membranes and isolation of trimeric
PS I particles were carried out using the nonionic detergent
n-dodecyl-$-p-maltoside according to previously published
procedures (75).

Multifrequency Spin-Polarized Transient EPR. The X-band
(9 GHz) transient EPR experiments were carried out on a
laboratory built spectrometer using a Bruker ER046 XK-T
microwave bridge equipped with an ER-4118XMD-5W1
dielectric ring resonator and an Oxford CF935 helium gas
flow cryostat. The loaded Q-value for this dielectric ring
resonator was about 3000, equivalent to a risetime of 7, =
Q/2m X vnw) & 50 ns. Q-band (35 GHz) transient EPR
spectra of the samples were also measured with the same
setup except that a Bruker ER 056 QMYV microwave bridge
equipped with a home-built cylindrical resonator was used.
All samples contained 1 mM sodium ascorbate as the external
electron donor and were frozen in the dark. For the chemical
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FIGURE 2: X-band (top) and Q-band (bottom) spin-polarized
transient EPR spectra of PS I complexes isolated from L722Wpg,a
(solid lines) compared with wild-type (dashed lines) at 80 K.
Positive signals correspond to absorption (A), and negative signals
correspond to emission (E). The spectra represent the Po A 5"~
radical pair, and they have been extracted from full time/field data
sets by averaging the signal intensity in a time window from 1.0
to 1.75 us (X-band) and ~0.4 to 1.1 us (Q-band) following the
laser flash.

reduction experiments, PS I complexes were incubated in
the dark with 10 mM sodium dithionite at pH 10.0 under
anaerobic conditions for 30 min and frozen in complete
darkness. The samples were illuminated using a Spectra
Physics Nd:YAG/MOPO laser system operating at 10 Hz.

RESULTS

Low Temperature Spin-Polarized Transient EPR Spectra
of Py "A;x"" at X- and Q-Bands. Figure 2 shows the low
temperature spin-polarized transient EPR spectrum of PS I
from the L722Wpy,5 variant at X-band and Q-band together
with the corresponding wild-type spectrum. Note that the
spectra are normalized to give the same maximum amplitude.
The radical pair spectrum of the L722Wp,,4 variant shows
an E/A/E (where E is emission and A is absorption; see ref
2] for a detailed discussion on the origin of the emissive
and absorptive features in the spin-polarized transient EPR
spectra of the Poo""A,"~ radical pair) polarization pattern at
X-band and an E/A/A/E/A polarization pattern at Q-band
that is similar to the wild-type but with some noticeable
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FIGURE 3: Simulated spectra of P "A;," at X-band (top) and
Q-band (bottom). The parameters are the same as those used in
refs 26, 27 except that in the solid spectra the principal values of
the phylloquinone methyl hyperfine coupling have been reduced
by a factor of 2.

differences. The most significant of these differences are the
loss of the pronounced shoulder in the midfield region of
the X-band spectrum and an increase in the amplitude of
the low field E/A pattern relative to the high field emission
in the Q-band spectrum. (With the chosen normalization, this
appears as a decrease in the intensity in the upfield region.)
The shoulder in the midfield region of the X-band spectrum
is known to arise from the hyperfine coupling of the methyl
group in the C, position on the phylloquinone headgroup.
The loss of this shoulder in the L722Wp,a variant implies
that the methyl hyperfine coupling has been weakened.
Figure 3 shows numerical simulations in which the expected
effect of a weakening of the methyl hyperfine coupling is
explored. The dashed curves are calculations using the known
parameters for the radical pair Pro9""A 4"~ (26, 27). The solid
curves are simulations using the same parameters except that
the principal values of the methyl hyperfine coupling tensor
have been reduced by a factor of 2. The spectra have been
normalized to give the same maximum amplitude. The
reduction of the methyl hyperfine coupling leads to the
absence of the shoulder and an increase in the relative
intensity of the low field region of the Q-band spectrum as
observed experimentally. Thus, the spectra in Figure 2
indicate that the methyl hyperfine coupling is weaker in the
L722Wpq, variant. The magnitude of the coupling is difficult
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FIGURE 4: A valence bond scheme for the semiquinone sz-radical
anion involving a single H-bond. The electron withdrawing ability
of the single H-bond increases the charge density on O, and the
spin density on C, and creates an alternating electron spin density
distribution in the ring. Three resonance structures are shown with
the unpaired sz-electron spin located at phylloquinone ring positions:
4, 2, and O (right to left).

to estimate accurately from the spectra, thus the data only
show qualitatively that the coupling has been reduced and
is not a quantitative measure of the reduction. Nevertheless,
the presence of methyl hyperfine couplings has proven to
be a sensitive indicator of the environment of the phyllo-
quinone from which the asymmetry and strength of the
H-bond can be deduced (23, 24). In PS I from the wild-
type, the H-bond withdraws electron density, producing an
alternating pattern of electron spin density around the quinone
ring as described by the valence bond model (Figure 4) such
that the spin density is highest at C, and C,, and lowest at
C, and C;. The interaction of the three methyl protons with
the electron spin density on C, gives rise to a quartet with
relative intensities 1:3:3:1 centered near the g,, component
of the electronic g-tensor of the quinone. In PS I from the
L722Wpq,a variant, the loss of the methyl hyperfine coupling
indicates lower spin density on C,, which can arise from a
more symmetrical spin distribution due to either the absence
of the single H-bond or the presence of two H-bonds of
similar strength. The simplest explanation is that the bulky
Trp has altered the configuration of the A-jk(1) loop
containing residue L722p,, thereby severely weakening the
single H-bond to the phylloquinone.

In principle, the absence of the H-bond could lead to a
lower binding constant for phylloquinone, resulting in a
significant fraction of unfilled A, sites and/or an altered
orientation of phylloquinone in the A, site. Both can be
assessed by transient EPR spectroscopy. In the unfilled sites,
the recombination between P7oo"" and Agx"~ would generate
a Py triplet with a characteristic spin-polarized EPR
spectrum. However, no such spectrum was detected in the
L722Wpg,a variant, implying that the A;, sites are fully
occupied (data not shown). The orientation of phylloquinone
in the A, site is difficult to assess at X-band. However, at
Q-band and higher frequencies, the spin polarization pattern
of the P7po"" A A" radical pair is particularly sensitive to the
relative orientation of the g-tensors g(P70™") and g(A;x")
with respect to the vector that connects the spin density
centers involved in the radical pair (27). The fact that both
the wild-type and the L722Wpg,a variant have an E/A
polarization pattern on the low-field side of their spectra (see
Figure 2, bottom) indicates that the orientation of the Aja
phylloquinone in the variant is similar to the wild-type.

Low Temperature Spin-Polarized Transient EPR Spectra
of Chemically Reduced PS I Complexes. Figure 5 shows the
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FIGURE 5: The effect of reduction by dithionite on the X-band spin-
polarized transient EPR spectra of the wild-type (top) and
L722Wpga (middle). The top and middle parts of the figure show
spectra measured at 80 K before (solid lines) and after (dashed
lines) reduction. Note the opposite trend in the signal intensity
between the wild-type and the mutant and the reappearance of the
hfc structure upon reduction of L722Wpg,s. The bottom part of the
figure shows a comparison of the spectrum of the L722Wpg, variant
following reduction (solid lines) and the reduced minus nonreduced
difference spectrum of the wild-type (dashed lines). The two spectra
have been normalized to the same maximum absorption intensity.
The E/A/E spectra of the nonreduced samples (solid traces top and
middle) are attributed primarily to P7po""A;4"~ while the two spectra
in the bottom trace are assigned to Po0""Az"". The contribution
from 3P, which gives a sloping background to the spectra of the
reduced wild-type and L722Wp,4 samples, has been removed by
a linear baseline correction.

low temperature X-band transient EPR spectrum of PS I from
the wild-type and the L722Wp,4 variant before and after
chemical reduction of the terminal F/Fg clusters with sodium
dithionite. In wild-type PS I, the most significant difference
between the nonreduced and the reduced samples is the
increase in signal intensity by 32%. This increase in the
signal amplitude represents the irreversible fraction of PS I
that would have passed electrons forward to the Fa/Fg
clusters at low temperature, but are now forced to undergo
reversible electron transfer between P;op and A;. Contrary
to expectation, a similar experiment resulted in an opposite
trend in L722Wpg,a; here, the signal of the reduced sample
decreased to 27% of the amplitude of the nonreduced sample.

The weaker P70o" A"~ spectrum in the prereduced sample
of the L722Wp,a variant suggests that the A, phylloquinone
is more easily reduced to the phyllohydroquinone form than
in the wild-type. It is also possible that the A, phyllohyd-
roquinone is lost from the binding site in the L722Wpg,a
variant under reducing conditions since the phyllosemi-
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quinone form is known to be somewhat labile in native PS
I (28, 29). Consistent with double reduction and/or loss of
the quinone, a strong spectrum of the triplet state of P is
generated due to the recombination of P;oy'" and Ay~ (data
not shown). Closer inspection of Figure 5 (middle) shows
that the shape of the P;os"tA ;"™ spectrum from the L722Wpg,
variant also changes when the sample is reduced. The most
noticeable differences are the reappearance of the shoulder
on the central absorptive peak of the reduced L722Wpg,a
sample, indicative of partially resolved methyl hyperfine
splitting, and a change in the relative intensity of the emissive
feature on the high field end of the spectrum. Since the
simplest explanation for the EPR spectrum of the untreated
samples in Figures 2 and 5 is that the H-bond between the
protein and the A;, phylloquinone is disrupted in the
L722Wpg,a variant, the reappearance of the hyperfine cou-
pling upon dithionite treatment must be either due to a small
population of A4 that has re-established the H-bond or due
to electron transfer involving the A,p phylloquinone in which
the H-bond from L706p.s remains unaltered.

Figure 6 compares the X- and Q-band spectra of the
reduced L722Wpg,s variant with a nonreduced wild-type
sample. The spectra have been normalized to the same
intensity in the low-field region, which is dominated by the
contribution from the phylloquinone to the spin polarized
radical pair. As can be seen in the Q-band spectrum, the
P00 A"~ polarization pattern changes from E/A/A/E/A in
the wild-type to E/A/E/A/E in the chemically reduced
L722Wpg,a variant, with the maximum change occurring in
the high field region of the spectrum. The fact that the two
spectra are different clearly suggests that the spectrum of
the variant is not due to a fraction of the complexes in which
the H-bond to A, is re-established. Instead, the spectrum
of the reduced variant appears to represent the spin-polarized
EPR spectrum of the P7py"" A"~ radical pair that becomes
observable after (i) blocking forward electron transfer from
Ajp’ via Fx to F, and Fg, and (ii) blocking electron transfer
from Aga™™ to Aja.

A similar hypothesis is invoked to explain the observations
on the reduced wild-type sample, in which the formation of
a trapped fraction via electron transfer through the PsaB-
branch leads to the increase in signal intensity (7, 9). If
correct, the increase in the intensity of the wild-type
P00 A" spectrum upon reduction of F, and Fy would be
due to an additional contribution from the PsaB-branch
radical pair P7oo""Az"". Hence the difference between the
spectra of the reduced and nonreduced wild-type samples
should produce the spectrum of the PsaB-branch radical pair.
The bottom trace in Figure 5 shows a comparison of this
difference spectrum and the spectrum of the reduced
L722Wpg,a variant. As can be seen, their shapes are indeed
the same, which strongly suggests they are both due to
Proo A5

Simulation of the Low Temperature X- and Q-Band Spin-
Polarized Transient EPR Spectra. The spectra of Proo A 4"~
and P,o"A '~ differ because the spin density on Py is
localized on the Chl a molecule associated with PsaB (30, 31)
which leads to a different orientation of the dipolar coupling
vector relative to the g-tensor axes of Pyt in the radical
pairs P1oo""A A" and P7oo"tAp"". To confirm that the spin-
polarized spectrum of the reduced L722Wpg,4 sample rep-
resents the P7po""A;p"~ radical pair, numerical simulations
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FIGURE 6: X-band (top) and Q-band (bottom) spin-polarized
transient EPR spectra of wild-type (dashed lines) and reduced
L722Wpg,a (solid lines) recorded at 80 K. The difference is more
prominent at Q-band. The E/A/A/E/A polarization pattern in the
wild-type changes to E/A/E/A/E in reduced L722Wpga. The
contribution from *P;,, which gives a sloping background to
the spectra of the reduced L722Wp,4 sample, has been removed
by a linear baseline correction. The spectra are normalized to give
the same amplitude for the low-field emissive feature.

were carried out (Figure 7) using geometric parameters
calculated from the X-ray structural model and known
orientation of the g-tensor axes of Poy"t and the phyllosemi-
quinones in their respective molecular frames (26). The
angles describing the relative orientations of the dipolar
coupling vector and the two g-tensors are given in the caption
to Figure 7 (32). All other parameters used in the simulation
are the same as given in refs 26 and 27. As can be seen
from the comparison of Figure 6 and Figure 7, the numerical
simulations of Pg0""A 2"~ and P70 A" closely resemble
the spectra of the wild-type and the L722Wp,, variant
following reduction by dithionite respectively, which supports
the idea that the spectrum of the reduced L722Wp, variant
is due to electron transfer through the PsaB-side cofactors.

DISCUSSION

Effect of the Mutation on the Strength of the H-Bond. The
relative strength of the H-bond from the backbone nitrogen
of Leu722p,4 to the A4 phylloquinone can be assessed using
transient EPR spectroscopy. The distinct absence of the
methyl hyperfine coupling observed in the L722Wp,4 variant
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FIGURE 7: Simulated X-band (top) and Q-band (bottom) spin-
polarized transient EPR spectra of Poo""Aj2"~ (dashed lines) and
P00 "A " (solid lines). Euler angles in degrees as defined in ref
32 describing g(A;) in g(Pro"): ProotAIAT (26, 126, 81);
P00 Ag" (101, 80, —220). Angles 6 and ¢ describing the dipolar
vector zy in g(P7()()+) in degrees: P7()()'+A|A.7 (36, 78), P7()()'+A]B'7
(87, 75). All other parameters are the same as those used in refs
26, 27.

can come about as a result of a more symmetrical spin
density distribution, either from a second H-bond, in this
instance to the C; carbonyl group of the phylloquinone, or
a weakened H-bond, in this instance from L722p 5 to the
C, carbonyl group. Under both conditions, the electron spin
density distribution at C, would be decreased, leading to a
weaker hyperfine coupling with the methyl protons. This is
because the H-bond to the phylloquinone in the A4 site has
a large effect on the spin density distribution around the qui-
none ring. The highest spin and charge density in a
phylloquinone radical anion is expected at the two carbonyl
groups because of the high electronegativity of the oxygen
atoms. Formally, the charge is placed on the oxygen, while
the unpaired electron is placed on the carbon. In vacuum or
a homogeneous protic solvent, in which H-bonding to the
two oxygen atoms is the same, the spin density on C; and
C, is identical. In contrast, when a single H-bond is present
at Oy, its electron withdrawing effect is expected to increase
the charge on O, and the spin density at C, compared to O,
and C,, respectively. In accordance with the resonance
structures of a conjugated system, the single H-bond leads
to an alternating electron spin density distribution in the ring
such that it is highest at C4 and C, and lowest at C; and C,
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(Figure 4). It is the high spin density at C, that is responsible
for the pronounced hyperfine coupling from the —CHj; group
of phylloquinone in wild-type PS I. Turning the argument
around, the magnitude of the methyl hyperfine coupling can
serve as a sensitive probe of the strength and number of
H-bonds to the A, phylloquinone.

The crystal structure of PS I at 2.5 A resolution shows
that the side chain of L722pg,4 points away from the Aja
site, suggesting that, upon substitution of a Trp residue, the
bulky imidazole side chain would not result in steric
hindrance and therefore not interfere with side chains that
make up the phylloquinone binding pocket. Consistent with
this expectation, the transient EPR data do not show any
significant alteration in the orientation of the semiquinone
ring with respect to Pyo'", indicating that the change in
the H-bond strength is probably a result of alterations of the
conformation of the protein backbone near L722pg,4. One
possibility is that the A-jk(1) switchback loop, which contains
the L722pg,a residue, moves from its normal equilibrium
position, thereby weakening the single H-bond to the A4
quinone. A second possibility is that more distant shifts in
the protein backbone would allow for the formation of a
second H-bond with the C; carbonyl group. These two
possibilities can be distinguished because the rate of electron
transfer from Ao~ to Fx in the L722Wp,a variant is sensitive
to the number and strength of the H-bonds. A weaker H-bond
would be expected to shift the midpoint potential of A4 to
a more negative value, and thereby increase the driving force
for electron transfer from A;p»~ to Fx. A second H-bond
would be expected to shift the midpoint potential of A4 to
a more positive value, and thereby decrease the driving force
for electron transfer from A5~ to Fx. Preliminary measure-
ments carried out at 240 K show that the rate of electron
transfer from A5~ to Fx increases by about an order of
magnitude compared to the wild-type, thereby favoring the
simpler hypothesis that a single H-bond is weakened rather
than the more complicated hypothesis that a second H-bond
is formed (33). We are currently exploring possible con-
figurations for the PS I variant using molecular mechanics
simulations to determine the new equilibrium position of the
A-jk(1) loop. The temperature study of forward electron
transfer as well as the molecular mechanics simulations will
be discussed elsewhere.

Reversible and Irreversible Electron Transfer to the A
and Ap Phylloguinones. Chemical reduction with sodium
dithionite leads to very different effects in PS I from the
wild-type and the L722Wpg,5 variant. At temperatures below
100 K, ~75% of wild-type PS I undergoes reversible electron
transport between P7y and the A5 phylloquinone, generating
the transient EPR-observable Pqg"Ajs" radical pair
(10). The other ~25% of the reaction centers do not
contribute to the transient EPR spectrum because, on the first
several flashes, irreversible P;oo" [Fa/Fg]~ charge separated
pair is formed. In the currently proposed model, irreversible
electron transfer to F5 and Fp proceeds via the Ap phyllo-
quinone. When F, and Fg are chemically reduced, this
otherwise transient EPR silent fraction begins to undergo
reversible electron transfer and its contribution adds to the
amplitude of the Poo™" A2 radical pair spectrum, increasing
its intensity by ~25%. The results presented here also suggest
that this contribution arises from PsaB-side electron transfer.
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The chemically reduced L722Wp,4 sample behaves dif-
ferently. Three significant features require further elaboration:
(1) the decrease in the amplitude of the radical pair spectrum
after reduction of F, and Fg; (ii) the reappearance of the
prominent methyl hyperfine couplings; and (iii) the formation
of spin-polarized P triplet. If the H-bond were weakened,
as we suspect is the case in the L722Wp,4 variant, the Ajx
phylloquinone might become susceptible to protonation and
undergo facile double reduction. The alteration in the
equilibrium position of the A-jk(1) switchback loop could
further result in the opening of a water channel, allowing
for easier protonation. Were this to occur, forward electron
transfer to Fx (as well as backward electron transfer to Ag)
would be blocked because the phyllosemiquinone/phyllo-
hydroquinone couple has a higher (more positive) redox
potential than the phylloquinone/phyllosemiquinone couple
(18). The 3/4 fraction of PS I complexes that had originally
given rise to the P;go""A 4" radical pair would now become
transient EPR silent, leading to a decrease in the spectral
amplitude. We propose that the spin-polarized signal in the
chemically reduced L722Wp,,4 variant represents the popula-
tion of PS I that was transient EPR silent in the nonreduced
sample. This fraction would correspond to the population
of PS I that irreversibly charge separates at low temperature
to Psoo" [Fa/Fs] ™. The reappearance of the methyl hyperfine
coupling in the X-band spectrum shows the involvement of
a quinone with an intact H-bond, supporting the proposal
that the spectra arise from the spin-polarized P7oo"tA g™~
radical pair. The observation that upon chemical reduction
the spin polarization pattern of the L722Wp,s variant
becomes equivalent to that of the difference spectrum
(reduced minus nonreduced) of the wild-type provides
excellent support to the above argument. In the fraction of
PS I complexes in which electron transport past A, is
blocked, charge recombination would occur between Prgo"
and Ay~. During such recombination two products are
formed: the singlet P species (yield ~70%) and the triplet
P10 species (yield ~30%) that decay by intersystem crossing
to the singlet ground state in a few microseconds (see ref
34). Consistent with this picture, a strong triplet Py is
observed in the reduced L722Wp,s variant. However,
quantification of the amplitude and comparison with the wild
type are complicated by the possibility of stable reduction
of Ay in the variant and A, in the wild type. Hence, the
intensity of the triplet spectrum is difficult to use as a
quantitative measure of the amount of electron transfer
beyond A,. Nonetheless, it is reasonable to conclude that
the observed Py triplet signal together with the 75%
decrease in the radical pair signal strength indicates an
essentially complete block in PsaA-side electron transfer past
Ag in the L722Wpg,4 variant under reducing conditions.

Spectrum of the Spin-Polarized Py A3~ Radical Pair.
The differences in the spectra of the two radical pairs
P00 ™A 14" and Pgo"tA 5" arise from the difference in the
spin density distribution on Py, The 2.5 A resolution X-ray
crystal structure of PS I shows that the two branches of
cofactors are arranged symmetrically about an axis that
passes through P,y and Fx (3). This structural symmetry does
not, however, translate to electronic symmetry (Figure 8).
The spin density distribution on P7po"t is asymmetric with
the spin mainly localized on the Chl a molecule ligated by the
PsaB subunit (30, 31). As a result of this asymmetry the
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FIGURE 8: The arrangement of cofactors in PS I from the 2.5 A
X-ray crystal structure seen parallel to the membrane plane (3). A
vertical axis in gray passes through Fx representing the C, axis of
symmetry. The axis in black passes through the Chl a molecule of
P ligated by PsaB, on which the majority of the charge on P7po""
is localized. The vector connecting the centers of Po" and A"~
is oriented differently relative to the g-tensor axis of Poo"" in the
two radical pairs, P7go" Ao~ and P A5

vector z, which connects the centers of P.o " and A", is
oriented differently relative to the g-tensor axes of P;g" in
the two radical pairs. This difference has a considerable effect
on the P;y"" region of the spin polarization pattern of the
transient EPR spectrum as can be seen in the simulated
spectra shown in Figure 7 and in ref 20. Consistent with
this effect, the transient EPR spectra of the photoaccumulated
sample (20) and the L722Wp,,4 mutant (this work) show the
largest change in the high-field region of the spectrum, where
the main contribution is derived from P;o'". Based on
the similarity between the observed Q-band spectrum
and the simulated P7o0""A "~ spectrum, the presence of
resolved hyperfine coupling in the X-band spectrum and the
large decrease in intensity upon reduction, we conclude that
the spectrum of the reduced L722Wp,s sample arises
primarily from P70t A;z"". In an alternate scenario, a shift
of the asymmetric spin distribution of Py from the
B-branch Chl a to the A-branch Chl a” such that the interspin
vector connects the Chl a’ and A5, could result in an
identical spectrum. This possibility is less likely for two
reasons: (i) such redistribution would require a perturbation
around Py, which is not expected at a distance so far from
L722pg4, and (ii) the appearance of the hyperfine coupling
in the X-band spectrum of the reduced L722Wp,4 sample
indicates the involvement of the unmodified A,y site rather
than the modified A, site. The involvement of A ;g is further
supported by the similarity between the difference spectrum
of the reduced and nonreduced wild-type and the reduced
L722Wpg,a variant shown in Figure 5. Thus, the results for
the L722Wpg,4 variant are in agreement with the findings of
Poluektov et al. (20), who showed that when A, is
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completely reduced, a spin-polarized spectrum consistent
with the Poo" A"~ radical pair is obtained.
Phylloquinone—protein Interactions Necessary for Binding
to the A;, Site. To understand the influence of the protein
environment on the functional properties of any given
cofactor, it is necessary to restrict changes to the near vicinity
of the cofactor. This is especially true in the case of
phylloquinone, as the route of electron transfer along the
PsaA- and PsaB-branches is likely to be completely decided
prior to the Ags to Ajs (and Agg to A;p) electron transfer
steps. Phylloquinone is tightly bound in the A5 and A
binding sites, but the interactions that anchor it to the protein
appear to be primarily hydrophobic (i.e., entropic). Neverthe-
less, a wide range of structurally different compounds are
able to bind to the A, and Ay sites. If the 2-methyl group
is removed, the 2-phytyl-1,4-naphthoquinone tightly occupies
the A, site in an orientation similar to phylloquinone in
the wild-type (35) (see ref 36 for a review of quinone
substitution studies). The only effect is a predictable slowing
of electron transfer due to a positive shift in the midpoint
potential of the quinone. If the phytyl tail of phylloquinone
is removed, the 2-methyl-1,4-naphthoquinone occupies the
A\ site also in an orientation similar to phylloquinone in
the wild-type (24, 37) and again the forward electron transfer
kinetics from A, are altered in agreement with a positive
shift in the midpoint potential of the 2-methyl-1,4-naphtho-
quinone. Plastoquinone-9, which is a single ring quinone with
a much longer tail, can be recruited into the A4 site and is
also oriented similar to that of phylloquinone in the
wild-type (38—42). However, in contrast to the modified
phylloquinones, it is loosely bound and can be easily
displaced by a variety of substituted 1,4-naphthoquinones.
Studies using solvent extracted PS I have shown that
anthraquinones also bind while benzoquinones often bind
poorly (43—46). In all of the studies involving naphtho-
quinone derivatives, the EPR parameters indicate that the
H-bond from L722p,, to the C4 carbonyl group of the
phylloquinone in the A;, site (and from L706p,p to the Cy4
carbonyl group of an equivalent phylloquinone in the A;p
site) is retained. However, as shown in this work, the H-bond
is structurally dispensable: phylloquinone occupies the Aja
site with an orientation similar to that in the wild-type. Thus,
any one of the three most prominent features of phylloqui-
none—the C, methyl group, the C; phytyl tail, or the Cy4
H-bond—can be altered (or eliminated) and yet the phyllo-
quinone binds in the A;, site and functions in electron
transfer. Given that the presence of the H-bond requires the
protein environment to drive the redox potential more
reducing than would otherwise be necessary and given that
the H-bond does not serve a structural role in binding or
orienting phylloquinone in the A, and by inference in the
A site, its role must be sought elsewhere. We propose that
because the A phylloquinone in the L722Wp,4 variant is
inactivated under reducing conditions, the primary role of
the H-bond between the A5 phylloquinone and the protein
backbone is to ensure function of the phylloquinone between
its oxidized and singly reduced states. The presence of the
H-bond would tie up the C4 carbonyl group, preventing
protonation and rendering the phylloquinone less susceptible
to double reduction and possible dissociation from the
binding site under periods of high illumination. The phyl-
loquinone in cyanobacterial PS I complexes has been shown
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to undergo double reduction when illuminated in the presence
of sodium dithionite (/8, 19). The transient accumulation of
reduced electron acceptors, Fg~, FAo~, Fx~, and A;™, upon
illuminating dark-adapted cyanobacterial cells (41, 47)
indicates that double reduction of phylloquinone may be a
realistic occurrence under physiologically relevant conditions.
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