1454 Biochemistry 2011, 50, 1454—-1464
DOI: 10.1021/bi1017649

BIOCHEMISTRY

including biophysical chemistry & molecular biology

Article

Modulating the Redox Potential of the Stable Electron Acceptor, Qg, in Mutagenized

Photosystem II Reaction Centers'

Zoee Perrine*® and Richard Sayre**

*The Ohio State University Biophysics Program, Columbus, Ohio 43210, United States, and SThe Donald Danforth Plant Science

Center, St. Louis, Missouri 63132, United States
Received November 3, 2010, Revised Manuscript Received January 14, 2011

ABSTRACT: One of the unique features of electron transfer processes in photosystem II (PSII) reaction centers
(RC) is the exclusive transfer of electrons down only one of the two parallel cofactor branches. In contrast to
the RC core polypeptides (psaA and psaB) of photosystem I (PSI), where electron transfer occurs down both
parallel redox-active cofactor branches, there is greater protein—cofactor asymmetry between the PSII RC
core polypeptides (D1 and D2). We have focused on the identification of protein—cofactor relationships that
determine the branch along which primary charge separation occurs (Pggo"/pheophytin™ (Pheo)). We have
previously shown that mutagenesis of the strong hydrogen-bonding residue, D1-E130, to less polar residues
(DI-E130Q,H.L) shifted the midpoint potential of the Pheop;/Pheop,;  couple to more negative values,
reducing the quantum yield of primary charge separation. We did not observe, however, electron transfer
down the inactive branch in D1-E130 mutants. The protein residue corresponding to D1-E130 on the inactive
branch is D2-Q129 which presumably has a reduced hydrogen-bonding interaction with Pheop, relative to the
D1-E130 residue with Pheop;. Analysis of the recent 2.9 A cyanobacterial PSII crystal structure indicated,
however, that the D2-Q129 residue was too distant from the Pheop, headgroup to serve as a possible
hydrogen bond donor and directly impact its midpoint potential as well as potentially determine the
directionality of electron transfer. Our objective was to characterize the function of this highly conserved
inactive branch residue by replacing it with a nonconservative leucine or a conservative histidine residue.
Measurements of Chl fluorescence decay kinetics and thermoluminescence studies indicate that the
mutagenesis of D2-Q129 decreases the redox gap between Q and Qg due to a lowering of the redox
potential of Q. The resulting increased yield of S,Qp ™ charge recombination in the D2-Q129 mutants leads to
an increased susceptibility to photoinhibitory light presumably due to *Pggo-mediated oxidative damage. The
results indicate that the D2-Q129 residue plays a critical role in stabilizing the charge-separated state in PSII
and further documents the structural and functional asymmetry between the two cofactor branches in PSII.

PSII' is a multisubunit pigment—protein complex that catalyzes
the light-driven oxidation of water and reduction of plastoquinone
(PQ) in oxygenic photoautotrophs. The structure of PSII from
thermophilic cyanobacteria is now available at 2.9 A resolution,
along with several lower resolution crystal structures (3—3.8 A)
(I—4). PSII has two cofactor branches extending across the
membrane which are related by a pseudo-C2 axis of symmetry.
However, only one of these two branches participates in primary
electron transfer and is referred to as the active branch.

It is well established that the primary electron acceptor in
PSII is a Pheo molecule, Pheop;, which resides on the active
branch (5—71). Similar to the bacterial reaction center (BRC),
there is a symmetry-related Pheo (Pheop,) on the inactive branch
of PSII (Figure 1). Prior to the availability of a high-resolution
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PSII crystal structure, the presence of a hydrogen-bonding
interaction between the D1-130 residue and the ring V carbonyl
group of Pheop; was established using a combination of site-
directed mutagenesis and spectroscopy (7, 12). EPR studies of the
DI1-E130Q or H and D1-E130L mutations that were designed to
weaken or abolish this hydrogen bond, respectively, in Chlamy-
domonas exhibited an upward shift in the g, component of the
Pheo anion radical g tensor consistent with a reduction of
hydrogen-bonding strength to Pheop, in the mutant PSII reac-
tion centers (7). Further, Chl fluorescence decay kinetics and TL
data obtained for the D1-E130L Chlamydomonas and D1-Q130L
cyanobacterial mutants indicated that the loss of the hydrogen
bond to Pheop; was associated with a longer lifetime for S,Q4
charge recombination and an increased energetic gap between the
primary radical pair, Pego"Pheop; , and PegotQa™ (10, 13, 14).
It was determined that mutagenesis of D1-130 to amino acids
that weakened the hydrogen-bonding interaction to Pheop,
shifted the midpoint potential of the Pheop,/Pheop;  couple
to more negative values, lowering the probability of forming the
primary radical pair and thus reducing the yield of the charge-
separated state (12, 13).

The function of Pheop, and the potential effects of its protein
environmental interactions on its possible function are less well
understood than for Pheop;. Circular dichroism spectra of
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FIGURE 1: Structure of the acceptor side of photosystem II. This view
of PSII is in an orientation parallel to the plane of the membrane and
was created using PYMOL (2006 DeLano Scientific LLC) and the
3BZ1 cyanobacterial PSII crystal structure (4). Interatomic distances
are indicated by dashed black lines. The amino residues forming the
Qa and Qp binding pockets are shown in green and cyan, respectively.
Amino acid residues of the D1-de helix that are known to play a role
in determining the redox potential of Qg are shown in orange, and the
corresponding residues of the Q4 site are shown in pale brown.

isolated PSII RCs with selective pigment substitutions in the
Pheop, site have, however, provided evidence indicating that
Pheop, is excitonically coupled to the central multimeric RC
chlorins (15, 16) and is involved in excitation energy equilibration
within the RC complex (6). The substitution of Pheop, with a
Chl molecule in the D1-L210H Chlamydomonas mutant has been
shown to cause substantial impairment of PSIT ET associated
with drastically reduced oxygen evolution rates and charge
separation yields (/6). Consistent with the role of Pheop, in
energy transfer, circular dichroism spectra of D1-L210H RCs
exhibited new excitonic interactions between the substituted Chl
in the Pheop, site and the neighboring pigments indicating that
there was a redistribution of the excited state among the RC
pigments, preventing charge separation on the active branch (16).
These studies indicated that Pheop, plays a critical role in
ensuring proper distribution of excitation energy among pig-
ments of the multimer complex such that efficient charge
separation can take place on the active branch.

The inactive branch residue analogous to the D1-E130 residue
which hydrogen bonds to Pheop in chloroplastic PSIT RCs is the
D2-Q129 residue. It has been suggested that this residue also
hydrogen bonds to the headgroup of Pheop, (17, 18). However,
analysis of the most recent PSII crystal structure from the
cyanobacterium Thermosynechococcus elongatus at 2.9 A resolu-
tion (4) reveals that the side chain of D2-Q129 is 3.9 A away from
the Pheop, headgroup and therefore may not be in close enough
proximity to serve as a hydrogen bond donor (Figure 1). A
comparison of all 152 PSII D2 protein sequences available from a
variety of oxygenic photoautotrophs shows that the D2-Q129
residue is completely conserved across all sequences, unlike the
corresponding residue in the BRC (19).

In this work we employed site-directed mutagenesis to deter-
mine the role of the highly conserved acceptor side residue D2-
Q129 in PSII. We substituted the D2-Q129 residue with a
nonconservative hydrophobic leucine residue (D2-QI129L) or a
conservative histidine residue (D2-Q129H). Our results demon-
strate that mutagenesis of D2-Q129 to leucine and histidine leads
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to an acceleration and increased yield of S,Qp~ charge recombi-
nation consistent with an effect of the D2-Q129 substitutions on
the redox potential of Qg which alters the stability of the charge-
separated state in PSII.

MATERIALS AND METHODS

Generation of the D1-E130 and D2-Q 129 Chlamydomo-
nas Mutants. Site-directed mutations were introduced into the
Chlamydomonas reinhardtii psbA (encodes the D1 PSII RC
protein) and pshD (encodes the D2 PSII RC protein) genes using
the Quik-Change site-directed mutagenesis kit from Stratagene.
The pBA155 (20) and pBD202 (Minagawa, personal commu-
nication) vectors containing the pshbA and psbD genes were used
as the templates for site-directed mutagenesis. Both plasmids also
contained the aadA gene that confers resistance to the antibiotics
spectinomycin and streptomycin (2/). A mutation was intro-
duced at position 130 of the D1 protein in which the glutamate
codon GAG was replaced with a leucine codon CTT using the
CTACATGGGTCGACTTTGGGAATTATC forward and the
complementary reverse primer to generate the D1-E130L plas-
mid. Similarly, two different point mutations were introduced at
position 129 of the D2 protein. The glutamine-129 codon CAG
was mutagenized either to CTG (leucine substitution) or to CAC
(histidine substitution) using the GGTTTCATGCTTCGTCTG-
TTTGAAATTGCTCGTTC and TTGGTTTCATGCTTCGT-
CACTTTGAAATTGCTCGTTCAG forward primers and their
complementary reverse primers to generate the D2-Q129L and
D2-Q129H plasmids, respectively. The psh4A mutation was con-
firmed by PCR and sequencing using the D1-5UTR (GGA-
CGTAGGTACATAAATGTGCTAGGTAAC) and D13'UTR
(CCTGCCAACTGCCTATGGTAGCTATTAAGT) primers
whereas the pshD mutations were confirmed using the D2-5UTR
(GTGATGACTATGCACAAAGCAGTTCTAGTCCC) and
D2-3UTR (CAAGCACTCATGTGATTTTTAGCCCCAAAG-
GQG) primers.

The D1-E130L plasmid was introduced into the pshA deletion
strain CC-4147 (Chlamydomonas Center, Duke University) by
particle gun bombardment to generate the D1-E130L mutant.
The pBD202, D2-Q129L, and D2-Q129H vectors were trans-
formed into a psbD deletion mutant, AD2-2-6 (Minagawa,
personal communication) by particle bombardment to generate
the complemented wild-type (WT) and D2-QI29L and D2-
QI29H mutant strains, respectively. The D1-E130L and D2-
QI29L plasmids were also cotransformed into a {ApsbhA, ApsbD}
double deletion strain (22) to generate the D1-E130L/D2-Q129L
double mutant with substitutions at positions 130 and 129 of the
D1 and D2 proteins, respectively, to leucine.

Following bombardment, the cells were plated on Tris—
acetate—phosphate (TAP) medium (23) containing 100 ug/mL
spectinomycin and incubated at 22 °C under dim light. Putative
transformants were selected on the basis of spectinomycin and
streptomycin resistance. DNA extracted from the transgenics via
the Chelex-100 extraction method (24) was used as template for
DNA sequence confirmation of the mutagenized psbA4 and psbD
genes using PCR primers D1-5'/3'UTR and D2-5/3'UTR.

Growth Conditions. All strains were maintained on TAP
agar plates containing 100 ug/mL spectinomycin and 50 ug/mL
ampicillin and were grown in liquid TAP media without anti-
biotics to mid log phase or until the optical density of the culture at
750 nm reached 0.8—1.0, for subsequent measurements. The
complemented wild-type (WT) and mutant strains were normal-
ized on the basis of cell number and assayed for photoautotrophic
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growth on high salt (HS) media (25) under low light conditions
(~30 umol of photons m s "). In addition, the WT, D2-Q129L,
and D2-QI29H mutants were also grown in photoautotro-
phic growth media under high light conditions (~500 umol of
photons m % s 1).

Rates of Oxygen Evolution. Oxygen evolution activity of
wild-type and mutant cells was measured under saturating
conditions of ~850 of umol photons m > s~ of 650 nm light,
using a Clark-type oxygen electrode (Hansatech Instruments,
Norfolk, England) as described previously (26). The Chl con-
centration of the sample was ~10 ug of Chl/mL.

Flash-Induced Chl Fluorescence Induction and Decay. Chl
a fluorescence induction transients of wild-type and mutant cells
were measured with a pulse-modulated fluorometer (FL 3500;
Photon Systems Instruments, Brno, Czech Republic). Before the
measurements the cells were resuspended in TAP medium at a
Chl concentration of 5 ug/mL and dark adapted for 10 min.

Chl « fluorescence decay following a single turnover saturating
flash was assayed in whole cells in the presence or absence of 20 uM
DCMU at a Chl concentration of 5 ug/mL. The Chl fluorescence
decay curves measured in the absence of DCMU were fit using three
lifetime components: a fast and intermediate exponential compo-
nent and a slow hyperbolic component as described previously (27).
When measured in the presence of DCMU, the fitting function
included only two components, fast and slow phases representing
Q4 recombination with Tyrz" and S,, respectively.

Thermoluminescence Measurements. TL from whole cells
was measured in the presence and absence of 20 uM DCMU
using a thermoluminescence instrument manufactured by Pho-
ton Systems Instruments, Brno, Czech Republic. A cell suspen-
sion of 50 ug of Chl per 50 uL in 20 mM HEPES at pH 7.5 and
0.5 uM nigericin was spotted on a '/, in. disk prepared from
Whatman filter paper 1. The sample was dark adapted for 2 min
and then cooled to 0 °C or —10 °C when TL was measured in
the absence and presence of 20 uM DCMU, respectively. After
2 min, a single saturating flash was fired, and TL was recorded
upon heating the sample at a rate of 0.5 °C/s. For PBQ treatment,
cells were incubated with 100 uM PBQ for 10 min in the dark,
then spun down, and washed to remove the residual PBQ before
measurement.

Photoinhibition Measurements. C. reinhardtii cultures were
grown as described above and resuspended in buffer A contain-
ing 0.35 M sucrose, 20 mM HEPES, pH 7.5, and 2 mM MgCl, to
yield a Chl concentration of 1 mg of Chl/mL. Cells were then
broken by sonication (Biologics, Inc., Model 300 V/T ultrasonic
homogenizer) two times for 10 s each time (pulse mode, 50% duty
cycle, output power 5) on ice. Unbroken cells were pelleted by
centrifugation at 3200g for 1 min and the thylakoid membranes
harvested by centrifugation of the supernatant obtained from the
previous step at 12000g for 12 min. The membranes were then
resuspended in fresh buffer at > 1.0 mg of Chl/mL. All steps were
carried out in darkness at 4 °C. Isolated thylakoids at a Chl
concentration of ~10 ug/mL were exposed to PI light (800 gmol
of photons m~ % s~2, 650 nm at 22 °C) and assayed for residual
rates of oxygen evolution in the presence of 20 uM 2,5-dimethyl-
1,4-benzoquinone (DMBQ), 2 mM potassium ferricyanide, and
30 mM methylamine.

RESULTS

Photoautotrophic Growth and Oxygen Evolving Activities
of WT and D2-Q129L, D2-Q129H, DI-EI30L, and DI-
EI30L/D2-Q129L Mutant Cells. As previously discussed, the
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FIGURE 2: Comparative growth of the WT and mutant cells on TAP
(photoheterotrophic) and high salt (photoautotrophic) media. The
WT and mutants were plated at the same cell densities and grown for
a period of 2 weeks under ~30 uE m™~> s light.

DI1-E130 residue is hydrogen bonded to the primary electron
acceptor, Pheop;. The analogous inactive branch residue, D2-
Q129, is conserved in oxygenic photosynthesis but is not in close
enough proximity to the Pheop, headgroup to have an analogous
hydrogen-bonding interaction (4). In order to gain greater insight
into the functional role of the D2-Q129 residue, we carried out
site-directed mutagenesis to generate the D2-Q129L nonconser-
vative and D2-Q129H conservative mutants. In addition, we
generated D1-E130L single and D1-E130L/D2-Q129L double
mutants to determine the impact of D2-Q129 mutations on
charge transfer in a mutant (D1-E130L) background incapable
of primary charge separation on the active branch. Preliminary
photoautotrophic growth analyses of the D2-Q129L and D2-
QI129H single mutants indicated that their growth was compar-
able to WT when grown at low light intensities (Figure 2). As
expected, the DI-EI130L and DI-E130L/D2-Q129L mutant
strains grew very poorly under photoautotrophic growth condi-
tions due to an impairment in charge separation.

To determine the effects of the D2-Q129 mutations on photo-
synthetic oxygen evolution, steady-state rates of oxygen evolu-
tion were measured at saturating light intensities. The light-
saturated rates of oxygen evolution in the D2-QI129L and
D2-Q129H mutants were ~70% and 90% of WT, respectively
(Table 1). As expected, the oxygen evolving abilities of the
DI-E130L and DI-E130L/D2-Q129L mutants were severely
reduced, being only ~20% and 10% of WT rates, respectively. In
general, the extent of photoautotrophic growth in the mutants
correlated well with their oxygen evolving capacities.

Flash-Induced Chl Fluorescence Relaxation Kinetics.
Figure 3 shows the flash-induced Chl fluorescence decay tran-
sients obtained for WT and mutant cells in the absence and
presence of DCMU. In the WT, the fast and intermediate decay
components obtained in the absence of DCMU contribute to
~90% of the total fluorescence decay representing forward ET
from Q4 to Qg when PQ is either present or absent from the Qg
site at the time of the flash (Table 2). The fast component, which
is ~72% of the total decay, has a lifetime of ~0.29 ms in WT
Chlamydomonas cells and arises from the reoxidation of Q5 by
PQ molecules bound to the Qg site, which were either in the
oxidized or in the semireduced state, before the flash. Since the
ratio of Qg to Qg™ in undisrupted cells is 1 (28), the fast lifetime
component represents an approximately equal contribution of
the Qs toQpand Qo to Qg electron transfer steps. The mean
lifetime of the fast component was relatively unaltered in the D2-
QI29L and D2-QI29H mutants, being ~0.26 and 0.29 ms,
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Table 1: Rates of Steady-State Oxygen Evolution Measured in TAP Medium
Using Whole Cells of the Complemented WT and Mutants as Shown”

oxygen evolved

strain (umol of O, (mg of Chl) ' h™") % WT
WT 113+3.0 100
D2-Q129L 78+2.6 69
D2-Q129H 101+44 89
DI-E130L 25+1.3 22

DI-E130L/D2-Q129L 10£2.0 9

“Standard errors of the rates are indicated and were calculated for six to
nine individual measurements from at least three independent cultures.
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FiGURrE 3: Flash-induced Chl fluorescence decay kinetics measured
in WT and mutant cells in the absence (A) and presence (B) of 20 uM
DCMU. WT (open circles), D2-Q129L (closed circles), D2-Q129H
(semiclosed circles), DI1-E130L (open diamonds), and D1-E130L/
D2-Q129L (closed diamonds) were excited with a single turnover
saturating flash at 1 ms. The curves are shown after normalization to
the F,, — F, value for each strain.

respectively. The intermediate lifetime component in the D2-
Q129 mutants was also similar to the WT at ~35 ms. However,
the total contribution of forward ET to the overall Chl fluores-
cence decay measured as the sum of the relative amplitudes of the
fast and intermediate lifetime components was significantly
reduced in the D2-Q129L and D2-QI129H mutants relative to
WT. Conversely, the contribution of the slow component, which
represents charge recombination between S, and Qg , showed an
~2—3-fold increase in the D2-Q129H and D2-Q129L mutants
compared to WT, and its lifetime was accelerated ~4—6-fold
from ~3.3 s in WT to 0.54 and 0.73 s in the D2-Q129L and H
mutants, respectively (Table 2). These data indicated that muta-
genesis of the D2-Q129 residue did not impact the forward rate of
ET but caused an acceleration of S,Qg ™~ charge recombination.
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Moreover, the probability of forward ET decreased in the
D2-QI129L and D2-QI129H mutants while the probability of
S>Qp~ charge recombination increased, indicating a decrease in
the overall activation energy for S,Qg ™~ charge recombination in
the D2-Q129 mutants relative to WT.

Given the proximity of the D2-Q129 residue to the inactive
cofactor branch of PSII, we thought it necessary to ascertain
whether S,Qp~ charge recombination in the D2-Q129 mutants
occurred via active or inactive branch cofactors. In order to do
this, we generated the D1-E130L/D2-Q129L double mutant in
which the protein environment associated with both active and
inactive branch cofactors was altered. A manifestation of the
combined effects of the D1-E130L and D2-Q129L mutations in
the double mutant on S,Qp~ charge recombination would
suggest the involvement of active branch cofactors in charge
recombination in the D2-Q129 mutants. As previously shown,
the rate of forward ET in the D1-E130L single mutant was slower
and its relative contribution reduced relative to WT (/4). The
lifetime of the fast component representative of forward ET from
Qa to Qg was 0.77 ms in the mutant (0.29 ms in WT) while its
relative amplitude decreased to 23% (72% in WT) (Table 2). This
was indicative of an impairment of forward ET in the D1-E130L
mutant which corroborated the poor photoautotrophic growth
and oxygen evolution rates. Similarly, the slow component of the
Chl fluorescence decay representative of S,Qp ™~ charge recombi-
nation was also substantially slower in the mutant with a lifetime
of ~100 s compared to only 3.3 s in WT but had a larger
contribution (~50%) to the overall Chl fluorescence decay. This
increase in lifetime and yield of S,Qp~ recombination was
attributed to an increased energetic gap between Pggy"Pheop;
and PggytQa~ (Qp ), due to a change in the free energy of the
primary radical pair Pego"Pheop,;” to more negative values com-
pared to WT (10, 13, 14). The DI-E130L/D2-Q129L double
mutant, which combines the effects of the DI-E130L and D2-
QI129L single mutations, had a decreased yield for forward ET from
QA to Qg that contributed to ~18% of the overall Chl fluores-
cence decay, compared with 72% in WT. However, the double
mutant had a faster back-reaction that contributed to ~58% of the
total decay compared to ~48% in the D1-E130L background strain
(Table 2). Hence, the mutagenesis of D2-Q129 in the D1-E130L
mutant background led to an increased yield of S,Qp~ charge
recombination, similar to the D2-Q129 single mutants.

Flash-Induced Chl Fluorescence Decay in the Presence
of Qp-Site Inhibitors. To determine whether the D2-Q129
mutations also affected charge recombination between the S,
state of the OEC and Q,~, we monitored the decay of Chl
fluorescence in the presence of a Qg site inhibitor, DCMU.
DCMU binds to the Qg binding site blocking forward ET from
QA to Qg. Under these conditions, the reoxidation of Q~
occurs via back-reactions with donor side components including
the S, state of the OEC (S,Q4 charge recombination). Analyz-
ing Chl fluorescence decay kinetics in the presence of DCMU also
yields information about changes in the midpoint potentials of
cofactors that are energetically between the OEC and Q, in the
ET chain. Chl fluorescence transients measured in the presence of
DCMU revealed no significant kinetic differences in the D2-
QI29L and D2-QI29H mutants relative to WT (Figure 3B,
Table 2). The slow decay component representative of S,Qa
recombination had a mean lifetime of ~0.26 s in the WT and
~0.23 and 0.27 s in the D2-Q129L and D2-Q129H mutants,
respectively (Table 2). These results implied that D2-Q129
mutagenesis had no impact on the energetic gap between S,
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Table 2: Lifetimes and Relative Amplitudes of the Different Chl Fluorescence Decay Components of WT and Mutants Shown in Figure 3¢

forward ET charge recombination
strain fast 7' (ms)/Amp (%) intermediate 75 (ms)/Amp (%) slow T35 (s)/Amp (%)
no addition
WT 0.294+0.02/72+ 3 344419.6/17+2 33+ 1.07/11+1
D2-Q129L 0.26+0.02/62 +2 343+15.5/11+1 0.54+0.07/28 2

D2-Q129H 0.294+0.02/66 +2
DI-E130L 0.77+£0.91/23 £ 1
DI-E130L D2-Q129L 0.51+0.15/18+2
DCMU
WT 54422/5440.72
D2-Q129L 8.7+£1.6/73+13
D2-Q129H 12.64+3.7/7.0+0.9
DI-E130L 72.9432.9/9.8+0.7

DI-E130L D2-Q129L 2644 12.0/159+1.4

324+ 15.1/11+1
98.7+£5.3/29£2
93.5+£18.3/24+1

0.7340.15/23£2
98.8 £ 11/48 +4
28.14£3.4/58 42

0.26+£0.01/94.7 £0.72

0.23+£0.04/92.7£ 1.3

0.27+0.02/93.0£0.9
10.3 £1.6/90.24+0.7
11.44+2.0/84.1 £1.4

“The standard deviations are indicated and were obtained from multiple measurements (z = 9).

and QA or on the energetics of any of the intermediate redox
cofactors on the active branch.

It is well documented that the midpoint potential of Pheop,
and the free energy of the Pggo"Pheop, ~ radical pair is decreased
in the D1-E130L mutant due to the elimination of the hydrogen-
bonding interaction to the Pheopgeivey headgroup (10, 13).
Unlike the case of the D2-Q129 mutations where S,Q4 charge
recombination was unaffected, the D1-E130L mutation induced
aslowing of S,Q  charge recombination (10, 13). The lifetime of
the slow component representative of S,QA~ charge recombina-
tion in the D1-E130L mutant obtained from the Chl fluorescence
decay transient in the presence of DCMU was ~10 s as compared
to ~0.26 s in WT. This was expected as the mutagenesis of D1-
E130L affects the midpoint potential of an ET cofactor (Pheop,)
upstream of Qg. As discussed above, mutagenesis of the D2-Q129
residue to leucine or histidine in the D2-Q129L and D2-Q129H
single mutants did not alter S,Q,~ recombination. As expected,
the Chl fluorescence decay kinetics of the D1-E130L/D2-Q129L
double mutant measured in the presence of DCMU showed no
significant differences from the D1-E130L mutant. The mean
lifetime of the slow component in the DI1-E130L/D2-Q129L
mutant was ~11 s, compared to ~10 s in D1-E130L (Table 2).

It is clear that mutations of the D2-Q129 residue impact the
kinetics of Chl fluorescence decay only in the absence of Qp site
inhibitors, suggesting the involvement of Qg in the changes
observed in the D2-Q129 mutants compared to WT. More
specifically, while the rates of forward ET from Q4 to Qg and
S)Qa charge recombination are unchanged in the D2-Q129L
and D2-Q129H mutants, the rate of S,Qp "~ charge recombination
is accelerated 4—6-fold in the mutants relative to WT. This
confirms that mutagenesis of the D2-Q129 residue to leucine or
histidine affects Qg while not impacting other active branch
cofactors. Moreover, comparative analyses of Chl fluorescence
decay kinetics in the presence and absence of DCM U suggest that
mutagenesis of the D2-Q129 residue induced a decrease in the
free energy of the S,Qp™~ charge pair and in the energetic gap
between Q and Qg.

Chl Fluorescence Induction Kinetics. To obtain further
information on ET involving the acceptor side of PSII, Chl a
fluorescence induction kinetics were measured under continuous
illumination in WT and mutant strains for up to 1 s (29). Figure 4
shows the Chl fluorescence induction transients plotted on a
logarithmic time scale. The first phase of the fluorescence rise
kinetics, labeled I, reflects the reduction of Q4 to Qa~ (30, 31).

The rise to P is attributed to reduction of the plastoquinone pool.
As shown in Figure 4, the Chl fluorescence induction kinetics in
the D2-Q129 mutants were similar to WT for the I and P phases.
However, the relative intensity of the I phase measured at 8 ms
after the start of the illumination increased from 0.39 in WT to
0.46 and 0.53 in the D2-QI29L and D2-QI29H mutants,
respectively. This result indicated an increase in the level of
Qa , consistent with a change in the equilibrium of the reaction
Qa Q< QaQp toward Q4 or an increased number of non-
Qg centers in the mutants (32). Noticeably, and consistent with
the effects of the D2-QI129L mutation, the amplitude of the I
phase was significantly larger in the DI-E130L/D2-Q129L
mutant with a relative intensity of 0.74 compared to 0.65 in the
D1-E130L mutant also indicating a shift in the equilibrium of
Qa Q< QaQp™ toward Q4 .

TL Properties Measured in the Absence and Presence of
20 uM DCMU. TL is the temperature-dependent emission of
light from PSII resulting from recombination of stabilized
charge-separated pairs formed following excitation. Warming
of the stabilized (frozen) charge-separated state increases the
vibrational energy of the donor and acceptor allowing for the
recombination of charge-separated pairs with re-formation of the
Pego™ high energy state. Pggo™ then decays back to the ground
state with the emission of a photon (TL) (33—36). The peak
position and shape of a TL band are determined by the free
energy of activation required for radiative recombination of a
particular charge transfer pair. Hence, the properties of TL bands
are extremely sensitive to the energetic gaps between donors and
acceptors, which in turn are dependent on redox potentials of the
recombination partners. In PSII, a significant proportion of
charge recombination reactions proceed via nonradiative path-
ways which also play an important role in determining TL
yield (10, 14).

In the absence of Qg site ET inhibitors such as DCMU, the TL
band generated from WT Chlamydomonas cells arises due to
charge recombination between the Qg™ and S, radical pair and
has a maximum emission at 28 °C (Figure 5A). This is commonly
referred to as the B band (33, 36). The peak temperature of the B
band decreased to ~10 and 15 °C in the D2-QI129L and D2-
QI129H mutants, respectively. This observation was consistent
with results obtained from the flash-induced Chl fluorescence
decay kinetics which revealed an acceleration of S,Qp~ charge
recombination in the D2-Q129 mutants relative to WT. In
contrast, in the D1-E130L mutant, the B band was ~10 times
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FIGURE 4: Chl a fluorescence induction transients of C. reinhardtii
WT and mutant cells. Cells from the (A) WT, (B) D2-Q129L, (C) D2-
QI129H, (D) D1-E130L (solid line), and D1-E130L/D2-Q129L dou-
ble mutant (dot and dash line) were grown mixotrophically and
normalized for Chl concentration. The data are plotted on a loga-
rithmic time scale and shown after normalization to the F,,, — F value
for each strain.

more intense than in WT, with a higher peak temperature of
~36 °C (Figure 5B). This result was consistent with previous TL
studies where the D1—130 residue in PSII was mutated to
leucine (/4). However, when the DI-EI30L mutation was
combined with the D2-Q129L mutation in the D1-E130L/D2-
QI29L double mutant, the peak temperature of the B band
decreased from ~36 °C in DI-E130L to ~18 °C in the double
mutant. The DI1-E130L/D2-Q129L double mutant manifested
the combined effects of the two single mutations, indicating that
the acceleration of S,Qp™~ charge recombination, induced by the
D2-Q129 mutation, involved the active branch and not the
inactive branch cofactors. Interestingly, the decrease of ~18 °C
in B band peak temperature of the D1-E130L/D2-Q129L double
mutant when compared to the DI-E130L single mutant back-
ground was comparable to the decrease of ~18 °C in the peak
temperature of the B band in the D2-Q129L single mutant. The
decreases in B band peak temperatures induced by mutations of
the D2-Q129 residue are indicative of a decrease in the overall
stability of the S,Qg~ charge pair attributed to a change in the
redox properties of the S, state of the OEC or of Qg. Considering
that the position of the D2-Q129 residue is far removed from the
OEC, the more likely explanation is that D2-Q129 mutagenesis
affects the redox properties of Qgp.

The TL data obtained for the WT and mutants in the presence
of DCMU are shown in Figure 6. Under these conditions the B
band is replaced by the Q-band which is representative of
recombination between the S,QA~ charge pair (33, 36) and has
a peak emission at ~7 °C in WT (Figure 6A). The peak
temperature of the Q-band observed in the D2-Q129L and D2-
Q129H mutants was indistinguishable from WT, indicating that
the overall stability of the S,Q4~ charge pair and the stabilization
of the S, state were not affected by mutagenesis of the D2-Q129
residue. This finding also confirmed that modification of the B
band in the D2-Q129L and D2-Q129H mutants relative to WT
and the D1-E130L/D2-Q129L double mutant relative to D1-
E130L occurred due to alterations in the redox potential of Qg
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FIGURE 5: TL characteristics of the WT and mutants in the absence
of ET inhibitors. WT and the D2-Q129L and D2-Q129H mutants are
shown in panel A, and the DI-E130L and D1-E130L/D2-Q129L
mutants are shown in panel B. TL was excited with a single turnover
saturating flash at 0 °C and measured using a 0.5 °C/s heating rate.

and not due to changes in the redox properties of the S, state or
any of the other redox components of the active branch.
Although no changes were apparent in the peak temperature of
the Q-band in the D2-Q129 mutants, an increase in Q-band
intensity was consistently observed. The addition of DCMU to
PSII centers that contain PQ in the semireduced state bound to
the Qg site results in the formation of Q4 prior to illumina-
tion (37). These centers are therefore not available for charge
separation. The destabilization of the Qg™ state in the D2-Q129
mutants presumably results in a lower concentration of stable
Qg in dark-adapted samples compared to wild type and
translates to a decrease in S;Q4 formation on DCMU binding.
This leads to a greater yield of S,QA "~ formation upon illumina-
tion. Thus, the increase in Q-band intensity in the D2-Q129
mutants is indicative of the destabilization of Qg™ in the mutants
relative to wild type.

Figure 6B shows the Q-band obtained in the D1-E130L and
D1-E130L/D2-Q129L mutants in the presence of DCMU. The
change in primary radical pair energetics and increased free
energy gap between Py Pheop, and Pggy"Qa~ was reflected
by an increase in peak temperature of the Q-band in DI1-E130L
which occurred at ~25 °C when compared to 6—7 °C in WT,
consistent with previous findings (/0). When the D2-Q129L
mutation was combined with the DI-E130L mutation in the
DI-E130L/D2-QI129L strain, no changes were observed in the
peak temperature of the Q-band. These results indicated that the
D2-Q129L mutation did not induce a change in the free energy of
the S,QA~ charge pair in the double mutant when compared to
the DI-E130L single mutant background.
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FIGURE 6: TL characteristics of the WT and mutants in the presence
of 20 uM DCMU. WT and the D2-Q129L and D2-Q129H mutants
are shown in panel A, and the D1-E130L and D1-E130L/D2-Q129L
mutants are shown in panel B. TL was excited with a single turnover
saturating flash at —10 °C and measured using a 0.5 °C/s heating rate.

The effect of the D2-Q129 mutations on TL properties of the B
band and lack of effects on the Q-band corroborate the Chl
fluorescence decay kinetics results. Taken together, these data
demonstrate that mutagenesis of D2-Q129 decreases the stability
of the S,Qp ™~ charge-separated pair without impacting the ener-
getics of the S,Q4~ state. Hence, the differences in TL and Chl
fluorescence decay kinetics of the D2-Q129 mutants relative to
WT in the absence of Qg site inhibitors are due to changes in the
redox properties of Qg and not due to energetic changes in any of
the active branch ET cofactors between the OEC and Q4 in PSII.

Effect of p-Benzoquinone (PBQ) on S>Qp Charge
Recombination. To eliminate the possibility that the major
TL band observed in the absence of DCMU in the D2-Q129
mutants arose due to the recombination of S, with QA rather
than Qg~, we treated cells with 100 uM PBQ to oxidize the
plastoquinone pool and minimize the possible contribution of
Qa  tocharge recombination (10, 38). Under our conditions, the
peak temperature of the B band obtained for the PBQ-treated
WT cells was ~38 °C and was attributed to charge recombination
between the S,/ states of the OEC and Qg (39). After PBQ
treatment, the peak temperature of the B band in the D2-Q129L
and D2-Q129H mutants was 20 and 25 °C, respectively, indicat-
ing a destabilization of the S,Qp ™ state relative to WT (Figure 7A).
A higher B band peak temperature was expected in the D1-E130L
mutant due to an increase in the overall energetic gap between
Peso "Pheop; and Pegy QA and was observed at ~46 °C relative
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FIGURE 7: TL measured in WT and mutant cells after treatment with
PBQ. WT and the D2-Q129L and D2-Q129H mutants are shown in
panel A, and the D1-E130L and D1-E130L/D2-Q129L mutants are
shown in panel B. TL was excited with a single turnover saturating
flash at 0 °C and measured using a 0.5 °C/s heating rate.

to ~38 °Cin WT after PBQ treatment. The introduction of a point
mutation at D2-Q129 in the D1-E130L background as in the
D1-E130L/D2-Q129L double mutant decreased the peak tem-
perature of the TL band from ~46 °C in the D1-E130L mutant to
~36 °C in the double mutant (Figure 7B). Our main purpose for
treating the samples with PBQ prior to the TL measurement was
to oxidize the plastoquinone pool such that the contribution of
Qa to the TL signal (in the absence of DCMU) was minimal.
However, PBQ is known to have other effects such as causing the
transmembrane electrical potential to collapse and increasing the
lifetime for charge recombination in PSII (13). Both of these effects
of PBQ treatment are observed in all the strains tested here where
the peak temperature of the B band, which dominates the TL
signal in the absence of DCMU, is increased when compared to
TL measured in the non-PBQ-treated cells.

Effects of Photoinhibitory (PI) Light Treatment. Based
on analysis of the Chl fluorescence decay and TL measurements,
it was seen that mutations of the D2-Q129 residue decreased the
stability of the S,Qp™~ charge pair and consequently caused an
increase in the probability of S,Qp ™ charge recombination. It is
known that charge recombination reactions in PSII invariably
induce photooxidative damage due to triplet Chl-mediated 'O,
generation (40, 41). The decrease in the midpoint potential of the
Qg/Qg ™ redox couple and the consequent decrease in the redox
gap between Qa and Qg in the D2-Q129 mutants would be
expected to increase the level of reduced Q4. Lowering the redox
gap between Q4 and Qg is a well-acknowledged cold-stress (high
light intensity) response intended to maintain the oxidized form
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FIGURE 8: Sensitivity of the WT and mutants to photoinhibition. (A)
Residual rates of oxygen evolution measured following photoinhibi-
tory light treatment of thylakoids isolated from the WT (open
circles), D2-Q129L (closed circles), and D2-Q129H (semiclosed
circles) strains. The values are presented as a percentage of the rate
obtained at 0 min treatment. (B) Growth characteristics of the WT,
D2-Q129L, and D2-Q129H mutants on high salt (photoautotrophic)
media. The WT and mutants were plated at the same cell densities and
grown for a period of 2 weeks at a light intensity of ~500 yuEm ™ 2s~!

of PQ in the Qp site that has been studied using thermolumines-
cence in cyanobacteria and higher plants (reviewed in ref 42). The
TL yield and peak temperature of the B band under stress
conditions is reduced relative to that measured under optimal
conditions. This reduction in TL yield has been ascribed to an
enhanced dissipation of excess excitation energy within the PSII
RC via nonradiative charge recombination mechanisms which
reduce *Pggo-mediated photooxidative damage to PSIL. In the
D2-Q129 mutants, the decrease in redox gap between Q4 and Qg
and increased probability of S,Qp~ charge recombination were
not accompanied by a concomitant decrease in TL yield,
suggesting that nonradiative charge recombination pathways
were not enhanced. Thus, the probability of forming *Pegy by
repopulating the Py Pheop,” charge pair in the D2-Q129
mutants would be expected to increase. To determine whether
the D2-Q129 mutants were more or less susceptible to photo-
oxidative damage, we subjected WT and D2-Q129 mutant
thylakoids to PI light and measured the subsequent decrease in
oxygen evolving activity over time. It was observed that the D2-
QI29L and D2-QI129H mutants had increased susceptibility to
high light induced damage as was evident from the more rapid
decline in oxygen evolving activity of the D2-Q129 mutant
thylakoids when compared to WT (Figure 8A).

Further, in order to determine whether the increased suscept-
ibility of the D2-Q129 mutants to photoinhibition had an effect
on photoautotrophic growth under high light conditions, WT
and D2-Q129 mutant cells were spotted on HS agar plates at
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equal cell densities and grown under 500 #mol photons m ™2 s™"

of white light for two weeks. A slight retardation in growth and
increased yellowing of the D2-Q129L and D2-Q129H cultures
was observed relative to WT (Figure 8B). This effect on growth in
the D2-Q129 mutants was presumably due to an increase in
photooxidative damage relative to WT.

DISCUSSION

In this work we explored the effects of replacing D2-Q129, a
highly conserved inactive branch acceptor side residue, with a
nonconservative amino acid leucine (D2-Q129L) or a conservative
amino acid histidine (D2-Q129H) in C. reinhardtii. Unlike its active
branch counterpart D1-E130, which hydrogen bonds to Pheopy,
the D2-Q129 residue is further away from the headgroup of Pheop,
and hence is unlikely to serve as a hydrogen bond donor.

Effect of D2-Q129 Mutagenesis on the Energetics of
Charge Stabilization at the Acceptor Side of PSII. The
flash-induced Chl fluorescence decay kinetics measured in the
absence of DCMU showed significant differences between the
WT and D2-Q129 mutants (Figure 3A). Three lifetime compo-
nents (fast, intermediate, and slow) were used to fit the Chl
fluorescence decay curves measured in the absence of DCMU.
While the lifetimes of the fast and intermediate components
indicative of forward ET in PSII were unchanged in the D2-Q129
mutants relative to WT, their relative contribution to the overall
fluorescence decay was decreased. The lifetime of the slow
component that arises due to S,Qg™~ charge recombination was
accelerated 4—6-fold in the D2-Q129 mutants, indicative of a
decrease in the overall stability of the S,Qg ™ state and a higher
rate of reverse ET from QoQp ™ to Qo Qg. Further, the relative
contribution of S,Qp " charge recombination to the decay of Chl
fluorescence had an ~2.5-fold larger relative amplitude com-
pared to WT which could be ascribed to a lower value for the
equilibrium constant for ET from Q4 to Qg or to weaker binding
of plastoquinone to the Qg site. Since the lifetime of the
intermediate fluorescence decay lifetime component, indicative
of plastoquinone binding in the Qg site, did not change in the D2-
Q129 mutants, we can assume that the change in the amplitude of
this component was due to a lower equilibrium constant for Q4
to Qg ET. A similar effect was seen in the D1-E130L/D2-Q129L
double mutant in which the relative amplitude of S,Qg ™~ charge
recombination was also increased from 48% in DI1-E130L to
58% inthe D1-E130L/D2-Q129L double mutant. In the presence
of DCMU, no differences were observed in the overall decay
kinetics between WT and the D2-Q129L and D2-Q129H mutants
or between the D1-E130L and D1-E130L/D2-Q129L mutants
(Figure 3B, Table 2). These results indicate involvement of Qg in
the changes observed in the Chl fluorescence decay kinetics in the
absence of DCMU.

TL arises from the radiative recombination of charge transfer
pairs that recombine in a temperature-dependent manner. The
peak temperature of a TL band reflects the energy stored in the
charge transfer pair, which in turn is dependent on the redox
potentials of the individual recombination partners assuming no
change in distance or reorganization energy. As discussed earlier,
TL that arises from the recombination of the S, state of the OEC
on the donor side with the reduced states Qo and Qg™ leads to
the formation of the Q-band and B band, respectively. The D2-
Q129 mutation induced changes in the peak temperature of only
the B band and not the Q-band (Figures 5, 6, and 7). Consistent
with results from Chl fluorescence decay measurements, TL
data from D2-Q129 mutants indicate that mutagenesis of the
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D2-Q129 residue alters the redox properties of Qp. Given that the
D2-Q129 residue is located close to Pheop,, we wanted to
unambiguously determine whether or not any of the inactive
branch cofactors were involved in the charge recombination of
Qg with S, in the D2-Q129 mutants. To address this question,
we generated the D1-E130L/D2-Q129L double mutant in both the
active and inactive PSII RC cofactor branches. Our data clearly
show that the D1-E130L/D2-Q129L double mutant manifests
the combined effects of the two single mutations indicating that the
acceleration of charge recombination from Qg™ to the S, state of
the water oxidation complex induced by the D2-Q129 mutation
involves only the active branch and not inactive branch cofactors.

To ensure that the major TL band observed in the D2-Q129L,
D2-Q129H, and D1-E130L/D2-Q129L mutants in the absence of
Qg site inhibitors was due to S,Qg~ and not S,Q, recombina-
tion, we treated the cells with PBQ prior to the measurements to
oxidize the plastoquinone pool and minimize the contribution of
reduced Q4 to the TL signal. The origin of the predominant TL
bands observed in the WT and mutant cells in the absence of ET
inhibitors after PBQ treatment was attributed to S,/3Qg" re-
combination. Again, decreased B band peak temperatures were
obtained in D2-Q129L and D2-Q129H mutants relative to WT
and in the DI-E130L/D2-Q129L double mutant relative to D1-
E130L, indicating a decrease in the stability of Qg~ induced by
D2-Q129 mutagenesis (Figure 7A,B).

Mutagenesis of D2-Q 129 Lowers the Redox Potential of

Q pand the Driving Force for Q 4 to Q g ET. The driving force
for forward ET is dependent on the energetic gap between Qu
and Qg, which may be estimated from the ratio of the lifetimes of
the slow component measured in the absence and presence of a
Qg site inhibitor, DCMU. This yields a redox gap of ~65 mV
between Q4 and Qg in WT in accordance with previous estima-
tions (43, 44). We calculate that the redox gap between Q4 and
Qg decreased to ~22 and ~25 mV in the D2-Q129L and D2-
Q129H mutants, respectively. Since S,Q, ~ charge recombination
and Qu redox properties were not affected by D2-Q129 muta-
genesis, we can conclude that the decrease in redox gap between
Qa and Qg in the D2-Q129 mutants occurred due to a lowering of
the Qp/Qp redox potential by ~40—45 mV, bringing it closer to
the midpoint potential of the Q4/Qa couple. This decrease in Qg
redox potential causes a destabilization of Qg and of the S,Qp
charge-separated state and is responsible for shifting the Q4 Qg <>
QaQgp™ equilibrium toward Q4 in the D2-Q129 mutants.
Evidence for a shift in the Qo Qg <> QaQp ™ equilibrium was
also obtained from the results of Chl fluorescence induction
kinetics measured under steady-state illumination which indicated
that D2-Q129 mutagenesis results in an increase in the amplitude
of the I phase, which is correlated with the formation/presence of
Qs (Figure 4). This phenotype has been observed before in
Chlamydomonas D1-R257E and D1-R257M mutants, in which a
large fraction of Q5 persists after flash excitation, indicative of an
altered equilibrium constant of the reaction Q5 Qg <> QaAQp , in
the direction of Q4 (32). Since substitutions of the D2-Q129
residue by amino acids with either conservative biochemical
properties or otherwise shift the Q4 Qp <> QAQp ™ equilibrium
toward Qs Qp, mutagenesis of the D2-Q129 residue likely
induces a structural change that alters Qg site properties.
Position of D2-Q129 Relative to the Qp Binding Site.
Based on the sequence analogy between the DI and D2 RC
proteins, it would be expected that the D2-Q129 residue interacts
with or hydrogen bonds to Pheop,. However, the side chain of
the D2-Q129 residue is 3.9 A away from the Pheop, headgroup
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and is presumably too distant to serve as a hydrogen bond donor.
The D2-Q129 residue side chain is located 3.03 A away from the
OH group of the D1-Y254 residue on the D1-de helix. The D1-de
helix is situated between the fourth and fifth transmembrane
helices of the D1 protein and has been shown to interact with Qg
and its competitive inhibitors (Figure 1) (45, 46). Backbone-
dependent in silico mutagenesis of D2-Q129 using PyMOL
(DeLano Scientific LLC, San Carlos, CA) revealed that the
predicted distance between the side-chain of D2-QI129 and the
OH group of D1-Y254 decreased from 3.03 A 'in WT to 1.03 and
0.67 A in the D2-Q129H and D2-QI129L mutants, respectively.
This suggests that the predicted decrease in distance between the
mutagenized D2-Q129 side chain and the D1-de helix residue D1-
Y254 could potentially impact the structure of the D1-de helix
and the Qg site, thereby altering the redox properties of Qp.

Mutagenesis of residues located in the de helix of the DI
protein as in the D1-Y254S and D1-F255W mutants have been
shown to lead to a decrease in stabilization of Qg ™~ as observed by
decreased B band peak temperatures obtained in TL measure-
ments of these mutants (47). Moreover, a study in which com-
binatorial mutagenesis was applied to a highly conserved portion
of the Dl-de helix demonstrated that while many different
combinations of amino acids in positions 254 to 257 of the D1
protein produced functional PSII RCs, all of the mutants had
altered Qo Qp < QAQp ™ equilibrium and Qp/Qp~ midpoint
potentials relative to WT (46). More evidence for the involvement
of the D1-de helix in determining Qg redox potential comes from
the site-directed mutagenesis of the highly conserved residue D1-
R257 located at the C-terminal end of the D1-de helix. Although
the side chain of DI1-R257 points away from the Qg binding
pocket, site-directed mutagenesis to E, K, or Q causes a lowering
of Qg redox potential as evidenced from the lower B band peak
temperatures in the mutants relative to WT (38). Overall, our
results indicate that mutagenesis of the “inactive branch” residue
D2-Q129 alters the redox potential of Qg presumably by altered
structural interactions of the D1-de helix with Qg.

Mutations of D2-Q129 Increase Susceptibility to Photo-
inhibition. Although D2-Q129 mutagenesis had no significant
effects on photoautotrophic growth under low light intensities,
photoautotrophic growth under high light was impaired in the
mutants relative to WT (Figures 2 and 8B). These results were
consistent with those obtained from photoinhibitory light treat-
ments of mutant thylakoids (Figure 8A). The increased sensitivity
of the D2-Q129 mutants to high light may be explained by the
increased yield of S,Qp™~ charge recombination relative to WT
(Table 2). It is known that charge recombination reactions in PSII
lead to oxidative damage via the triplet Chl-mediated formation of
reactive oxygen species (40).

CONCLUSIONS

In this study, we have characterized the effects of mutagenizing
the highly conserved inactive branch PSII residue, D2-Q129, on
PSII electron transfer and stability of the charge-separated state.
Mutagenesis of D2-Q129 to biochemically conservative (histidine)
or nonconservative (leucine) amino acid residues results in (1) a
decrease in the activation energy for charge recombination of Qg
with S,, due to the lowering of the redox potential of Qg, (2) no
significant impact on the redox potential of Q4 or the donor side
components, (3) a shift in the equilibrium constant for the reaction
Qa Q<= QaQp toward Q4 , and (4) increased susceptibility to
photoinhibitory light. This study provides insight into the extent of
asymmetry between the two ET branches of PSII where analogous
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active and inactive branch mutations can influence nonanalogous
cofactors of the two branches. Our experimental data elucidate
further the impact of individual “inactive” branch residues on PSII
function. Our results also provide the first report of a single amino
acid substitution of the D2 protein that affects the redox properties

of QB-
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