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Abstract

Site-directed mutants of the D1 protein generated in Chlamydomonas reinhardtii have been characterized to determine
whether specific lumenal side histidine residues participate in or dircctly influence clectron transfer. Histidine 195 (H195). a
conserved residue located near the amino-terminal end of the D1 transmembranc a-helix containing the putative P680
chlorophytl ligand H198, was changed to asparagine (H195N), aspartic acid (H195D), and tyrosine (H195Y). Thesc H195 mutants
displayed essentially wild-iype rates of ¢clectron transfer from the water-oxidizing complex to 2.6-dichlorophenolindophenol.
Flash-induced chlorophyll a (Chl a) fluorescence yield rise and decay measurements for Mn-derlerca membranes of the HI95Y
and Hi95D mutants, however, revealed modified Y, to P680 " clecuion «rans’er “i,~tics. The rate of the variable Chl a
fluorescence rise was reduced approximately 10-fold in H195Y and H195D rclative to tne wild type. In addition. the rate of Chi
a fluorescence decay in the presence of 3-(3,4-dichlorophenyi)-1,1-dimethylurea was approximately 50-fold more rapid in H195D
than in the wild type. These results can be accommodated by a change in the midpoint potential of Y, /Y, which is apparent
only upon the removal of the Mn cluster. In addition, we have generated a histidine to phenylalanine substitution at histidine 190
(H190), a conserved residue located near the lumenal thylakoid surface of D1 in close proximity to the secondary donor Y. The
H190F mutant is characterized by an inability to oxidize water associated with the loss of the Mn cluster and severely altered
donor side kinetics. These and other results suggest that H190 may participate in redox rcactions ieading to the assembly of the
Mn cluster.
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1. Introduction pentides censtitute the core of the Photosystem I
reaction. center complex [1-4]. A D1/D2 heterodimer
s thought to coordinate the primary electron donor
P. %0, as well as secondary donors and acceptors that

participate in photochemically induced electron trans-

The membrane-spanning polypeptides D1, D2, cy-
tochrome b-559 and two low-molecular-weight poly-

* Corresponding author. Departmert of Plant Biology. Fax: +1
(614) 2927162.

Abbreviations: Chl, chlorophyll; DPC, diphenyl carbazide: DCPIP.
2,6-dichlorophenolindophenol; DCMU, 343.4-dichlorophenyl)-1.1-
dimethylurea; E_, the clectrochemical mudpomt potential: HI9SD,
H195N, and H195Y. mutants of Chlamyd reinhardtn with
aspartic acid, asparagine, and tyrosine substitutions at position 195 of
the D1 protein of Photosystem 1I; Hepes, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid: Mes, 4-morpholineethanesulfonic
acid; P680 and P680°. the reduced and oxidized forms of ¢
primary donor of Photosystem 1I; PS 11, Photosystem 11. Q,, primary
acceptor of Photosystem II; Qy, secondary acceptor of Photosystem
1I; Yy, and Y, redox active tyrosines 160 and 161, respectively. of
the D1 and D2 proteins of PS 1L
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fer from water to plastoquinone (for reviews on PS II,
sec [S-7D. Excitation of P680 promotes the transfer of
an electron to a nearby acceptor, pheophytin (Pheo)
within a few picoseconds [8]. This transient charge
separation (P680* /Pheo™) is rapidly (within 200 ps)
stabilized by the reduction of bound primary plasto-
quinone Q,, followed by the oxidation of the sec-
ondary donor Y, (10-1000 ns, see [5]). Y,, a tyrosine
residue (Y161) on the D1 protein [9.10]. serves as an
electron transfer intermediate {11.12] between PS80
and the charge accumulating Mn cluster of the water-
oxidizing complex.
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Although the tyrosine Y, has been established as an
essential component in the electron transfer pathway
[12), the question remains as to whether other amino
acids in the reaction center core participate directly in
or influence electron flow near P680. We have mutage-
nized specific amino acids (histidines) of the D1 pro-
tein to determine whether these individual residues
influence the electronic properties of the P680 trap or
redox-active components on the donor side of PS I1.

P680, which may be either a dimer [13], or a
monomer [14], of Chl a, is surrounded by a protein
matrix that determines its orientation and distance
with respect to the other PS II components. Because
the redox potential of the P680/P680* couple is highly
positive (E,,, 2 + 1.0 eV), the protein envirocnment sur-
rounding P680 is assumed to determine, at least in
part, properties of the bound chlorophyll molecule(s).
Similarly, the low oxidation potential (E,, = +0.480
eV) of the primary donor (P), in the purple bacterial
reaction center has been partly attributed to the effects
of its protein environment. Site-directed mutations of
one [15,16] or several [17] amino acids in the vicinity of
bacterial P, also called the special pair, have resulted
in altered spectral properties, electron transfer kinet-
ics, and redox potentials of the P/P* couple. Although
these amino acid substitutions have revealed no essen-
tial residue requirement for reaction center function, it
is apparent that the local prot:i~ environment does
affect the electronic properties ut tne special pair. In
PS II, amino acid residues that could account for
significant shifts in electron density distribution on the
chromophore or alter the redox potential of electron
donors and acceptors inciude those which might hydro-
gen bond or have electrostatic interactions with these
components. We have focused our efforts on histidine
residues located in the vicinity of P680 on the lumenal
side of the D1 protein. Histidine residues which are
likely candidates to alter electron transfer on the oxi-
dizing side of PS 1l include two conserved residues,
H190 and H195 [18].

Residue H195 of the D1 protein is located at the
amino terminus of the a-helical transmembrane span
D and is potentially charged. Based on analogies to the
bacterial reaction center model! {1,2,19] this transmem-
brane span contains one of the histidine residues
(H198) which is predicted to be a ligand to P680. The
imidazole ring of H195 is therefore likely to point in
the direction of P680. Annther conserved histidine
residue, H190 of the D1 protein, is located in the
lumen-exposed polypeptide loop connecting helix C
and helix D. A histidine residue (:1190(D2)) is also
conserved in the analogous position in the D2 protein.
Several functions have been proposed for H1%0 based
on its position on D1 including Mn ligand, chiorophyll
ligand, hydrogen bonding to Y, [20}], and as an oxi-
dized intermediate in functional water oxidation {21].

Here we report the photosynthetic phenotypes of two
histidine 195 (D1) mutants of C. reinhardtii, H195N
(his-asn) and H195D (his-asp), as well as the previously
described H195Y (his-tyr) mutant [18). In addition, we
describe the photosynthetic phenotype of the histidine
190 (D1 protein) mutant, H190F (his-phe).

2. Methods

C. reinhardtii strain CC-125 (wild type) was provided
by the Chlamydomonas Genetics Center (Duke Uni-
versity). The wild-type strain that greens in the dark,
CC-2137, was provided by R. Spreitzer (University of
Nebraska). Plasmid p228, containing the chloroplast
16S rRNA gene conferring spectinomycin resistance
[22], was provided by E. Harris (Duke University).

Plasmids containing the point mutations (pH190F,
pH195N and pH195D) were constructed by oligo-
nucleotide-directed mutagenesis of a 3.0 kb Xbal frag-
ment of the psbA4 gene in a pBS* (Bluescribe) vector
as previously described [18]. Cotransformation of C.
reinhardtii chloroplasts with p228 and the plasmids
containing mutagenized psbA fragments was per-
formed via particle bombardment as described earlier
[18], with the exception that a helium driven particle
inflow gun [23] was used to deliver DNA-coated tung-
sten particles into the cells. For the H195D and H190F
mutants, the wild-type strain CC-2137 was utilized as
recipient in order to facilitate the selection of transfor-
mants in complete darkness. The HI95N mutant was
generated in the strain CC-125 as described for H195Y
(18}

Each psbA4 point mutation generates a new restric-
tion endonuclease recognition site in the chloroplast
genome. H195Y, H195N and H195D contain unique
Rsal, Xmnl, and Avall sites, respectively, created by
basepair redundancy at a single position in the DNA
sequence. The mutagenic oligonucleotide primers for
H195N and H195D are: CCTTATGAACCCATTCCA
and CCTTATGGACCCATTCCA. H190F contains a
unique EcoRI site due to the CAC to TTC substitu-
tion in the oligonucleotide TTCCAAGCAGAA
TTCAACATCC. Primary identification of spectino-
mycin resistant cotransformants was carried out by
restriction site analysis of PCR-generated psbA frag-
ments. Whole cell DNA lysates were prepared as pre-
viously described {18]. PCR products were then gener-
ated with 22 bp synthetic oligonucleotide primers cor-
responding to sequences within exon 4 located 52 bases
S'(GGTACTTTCAACTTCATGATCG) and 146 bases
3(GGTTACCGTTTCGGTCTAGAAG) from the mu-
tagenesis site (Fig. 1). The resulting 196 bp fragments
were subsequently digested with the appropriate re-
striction endonuclease and electrophoresed in 2%
agarose ge! in TBE. The identification of single colony
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Fig. 1. M sis and s ing of the Chl d psbA gene

encoding the D1 protein. A 3 kb Xbal restriction fragment contain-
ing exons 4 and S of the psbA gene (pl1) was mutagenized by
oligo-directed nucleotide substitution as described [18). X, Xbal; R,
EcoRI; B, BamHI; (*), approximate iocation of unique restriction
sites created by H193 or HI90 mutations; A, B, oligonucleotide
primers for PCR restriction site screening. Exons are indicated by
shading.

clones as homoplasmic for the point mutation was
confirmed by Southern blot analysis and DNA se-
quencing.

C. reinhardtii thylakoids were prepared essentially
as in Roffey et al. [18]. Cell cultures were grown in low
light (8-12 kEm~%s~") or in complete darkness in
Tris-Acetate-Phosphate media at 25°C so as to avoid
possible photoinhibitory effects. Cells were harvested
at approximately 5-10° cells/ml, washed once with
buifer A (0.35 M sucrose /25 mM Hepes (pH 7.5)/1
mM MgCl,), and then resuspcended at 1 mg/ml chloro-
phyll in buffer A containing 20 uM RNase A. Aftcr
one passage through a French press (3000 I /in?). the
suspension was centrifuged for 30 s at 1200 x¢g to
remove cell debris. Thylakoid membrane fragments
were then pelleted by centrifugation for 12 min at
12000 x g. The pellet was gently resuspended in buffer
B (0.4 M sucrose, 25 mM Hepes (pH 7.5), 2 mM
MgCl., 1 mg/ml BSA) at 1.0-2.0 mg/mil Chl. PS-II-
enriched membranes (BBY-type) were prepared by
Triton X-100 solubilization according to Shim et al.
[24]). Prior to Mn quantification, PS-11-enriched mem-
branes were washed twice at 0.2 mg/ml Chl in buffer
B containing 0.4 M sucrose, 20 mM Mes (pH 6.0), 5
mM EDTA, pelleted at 40000 X g, and resuspended in
the same buffer at 1 mg/ml Chl.

Western blots of thylakoid preparations were per-
formed essentially according to Towbin et al. [25] at
chlorophyll amounts ranging from 0.1-10 pg chioro-
phyll in order to obtain a linear response to the anti-
body. The antibody used was raised against a synihetic
peptide corresponding to amino acids 333-342 of the
D1 protein [3] and antigen antibody complexes were
detected using alkaline phosphatase labeled goat anti
rabbit sera and 2 Promega detection kit. The intensity
of the color reaction was determined by densitometry.

Maximal rates of steady-state oxygen evolution were
determined for thylakoid membranes as previously de-

scribed in Ref. 18. Assay mixtures containing 5-10 ug
Chi/ml were illuminated with saturating (1600
nEm~2s"') white light.

Thylakoid preparations were depleted of functional
Mn by NH,0H extraction. Membranes werec washed
once in buffer C (25 mM Hepes (pH 76), 1 nM
Mg(l,, 0.4 M sorbitol) containing 1 M NaCl, pelieted
in a microfuge, and then incubated ~n ;.0 ..
containing 2 mM NH,OH for 15 min in the dark.
Extracted membranes were washed three times in
buffer C to remove traces of NH,OH and resuspended
in buffer C to approximately 1.0 mg/ml Chl.

DCPIP photorcduction was measured spectrophoto-
metrically for Mn-depleted thylakoids in the presence
of 1.0 mM diphenyl carbazide and 10 uM gramicidin.
Assays were performed at pH 7.5 (buffer C) using a
Chl concentration of 5 ug/mi; DCPIP concentration
was 25 uM.

The rise and decay of Chl a fluorescence on the
microseconds time scale after single-turnover actinic
illumination was measured on a laboratory version of
the instrument described by Kramer et al. [26] which
was constructed in house. Thylakoids or PS Il mem-
branes in buffer C were used for all fluorescence yield
measurcments at S ug Chl/ml.

[N N

3. Results

Although C. reinhardtii cells contain a single chloro-
plast, there are 50-80 copies of the 196 kb chloroplast
genome per cell. The psb4 gene is located in the
.wverted repeat region of the genome, and so can be
pres- ..+ in as many as 160 copies/cell. Fig. 2 illustrates
the procedure used to ‘dentify and subscgquently isolate
homoplasmic lines of the psbA point mutations. Poten-
tial chloroplast transfo Tnants were primarily identified
on the basis of spectinomycin resistance encoded by
the 16S rRNA gene cotransformed into C. reinhardtii
chloroplasts. The H195D mutation was generated by a
CAC-GAC transition which resulted in the creation of
an additional Arall restriction site (-GGACC-) in the
psb.! gene. Identification of site specific mutants was
facilitated by restriction site analysis of PCR amplified
psbA sequences, a procedure which was approximately
3-fold more rapid than Southern blot analysis. Diges-
tion of a 197 bp PCR fragment, corresponding to
amino acid positions 178-242, with Auvall generates
two DNA fragments (146 and 52 bp) in mutagenized
DNA. The Auall digested PCR fragments from the
DNA extracts of several spectinomycin resistant
colonies exhibited the DNA fragments diagnostic of
the H195D mutation (Fig. 2A). The low intensity of the
diagnostic bands was presumably due to a larger pro-
portion of the WT chloroplast genome than that of the
mutant. Single colony clones of the initial isolate re-
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tained copies of both the mutant and WT psbA gene
through two rounds of clonal propagation, maintaining
a heteroplasmic condition (Fig. 2B). Subsequent
screening of single colony clones following the third
round of segregation led to the identification of iso-
lates that appeared to be homoplasmic for the point
mutation (Fig. 2C). The presence of the new Ava 1l
site in all copies of the psbA gene was confirmed by
Southern blot analysis of purified chioroplast DNA
(Fig. 2D). Similar results were obtzained in screens for
the H195N and H190F mutants. These mutations re-
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Fig. 2. Identification of a psbA-H195D mutant by PCR and Southern
blot analysis. (A) Acall digests of 197 bp PCR amplified DNA
fragments from spectinomycin resistant Chlamydomonas transfor-
mants. The isolate in lane 7 was identified as a cotransformant
heteroplasmic for the psbA mutation by the appearance of a 146 bp
fragment diagnostic of the unique Avall site created by a histidine
{0 aspartic acid mutation at position 195. (B,C) Successive clonal
derivatives of the original hcteroplasmic cotransformant identified in
A were screened for pshA heteroplasmy by PCR. In (B), the deriva-
tive in lane 5 (B,5) shows greater than 50% mutant psbA PCR
fragments. In (C), the isolate in lane § (derivative of B,S) has nearly
100% mutant psb4 PCR fragments and was further screened for
psbA heteroplasmy by Southern blot analysis us:~g a pi1 probe. (D)
Southern blot of Avall digested total DNA from WT and H195D
derivatives probzd with plasmid p11. Lane 1, WT; lanes 2-9, H195D
isolates (derivatives of C, 8).

|

H190F
HI95N
H195Y
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Fig. 3. Western blot of thylakoid proteins from the WT and the H195
and H190 mutants. Membrane proteins were separated by SDS-
PAGE, electroblotted onto PVDF membranes, and probed with
antibodies specific for the C-terminus of the spinach D1 protein [18].
The arrows indicate polypeptides cross-reacting with D1 antisera.
The upper band corresponds to the 32 kDa D1 protein and the lower
band to the 21 kDa D1 product of photoinhibition.

sulted in the introduction of Xmnl and EcoRI restric-
tion endonuclease recognition sites, respectively (not
shown). Physical characterization of the H195Y mutant
was described previously [18]. All nucleotide substitu-
tions have been verified by DNA sequencing of PCR-
derived products of exon 4.

To determine whether the modification of the D1
protein had any effect on its steady-state level in thyl-
akoid membranes, we quantified the amount of D1
protein in thylakoids by western blots. A representative
western blot of one of several made using samples with
different chlorophyll concentrations is shown in Fig. 3.
As indicated in Table 1, there was no apparent differ-
ence in the amount of immunologically-detected D1
protein between the WT and the mutants. Therefore, it
is unlikely that any differences in the electron trans-

Table 1

PSH characteristics of H195 mutants. Relative D1 protein content of
WT and H195 mutants was determined by densitometry scans of
western blots of membrane proteins from dark-grown cells. The
results are the average of 3 separate determinations. Electron trans-
port measurements were performed using isolated thylakoids as
described in methods. O, evolution rates represent average rates for
§ different thylakoid preparations. Wild type rates of DPC — DCPIP
electron transport, 43 ueq DCPIP.mg Chl~'. h ~! (thylakoids)

WwT HI19SN  HI195Y HI195D

D1 protein (%WT) 100 102 94 110

Q- evolution (ZWT) 100 95 R2 74
(umol O,.mg Chi~"h='} 202417 192415 166+31 149442

DCPIP reduction with 100 105 91 95
DPC as a donor
(DCPIP, ., (%WT)
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port properties are the result of reduced numbers of
PS 11 complexes per unit chlorophyll. There was, how-
ever, a low level of an additional, immunologically
detectable band visible at approx. 22-25 kDa (Fig. 3),
in the H190F mutant. This peptide corresponds in size
to the 23 kDa fragment which is generated during
donor side photoinhibition [27,28].

3.1. H195 mutants

Electron transport properties of H195 mutants

All H195 mutants were able to grow autotrophically
on medium lacking acetate as a reduced carbon source.
Growth rates on solid medium were similar to those of
the wild type, revealing no significant impairment of
photosynthetic capacity in these mutants. To determine
the effects of the point mutations on PS 1l electron
transfer in isolated thylakoid membranes, we measured
maximal rates of oxygen evolution under saturating
light conditions in the presence of uncouplers of
photophosphorylation and artificial electron acceptors.
Steady-state rates of oxygen evolution for the H195
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mutants and the wild type are shown in Table 1. Rates
measurced for the H198Y and HI195D mutants. grown
under dark or low light conditions (8-12 uEm~>s7 '),
were 82 and 74% of the WT rates. respectively. Photo-
synthetic oxygen cvolution rates were 60 and 40% of
the WT for H195Y and H193D, respectively, when the
cultures were grown at higher light intensities (> 40
uwEm~?s71) (data not shown). Oxygen evolution rates
for the H195N mutant grown wnde. - Inhitec 0o
were similar to the rates measured for the wild-type
strain. The apparent loss of oxygen-evolving capacity in
light-grown H195Y and H195D cultures suggests that
these mutants may be susceptible to photoinhibition.
However, we found no increased sensitivity to strong
light of the flash-induced Chl a fluorescence rise in the
H195 mutants (data not shown).

To determine whether any modification in the donor
side kinetics could be detected in the absence of the
water-oxidation complex, electron transfer rates of
DCPIP reduction using the artificial PS 1I donor DPC
were determined in Mn-depleted thylakoids. The ini-
tial steady-state rates of DCPIP photoreduction for all
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Fig. 4. Flash-induced fluorescence kinetics in oxygen-evolving thylakoids of WT and the H195 mutants. Saturating singie-turnover flashes were
given at time zero and the fluorescence yield changes associated with the formation anJ decay of the high flucrescance siate, PE8IG L . were
followed with a series of weak measuring pulses as described in Methods. Thylakoids wete suspended at 5 ug/mi chlorophyll in buffer C (pH
7.5) and dark-adapted for 5 min prior to each experimiat. The fluorescence yield changes were corrected for non-linearity as in [32] to
approximate the concentration of the state P680Q, . WT, wild type; H195D mutant; HI95N mutant; H195Y mutant. In each figure. the closed
and open symbols refer to experiments performed in the absence and presence. respectively. of 10 uM DCMU 1o block the oxidation of Q4 by

Qs
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of the mutants, measured within 10 seconds of illumi-
nation, were not sigrificantly different from those of
the wild type (Table 1). These results suggest that these
modifications of H195 do not significantly alter the
steady-state charge transfer capability of PS 11

Flash-induced chiorophyll a fluorescence kinetics of H195
mutants

To determine whether there were subtle effects on
the donor side kinetics in the Hi95 mutants, we mea-
sured Chl a fluorescence rise and decay after single-
turnover flash excitation. By following the yield of Chi
a fluorescence, we can monitor the formation and
decay of the high fluorescence state P680Q, (reviewed
in, for example, Ref. [26]). P680* Q,, formed immedi-
ately following excitation, is a low fluorescence state
due to the presence of P680*, a quencher of fluores-
cence [29]). The subsequent increase in Chl a fluores-
cence reflects the reduction of P680*, which results in
the formation of the high fluorescence state, P680Q,
[29]. The kinetics of the fluorescence rise are complex.
A rapid phase (20-1000 ns, depending on the S-state
of the center) has been attributed to the equilibrium of
P680* /P680 with the Y7 /Y, couple (see for example,
Refs. [26,30]). The slower phases (30 us—1 ms) appear
to follow the rate of S-state turn-over and have been
attributed to the reduction of a small fraction of P680™
in equilibrium with Y, (reviewed in Refs. [26.31]). The
amplitude of the slower phcs then, is thought to
reflect the equilibrium constant be.ween Y, and P680,
while its kinetics are thought tc reflect the turnover of
the S-states. In the absence of inhibitors, the rate of
Chl a fluorescence decay following the formation of
P680Q, depends on the rate of electron transfer from
Q, to the secondary acceptor Qg. In the presence of
DCMU the decay presumably reflects recombination
of Q, with S states.

Fig. 4 shows the kinetics of flash induced fluores-
cence changes in Jark-adapted thylakoids of the wild
type and the H195 mutants. As is seen for the wild
type, the rapid phase of the Chl a fluorescence rise in
the mutants was complete before the first time point at
40 pus, suggesting that electron transfer from the S
states of water-oxidizing complex (S,) to Q; is not
severely affected, in agreement with the oxygen evolu-
tion and artificial donor (DPC) assays. The fluores-
cence decay curves shown in Fig. 4 can be described by
twn exponentials and a residual (longer than 2 s) which
may 7rise from non-Qg reducing centers {31} The
decay constants and amplitudes for these phases (Ta-
ble 2) were similar for the mutants and the wild type,
revealing no significant eftect on the acceptor side
(Q;QB to QAQE) of PS IL

In the presence of the herbicide DCMU. oxidation
of Q, by Qj is blocked, and the rate of fluviescence
decay depends upon the rate of charge recombination

Table 2

Fluorescence decay constants and amplitudes for WT and H195
mutants measurcd for oxygen-evolving thylakoids. Values in jaren-
theses are amplitudes

Phase 1 Phase 2 Phasc 3
WwT 145 us (0.35) 1530 us (0.27) >25(0.38)
H195N 157 us (0.20) 1628 ps (0.35) > 2s(0.43)
H195Y 170 ps (0.34) 1537 us (0.34) > 25(0.40)
H195D 196 us (0.31) 1590 us(0.31) > 25(0.36)

between Q, and oxidized donor side components. No
sionificant differences were seen in the slow phase of
the fluorescence rise kinetics between the WT and the
H195 mutants (Fig. 4). If our interpretation of these
kinetics is correct (see Refs. [26,30,31] and above),
these data imply that no substantial changes in the
equilibrium between Y., and P680 or the kinetics of the
S, — S, turnover (after the first flash) were induced by
the H195 mutations. In Fig. 5, the fluorescence decay
measured after a series of single-turncver actinic flashes
in the presence of DCMU is shown on a longer time
scale. It reveals a slightly more rapid decay of the high
fluorescence state for H195D and H195Y than for the
wild-type and H195N thylakoids.

In the absence of the Mn cluster, formation of
Y; P680Q, following a single-turnover flash occurs
within 10 ms at pH 7-8 [33,34]. The fluorescence rise
kinetics measured with non-oxygen-evolving thylakoid
preparations in the presence of DCMU reflect the

(5,0,->5,Qx )
4 2

00 L 1 " 1

0 1 5

2 3
time (s)
Fig. 5. Kinetics of recombination of §,Q, to §,Q, measured by the
decay of flash-induced fluorescence in WT and H195 mutant th-
ylakoids. Thylakoids were daik-adapted for 5 min prior to addition
of 10 uM DCMU, and then further dark-adapted for 5 min. After
da:k adaptation, the majority of PS II centers are expected to be in
the state 5,Q,; after fiash excitation, the state §,°25 is expecicd v
be formed in the majority of enters (see text). The decay of this state
was measured by following the fluorescence decay after single-
turnover actinic flash, and correcting tor non-lirearity as in [32).
(open circles), wild type; (closed squares), H195Y mutant; (closed

triangles), H195D mutant; (open diamonds), HI95N mutant.
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Fig. 6. The eifect of hydroxylamine addition on the flash-induced
fluorescence rise in Mn-depleted thylakoids from the WT and H195
mutants. Conditions were as in Fig. 4, in the presence of 10 uM
DCMU, but in the absence and presence of S mM NH,OH added as
an exogenous PS I, donor (sec text) to dark-adapted thylakoids. The
closed and open symbols refer to experiments performed in the
absence and presence of NH,OH; (circles), wild type; (squares),
H195Y mutant; (triangles), H195D mutant. The fluorescence yield
was normalized o #y,, after 2nd flash.

Y, PARO* — Y7 Py, electron transfer rate. In Mn-de-
pleted thylakoid preparations of the H195D and H195Y
mutants, the rise of variable Chl a fluorescence was
sufficiently slowed so as to be detectable on a mi-
crosecond time scale (Fig. 6). We could not, however,
accurately determine the half-times of the fluorescence
rise due to instrument limitations. The apparent rates
could be estimated, however, and were approximately
30-50 us for the H195D and H195Y mutants. The
fluorescence rise for HI95N was similar to that of the
wild type and was essentially complete before the first
measuring point at 40 us (not shown).

The decay of Chl a fluorescence in the non-oxygen-
evolving membrane preparations was also measured to
determine the extent to which the mutations altered
the kinetics of Y7Q, recombination. Flucrcscence
decay curves for the NH,OH-treated thylakoids are
shown in Fig. 7. In the presence of DCMU, the decay
of the high fluorescence state P680Q, for the wild
type, and the mutants HI95SN and HI195Y can be
adequately fit by one exponential and a resicual (Table
3). Only the more rapid exponential decay component
(t;,, =200 ms) was resolved under the experimental
conditions described. The relative amplitude of the
slow residual phase(s) was significantly increased in the
H195Y mutant. This slow decay could presumably rep-
resent the stabilization of the high fluorescence state
by an alternate donor or donors. Based on ihis assump-
tion, an increase in the contribution of the slow phase
of fluorescence decay in the H195Y mutant could

g

{Q,7 (normatized)

Fig. 7. Kinctics of recombination of Y; Q3 to Y,Q, measured by
the decay of flash-induced fluorescence in Mn-depleted thylakoids of
the WT and the H195 mutants. NH,0H-extracted thvlakoids (see
Methods) were assayed as in Fig. 4 in the presence of 10 uM
DCMU. After dark adaptation for 5 min, the Mn-depleted PS 1I
centers are expected to be in the state Y,Q,; after flash excitation,
the state Y; Q, is expected to be formed in the majority of centers
(see text). The decay of this state was measured by following the
fluorescence decay after single-turnover actinic flash, and correcting
for non-linearity as in [32}; (open circles), wild type; (closed squares)
H195Y mutant; (closed triangles). H195D mutant; (open diamonds),
H195N mutant.

imply either a Ligl. >+ . acentration of the donor or a
more rapid rate of electron donation by the donor.

In the case of HI95D, two exponential and one
residual component were required to fit the data for
the fluorescence decay (Fig. 7). The most rapid phase
of the H195D decay kinetic (1, ,, = 9.5 ms) was approx-
imately 50-fold more rapid than the decay for wild-type,
H1vZ"' or H195Y thylakoids. !f we assume that the
intrinsic rate of P680* Q. recombinaticn was not af-
fected by the mutation, we may argue that the rapid
decay observed for thic H195D mutant is duec to a
perturbation of the equilibrium between Y,P680* and
Y7 P680. The addition of a sufficient concentration of
exogenous donor would be expected to shift the equi-
librium toward states in which P680 is reduced {via Y,,
see Discussion). We tested this prediction by observing
the uorescence rise after a single aciinic flash in the
absence and in the presence of an exogenous donor,

Table 3

Fluorescence decay constants and amplitudes for DCMU-treated
Mn-depleted thylakoids from the WT and the H195 mutants. Values
in parentheses are amplitudes

Phase | Phase 2 Phase 3
WT 501 ms (0.76) > 105 (0.24)
HI195N 297 ms (0.65) > 105 (0.35)
HI9SY  452ms (0.39) >105(0.61)
H195D 95ms(05)  668ms(0.200 > 105(0.26)
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hydroxylamine (5.0 mM) (Fig. 6). We found that the
fluorescence level for the wild type and H195Y, in the
tens to hundreds of microseconds range was unaffected
by the addition of NH,OH. In the H195D mutant, on
the other hand, the variable Chl a fluorescence level
was approximateiy 5% higher in the presence of
NH,OH. The fluorescence yield is not a linear mea-
sure of the fraction of centers with reduced Q, unless
a correction is made for the substantial energy transfer
between PS 1I centers [32]. Because we do not have a
reliable measurement of the probability (p) that an
exciton in antennae associated with a closed center will
migrate to another center, we must treat the fluores-
cence level as a rough estimate of the concentration of
oxidized P680 centers remaining after the flash. Based
on these estimates, the increased fluorescence level in
the H195D mutant upon the addition of an exogenous
donor is consistent with a mutation-induced shift in the
Y, P680+*-Y; P680 equilibrium constant which favors
accumulation of Y, P680* relative to wild type.

3.2, H190F mutarn:

Table 4 is a summary of photosynthetic character-
istics of the HI90F, D1 mutant. The substitution of a
histidine residue at position 190 with phenylalanine
(H190F) resulted in the complete elimination of oxy-
gen-evolving capability in whole cells and isolated thy-
lakoids. The loss of oxygen evo™ i~r v.as not associ-
ated with a loss of PS Il centers, sin ¢ the D1 protein
content was 9% of wild-type levels (Fig. 3). Further-
more, Coomassie-blue-stained gel, of PS 11 particles
indicated that the other PS Il polypeptides were pre-
sent at levels equivalent to wild type (data not shown).

Table 4

PSH characteristics of the WT and H190F mutant. Relative D1
content was measured by densitometry of western blots of thylakoids
from dark grown cells. Electron transport measurements were per-
formed using thylakoids (oxygen evolution) or PSII membranes
(DCPIP reduction) as described in methods. The fluorescence yield
following single turnover actinic flashes was measured as in [26]

WT HI%F
Oxygen evolution 220 -
(zmol O,.mg Chl"'h™1)
Di content /Chl (ZWT) 100 90
Mn /200 Chl # 4.8 1.1
DCPIF reduction with DPC as 92 48(45)"

a 7o (BCPIP,4
(uEqm> Chl~th ')

S-state period 4 oscillations - -
(fluorescence rise and decay)

* Elemental analysis of EDTA-washed PSII mcimbranes by Induc-
tively Coupled Plasma Spectroscopy was performed by REAL Labs,
The Ohio State University, Wooster, OH.

® Rates of DPC oxidation for the H190F mutant were f.casured
using NH,OH-extracted and untreated PSII particles (in parenthe-
ses).

time (ms)

Fig. 8. Flash-induced fluorescence kinetics in the H190F mutant.
Thylakoids were assayed as in Fig. 4 with 10 uM DCMU added to
block oxidation of Q4 by Qp. except that no attempt was made to
correct the fluorescence rise for non-linearity. The fluorescence yield
is instead expressed as F, /F, (the variable fluorescence divided by
the F, level). The accumulated Chl a fluorescence yield was mea-
sured after each of a series of 10) saturating single-turnover flashes
given at 300 ms intervals. The number corresponding to each actinic
flash in the series is indicated to the right of the traces.

In order to determine whether the mutation results in
the disruption of electron transfer between Y, to Q,,
DCPIP photoreduction was measured in the presence
of DPC as a donor. Both untreated and NH,OH-ex-
tracted H190F thylakoids were able to oxidize DPC;
however, the rate of DPC to DCPIP electron transfer
was 50% less than that of the wild type. The presence
of significant capacity to oxidize artificial donors to PS
Il in the presence of DCPIP indicates that electron
transfer from Y, to Q, is not disrupted. Furthermore,
since identical rates were observed for untreated and
NH,OH-extracted thylakoids, Mn, which has been
shown to inhibit photooxidation of DPC [35], is appar-
ently absent or present in only very low concentrations
in H190F PS 11 complexes.

Chlorophy!! a fluorescence in the HI190 mutant

The apparent loss of functional Mn as a result of
the HI190F mutation could reflect the loss of a Mn
ligand or an inability to photooxidize Mn during the
photoactivation process [36]. A comparison of H190F
and wild-type Y, — Q, electron transfer properties
was made to define further the primary effect of the
histidine to phenylalanine substitution at this position.
Analysis of the Chl fluorescence rise and decay proper-
ties of the HI190F mutant reveals a significant modifi-
cation of the donor side kinetics. The variable Chl a
fluorescence yield was extremely low (about 10% of
that in the WT) for H190F thylaknid membranes fol-
lowing a single saturating flash in the presence of
DCMU (Fig. 8). Furthermore, the Chl a fluorescence
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Fig. 9. The effect of an exogenous PS I donor on the flash-induced fluorescence changes in the H190F mutant. A. The effect on fluorescence
rise kinetics. The assay conditions were as in Fig. 8 except for the addition of hydroquinone as an artificial donor to Y . The Chl @ fluorescence
yield was measured in ihe absence (open circles) and presence (open squares) of 10 x> DCMU: and in the presence of 10 uM DCMU and 5
mM hydroquinone (closed triangles). B. The effect of flash number on the accumuiation of the high fluorescence state. The assay conditions were
essentially as in A. The fluorescence yield was measured in the presence of 10 uM DCMU (closed squares), and in the presence of 10 uM
DCMU and 5 mM hydroquinone (open squaics) 5—1G ms after each of a series of actinic flashes. The increase in fluorescence is plotted against
the flash number to give an approximation of the efficiency of formation of P680Q ; .

rise (¢, , = 250 ps) was approximately 10°-fold slower
than what would be expected for the wild type, based
on an 30 ns half-time [30] for the rereduction of P680*
in oxygen-evolving thylakoids, and 100-fold slower than
in non-oxygen-evolving (NH,OH-extracted) WT thyla-
koids (Fig. 8). Since, after the first flash, the fluores-
cence yield (F, /F,) curve rises from zero, we assume
that there were no kinetically unresolved phases. In-
creasing the number of saturating actinic flashes in the
presence of DCMU resulted in elevated levels of Chl a
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Fig. 10. Decay kinetics of the high fluorescence state in the HI9OF
mutant. Thylakoids were treated as in Fig. 9A in the (closed circles)
presence and {(open circles) absence of DCMU. without the addition
of an exogenous donor. After a series of 10 actinic flashes at 300 ms
intervals, the decay of the high fluorescence state was monitored in
the milliseconds to seconds time range by a series of weak measuring
pulses.

fluorescence (Fig. 8). These results indicate that P680 -
Q, can be accumulated, but at reduced quantum yield
in the H190F mutant (see Discussion).

The adlition of hydrocerinc:ic increased the Chi g
fluorescence vyield a...r a single flash but did not
significantly alter the kinetics of the Chl a fluorescence
rise (Fig. 9A). Upon further single flashes, a more
rapid accumulation of the high fluorescence state could
be observed (Fig. 9B).

The decay of the high fluorescence state in the
presesice of DCMU appears to be much longer (1 > 10
s, Fig. 1. ia the HI90OF mutant than in the wild type.
Furthermore, as shown in Fig. 10, the decay kinetics
measured after the 10th flash in the absence of DCMU
are only slightly more rapid than those observed in the
presence of DCMU. Since the fluorescence decay with-
out DCMU should reflect Q,Qg — Q,Qp electron
transfer, these results are an indication that the PS 11
acceptor side reactions have also been affected in the
H190F mutant. Similar effects on acceptor side reac-
tions have been observed in hydroxylamine extracted
PS Il particles and PS 11 garticles dzpleted of the
extrinsic proteins of the oxygen-evolving complex [7].

4. Discussion

We have demonstrated that mutagenesis of specific
tumenal side histidine residues of the D1 protein, H195
arnd H190, has resulted in modified electron transfer
properties in PS Il reaction centers in C. reinhardtii.
Aspartic acid (H195D) and tyrosine (H195Y) substitu-
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SiPsga*Qa

N

Energy S2P680Qa
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Scheme 1. Model of the donor side electron transfer reactions in
oxygen-evolving preparations of the H195 mutants. In this scheme.
k, represents the rate of recombination of P680*Q, and K,
represents the equilibrium constant for reduction of P680* by the
S-state complex. If K, which equals k, /k_|, is high in thylakoid
preparations in which the Mn complex is intact, then the high
fluorescence state P680Q, will be formed in nearly all PS 11 centers
immediately after the flash. This was observed as a rapid fluores-
cence rise for the WT and the H195 mutants in the presence of
DCMU (Fig. 4). The rate of decay of the high fluorescence state
depends on the rate of recombination between Q4 and the S-states.

tions at H195 resulted in PS II centers that are capable
of oxidizing water but display somewhat slower elec-
tron transfer to P680* as measured by Chl a fluores-
cence rise and decay in Mn-depleted thylakoids (see
Figs. 6 and 7). However, an asparagine (H195N) substi-
tution had little apparent affect on the donor side
reactions. Since H195N and H195Y as well as the
H195D mutants have nearly wuu i3.0¢ levels of oxygen
evolution, it would appear that .:d>r optimal condi-
tions H195 is not required for normal electron transfer
from the Mn cluster. Nevertheless, flash-induced Chl a
fluorescence rise and decay kinetics indicate that H195
substitutions can effect electron donation to P680*.

Based on the kinetics of the flash-induced Chl «
fluorescence yield in oxygen-evolving thylakoids (plus
DCMU), it is possible to determine the effects of the
mutations on the rate of recombination from S,Q, to
$,Qa-

As defined in Scheme 1, the ratio of the rate con-
stants k,/k_, defines the equilibrium constant (K,)
for electron transfer from the S-states to P680*. Since
changes in K, or k, (the intrinsic rate constant for
P680* Q. recombination) should affect the rate of the
back reaction from Q and therefore the kinetics of
the decay of the high fluorescence state, we conclude,
based on the data presented in Fig. 4, that only rela-
tiv iy sinall changes in either of these constants were
induc.d by the H195Y and H195D mutations. A reduc-
tion in K, (not observed in the H195 mutants) could
indicate that the midpoint potentials of the P680*/
P680 or S,/S, couples was altered. Since the value of
K, in the H195 mutants was essentially thc same as in
the wild type, it is unlikely that there was any cffect on
the midpoint potentials of P680*/P680 or the S-state
complex (sce Fig. 5).

The most significant effect of the H195 mutations
was on electron transfer in Mn-depleted thylakoid
membranes. After flash excitation of the Mn-depieted
membranes in the presence of DCMU, the state
Y; P680Q is formed in most centers. The half-time of
formation of P680Q, observed in the H195D and
H195Y mutants was estimated to be 30-50 us (see Fig.
6). Since electron transfer from the water-oxidizing
complex to Y, would be rate-limiting in oxygen-evolv-
ing preparations (half-times of 30 s to 1300 us [37]
for S-state transitions), it is reasonable to assume that
moderate mutation-induced changes in electron trans-
fer from water to P680 may not be apparent except in
Mn-depleted thylakoids.

We have used the following scheme II as a model
for the recombination reactions in Mn-depleted PS 11
in the presence of DCMU as previously suggested
[38,39].

The rate of recombination of Y7 P680 - Q will de-
pend on the rate of P680*Q recombination (k,) and
the concentration of P680*Q , which is determined by
the equilibrium constant K; for electron transfer be-
tween Y, and P680*. When the rates of recombination
were probed by following the decay of Chl a fluores-
cence, we found that the rates for wild-type, H195Y,
and H195N (Fig. 7) were comparable to those previ-
ously measured in Tris-washed thylakoids [34.39]; how-
ever, the fluorescence decay in the H195D mutant was
nearly 50-fold more rapid. Assuming the reaction bg-
tween Y, and P680* reaches equilibrium on the time
scale of the back reaction, we used the analysis of
Yerkes et al. [39] to estimate the mutation-induced
changes in either &, or K.

v=[Y,P680*Q3] -k, (1)

where v represents the experimentally determined rate
estimated from the half-time of Chl a fluorescence
decay. The equilibrium constant K; can be written in

Yz Psg0"Qa

'\KJ
Energy Yz* PsgoQa

(arbitrary scale) k,

YzP680QA

Scheme 1. Model of the donor side electron transfer reactions in
Mn-depleted thylakoids of the H195 mutants. Here, K, is the
equilibrium constant for the Y, P680* Q, « Y; P680-Q, reaction;
see Scheme I and text for details. The model predicts that the
addition of hydroxylamine as a donor to Y7 should shift the equilib-
rium, resulting in an increase in the yield of the high fluorescence
state, as was cbserved experimentally (Fig. 6).
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terms of the concentrations of the charge-separated
states:

_ [vzp6s0Q;] @)

P [Y,Pe80* Q]
Since all reactions in thc scheme are first order, at any
time during the kinetics, we can normalize the total
number of PS II centers which have not recombined to

1, so that the fraction of centers with oxidized Y, will
be:

[YzP680-Q1] =1-[Y,P680* Q] (3)
Therefore, K, can be expressed in terms of the frac-

tion of PS Ii centers with P680* remaining after a
flash:

1-[Y,P680*Q;]
Ky= e (4)
[YzPe80*Q]]
Combining Eq. 1 and Eq. 4, it is possible to estimate

K; on the basis of k, and the experimentally deter-
mined rate of Y; P680Q, decay:

k,
TR+ ©)

Based on the above treatment, it is apparent that
either an increase in k, or a decrease in K; would
result in an increase in v. We assume, for the present,
that the rate of recombination of P680*Q, (k,) is not
significantly affected by the alterations on the donor
side. In this case, any change in ¢ reflects only changes
in K5 If we assume that k,=7000 s™! (based on
t,,, =130 pus, [39,40]), we obtain the values for K,
shown in Table 5. For wild-type, HI95N and H195Y
thylakoids, K; was determined to be within a factor of
2 of that calculated in [39,40] for spinach thylakoids.
The altered decay kinetics observed for NH,OH-
washed H195D membranes indicate an approximately
50-fold shift in the equilibrium (K,) between Y7 /Y,
and P680*/P680. Similar effects have been observed
for K; in Mn-depleted WT membranes and attributed
to an apparent change in the midpoint potential of the
Y; /Y, couple [33,39-41].

The low K, value calculated for HI195D is in agree-
ment with the results in Fig. 6, which demonstrate the

Table 5

Equilibrium constants for WT and H195 mutants. Values for v, the
rate of Y7 P680Q, decay, are based on the phase 1 Chi a fluores-
cence decay constants (Table 3) for NH,OH-extracted thylakoids.
K was calculated for k, = 7000s "' (7 =130 us) based on Eq. 5

v K,
wT 20 3758
H195N 34 2205
H195Y 22 3409
H195D 105.3 72

effects of the addition of an ¢xogenous PS 11 donor on
the Chl a fluorescence yield following flash excitation.
In these experiments the difference beiween the fluo-
rescence yield with and without added donor should
reflect the fraction of centers in the P680 " state fol-
lowing a flash. While both H195Y and the wild type
showed no significant difference in the fluoresceice
yield, indicating a high equilibrium constant between
Y, P680" and Y;P680 (i.e., essentialy . .. .shl
P680*), the addition of the donor to the Hi195D thy-
lakoids effectively shifted the equilibrium toward the
states with reduced P680 (as indicated by a higher
fluorescence yield). This result is also consistent with
the assumption that k, is not altered by the modifica-
tion of the donor side reactions.

The apparent shift in K, in H195D may be at-
tributed to an effect on the redox potential of either
P680* or Y,. The introduction of a negatively charged
residue in the vicinity of P680 and Y, could conceiv-
ably act to stabilize the oxidized form of P680, thus
altering the midpoint potential (E_) of the P680* /P680
couple. In thermoluminescence studies of the H195
mutants, however, we have found that the peak posi-
tion of the A band, which is attributed to recombina-
tion between Q, and an oxidized donor side compo-
nent in NH,OH-washed or Tris-washed thylakoids (for
review, cze Ref. [42]), was r~arly identical in wild-type
and all Hi9> muuar.. ; «.: this study (D.K., R.R,, G., and
R.S. (1994) Biochim. Biophys. Acta 1185, 228-237).
Since the energetics of the recombination between Q.
and the donor side component associated with the
formation of the A; band would presumably be af-
fected by any mutation-induced shift in the E_ of
P6R0* /P680, we argue against this type of an effect.
seccr v, 3 change in the E,, of P680* /P680 would be
expected to result in a change in the rate of recombina-
tion from S,Q. as well. As shown in Fig. 5, the
kinetics of recombination between S,Q, and §,Q,,
although slightly modified in oxygen-evolving H195D
and H195Y thylakoids, are less than 2-fold more rapid
than that of WT and HI95N. These results were in
contrast to those obtained with Mn-depleted H195D
thylakoids, which had a 50-fold slower rate of P680*
redu tion than WT. In summary, although we cannot
completely exclude other possibilities, the model which
best explains the data on the H195D mutant is that in
Mn-depleted preparations, the midpoint potential of
Y. and not that of P680, is shifted from that of WT.
Data from the fluorescence rise in the 30 us range
(Fig. 4) and S,Q, recombination rates (Fig. 5) suggest
that in intact PS II centers, the potential difference
between Y7 P680 und Y,P680* was similar in H195D*
and WT.

Chlorophyll a fluorescence induction and decay ki-
netics were also significantly altered in the H190F
mutant. Our analysis of the Chl a fluorescence kinetics
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in HI90F is outlined in Scheme IIl and described
below.

In the absence of the S-state complex, P6807, a
quencher of Chl a fluorescence [29] accumulates and
we observe a low fluorescence yield immediately fol-
lowing an actinic flash. Two processes compete for the
rereduction of P680*: Y,P680*Q, recombination to
Y, P680Q,, (rate constant k,) and the oxidation of Y.
Y, is then slowly reduced by an unidentified alternate
donor, Ag (rate constant k,). We propose that A is
probably distinct from the alternate donor, A, which
gives rise to the A thermoluminescence band (note,
the A} band is not formed in the HI90F mutant). A,
must be sufficiently reducing to allow the Y,P680Q
state to be present for a very long time, since the back
reaction in the presence of DCMU was on the order of
10 s (Fig. 10). If the rate of donation by A is 5-10-fold
slower than P680* Q recombination, the fluorescence
rise kinetics will be dominated by the intrinsic
P680*Q; recombination rate (k, = 7000s~' (based on
t,,,=130 us [34,38D. The fluorescence rise kinetics
observed for the HI9F mutant (¢, ,, = 250 us) are in
agreement with this model, since we expect P680* Q.
recombination to proceed with 1, , = 130 us.

In the presence of an efficient exogenous donor
(Ep), the extent of P680* reduction after a flash (and
therefore the high fluorescence state, Y,P680Q;)
would be expecteu t.. increase in the context of the
above scheme. Thi~ pr~diction is borne out by the
increase in efficiency for the {ormation of Y,P680Q,
in the presence of hvdroquinone (see Fig. 9B). The
sum of the rate constants for the secondary donors A
and E (k, and &, Scheme III) was estimated to be
about 1.5-times that of k, alone, indicating that the
competition between the P680* rereduction processes
can be influenced through the reduction of Y. Since
the kinetics of fluorescence decay were similar in the
presence and absence of DCMU it is apparent that Q,
to Qg clectron transfer was inhibited. Alterations in
acceptor side kinetics by donor side modifications have
also been documented in hydroxylamine extracted th-
ylakoids as well as in thylakoids missing the extrinsic
polypeptides of the oxygen-evolving complex. It is pos-
sible that Mn coordination places constraints on the
possible orientations of transmembrane spans which in
turn may affect acceptor side processes.

As has been shown here (Table 4) as well as in
site-directed Synechocystis mutants [7,43] H190 (D1) is
required for oxygen evolution. The Mn content of
H190F PS II particles from dark-grown and briefly
illuminated cells was dctermined to be 1-1.8 Mn /200
Chl, less than that required for oxygen evolution (Table
4). Since the D1 content of Hi%F mutant thylakoids
was identical to that of the WT (Fig. 3, Table 4), the
loss of a functional water-splitting apparatus is likely to
be due to the loss of the Mn S-state complex and not

Yz*PegoQa~

K3=01
/ AR ED
[YzPes0*QA}
Energy » K\ k\-Ep
(arbitrary scale) e At
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! [k YzPesoQA
e
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Scheme 111. Model of the donor side electron transfer reactions in
the H190F mutant. To account for the flash-induced fluorescence
kinetics we have introduced a scheme where the low fluorescence
state Y,P680* Q, (in brackets), formed immediately after the flash,
can decay by several routes. k, represents the rate of decay by
recombination of P680* with the electron in Q4. K, represents the
equilibrivm constant for reduction of P680* by Y,. To account for
the lack of rapid rise in fluorescence after the flash, we had set K,
so that little of the high fluorescence state, Y7 P680Q, is formed
(the equilibrium favors the state with oxidized P680). A high fluores-
cence state is accumulated by the reduction of Y; by an alternate
donor, Ag, present in the thylakoid preparation, with a rate constant
k4. The low quantum yield of formation of the high fluorescence
state is accounted for in the model by making the reduction of Y7
slow so that recombination is considerably more rapid. For example,
if we make K;=0.1. then if k, = 3000, only 10% of centers will end
up in the high fluorescence state Y; P6B0Qj after a saturating
single-turnover actinic flash, similar to what was observed (see Fig.
8). Additional flashes are predicted to result in the accumulation of
high fluorescence states as observed (Fig. 8). The model predicts that
the addition of an exogenous donor, E,, should allow a more
efficient accumulation of the high fluorescence state since the reduc-
tion of Y; would be expecied to compete more effectively with
recombination. This is also observed experimentally (see Fig. 9B).

to the loss of PS 11 centers (Table 4). This interpreta-
tion is supported by the observation of De Vitry et al.
{44] using PS 1I reaction center mutants, that the D1
protein turns over rapidly in unassembled PS II com-
plexes. Finally, period-four oscillations associated with
the S-state cycling in the oxygen-evolving complex which
were observed for WT cells were not observed for the
H190F mutant (data not shown).

The loss of a functional Mn S-state complex in H190
mutants indicates that H190 (D1) may be required for
coordination or photoligation of Mn of the S-state
complex. Based on distance estimates determined from
magnetic coupling between Mn-Y,,Y, [45], chemical
modification [46], mutagenesis [47] and cross-linking
experiments [48] it has been suggested that the D1
protein provides at least some of the ligands for bind-
ing the Mn complex (see also Ref. [49])). EXAFS spec-
troscopy of oxygen-evolving PS 11 particles from spinach
indicates that Mn ions are coordinated by oxygen or
nitrogen atoms at distances between 1.8 and 2.2 A [50}.
Carboxylate groups capable of stabilizing the higher
Mn oxidation statcs are likely to contribute the bulk of
Mn ligands, but imidazole groups of histidine residues
have also been proposed as ligands {49,51]. Recently, a
structural model for the Mn cluster has been proposed
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by Yachandra et al. [52] in which a histidine residue is
assigned as a terminal Mn ligand based on electron
spin echo envelope modulation studies on EPR signals
from cyanobacterial PS 11 particles grown in “NO,
and "*NO, 153]. Site-dirccted mutagenesis of conserved
amino acids in the lumenal regions of D1 and D2 in
cyanobacteria also suggest that histidine residues may
be required for Mn binding and /or photoactivation of
the Mn cluster [51,54,55). Histidines on the D1 protein,
which have been shown to be required for functional
water oxidation include H332, H337, and H190 [7,43).
However, unlike afl other lumenal side D1 histidine
mutants with impaired oxygen evolution no amino acid
replacements have been identified for H190 which
partiaily restore oxygen evolution (Richard Debus, per-
sonal communication). These results suggest that the
structure of the putative Mn-H190 complex may pre-
clude substitution by other amino acid residues. Other
lines of evidence, however, argue against Mn coordina-
tion by H190. The distance between Y, and the Mn
cluster is estimated to be > 10-15 A [56] based on
EPR measurements. This distance, however, is larger
than the 4-5 A distance between H190 and Y, pre-
dicted by recent models for the donor side of PS 1l
[20]. Since the donor side models are based on homolo-
gies within the transmembrane regions of D1,/D2 and
the L /M subunits of the bacterial reaction center, the
orientation of residues outside these regions is difficult
to predict. Therefore, the possibility that HI90 is a Mn
ligand on the D1 protein cannot be excluded on this
basis.

The loss of the Mn S-state complex may also be
attributed to the loss of a redcx active residue required
for donor side electron transfer and possibly Mn -
toligation. Padhye et al. have proposed that a histidine
residue mediates electron transfer between the Mn-
cluster and Y, [57]. However, we have observed forma-
tion of Y; in HI90F and H190Y mutants (R.R., K.J.
van Wijk, R.S. and S. Styring. unpublished data). These
results suggest that H190 does not participate in donor
side reactions between Y, and P680. Other lines of
evidence also suggest that histidine residues may par-
ticipate in donor side reactions. The appearance c a
new EPR signal in Ca* *-depleted PS 11 suggests that a
histidine residue may be oxidized during the S, to S,
transition [21). In addition, the A; thermolumines-
cence band observed at ~20°C in Mn-depleted PS 11
has been attributed to charge recombination between
Q; and an oxidized histidine residue [58,59]. In recent
thermoluminescence studies using Chlamydomonas th-
ylakoids and PS II particles, we have observed a loss of
the A ; band in the HI90F mutant (D.K., R.R., G., and
R.S. (1994) Biochim. Biophys. Acta 1185, 228-237).
These results suggest that H190 may be redox active in
thylakoids with a non-functional S-state complex. How-
ever, due to the drastically altered P680* rereduction

kinetics in H190F we cannot rule out the possibility
that the loss of the Ay band is due to substantially
modified electron transfer reactions.

In summary. the HI190 mutant: (1) does not evolve
oxygen; (2) has a low Mn content in the PS H particles;
(3) has substantially altered Y, to P&80* clectron
transfer rates; (4) is missing the A; thermolumines-
cence band; and (5) has inc- =~ ~easiti sitv ¢ photo-
inhibition associated with donor side inhibitior of elec-
tron transfer [59-64). These results may be attributed
to a requirement for H190 as a redox active residue in
the assembly of the water-oxidizing Mn cluster.
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