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ABSTRACT. Tyrl61 of the D1 protein (¥) is a redox component closely associated with the water-oxidizing
complex of photosystem Il. Xreduces the primary donor P680and Yz°% is then rereduced by the
manganese cluster that oxidizes water. We aimed to investigate whether water oxidation bg&®880

occur through an alternative pathway in the absence of Tyrl61. For this purpose, combinatorial mutagenesis
was performed in residues presumed to be in the environment of Tyrl61. Full sequence degeneracy was
introduced in two regions of the D1 protein: at codons 157, 158, 160, 162, 163, 164, and 165, which are
close to Y by sequence, and at codons 8®1 which are assumed to be close tp i the tertiary
structure; at position 161, the nucleotide combinations were designed to not give rise to a Tyr codon.
The combinatorial DNA mixture was used to transform an obligate photoheterotrophic mutant (Y161W)
of the cyanobacteriurBynechocystisp. PCC 6803, in which Trp at position 161 impairs photosynthetic
activity. Transformants were selected in which photoautotrophic growth was restored, resulting in 11
viable mutants. In all of these mutants, however, a Tyr codon was found at position 161, introduced
either by complex repair processes or as a result of PCR-induced mutations. Additional mutations found
in residues neighboring Tyr161 mostly retained photosystem Il properties similar to those of wild type.
However, in two of these mutantsVEYPI and FLVYNI, photoautotrophic growth was impaired and

the relative variable fluorescence was reduced. Computer simulations of the environmergugfgést

that the position of Tyrl61 varies with respect to some neighboring residues without major functional
consequences. We conclude that Tyr161 fulfills a critical role through its chemical nature and positioning
and that this function cannot be substituted by another residue at a nearby position.

Photosystem Il (PSH)is a part of the photosynthetic the WOC. Upon absorption of a photon by the primary
apparatus in cyanobacteria and in chloroplasts that utilizesdonor P680, an excited singlet state is formed, which can
light energy to catalyze plastoquinone reduction by water. reduce a nearby pheophytin (Pheo) forming a P@8beo
The water oxidation complex (WOC) performs a unique state. Charge separation is stabilized when Pigoxidized
activity found only in PSIl. The WOC is located at the by Qa and P680 is reduced by ¥. Y;°is then reduced
lumenal side of thylakoid membranes in close association by the WOC with reducing equivalents coming ultimately
with protein domains of the D1 proteirone of the two from water [for review, see Babcock (1995) and Britt (1996)].

reaction center components of PSII.. The WOC includes a  The environment of Yin the D1 protein has an analogous
tetramanganese cluster andCand CI" ions that are closely  rggion in the reaction center protein D2. This region in D2

associated with the redox-active tyrosine residue of the D1 -ntains a redox-active tyrosing YD2-Tyr160), which does
protein (Tyrl61, ) [for review, see Bricker and Ghanotakis ot seem to be a part of normal electron transfer at the donor
(1996) and Diner and Babcock (1996)]. _ side. Yo is situated in a more hydrophobic environment as
The chemistry of water oxidation in PSII is not clear. .ompared to that of ¥(Svensson et al., 1990; Ruffle et al.,

Recently, functional analogies between the WOC of PSIl 1992) v, has clear hydrogen bond interaction with a nearby
and other oxygen-dependent radical-containing metalloen- . rasidue (Tommos et al., 1993; Vermaas et al., 1993; Tang
zymes have been evaluated (Hoganson et al., 1995; Tommog; o 1993), and ¥ seems to have a more dispersed
et al, 1995). These enzymes, such as ribonucleotidepy yrogen-bonding interaction (Tang et al., 1996). Mutations
reductase, haveAM,0 activating metal centers that abstract generated in the D1 protein that replace Tyrl61 by Phe
a H atom from the substrate through a radical (Pedersen &(Debus et al., 1988), Cys, Met, or His [see Diner and

Finazzi-Agro, 1993; Si%el & Sigel, 1994). The reverse papcqck (1996)] impair photoautotrophic growth, and oxi-
reaction, H abstraction from water by;¥, may occur in - 4764 forms of these residues were not detected. Therefore,
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1 Abbreviations: D1 and D2, the two reaction center proteins of PSII; Vermaas, 1995b) were used to generate functional sequence

uE, umol of photons; EPR, electron paramagnetic resonanseth@ combinations in highly conserved regions of the D1 protein.

primary quinone of PSII; g the secondary quinone of PSII; P680, ;
the primary donor of PSIl; PCR, polymerase chain reaction; Pheo We aimed to apply these approaches to test whether

pheophytin; PSII, photosystem II;5Y Tyr160 of the D2 protein; Y, ' alternative pathways _for e|e_Ctr0n tra_nsfer arourtdn’_ﬁght
Tyr161 of the D1 protein. be generated in the immediate environment of this redox-
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active residue. We found that Tyr161 could not be function- was used for these measurements. Cells for fluorescence
ally replaced by the residues selected. Functional analysismeasurements were suspended in 25 mM Hepa©OH (pH
coupled to computer simulations of mutations generated near7.2) and placed (0.3 mL at 20g of chlorophyll/mL) in a

D1-Tyrl61 were used to assess structtftaction relation- 12 mm piece cut from the bottom of a 15 mL plastic tube

ships in the immediate environment of.Y (Falcon). This was attached directly to the light guide and
was wrapped with aluminum foil in order to increase the

MATERIALS AND METHODS fluorescence signal. Prior to all fluorescence measurements,

Strains and Growth ConditionsThe Y161W mutant of 0.1 mM DMBQ and 0.5 mM KFe(CN); were added to the

Synechocystisp. PCC 6803 was obtained from R. Debus. cell suspension in order to oxidize the guinone pool.

This mutant, which contains mutations in two bases of the Charge recombination betweemQand the donor side
D1-Tyr161 codon, TAC to TGG, is an obligate photohet- @S followed _from flash-lnducec_i quoresce_nce decay in the
erotroph and did not yield any spontaneous pseudorevertanteSence of diuron. Cells were incubated in darkness in the
in our hands. Y161W contains thesbAll gene while the older for 2 min in the presence of §iM diuron (final
other two copies opsbA (psbAl and psbAlll) have been methanol concentrat|0ﬁ0.2%). The measuring I|_ght (0.15
deleted (Debus et al., 1990). The wild-type strain used for #E M2 ™) was turned on right before the flash in order to

comparative analysis (Kless et al., 1994) and growth condi- Prevent accumulation of Q due to this light. The half-
tions on plates and in liquid cultures (Kless & Vermaas, {IMe Of charge recombinatiof) was determined by fitting
1995a) have been described. the fluorescence decay curve [normalized Bs— Fo)/Fo)

with one exponential decay component and an offagrt

+ Fof, Wherea; is the amplitude of the decal,is the decay
rate constant, andr,; is a residual component. These
variables were given initial values that were adjusted through
a nonlinear least-squares fitting (Kless & Vermaas, 1995a).

Mutant Preparation We have prepared combinatorial
mutations in thepshAll gene coding for the D1 protein
through a procedure of overlapping PCR (Figure 1). The
DNA sequences of oligonucleotides used for mutagenesis
are indicated in Table 1. The linear DNA fragments (4M
and BMA) amplified by PCR were used to transform the Fromk thetl’? of the ijecay.was calculated. _

Y161W mutant followed by selection for restoration of  Accumulation of Q™ was induced by consecutive flashes

photoautotrophy on BG-11 plates (Kless & Vermaas, 1995a). foIIowe_d by actinic light. Cells were incubated _in darkness
Single colonies were isolated, and genomic DNA was for 1 min in the presence of 10 mM hydrox.ylamlne,then 50
extracted from each strain. TipsbAll gene was amplified ~ #M diuron was added, and cells were incubated for an
from the genomic DNA of the selected photoautotrophic _addmonal 2 min in darkness. Varlable quorescen_ce was
transformants by PCR using oligonucleotides A and B. The Induced by 10 consecutive flashes given at 800 ms intervals
amplified DNA fragments were separated on TRigarose followed by a 10 s period of continuous actinic light (115
gel (0.8% wiv), and the agarose piece containing the DNA #E M2 7).

band was cut out from the gel and frozen-&20 °C. The Protein Simulation.Structural simulation of the Xregion
agarose piece was then thawed ar@7and the DNAwas  ©f the D1 protein was performed using Look 2.0 software
isolated by spinning through an Ultrafree-MC 044 filter on a Silicon Graphics workstation. The simulations were

unit (Millipore). The DNA was precipitated overnight at Performed using the SegMod application in the Look 2.0
—20 °C in the presence of (final concentrations) 5% (w/v) Program (Molecular Applications Group), which applies

PEG 8000, 1.3 mM MgG| 100 mM sodium acetate (pH homology modeling through fragment-matching and energy
5.2), and 50% (v/v) 2-propanol and then washed twice with Minimization algorithms (Levitt, 1992). Atomic coordinates

100% ethanol. The DNA was resuspended in water, and Of the L and M subunits of th&hodopseudomonasridis

about 250 ng of DNA a|0ng with 1 pmo| of the appropriate reaction center (DeisenhOfer et al., 1985) were taken from
primer were used for automated Sequencing using an ABI the 1PRC file from the Brookhaven Protein Data Bank. The

377 DNA sequencer (Perkin Elmer). protein alignments between D1 and the L subunit and

Analysis of Photosynthetic PerformancBetermination ~ Petween D2 and M were as in Michel and Deisenhofer
of photoautotrophic growth rates (Kless & Vermaas, 1995b) (1988).
and quantitation of PSII on a chlorophyll basis BAd]diuron RESULTS

binding (Vermaas et al., 1990a) have been described. yyiant preparation Synechocystisp. PCC 6803 can be
Oxygen evolution rates were measured at saturating light y-ansformed with linear DNA that integrates into the genome
conditions and in the presence of 0.1 mM 2,5-dimefiyl- 1,y homologous recombination and leads to targeted gene
benzoquinone (DMBQ) and 0.5 mMsRe(CN) (Kless & replacement. Degenerate combinations of codons were
Vermaas, 1995a). introduced into thepsbAll gene of the Y161W mutant by
Chlorophyll fluorescence measurements were used topCR-mediated mutagenesis (Figure 1). Two degenerate
determine the relative amount of variable fluoresceté ( regions were designed using threa [fI11l) and one M
Fm) (Kless & Vermaas, 1995a), charge recombination rates gligonucleotides (Table 1). At one of the first two nucle-
between Q™ and the donor side, andAQ accumulation  otides of the 161 codon, the Mligonucleotides contain a
induced by consecutive flashes. A pulse-modulated fluo- combination of only three different bases so that the Tyr
rometer (Walz) with the fluorescence software FIR{@ata)  codons TAC and TAT cannot be formed at this position (see
Table 1). Fully degenerate codons were designed at positions
2 The nomenclature of the mutants prepared in this study corresponds160 and 162 in oligonucleotides ;M and M-Il and at
to amino acids in positions 158163 of the D1 protein, where residues positions 157, 158, 162, 164, and 165 in oIigonucIeoticie M

that were modified as compared to wild type are in boldface; amino . The M, oligonucleotide was synthesized with fully
acids in mutant nomenclature are indicated by their one-letter code 2

and in single positions by the three-letter code; numbering of amino d€generate codons at positions +8®1. In this sequence,
acids in D1 and D2 refers to those 8fnechocystisp. PCC 6803. His190 and Phel86 are assumed to be closeztinYhe
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A M, integration of BMA (Figure 1).
I —»> B L Most of the other positions degenerated by the mutagenesis
i < procedure contained changes in the DNA that also translated
M B to changes in the protein sequence (Table 2). Mutations have
occurred often at position 162, which was degenerate in all
i AM2 of the three M oligonucleotides, and at position 160, which
BM iii— was degenerate in M and Mi-Il. Positions 157, 158, 164,
and 165 were modified in MIll, of which only positions
AM, B 158 and 164 were found to be mutated in one of the
i photoautotrophic strains, while codons 157 and 165 remained
i unaffected. Surprisingly, two other positions, 159 and 163,
BM; A contained mutations in some of the mutants although they
FicurRe 1: Two-step PCR mutagenesis procedure to introduce were not degenerate in any of the oligonucleotides used for
degenerate sequences at two separate locations. (I) Primers A, Bmytagenesis.

M3, and M, were designed to match certain sequences ipshell P -
gene coding for the D1 protein (Table 1). Several codons, 157 Functional Characterization of the MutantS’he mutant

158, 160, 162, 164, and 165, were synthesized in primeitdv ' strains were analyzed in terms of their photoautotrophic
contain degenerate combination of nucleotides, while at position growth rates, oxygen evolution rates, the relative variable
161 the primers were designed to not give rise to Tyr codons. In fluorescence, and charge recombination rates (Table 3). As
primer M, the codons 186191 near His190 were degenerate (see expected, the Y161W mutant does not grow photoau-

Materials and Methods). (II) 1. ThesbAll gene of the Y161W : :
mutant was amplified by PCR using primer combinationsAsivid totrophically, has no oxygen evolution, and does not show

BM,. 2. The corresponding PCR fragments were purified from Significant Variablt_a fluorescence. _

agarose gel and mixed for a second PCR using primers A and B, Photoautotrophic growth rates of wild type and of most
which result in two different fragments (AM8 and BMA; 1383 of the mutant strains were found to be quite similar; only in
bp each) carrying degenerate nucleotides. A mixture of these two tha mutants FEYPI and FLVY NI was the growth rate about

DNA fragments was used to transform the Y161W strain followed 2.5-f0ld sl Diff . hot totrophi wth
by selection for photoautotrophic competence. Degenerate combina-<-2-1010 Slower. - DIfIerences in photoautotrophic gro

I

tions of nucleotides are designated g8} rates may reflect altered electron transfer kinetics or PSII
amounts.
tertiary structure in analogy with the environment of i Oxygen evolution was monitored under saturating light

the D2 protein (Svensson et al., 1990). Three separate PCReonditions and in the presence of electron acceptors. This
reactions, each with a different j\Mbligonucleotide, were ~ measurement may identify impairments that become rate
performed in order to construct the DNA fragments 4BV limiting for linear electron transfer and water oxidation in
and BMA (Figure 1). These fragments were used to PSIl. Mutants that had reduced rates of oxygen evolution
transform the Y161W mutant cells in 10 separate experi- (by about 26-40%) contained a nonconservative mutation
ments. After transformation, the cells were grown on BG- at position 160 or Glu or Asn at position 162.
11 plates that support only photoautotrophic growth. Eleven The relative variable fluorescence,/Fn,, may relate to
colonies with restored photoautotrophic capability were the amount of centers capable of reducinga@d has been
isolated after about-23 weeks. Single colonies were then used for indirect quantitation of PSII centers (Chu et al.,
isolated to ensure homogeneity in {ebAll allele. In order 1994). TheF,/Fn, ratio measured in the presence of diuron
to verify that mutation(s) restoring photoautotrophy are was diminished particularly in theMEYPI and FLVYNI
located only in the mutated region, DNA fragments from mutants as compared to that of wild type (Table 3). Addition
the mutants were amplified by PCR using the oligonucle- of hydroxylamine, an electron donor to oxidized P680, did
otides A and B and then were used to transform the Y161W not enhance thd-,/F, ratio in these mutants (data not
mutant followed by selection for photoautotrophy. shown). However, these data should not be interpreted as a
DNA containing thepsbAll gene from the photoau- decrease in the number of PSIl centers: according to the
totrophic strains was amplified by PCR using primers A and diuron binding assay, which measures the amount of PSl|
B, and the nucleotide sequence of both strands was detercenters more directly through binding of specific inhibitors,
mined near the degenerate locations. The nucleotide sethe amount of centers in these mutants is comparable to that
guence and the corresponding translation of the 11 photo-of wild type (Figure 2).
autotrophic strains are presented in Table 2. Although not The charge recombination assay monitors the variable
included in the oligonucleotides used for mutagenesis, Tyr fluorescence yield corresponding to the (Toncentration.
codons were found at position 161 in all of the photoau- Qa~ was induced by a single flash, and the forward electron
totrophic strains. Five of these codons are TAC as in wild transfer from Q- was blocked by 8@M diuron. The rate
type while the other six are TAT; the almost equal distribu- of Qa~ disappearance (reflecting an oxidation) via a back-
tion of these codons may suggest random events that induceeaction with the donor side was monitored by the fluores-
these unintentional changes. The 161 codons in the M cence yield decay (Figure 3). Charge recombination rates
oligonucleotides contained either XNN (where=NA, C, may be affected as a result of changes in the steady-state
G,and T and X= A, C, and G) or NZN (Z= C, G, and T). concentration of P680or in the relative positioning of any
In these codon combinations, a single change is sufficientof the components. Whereas the amplitudes of charge
to regenerate a Tyr codon. This may have occurred duringrecombination in the mutantsvEYPI and FLVYNI were
PCR mutagenesis or after transformati@uring recombina-  about four times smaller than that of wild type (Figure 3),
tion or upon another repair event. In all mutants analyzed, the half-times of the single phase decay comportggjt\Were
the DNA sequence in positions 18891 of D1 that was  comparable (Table 3).
degenerate in oligonucleotide Memained as in wild type, The accumulation of @ in the presence of diuron and
indicating that all 11 mutants were generated through hydroxylamine was induced by consecutive flashes. Diuron
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Table 1: Oligonucleotides Used for Overlapping PCR Mutagenesis

oligo-

nucleotide DNA sequences?

A CCAAAAGGCCCTCTGTTTACC

B GGCAATCAAGATCAGCAATCAG

M14b GCCACCGCCGTATTCTTGNNNXNNNNNATTGGTCAAGGCTCCTTCTC

M1-11b GCCACCGCCGTATTCTTGNNNNZNNNNATTGGTCAAGGCTCCTTCTC

M14Hb CCGCTGCCACCGCCNNNNNNTTGATCXNNNNNATTNNNNNNGGCTCCTTCTCTGATGG
M2 GGAAGGGGTGCATCAGGATNNNNNNNNNNNNNNNNNNCACGATCATGAAGTTGAAGG

a2 DNA sequences of oligonucleotides are presented frono 8. Primers A and B correspond to nucleotide493/~173 and 1189/1168,
respectively, of thesbAll gene of Synechocysti§803. The 5end of oligonucleotides Ml and -l is at position 460, that of Mlll is at position
455, and that of Mis at position 592° N, equal amounts of all four bases; X, an equal mixture of A, C, and G; Z, an equal mixture of C, G, and
T. Nucleotides at codon 161 of the;Mligonucleotides (bold type) were designed to not give rise to Tyr cod®AEL and TAT.

Table 2: DNA and Protein Sequences of Wild Type and Mutant Table 3: Functional Characteristics of Wild Type and Mutant

Strains Strains
strain DNA and protein sequences? strain@  doubling oxygen Fy/Fpd recombination® FIF,f
157 161 165 time? evolution¢ 2 relative
W]ld typc GTA TTC TTG ATC TAC CCC ATT GGT CAA (h:s) (% of WT) (S) amplitude
v F L I TgG p I G Q wildtype 16 100 0.45 020 064 0.58
Y161W W Y161W 0 0 na na na na
FLIVEI 22 70 0.39 024 066 0.51
GAA
FLIYEL E FLVYPI 17 100 0.46 023 063 0.61
FLVYPI GTG FLVYGI 17 100 033 026 059 0.75
v FLVYNI 39 70 0.20 020 052 0.56
FLVYGI GTG TAT GGT FLIYSS 16 100 0.35 0.22 0.62 0.73
v Y G GLLYPI 18 100 0.27 024  0.60 0.48
FLVYNI G:l;G AgT GgG FLTYCM 22 60 0.34 019 060 0.63
FVIYPM 20 80 0.40 021 063 0.62
FLIYSS AgA TéT T(S:A AgT FLTIYTT 23 60 0.38 024 06l 0.70
GLLYPT aae CTA TAT CCG FLTYVI 19 80 0.42 019 058 0.62
G L Yy p FVEYPT 4l 70 0.18 022 053 0.43
FLTYCM ASIG Tgc A;i‘G a For mutant nomenclature see Table 1; the wild-type sequence is
S—— GTG ACA COA ATG FLIYPI. ® Photoautotrophic doubling times; the rates are an average

of three to four measurements that vary by about 20@xygen

v AgG TAT AgT M evolution rates measured under saturating light conditions are shown
FLTYTI e vy o as a percentage of the wild-type rates (22050 umol-(mg of
FLTYVI ACA TAT GTG Chl)fl-hfl);_the values are an average of three measurt_am‘éﬁhe
T vy v relative variable fluorescencé&(Fr) in the presence of diuron was
FVEYPI GTG GAA TAT CCA measured using intact cells of a similar chlorophyll content/(g@®f
Vv E Yy P Chl/mL) and volume (0.3 mL); variability in this measurement is about

- - 15% as calculated from three to four measuremeriise half-times
#Nucleotide sequences of tipsbAll gene and the corresponding  (t,,) of charge recombination between Qand the manganese cluster
amino acid sequences (15165) of the D1 protein are shown forwild  \yere calculated from fluorescence decay curves (Figure 3). The relative
type, the Y161W mutant, and the photoautotrophic strains that were amplitude reflects the fraction that decays within 1 s and was calculated

generated by combinatorial mutagenesis of Y161W (the nomenclaturefrom the fitting equation &; see Materials and Method$)F./F,
refers to the protein sequence at positions-1583; modified residues  determines the amplitude of the fluorescence after the first flash relative
are in bold type). In the mutant sequences, only the codons that weretg the total variable fluorescence measured in the presence of diuron
modified as compared to those of wild type are indicated; amino acids and hydroxylamine (Figure 4). na: not available.

that were altered are indicated in bold type. DNA sequences are
presented from'5to 3. Note that two positions in the mutants, 159
and 163, were not degenerate in the oligonucleotides used for was comparable to that of wild type and the other mutants

mutagenesis. In all mutants, positions 8®1 of D1 that were  (Table 3). In both wild type and mutants in the presence of
degenerate in oligonucleotide Mere identical to those in wild type. diuron the variable fluorescence yield was decreased slightly
upon addition of hydroxylamine; the reason for this decrease
blocks forward electron transfer fromaQ and hydroxyl is unclear.
amine disturbs the manganese cluster and donates electrons Protein Modeling. In the absence of a detailed structure
directly to Yz or P680". In this assay, each flash leading of PSII, a possible conformation of the D1 protein in the
to charge separation gives rise ton Qthat does not  mutated area was computed through homology modeling.
recombine with the donor side since P680 is reduced, directly Homology modeling adopts the coordinates of the homolo-
or indirectly, by hydroxylamine. This assay monitors gous protein and then matches small fragments of the protein
changes in the efficiency of P680reduction by the to be modeled with those from structures of known proteins
manganese complex or through hydroxylamine. In all of in the data bank; the best fitted fragments are averaged and
the mutants, the accumulation of\Qwas comparable to  then refined by energy minimization (Levitt, 1992). To
that of wild type. In the mutants\FEYPI and FLVYNI, determine the possibly most favorable structure of the D1
the variable fluorescence amplitude was about 25% (Figure protein, we utilized sequence homology with the L subunit
4), but the amplitude of the first flask{/F,) in these mutants  of the reaction center of the photosynthetic bacterfps.
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Ficure 2: Quantitation of PSII centers on a chlorophyll basis by
[**C]diuron binding in intact cells of wild type (circles) and the

mutant VEYPI (diamonds). The cells were incubated in the
presence of variable concentrations éfCJdiuron and in the

presence or absence of saturating concentrations of atrazine; both

are competitive inhibitors that bind in thes@iche. The amount

of bound diuron was determined from the concentration that could
be displaced by atrazine. The double-reciprocal plot presents the
inverses of the amount of freé*C]diuron and bound diuron/mg

of chlorophyll. TheY-intersection corresponds to the number of
chlorophylls per PSII center, and théintersection reflects the
inverse of the diuron dissociation constamtvivo.
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Ficure 3: Decay kinetics of flash-induced variable fluorescence
in the presence of diuron. Intact cells of wild type andEFYPI
were incubated in the dark for 2 min in the presence ofu80
diuron. The fluorescence then was followed after a single flash
representing roughly the concentration o, Qin PSIl. The

fluorescence yield decays after the flash due to charge recombina-

tion between @ and the manganese cluster mediated through
Pheo, P680, and Y

viridis for which the crystal structure is known (Deisenhofer
et al., 1985). The extent of sequence homology and the
precise alignment are crucial for prediction by the homology
modeling approach. Although donor-side activities differ
between PSII and the bacterial reaction center, the region of
helicesC andD seems to be reasonably similar in terms of
length and conservation of key residues (Michel & Deisen-
hofer, 1988).

Homology modeling was conducted for wild type and
seven of the mutants. The models of wild type an&¥/FINI
in the Yz region are shown in Figure 5. According to this
model, in wild type D1 the residue closest to the phenoxy
group of Tyr161 is GIn165 (3.3 A). The distances between
the phenoxy group of Tyr161 and residues Asp170 (4.8 A),
Phe186 (4.2 A), and His190 (6.8 A) are somewhat larger in
this model. These distances differ somewhat from models
that have been developed using different premises and
software; for example, in the model of Svensson and Styring

Kless and Vermaas
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Ficure 4: Accumulation of Q~ by consecutive flashes. Cells of
the wild type and the mutantEYPI were incubated in darkness

in the presence of diuron (A) or hydroxylamine and diuron (B),
and variable fluorescence was induced by 10 consecutive flashes
(given at 800 ms intervals) followed by continuous actinic light.
The curve shape of the mutant ¥ NI (not shown) is very similar

to that of VEYPI.

Ficure 5: Structural simulations of the fegion of the D1 protein
constructed by homology modeling based on the structure of the L
subunit of the bacterial reaction centerRyps.viridis. The protein
domain in the simulated structure is viewed from underneath the
membrane plane; the transmembrane heliCeand D and the
parallel helixcd are indicated. The protein backbone of wild type
is shown in ribbon style, and the residues of wild type (gray) and
the mutant FVYNI (yellow) that may be involved in water
oxidation are indicated. Colors in wild type represent oxygen (red)
and nitrogen (blue) atoms.

(1995) the Tyr16+His190 distance is 4 A. However,
differences in the predicted distances because of methodical
and software reasons are of little consequence for our
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sequence of three nucleotides drid the codon fraction in
this sequence (the number of specific codons out of the 64

Table 4: Residue Distances in Structural Simulations

surain? Ty’im :y”fl ;Z’im ;7’1161 21“11(;5 codon possibilities). The codon fraction ranges between
prm— ?3" (;59) . 870 :286 m (j.(:;) - 10 0.0156 (one codon) and 0.094 (six codons). To estimate
FLIVEL 68(5.3) 68 34 63(2.2) 5o Fhe number of molecules containing any codon cpmblnatlon
FLVYGI 71G.4) 6.5 37 60 (3.7 61 in a completely degenerate pool, we used a median value of
FLVYNT 70 3.9) 6.0 38 5.3(3.9) 54 f=0.047 (three codons); the fractionindependent codon
FLIVSS 73 3.4) 52 37 6.7 (4.2) 57 positions is 0.04%7 N calculated fo® = 0.95 is 62 for one
FLTYCM 6.7 (3.3) 6.2 37 59(3.3) 53 codon increasing exponentially to 2810 for six codons.
FVTYPM 6.8 (4.2) 52 4.0 7.0(3.4) 5.7 However, the transformation efficiency 8ynechocystisp.
FVEYPI 5238 5.5 37 5662 52 PCC 6803, using a PCR-amplified DNA of 1.38 kbp (the
Variance 19042 050 0.056 031054 013 size of the AB fragment), becomes a limiting factor (about

a Distances between side-chain groups of D1 and D2 residues were2 x 10%ug of DNA). About 40ug of DNA (20ug for each
determined from structural simulations of the wild type and some of PCR fragmentAM,B and BMA; see Figure 1) that was

the mutants. Distances were measured between D1 residues Tyrl6}sed in separate transformation experiments should have

(phenoxy), GInl65 (amine), Aspl70 (the closest oxygen in the . : : ;
carboxyiate), His190 (the closest ring nitrogen). and Phel186o(C yielded about 4x 10 potential transformation events in the

the phenol ring); the distance between GIn165 and Aspl70 was Yz region (by the BMA .fragment). Assuming that_ ea?h
measured between the carbons of the amide and carboxylate groups oevent resulted from a single molecule, only combinations
the side chains, respectively. Distances between residues of D2 (inof three or less specific codond & 2.9 x 10%) could have
parentheses) include Tyr160, GIn164, and His189 and were calculatedsyfficient probability P = 0.95) to be represented in the
as for D1 residues. Structures of D2 of wild type and putative mutants . .
were constructed by computer simulations based on the M subunit of degenerate DNA pool. WFT‘ Fherefore expect that ifa Certa_ln
Rps. siridis as homologue. Distances are given in A. For mutant cOmbination of three specific codons or less in the protein
nomenclature see Table 1; the wild-type sequence is FLIYPI. sequences can support a functional analog alternative to
Tyrl61 in either of the degenerate locations, the immediate
. : sequence (residues 15863) and the remote sequence
arguments as our focus is on comparison of the structures>™ ™" o

9 b (residues 186191) of the D1 protein, it would have been

between wild type and mutants modeled using the same; I .
software and assumptions. It should be kept in mind that identified in these experiments. However, such transformants
' are expected to occur less frequently if a combination of

the results presented here and in any PSII modeling stud ; X . .
P y g ymore than three codons in one or both regions is required or

do not take into account many of the complexities of PSII . o . .
such as the presence of neighboring proteins. In the if some of the codon combinations are functionally deleteri-
ous.

simulated structures of wild type and the seven mutants, the ) . . - -
The fortuitous events restoring Tyr at its original position

positions of residues Tyr161, GIn165, Asp170, Phel86, and d ¢ 1610~ as 11 coloni
His190 were compared in terms of the distance between someAPPeared to occur at a frequency o as 1lcolonies

of these residues (Table 4). Some of the calculated distanceét’"ere isolated fr_om ibtz‘.“ 19;06 ;ra?;fo\r(rr;g?@ A tspc;n-

between two residues remained relatively constant in wild ‘@N€0US reversion or this codon in the _mutant was
type and the mutants, indicating that the residues did not nqt observed (requires concomitant changes in two nucle-
move much with respect to each other as a function of the oude;). Tyr161.may have been restored_ as a result of
mutations. However, the calculated distance between posi_mutatlons occurring during PCR mutagenesis (frequency of

tions 161 and 165 was found to be increased by about aabOUt 16 per one error) or through DNA repair mechanisms.
factor of 2 in all mutants. y The unplanned mutations in residues 159 and 163 of the D1

As a control, the structure of the environment of protein found in two of the mutants may also have occurred

the D2 protein was similarly simulated using the coordinates through these mechanisms.
P ; arly 9 ) Environment of ¥ and Water Oxidation: Functional
of the M subunit ofRps.viridis (not shown). The distances . . . L
. : . Analysis. Yz carries out two main functions: oxidation of
between D2 residues Tyrl60, GIn164, and His189, which : )
d . the manganese cluster and reduction of P680The posi-
are analogous to D1 residues Tyr161, GIn165, and His190, . . . o .
; tioning of Yz should be important for efficient and rapid
respectively, were compared (Table 4). For D2, the large

effect of mutations on the distance between residues 160 ancg d_uctlon of P680, which otherwise could recombine with

164 is not observed; the size of the effect is similar to that ** In the combinatorial mutagenesis experiments Ty(161
; . . was restored through DNA rearrangements, but not a single
in the distance between D2 residues 160 and 189. . : .

Yz alternative was generated by direct transformation.

DISCUSSION Therefore, in the context of the degeneracy applied in this
study, no other residue appears to be able to take over the
Combinatorial Mutagenesis To Study thesifanment of function of Tyrl6l and to serve as electron transport
Yz. In this study we applied combinatorial mutagenesis to intermediate between the WOC and P680.
several residues of the,¥énvironment to investigate whether The other viable mutations that were isolated can be used
alternative electron transfer pathways can be engineered into evaluate the involvement of the immediate environment
the absence of Tyrl61. The mutagenesis procedure intro-of the Yz region on redox reactions involving P680 and the
duced combinatorial mutations in two separate DNA frag- WOC. Position 160 in the photoautotrophic strains contained
ments (Figure 1), which are expected to separately integratethe amino acids Val, Leu, Thr, or Glu, whereas position 162
into the cyanobacterial genome more often than to cointegratehad Glu, Gly, Asn, Ser, Cys, and Val, and position 163
into the same gene copy. The number of molecuigghat harbored the residues Ser, Thr, and Met. All of these
contain certain sequence combinations in the degenerateositions could thus accommodate different types of amino
codons is estimated frold = In(1 — P)/In(1 — f), whereP acids, but position 162 seems more permissible than 160.
is the probability to find a certain codon in a degenerate Interestingly, none of the mutants that were isolated was
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drastically impaired in terms of kinetics or redox properties structure, combining functional analysis and structural
of Yz All mutants displayed relatively normal charge simulations of many mutants may provide valuable informa-
recombination kinetics and significant oxygen evolution tion for constructing structural and functional models of
yields. proteins including the WOC.
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