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ABSTRACT: The region between helices D and E (D-E region) of the D1 protein of photosystem I1 (PSII) 
is exposed at  the stromal side of the photosynthetic membrane, contains the secondary plastoquinone (QB) 
binding niche, and is involved in processes a t  the reducing side of PSII. The role of the &E region was 
studied in 27 site-directed mutants generated in the psbAII gene of the cyanobacterium Synechocystis sp. 
PCC 6803. The photochemical performance of the modified PSII reaction centers was assessed with respect 
to photoautotrophic growth, oxygen evolution, fluorescence induction, and herbicide inhibition. A few 
mutations, located at  positions presumably involved in essential interactions in the QB binding niche, greatly 
interfered with PSII performance. On the other hand, mutations in the presumptive loop region between 
helices D and de resulted in relatively minor effects, indicating a flexible region not critical for photochemical 
function. Indeed, although more than 80% of the D-E region is phylogenetically invariant, the bulk of the 
mutations affected the measured parameters only moderately. The significance of the conserved residues 
appears to be in subtle interactions that optimize the thermodynamic balance between some of the redox 
components of PSII, as indicated by mild changes in the steady state fluorescence. Many mutations modified 
tolerances to PSII herbicides. The dispersion of these mutations throughout the D-E region indicates the 
complex nature of the interactions, direct and indirect, affecting herbicide binding in the QB niche. Mutation 
of codons Ser221 and Ser222 to Leu221 and Ala222 revealed a new location coordinating the herbicide 
diuron in the D1 protein. Mutational analysis of the D-E region fully supports the widely held analogy 
in structure and activity between the D1 protein of PSII and the L subunit of the bacterial reaction center. 

The protein sequences and distribution of hydrophobic 
domains in the D1 and D2 proteins of photosystem I1 (PSII) 
resemble those in the L and M polypeptides of the purple 
bacterial reaction center (Rochaix et al., 1984; Michel & 
Deisenhofer, 1988). Similar cofactors and pathways of 
electron transfer also exist in both complexes, with specific 
liganded residues aligned in similar locations (Youvan et al., 
1984; Trebst, 1986). The functional and, to a lesser extent, 
structural analogies between the two reaction centers serve as 
the framework for a widely accepted model of PSII, in which 
the D1 and D2 proteins form the core of the reaction center 
(Deisenhofer et al., 1985; Trebst, 1986). The homologous 
regions between the core proteins of the two reaction centers 
are mainly evident at the ends of the transmembrane helices, 
in the regions of the primary donors and acceptors, and near 
the primary and secondary quinones (cf., Michel 8i Deisen- 
hofer, 1988). However, the lack of protein sequence homology 
in the exposed loop regions, as well as the presence of unique 
protein subunits in each reaction center [for a review see 
Mattoo et al. (1989); Vermaas & Ikeuchi, 19911, also 
highlights significant differences between the two. 

The D-E region of the D1 protein is taken to include those 
parts of transmembrane helices D and E adjacent to the stromal 
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side and the exposed residues in between. Theexposed residues 
incorporate the parallel helix, de, and two connecting loops: 
&de and E-de (Michel & Deisenhofer, 1988). The D-E 
region is involved in PSII reducing side activities, with various 
residues interacting with QB, herbicides (Ohad & Hirschberg, 
1992), and bicarbonate (Diner & Petrouleas, 1990; Govindjee 
et al., 1991). 

The D-E region of the D1 protein contains overlapping 
binding sites for several classes of herbicides, such as triazines, 
ureas, and phenylureas. These compounds block electron flow 
between QA and QB by displacing the secondary quinone from 
its binding niche. Herbicide-resistant biotypes show amino 
acid substitutions clustered in the D-E region, while azido- 
herbicide labeling experiments indicate specific residues 
binding these inhibitors [for reviews, see Trebst et al. (1988) 
and Bowyer et al. (1991)]. Mutations affecting response to 
these same herbicides are clustered in the D-E region of the 
L subunit as well (cf., Sinning, 1992). 

The amino acid sequence of the D1 protein is phylo- 
genetically conserved (Svensson et al., 1991), with the D-E 
region from 42 cyanobacterial, algal, and plant species being 
90% similar and >80% identical (J. Hirschberg, personal 
communication). This suggests a strict requirement for most 
of these residues. The D-E region of the D1 protein is 17 
residues longer than that of the L protein, with the extension 
concentrated mainly in the &de loop. The extra residues 
were proposed to carry information for rapid, light-dependent 
degradation of the protein (Greenberg et al., 1987). 

In this study, we investigate the role of the D-E region of 
the D1 protein by the analysis of 27 psbAII mutants of 
Synechocystis sp. PCC 6803. Mutants were prepared tocarry 
either short deletions or single amino acid changes within the 
region. Characterization of the mutants indicates a more 
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FIGURE 1: Mutagenesis scheme of the psbAII gene of Synechocystis sp. PCC 6803. (I) Site-directed mutagenesis was initially performed in 
a Bluescript plasmid (KS-) containing a KpnI-HincII (K, H) fragment of the psbAII gene [nucleotides 536-1074, respectively; numbering 
according to Ravnikar et al. (1989)l. (11) A BstEII-NcoI (B, N )  fragment bearing the introduced mutations (*) was cloned from the KS- 
construct to replace the wild-type sequence in the mutagenesis cartridge. This cartridge contains an additional kanamycin resistance gene 
(Kanr). The N-terminus (truncated to a HincII site) and the C- terminus of the open reading frame of the psbAII gene are indicated. 

comprehensive involvement of the B E  region in QB and 
herbicide interactions than was previously recognized. 

MATERIALS AND METHODS 

Strains and Growth Conditions. Synechocystis sp. PCC 
6803 cells were grown in BG-11 medium (Williams, 1988). 
Mutant cultures were maintained on 1.5% agar (Difco) plates 
in the presence of 20 pg/mL spectinomycin, 2.5 pg/mL 
chloramphenicol, and 5 pg/mL kanamycin. Glucose (5 mM) 
and 20 pM atrazine were routinely added to plates in order 
to maintain PSII-independent growth. Liquid cultures were 
grown in 250-mL flasks containing 40 mL of BG-11 medium 
on a gyratory shaker (100 rpm) at 30 "C and 50 pE m-2 s-l 
fluorescent light. The growth chamber was aerated (2 L mi&) 
using an aquarium pump. Glucose (5 mM) was added to the 
liquid cultures except where indicated. Cell density was 
estimated by measuring turbidity at 730 nm after diluting 
cultures to an OD value of <OS. Under these conditions, the 
turbidity was roughly proportional to the cell concentration. 
Chlorophyll concentration was determined by methanol 
extraction (Tandeau de Marsac & Houmard, 1988). Cells 
for photosynthetic measurements were harvested at the end 
of their logarithmic growth phase, which corresponded to a 
chlorophyll concentration of 4-7 pg/mL. The wild-type strain 
for these studies lacks the psbAI and -111 genes, which were 
replaced by spectinomycin (Smf) and chloramphenicol ( Cmr) 
resistance cartridges, respectively (Debus et al., 1988). The 
mutagenesis cartridge, containing a kanamycin resistance gene 
(see Figure l) ,  was introduced to the above strain without any 
mutation, thus retaining the intact wild-type psbAII gene. 

Transformation and Nucleic Acid Manipulations. Trans- 
formation of Synechocystis sp. PCC 6803 (Williams, 1988) 
and site-directed mutagenesis (Kunkel et al., 1987) were 
performed as described. The single-stranded DNA (cor- 
responding to the antisense strand) of the Bluescript KS- 
plasmid construct (Stratagene) was prepared in Escherichia 
coli CJ-236. Following second-strand polymerization using 
T4 polymerase (New England Biolabs) and the mutagenesis 
primers (Table l) ,  the plasmids were recovered in E. coli 
MV 1 190. The fragment containing the introduced mutations 
was cloned from the KS- construct to replace the wild-type 
sequence in the mutagenesis cartridge (Figure 1). The 
mutagenesis cartridge is a modification of pRD 103 1 Kmf 
(Debus et al., 1988) by deletion of its 5' end up to the HincII 
site (nucleotide 174), leaving unique BstEII, KpnI, and HincII 
restriction sites (Figure 1). This cartridge contains an 
additional kanamycin resistance gene (Kan') just downstream 
ofpsbAI1 and was used to transform an Smr/Cmr mutant line 
as described (Debus et al., 1988). Following Synechocystis 

transformation, kanamycin-resistant colonies were isolated 
and a PCR-generated DNA fragment was amplified from the 
genomic psbAII gene. PCR amplification (30 cycles of 30 
s at 93 OC, 45 s at 56 "C, and 60 s at 73 "C) was performed 
(Ericomp) with Taq DNA polymerase as recommended (U.S. 
Biochemical), using oligonucleotides I11 or VI11 at the 3' and 
VI1 or IV at the 5' parts of the gene (Table 1). The presence 
of the introduced mutation was verified by the restriction 
pattern of the PCR product. Typically, 50-80% of the 
kanamycin-resistant colonies contained the change in restric- 
tion site (Table 1). Direct sequencing of the PCR products 
was performed (Casanova et al., 1990) using either oligo- 
nucleotides I, 11, V, VI, &A, or S264A (Table 1). In the 
mutated regions, both strands were sequenced between the 
BstEII and NcoI restriction sites to cover the whole DNA 
fragment used in the mutated construct (see Figure 1). 

Oxygen Evolution. The maximal rate of oxygen evolution 
was determined in intact cells at a chlorophyll concentration 
of 4-7 pg/mL using a Clark-type electrode. Measurements 
were performed at 25 "C in 25 mM Hepes/NaOH (pH 7.2) 
in the presence of 2,5-dimethyl-p-benzoquinone (0.1 mM) 
and &Fe(CN)6 (1 mM). The light from a halogen lamp 
projector was filtered through an OG 570 (Schott) glass and 
was saturating with respect to the electron transfer rate (light 
intensity was ca. 2000 pE m-2 s-l in the middle of the electrode 
cell). 

Chlorophyll Fluorescence Induction. PSII fluorescence 
induction measurements (Cahen et al., 1976; Briantais et al., 
1986; Krause & Weiss, 1991) were performed using whole 
cells (grown in the presenceof glucose) at a final concentration 
of 2 pg of chlorophyll/mL. The excitation light was at 620 
nm and had an intensity of about 70 pE m-2 s-l. Following 
the opening of an electronic shutter, which allowed the exciting 
light to reach the sample, fluorescence emission resulted. 
The fluorescence was filtered by a cutoff glass transmitting 
above 665 nm, detected by an HUV-4000 (EG&G) silicon 
photovoltaic sensor, and recorded by a storage oscilloscope. 
The kinetics of chlorophyll a fluorescence monitors the build- 
up of reduced primary quinone (QA) in PSII (Briantais et al., 
1986; Krause & Weiss, 1991). To obtain the basal fluores- 
cence (Fo), corresponding to maximally oxidized QA, the initial 
fluorescence was measured following at least 20 s of dark 
incubation of a well-aerated sample. To allow for the shutter 
opening time, Fo was determined more precisely by extra- 
polating the slope of the initial fluorescence kinetics, following 
full shutter opening, back to a time point equal to the half- 
time of the shutter opening (2.5 ms). Steady state fluorescence 
(F,) was reached and recorded after 1 s in the light. The 
maximal fluorescence (F,,,), corresponding to the maximal 
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Table 1 :  List of Oligonucleotides Used for D1 Mutagenesis 

mutation' oligonucleotide sequenceb corresponding psbAII positionc restriction site mcdificationd 
SSm-2LA GGTAACCTTGGCCTTGGTGC 654-673 Hue111 
V224R CTCCTCCTTGCGCCGTGAAACC 660-68 1 HhaI 
R225L CTCCTTGGTACKGAAACCACC 66 3-6 8 4 RsaI 
TTm-aAA GTGCGTG AAGCTGCAGAAGTTG 674-695 PstI 
V230T CCACCGAAACCGAAAGCCAGAAC 680-702 -HinfI 
AEVESQ229-33 GTGAAACCACC-AACTACGGTTAC 674-7 1 1 -HinfI 
S232A (s) GAAGTTGAAGCCCAGAACTAC 685-705 -Hinfr 
S232D GAAGTTGAAGACCAGAACTAC 685-705 -Hinfl 
A N Y G ~ M  GTTG AATCCC AG-TACAAATTCG 688-7 18 RsaI 
Y237F AACT ACGGTTTTAAATTCGG 700-7 19 DraI 
K238V ACGGTTACGTATTCGGTC A 704-722 SnaBI 

AGQ24~x-i GTTAC AAATTC-G AAG AAGAAAC 707-734 BstBI 
AEEE242-4 CAAATTCGGCCAA-ACCTACAAC 711-741 HaeIII 
AYNIV246-9 GAAGAAGAAACGGCCGCCCAC 724-756 HaeIII 
Y246F GAAGAAACCTTTAACATCGTT 724-744 MseI 
V249D CTACAACATCGATGCCGCC 735-753 ClaI 

-Fnu4HI 
H252V ATCGTTGCTGCCGTCGGCTACT 742-763 -Fnu4HI 
Y254T GCCCACGGTACCTTTGGTCG 751-768 KpnI 
AYFGR2sc7 GCCCACGGC-CTGATCTTCCAA 751-783 HaeIII 
R257V CTACTTTTGAGTCTTGATCTTC 7 5 9-7 80 Hinfr 
S264A (s) CAATATGCTGCTTTCAAC 781-798 Fnu4HI 
A"265-7 GCTTCTTTC-AGCCGGTCCTTG 787-8 13 HpaII 
AsRS268-70 TTCAACAAC-CTGC ACTTCTTC 793-822 BspMI 

AYKF237-9 CAGAACTACGGT-GGTCAAGAAGAA 697-729 -EcoRI* 

AAA250-i TAC AAC ATCGTT-C ACGGCTAC 7 3 6-7 62 

1 (s) TGC AG ATTATTC AGTTGGC 201 6-1 098 
11 (SI CCAGATGCCGATTACAGG 852-835 
111 (PI GGCATTGCGTTCGTGCAT 1008-991 
IV (P) CTTCCACATGTTAGGTGT 588-605 
v (s) CGTGTTCCAAGCTGAGCAC 552-570 
VI (s) CTGATGTATTGAACCGAGCC 953-972 
VI1 (P) CCGTATTCTTGATCTACCC 467-485 
VI11 (D) GG ATTAATTCTCTAGACTC 1245-1 227 

(1 Oligonucleotides used for site-directed mutagenesis, PCR amplification (p), and sequencing (s) are indicated (see Materials and Methods). For 
a description of the mutants, see Table 2 (however, note that additional modifications appear there.) * Sequences are listed in the 5' to 3' direction. 
Modified nucleotides (boldface) and locations of the deleted sequences (-) are indicated. Numbering forpsbAI1 is according to Ravnikar et al. (1989) 
and L. McIntosh (unpublished). Restriction sites modified in the oligonucleotides used for mutagenesis are indicated. 

amount of QA- under the applied conditions, was determined 
as the F, value in the presence of 0.1 mM diuron (Kless et al., 
1992; Ohad & Hirschberg, 1992). The excitation light used 
was within the light limiting range in all mutants, and the 
position of the steady state fluorescence yield, F,, relative to 
Fo and Fm was indeed independent of the light intensity 
(measured for a range of 7-120 p E  m-2 s-l). The kinetics of 
Q~-accumulation in the photoautotrophic mutants, monitored 
by the fluorescence induction in the presence of diuron (0.1 
mM), was similar to that of the wild type (ca. 50 ms to reach 
the level of F,,,). 

Membrane Preparation. Oxygen-evolving membranes were 
prepared according to Burnap et al. (1989) and Vermaas et 
al. (1990). Cells were harvestedin the latelogarithmicgrowth 
phase, concentrated (10 min, SOOOg), and washed with 50 
mM sodium phosphate, pH 7. The pellet was resuspended 
gently with a paint brush in 5% of the initial volume T-buffer 
(50 mM Hepes (pH 7), 5 mM MgC12, 50 mM CaC12, 5% 
(v/v) glycerol, and 0.5% (v/v) DMSO) and kept on ice for 
60 min. Ten milliliters of cell suspension and 10 mL of 0.1- 
mm glass beads (suspended in T-buffer) were disrupted in a 
35-mL plastic bottle using a Mini Bead Beater (Medi Mix- 
02, Medical) vibrated four times for 20 s at moderate speed. 
The supernatant was concentrated (1 2 000 rpm, 20 min), and 
the membrane pellet was resuspended in T-buffer and frozen 
at -80 "C. 

Herbicide Inhibition Measurements. The effect of several 
PSI1 herbicides on the rate of electron transfer from H20 to 
the electron acceptor 2,6-dichlorophenolindophenol (DCPIP) 
was measured using 1 mL of thylakoids (in T-buffer) at a 
chlorophyll concentration of 2 pg/mL. Measurements were 

performed using a dual-wavelength spectrophotometer 
(Aminco) at room temperature and in the presence of 0.3 
mM DCPIP (Ohad & Hirschberg, 1990). The light from a 
halogen projector was filtered through RG 645 (Schott) glass 
and was saturating for the rate of DCPIP reduction. DCPIP 
reduction was followed at 590 nm, the major absorption peak 
for the oxidized form, and normalized to the absorbance at 
480 nm. Chemically pure herbicides were used and were 
obtained from the following sources: diuron and atrazine, 
Riedel-dehaen; ioxynil, Chem Service; bromonitrothymol, gift 
of A. Trebst. 

RESULTS 
Mutant Preparation. Twenty-seven site-directed mutants 

of Synechocystis sp. PCC 6803 were prepared having amino 
acid modifications in the D-E region of the D1 protein (Table 
2). All changes in the DNA fragment used for mutagenesis 
(see Figure 1) were verified by sequencing both strands. 
Nonplanned changes occurred in a few cases (indicated by * 
in Table 2). These originated in the plasmid mutagenesis 
step (KS- construct; Figure 1) before Synechocystis trans- 
formation; thus, no selection pressure favoring a functional 
advantage was involved. Two of these changes involved the 
insertion of a codon that maintained the reading frame. Both 
occurred in a piece of thepsbAII gene coding for amino acids 
245-247 (Table 2). These abnormal insertions may be 
explained by duplication of the 5' nucleotides of the annealed 
primers used for mutagenesis (see Table 1). Secondary 
structural element(s) of the DNA that can be stably formed 
in that region may induce such modifications during the 
synthesis of the second strand. 
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Table 2: Mutations in the B E  Region of the D1 Protein 
~~ ~ ~ ~ ~ ~~~~~ 

saturated rate of 
cell line" growth ratesb 0 2  evolutionC (Mut/WT) I#J = (Fm - Fo)/Fmd (Mut/WT) f =  [Fm - F8]/[Fm - Fold (Mut/WT) 

WT (wild type) +++ 1 .O f 0.06 1.00 f 0.17 1 .oo f 0.05 
TT3 - 0.00 0.00 nd 
sS221-2LA +++ 0.6-1.2 0.93 0.91 
V224R+S264A ++ 0.6-0.9 1.07 0.62 
R225L+S264A ++ 0.3-0.7 0.85 0.62 
TTm-aAA +++ 0.9-1.3 0.99 0.95 
V23oT+S264A ++ 0.7-1.0 1.13 0.72 
AEVESQ229-33 +++ 0.8-1.2 0.95 0.91 
S232A +++ 0.8-1.2 1.10 0.90 
S232D +++ 0.6-1.0 0.98 0.94 
ANYG234-6 +++ 0.8-1.1 0.83 0.93 
Y237F +++ 0.6-1.0 1.10 0.91 
K238V +++ 0.7-0.9 1.10 0.97 
AYKF237-9 ++ 0.7-1.0 1.06 0.76 
AGQ24hi ++ 0.6-0.7 0.95 0.85 
AEEE242-4 ++ na na na 
*AYNIV24&9::E2465 - 0.0 0.30 0.00 
Y246F ++ na na na 
* V d + N 2 6 6 Y  +++ 0.9-1.2 1 .oo 0.82 
* A A A ~ - I : : Y ~ ~ & ~  + 0.3-1.0 0.87 0.00 
*AH251-2PV - 0.0 0.95 0.00 

+ 0.7-0.8 0.63 0.96 
- 0.0 0.00 nd AYFGR254-7 ++ 1.0-1.1 1.23 0.78 
- 0.0 0.00 nd *L2saF+Y237F 

*LmI+Y237F +++ na na na ++ 0.2-0.5 1.02 0.66 
- 0.0 0.27 0.00 ANN2667 

AsRs~n-m - 0.0 0.15 0.00 

Y254T 

R257V 

S264A 

~ ~ ~~ 

(1 Cell lines are designated as follows: original residue(s), location(s), modified residue(s). A signifies a deletion mutation. + signifies a double 
mutation in noncontiguous locations. :: signifies an insertion mutation. * signifies nonplanned modifications originating in the mutagenesis step. The 
TT3 mutant lacks all three copies of the psbA gene and does not assemble any of the PSII proteins (Jensson et al., 1987). Photoautotrophic growth 
rates were assayed without glucose and are indicated as -or by 1-3 + signs as shown in Figure 2. Saturated rates of oxygen evolution were measured 
using whole cells in the presence of electron acceptors. The range of values for 3-5 measurements is normalized to wild-type activity (183 f 11 pmol 
of 0 2  (mg of Chi)-' h-I). Parameters of fluorescence: The basal fluorescence (FJ was evaluated as the initial value of the fluorescence in the 
fluorescence induction curve. The steady state fluorescence, F,, is taken as the final steady value of fluorescence obtained at the end of the induction. 
The maximal fluorescence (Fm) was evaluated as the final level in the fluorescence induction curve in the presence of an oversaturating concentration 
of diuron (0.1 mM). This high concentration was chosen to inhibit the electron transfer activity in all mutants, including diuron-tolerant ones. These 
parameters were used to derive the ratiof(K1ess et al., 1992), measured under limiting light. I#J indicates the photochemical quantum yield. Values 
are averages for 3-5 determinations and are normalized to the wild-type numbers. Standard error values obtained for the mutants are <lo%. The 
wild-type value for I#J was 0.37 f 0.062 and that forfwas 0.876 f 0.08. na, not analyzed. nd, not defined. When there is no variable fluorescence, 
Fo = Fm, I#J = 0, and f is not determined mathematically. 

Functional Evaluation of the Mutants. Photoautotrophic 
growth rates were determined in liquid cultures at  standard 
conditions of aeration, temperature, light, and nutrition 
(without glucose). Growth rates were weighted as follows: 
the same as wild type (+++ type; e.g., AEVESQ229-33); no 
photoautotrophic growth (- type; e.g., hSRS268-70); and 
intermediate growth rates (++ type; e.g., R257V; or + type; 
e.g., AAA25~l::Y24~7) (Figure 2). All of the mutants were 
able to grow in the presence of glucose, indicating intact 
photoheterotrophic capabilities. Photoautotrophic growth 
rates relative to wild type are presented in Table 2 for all 
mutants. 

Maximal rates of photosynthetic oxygen evolution were 
measured in the presence of electron acceptors that mediate 
electron transfer from the reducing side of PSII. Valuesvaried 
among experiments; thus a range is presented (Table 2). The 
variability in oxygen evolution suggests that this assay is very 
sensitive to the physiological state of the cells [seealso Vermaas 
et al. (1988); Nixon & Diner, 19921. In several photo- 
autotrophically competent mutants (e.g., AAA25&1::Y246-7, 
R257V), the relative rates of oxygen evolution did not correlate 
with rates of growth. This indicates that in these cases oxygen- 
evolving capacity is not a rate-limiting factor under the 
conditions used. 

Chlorophyll fluorescence kinetics and steady state mea- 
surements are directly related to PSII reaction center function 

'1 
wildtype (+++) 
AEVESQ (+++) 

R257v (++) 

AAA (+) 

0 20 40 60 80 100 
Time (Hours) 

FIGURE 2: Photoautotrophic growth rates of representative 
mutants. Wild-type and D1 mutants ASRS268-70, AAA250-1::Y246-7, 
AEVESQ229-33, and Rz57V were grown in the absence of glucose. Cell 
turbidity a t  730 nm was measured as a function of time. 

(Briantais et al., 1986; Krause & Weiss, 1991) through two 
parameters: the ratio 4 = (Fm - F,,)/Fm, indicating the 
photochemical quantum yield of an open center, and the ratio 
f = (F, - Fs)/(Fm - Fo), which gives an indication of the 
relative electron transfer flux. Inspection of Table 2 shows 
that in all mutants capable of photoautotrophic growth the 
values of 4 were quite close to the value of the wild type. The 
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Table 3: Effect of PSII Herbicide on D1 Protein Mutant" 

cell lineb diuron atrazine BNT ioxynil 
WTC 1 1 1 1 
SS22d-A 560 24 2 6.2 
TT22i-8 AA 14 3 2.4 3 
AEVESQ229-33 2.6 1.5 1 1.5 
ANY%- 8.6 5 1.4 6 
Y231F 4.6 2 0.2 5 
K238V 1.3 0.6 0.4 2.3 
AYKF237-9 23 6 0.4 4 
AGQ2wi 26 21 0.5 1.4 
A A A ~ s G I : : Y ~ ~ & ~  280 80 2 5 
R251V 38 30 0.3 0.8 
S2nnA 207 30 0.1 1.2 
0 Tolerances are given as relative I50 values (mutant/wild type). 

Designation of mutant cell lines is as described in Table 2. Molar 
concentrations of 150 values of wild type are 1.3 X 1 t 8 ,  3.25 X lO-l, 1.2 
X 10-l. and 1.3 X 10-7 for diuron, atrazine, BNT, and ioxynil, respectively. 

steady state values off gave a more delicate indication of the 
tuning of the reaction centers, possibly related to the various 
redox states of QA and QB (Crofts & Wraight, 1983). 

Mutants incapable of photoautotrophic growth were also 
incapable of evolving oxygen (Table 2) and had zero (when 
F, - Fs = 0) or undefined (when F, - Fo = 0) values off. 
The 4 values of these mutants were also very low except in 
one case: mutant AH251-2PV still retained a high level of 
relative variable fluorescence (0.95 of that of wild type), 
indicative of QA reduction activity while f was equal to zero. 
This implies that assembly of the PSII reaction center was not 
basically impaired in this mutant. Rather, direct functional 
interactions or stability features (probably in the QB niche) 
were damaged, interfering with electron transport to QB and/ 
or electron transfer from QB to the plastoquinone pool. 

All of the mutants contained the D1, D2, CP43, and CP47 
proteins in their membranes, as determined by immunoblotting 
(not shown). This suggests that synthesis and insertion of the 
PSII reaction center components in the thylakoids still take 
place in the photosynthetically incompetent mutants. There- 
fore, specific functions and/or interactions, rather than the 
stability of the complex, were impaired in these mutants. 

Interactions with PSZZ Herbicides. Herbicide tolerance is 
used to study structure-function relationships in the QB binding 
niche and to evaluate interactions of the protein moieties with 
various herbicide and quinone compounds (Trebst, 1987; 
Tietjen et al., 1991; Ohad & Hirschberg, 1992; Jansen et al., 
1993). The molar concentration of an inhibitor that reduces 
electron transfer from water to DCPIP by 50% (the I50 value) 
is characteristic for a herbicide and related to its binding 
affinity in the QB binding niche (Tischer & Strotmann, 1977). 
I50 values relative to wild type were measured for diuron, 
atrazine, ioxynil, and bromonitrothymol (BNT) in 11 of the 
D1 mutants (Table 3). Most of the mutations modified the 
Z5ovalues of the tested herbicides, many at sites not previously 
analyzed. For example, the results with mutant SS221-2LA 
indicate a new location strongly influencing diuron binding; 
those with mutants ANYG2346, Y237F, and AYKF237-9 
indicate tolerance to ioxynil. Increased sensitivity toward 
BNT, a phenol-type herbicide, was generated by mutations 
in the region 237-241 and at positions 257 and 264 (Table 
3). These results resemble the cross-resistance behavior of 
other mutations in the D1 (Ohad & Hirschberg, 1992) and 
D2 (Kless et al., 1993) proteins. The mutation AEVESQ229-33 
had no effect on herbicide interactions, suggesting minimal 
contribution of that loop region to herbicide binding. 
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DISCUSSION 

Interactions in the D-E Region That Affect PSZZActivities. 
Several mutations, located at positions presumably involved 
in essential interactions in the QB binding niche of the D1 
protein, greatly interfered with PSII performance. 

Mutations That Abolish Photoautotrophy. In analogy to 
the L protein, Phe255 (Trebst, 1986; Michel & Deisenhofer, 
1988), Asn266, and Ser268 (Tietjen et al., 1991) of D1 were 
presumed to be closely associated with QB, while His252 and 
Am247 were theorized to be involved in QB binding (A. Trebst, 
personal communication) or protonation (see later discussion). 
If these presumptions are valid, then mutation of these sites 
is likely to affect essential interactions in PSII. We found 
that D1 mutations at these locations (e.g., AH2s1-2PV, 
AYNIV24~9::E2&5,AYFGR254-7,ANN266-7and ASRS268-270) 
abolished photoautotrophy, thus experimentally validating the 
central analogy between the L and D1 proteins in the D-E 
region. 

Mutants Modified in the D-de Loop. The minor effects 
on the photosynthetic parameter of D-de loop mutants 
TT227-8AA AEVESQ229-33, S232& ANYG234-6, Y237Fy and 
K238V question the significance of the proposed EST region 
within the loop (Greenberg et al., 1987) as a primary 
determinant for rapid degradation (Rogers et al., 1986). 
Moreover, D1 protein degradation rates for these mutants 
under low light conditions (50 pE m-2 s-l) seem to be 
comparable to those of the wild type (Kless, 1993). It should 
be mentioned, however, that PEST type signals recently have 
been reevaluated and are now considered conditional deter- 
minants for rapid protein degradation (M. Rechsteiner, 
personal communication). Thus, the EST signal in the &de 
loop may become rate limiting for D1 protein degradation 
only under conditions of stress, such as high irradiance or 
temperature. Further experiments are needed to resolve this 
issue. 

The carboxy half of the D-de loop was previously proposed 
as the site of primary cleavage for the rapidly degrading D1 
protein under physiological conditions in vivo (Greenberg et 
al., 1987). Association of the D-de loop region as a whole 
with rapid D1 protein degradation in vivo has recently been 
verified (Jansen et al., 1993). Also, the phototrophically null 
mutant AYNIV24&g::E24&5, when grown heterotrophically, 
shows reduced rates of D1 protein degradation (Kless, 1993). 
In our study, we found that, in contrast to the minor effects 
on growth in the amino half of the extended D-de loop, 
carboxy half mutants (viz., AYKF237-9, A G Q ~ ~ Q - ~ ,  AEEE242-4, 
AYNIV2&-9::E244-5, and Y246F) were impaired in growth, thus 
supporting a role for the carboxy portion of the D-de loop in 
QB niche activities. 

&tA25O-l<Y246-7. In this mutant, the saturation rate of 
oxygen evolution can reach that of the wild type, while f is 
very small (Table 2). This implies that changes affecting the 
steady state concentration of QA- at limiting light need not 
be rate limiting for linear electron transfer under high light 
intensity. At light limiting conditions, the smallness o f f  
probably indicates some limitation in electron transport around 
PSII. The growth rate at limiting light intensities was indeed 
impaired (Figure 2). Michel and Deisenhofer (1988) aligned 
Ala251 of D1 with Glu212 in the L protein of the bacterial 
reaction center (see Figure 3). There, together with Am213 
and Ser223, it is involved in the protonation of QB2- (Paddock 
et al., 1989; Takahashi & Wraight, 1992). The limitation in 
PSII activity may be due to impaired protonation of QB~-, 
which could lead to a high electron back-pressure and increase 
in the concentration of QA- under steady state electron 



10506 Biochemistry, Vol. 33, No.  34, 1994 Kless et al. 

de E 
G 
V Q 

D 

E I L c s  ER EE G V TI 
W L A M  A V  A Q Y V K  PKTMR GPDI DTF Q LM Y V TSGV V YL 

185-MALGLEGGLILSl$+NPGDG-- - -- - -DKVK-- ~ - - -- - - -$EHmQWRD+-GY-S-I&-F-235 L 

I ' Y  
R N  

N L  A 
C L T I  V 
A 

Q L 
A S AV I S I Q A  E R I A  

D1 2 1 O - L F S A M H G S L V T S S L V R E ~ ~ S Q - - ~ Y Q Y I V Q P ~ T Y - ~ V ~ - G ~ ~ - I F Q Y A S ~ ~ L H F F L G A - 2 7 7  

D2 209-LLCAIHGATVENTLF-EDGEDSNT--FRAFEPTQAEETY-SMVTANRFWSQ-IFGIA-FSNKRWLHFFMLF-273 
SDQA N N S  V L 

G 

ld 212-LLFAABQATILA~FGGD~~f$JRG-- - - - - - - - ~TAVERAALFWRWTI~F--NA~ESVHRWGWF-269 
S M AG W LTKYAAEE LNE VAP GS Q CM "GI L AIW 
L S L H V  A A 

E W T 
A F 

FIGURE 3: Protein sequence alignment at the D-E region. Protein sequences in the &E region of D1 and D2 proteins of Synechocystis sp. 
PCC 6803 (Ravnikar et al., 1989; Williams & Chisholm, 1987) are compared to those of the homologous regions of the L and M proteins 
of Rhodopseudomonas viridis (Deisenhofer et al., 1985). Similar residues and proposed a-helices and loops of D1 and D2 are aligned according 
to Michel and Deisenhofer (1988), except that the de helices of D1 and D2 are assumed to have the dimensions suggested by Trebst (1986). 
Amino acid residues of L and M found to contribute to quinone binding in the reaction center of Rhodopseudomonas viridis (Deisenhofer 
et al., 1985; Michel & Deisenhofer, 1988) are indicated by boldface type. Phylogenetically variable residues found in D1 (42 sequences; J. 
Hirschberg, personal communication), D2 (12 sequences; Svensson et al., 1991), and the L and M (5 sequences; Komiya et al., 1988) proteins 
are indicated above or below each position. a-helices in L and M are boxed. Amino acids of D1 that were modified in this study are indicated 
in boldface type. Modified residues in the photoautotrophically incompetent mutants are underlined. 

transport. Possibly His252, which is adjacent to Ala251 in 
the D1 protein, is involved in the protonation process. 
However, it cannot be excluded that the tyrosine introduced 
in mutant AAA25~1::Y24~7 is responsible for the observed 
effect. 

Arg257. This residue is located at the C-terminal end of 
the de helix and has been proposed to balance the negative 
charge formed by the dipole moment of the a-helix (Michel 
& Deisenhofer, 1988). A change of Arg to Val at residue 257 
reduces photoautotrophic growth and electron transfer yield, 
but not the saturated rate of oxygen evolution (Table 2). R257V 
has a marked effect on the electrophoretic mobility of the D1 
protein in LDS-polyacrylamide (Kless, 1993), suggesting 
involvement of this arginine in conformational changes in the 
D-E region of the protein. 

Leu258. D1 residue 258 is thought to interface between 
the de helix and the E-de loop (Trebst, 1986; Michel & 
Deisenhofer, 1988). It can accommodate a photoautotrophi- 
cally competent change to Ile (L25gI+Y237F) but not to Phe 
(L2sgF+Y237F). Since the change of Tyr to Phe at codon 237 
has only a minor effect on the measured parameters (Table 
2), we conclude that Phe in position 258 is likely to impair 
crucial interactions in PSII. 

Complex Herbicide Interactions in the QB Binding Niche. 
It is evident from our study that interactions of varying 
intensities occur between herbicides and peptide residues 
throughout the D-E region, including the D-de loop. This 
is in agreement with the labeling of Tyr237 by azidomonuron 
(Dostatni et al., 1988) and the protection against trypsin 
cleavage at Arg238 of the D1 protein by triazine and urea 
herbicides (Trebst et al., 1988; Jansen et al., 1993). It may 
be that interactions leading to higher inhibitor tolerances result 
from direct ligand binding, while those of lower tolerances 
involve secondary structural rearrangements in the QB niche. 
An example of the latter is shown by Sinning (1 992) for the 
Lsubunit of the reaction center of purple bacteria. In oxygenic 
phototrophs, an interesting example is the low tolerance for 
atrazine and diuron generated by mutations in the D-de loop 
of the D2 protein of Synechocystis (Kless et al., 1993). As 
the QB niche is formed mostly, if not exclusively, from residues 

of the D1 protein (Tietjen et al., 1991; Ruffle et al., 1992; 
Sobolev and Edelman, unpublished), this case may be useful 
as a baseline for herbicide tolerances resulting from secondary 
structural rearrangements. 

An example of direct binding may be the high tolerance 
toward diuron seen in the SS221-2LA mutant. Notably, 
however, the effect on oxygen evolution and f is relatively 
small. This suggests that the 221-2 location in the D1 protein 
is mainly involved with herbicide interaction and less with 
QB. Ser221 is conserved both in the D1 protein (Svensson et 
al., 1991) and in its corresponding position (i.e., Ser196) in 
the L protein (Komiya et al., 1988; also see Figure 3). In the 
L protein, Ser196 has no direct interaction with the quinone. 
It is located, however, at  the stromal end of the D helix above 
Leu193, which does bind QB. 

Overall Organization and Conservation of the D-E Region. 
The arrangement of structural elements in the D-E region of 
the D1 protein as revealed by mutational analysis, phylogeny, 
and analogy to the L subunit is summarized in Figure 3. In 
the bacterial reaction center, the D-de loop of the L protein 
contributes little to QB binding, while the de helix and E-de 
loop regions are more closely associated with QB (El-Kabbani 
et al., 1991; Sobolev and Edelman, unpublished). Similarly, 
for the D1 protein, most of the changes and deletions made 
by us in the C-terminal end of the D helix and in the D-de 
loop were found to be dispensable for photoautotrophy. The 
most deleterious changes were located in the de helix, the 
E-de loop, and the N-terminal end of the E helix. Overall, 
in the region of the D1 protein modified by us (residues 221- 
270), 40 out of 49 residues are phylogenetically conserved 
and an additional 4 are similar (Figure 3). However, at least 
25 of these conserved residues (many located in the D-de loop 
region) can be functionally modified. Thus, residue conser- 
vation and PSII competence do not correlate. On the other 
hand, all of the modifications affected the measured param- 
eters to some extent, mainly as changes in the relative level 
of the steady state fluorescence. These changes are taken to 
indicate variations in a steady state thermodynamic balance 
between redox components near QA (most likely between QA 
and QB). We conclude that many of the residues in the D-E 
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region are involved in subtle interactions that may provide 
functional advantage under various environmental conditions, 
and thus have been conserved. 
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