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Fig. S1. Snapshots of the conformations of atrazine (ATZ) within the QB binding pocket. (A) 

conformation after energy minimization, (B) conformation after 10 ns MD simulations. 

During this procedure the ATZ molecule moved towards the helix TMH-d and the non-heme 

iron atom (towards the core of RC) so that the distance between the centre of mass of the 

triazine ring and the iron atom was 8.8 Å. The ring nitrogen atom (N1) and the Nδ atom of 

His215 were within hydrogen bond distance. The distances between the nitrogen (N4) atom of 

the ethylamino group and the backbone atoms of Phe265 were too long to allow the formation 

of hydrogen bonds (4.7 Å to oxygen, 4.4 Å to nitrogen). Nonetheless, the interactions of ATZ 

with the loop region were preserved through water molecules. (N4) and (N5) nitrogen atoms 

of the ATZ molecule were connected through a double water bridge to the carbonyl oxygen of 

Ala263. Residues Gly253, Ala263 and Gly256 were no longer within 4.0 Å distance to any 

atom of the molecule, and a new residue, Leu218 appeared within 4.0 Å distance, close to the 

Cl atom of the ATZ molecule. 
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Fig. S2. Schematic representation of PCR-based site-directed mutagenesis used for the 

production of the D1 mutants (Dauvillee et al., 2004; Rea et al., 2011). The yellow colour 

indicates the codon encoding for phenylalanine 265 in the native D1 protein; the red colour 

indicates the newly introduced codons. 

 
 

Table S1. Primers used for the site-directed mutagenesis. 

A. Forward and reverse primers used in PCR1 and PCR2 for the generation of the DNA 

fragments 1 and 2, as indicated in the scheme of Figure S1.  

Primer names Nucleotide sequence in 5´→ 3´ direction 

147 for CATCGCTTTCATCGCTGCTCC 

265 for AACAACTCTCGTTCATTACACTTC 

265 rev AGAAGCGTATTGGAAGATTAGAC 

3´Ende rev GGGACGTCCTGCCAACTGCCTATGG 

Dau 4 GGGTCGTGAGTGGGAATTATCTTTCCG 

Dau 2 GCTAGAGTTAGTTGAAGCTAAGTCTAGAGGGA 

 

 

fragment 1 

265 rev 147 for 
PCR 1: 

fragment 2 

3´Ende rev 265 for 

…TCTTTCAAC… 

Intronless psbA-gene in pSH5 template used in PCR 1 and 2 

PCR 2: 

PCR 3: 
Dau 2 Dau 4 

mutagenic primers (for + rev) 

fragment 2 fragment 1 

3´ 5´ 

Fragment with desired codon substitution 
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B. Mutagenic primers used to introduce threonine (Thr) and serine (Ser) on the place of 

phenylalanine at position 265. The codons for Thr and Ser are highlighted in grey. 

 

 

 

Fig. S3. Distance between the non-heme iron ion and the centre of mass of the ring moiety of 

QB as a function of time. Fluctuations from 8.6 to 9.2 Å with an average distance of about 9.0 

Å were observed during the simulation of the WT complex. The distance between the centre 

of mass of the quinone ring and the non-heme iron atom during the simulation of the F265T 

mutant varied from about 8.6 to 9.8 Å, while in the case of the mutant F265S the same distance 

varied from about 8.8 to 9.6 Å, with an average value of about 9.2 Å. It is noteworthy that after 

about 5 ns of the simulations of the mutated systems the position of the ligand with respect to 

the non-heme iron atom remained stable. 

Mutant Primer names Nucleotide sequence in 5´→ 3´ direction 

F265T 
265 Thr for 

265 Thr rev  

CCAATACGCTTCTACAAACAACTCTCGTTCATTACACTTC 

GAACGAGAGTTGTTTGTAGAAGCGTATTGGAAGATTAGAC 

F265S 
265 Ser for 

265 Ser rev  

CCAATACGCTTCTTCAAACAACTCTCGTTCATTACACTTC 

GAACGAGAGTTGTTTGAAGAAGCGTATTGGAAGATTAGAC 
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Fig. S4. Distance between the non-heme iron ion and the centre of mass of the triazine ring as 

a function of time. At the beginning of the simulations the distance between the centre of mass 

of the ring moiety of ATZ and the iron atom was about 8.8 Å for the WT complex and about 

8.7 Å for the F265T and the F265S mutant complexes. During the first nanosecond of the three 

simulations ATZ changed its position in a similar way; only a small decrease in the distance 

between the centre of mass of the triazine ring and the non-heme iron atom was observed. 

During the following 9 ns of the simulations the position of the ATZ molecule within the WT 

complex and the complex with the F265T mutation was stable. The position of the ATZ 

molecule within the WT complex remained within the 7.0-8.5 Å range distance, while within 

the complex with the F265T mutation varied between 7.5 and 9.0 Å. During the simulation of 

the F265S mutant complex ATZ significantly changed its position at the beginning of the 

second nanosecond (at about 1.2 ns), so that the distance between the non-heme iron and the 

centre of mass of the triazine ring reached 10.1 Å. Over the following 8 ns of the simulation 

ATZ remained within a distance of about 9.7- 10.7 Å to the iron atom. 
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Fig. S5. Snapshots representing the surface of the protein D1 around the ATZ molecule 

coloured by electrostatic potential values. The colour scale is from -10 kT/e (red) to +10 kT/e 

(blue). Left panels– all atomic charges are considered during the calculations; right panels – 

atomic charges of ATZ set to zero.  
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Fig. S6. Growth curves of the reference strain IL and the two D1 mutants. (A) Curves of 

photoautotrophic growth of the Chlamydomonas strains grown in high salt medium bubbled 

with 2.5% CO2 at 23 °C and illumination of 80 µmol m-2 s-1 measured as optical density 

(OD750). Curves of mixotrophic growth of the Chlamydomonas strains grown in TAP medium, 

at 24 °C, illumination of 50 µmol m-2 s-1 and 150 rpm agitation measured as cell number per 

ml (B) and total chlorophyll content (C). Each point represents an average of 2-3 independent 

experiments, ±SE (n=2-3). 

 

 

 

Fig. S7. Rapid light curves of relative electron transfer rate (rETR) of the three 

Chlamydomonas strains. The measurements were performed after 30 s exposure of the samples 

at the indicated light intensities. Each point represents an average of at least four independent 

experiments, ±SE (n=4-7). 
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Table S2. Parameters calculated from the rapid light curves of the rETR of PSII of the three 

Chlamydomonas strains. rETRmax is the maximum value for rETR; the photosynthetic quantum 

efficiency (α, µmol electrons/photons) is calculated from the initial slop of the RLC; the 

minimum saturating irradiance is calculated as Ek=ETRmax/α; Emax is the irradiance at which the 

ETRmax was reached.Average values from at least four independent experiments, ±SE (n=4-7). 

 
Strains rETRmax Photosynthetic 

quantum efficiency 

Ek Emax 

IL 56±7 0.11±0.009   515±30   1107±100 

F265T 46±3 0.09±0.006 498±5 2015±71 

F265S 29±2 0.06±0.004 469±7 1961±79 

 

The 𝑟𝑟𝐸𝐸𝐸𝐸𝐸𝐸 was calculated as:  

𝑟𝑟𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑌𝑌(𝐼𝐼𝐼𝐼) × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 𝐸𝐸𝐸𝐸𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 × 0.5,     (Eq. 1) 

where PPFD is that of the actinic light; ETRFactor is the estimated fraction of incident photons 

absorbed by PSII, measured by an integrating sphere, and multiplied by 0.5, assuming equal 

distribution of the absorbed energy between PSII and PSI, and Y(II) represents the estimated 

effective quantum yield of PSII photochemistry under illumination, calculated as: 

𝑌𝑌(𝐼𝐼𝐼𝐼) = (𝑃𝑃𝑚𝑚′ − 𝑃𝑃𝑠𝑠′)/𝑃𝑃𝑚𝑚′ ,        (Eq. 2) 

where Fm' is the maximum fluorescence measured under illumination and Fs is the steady-state 

fluorescence. The average calculated ETRFactor of IL was 0.36±0.02 (n=14), ETRFactor of F265T 

was 0.42±0.03 (n=8) and ETRFactor of F265S was 0.49±0.02 (n=8). The RLC parameters were 

calculated after the application of ETRFactor to each single experimental curve as previously 

described (Serôdio et al., 2006): ETRmax – is the maximum value for rETR; the photosynthetic 

quantum efficiency (α) is estimated from the initial slope of the RLC (first 5 points, average 

max PPFD ≤ 130 µmol photons m-2 s-1); the minimum saturating irradiance is calculated as 

ETRmax/α.  
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Table S3. Characteristics of the temperature dependency of fluorescence relaxation in 

Chlamydomonas strains measured in presence of 20 µM DCMU. The multicomponent 

deconvolution of the curves of the fluorescence decay was performed according to the equation 

F(t)=ae-bt+ce-dt, where F is the normalized fluorescence intensity, t is time and a, b, c, and d are 

constants, using standard fitting procedures of Sigma Plot (SYSTAT Software). 

 

Strain T, oC Afast τfast (ms) Aslow τslow (s) 
IL 15 0.31 229 0.69 2.33 
 20 0.38 186 0.62 1.69 
 25 0.43 115 0.57 1.00 
 30 0.47 79 0.53 0.65 
F265T 15 0.25 156 0.75 2.17 
  20 0.27 125 0.73 1.25 
  25 0.40 100 0.60 1.01 
  30 0.37 74 0.63 0.61 
F265S 15 0.26 191 0.74 2.43 
 20 0.35 185 0.65 1.69 
 25 0.36 108 0.64 0.96 
 30 0.36 75 0.64 0.59 

 

 

 

 
Fig. S8. Fluorescence relaxation kinetics in Chlamydomonas strains measured in the presence 

of 2×10-5 M DCMU. (A) Temperature dependency of fluorescence relaxation in IL strain; 

(B) and (C) fluorescence relaxation kinetics in IL, F265T and F265S strains measured at 15 °C 

and 25 °C, respectively. 
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Table S4. Activation energies and pre-exponential factors of QAˉ reoxidation in the IL strain 

and the F265T and F265S mutants of C. reinhardtii. Data from Fig. S8 were fitted with a two-

exponential model (Table S3) and the resulting rate constant values (k) were fitted with the 

Arrhenius equation (k=s0exp(-Ea/kbT), where kb is Boltzmann’s constant and T is temperature) 

to obtain values of the activation energy (Ea) and preexponential factor (s0). 

 

Strain PSII centres with fast reoxidation 

of QAˉ comprising 25-43 % of PSII 

PSII centres with slow reoxidation 

of QAˉ comprising 57-75 % of PSII 

 Ea (meV) s0 (s-1) Ea (meV) s0 (s-1) 

IL 552 1.85×107 655 1.16×1011 

F265T 370 1.86×104 605 1.85×1010 

F265S 501 2.73×106 724 1.78×1012 

 

 

 

 
Fig. S9. Effect of ATZ on QAˉ reoxidation kinetics of Chlamydomonas strains. Chlorophyll a 

fluorescence decay after a single turnover flash in IL (A), F265T (B) and F265S (C) was 

recorded at room temperature and increasing herbicide concentration in the range from 1×10-9 

M to 4×10-7 M ATZ. 
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