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Photosystem Il (PSII) reaction centre D1 protein of oxygenic phototrophs is pivotal for sustaining
photosynthesis. Also, it is targeted by herbicides and herbicide-resistant weeds harbour single
amino acid substitutions in D1. Conservation of D1 primary structure is seminal in the photosynthetic
performance in many diverse species. In this study, we analysed built-in and environmentally-induced

. (high temperature and high photon fluency - HT/HL) phenotypes of two D1 mutants of Chlamydomonas

reinhardtii with Ala250Arg (A250R) and Ser264Lys (5264K) substitutions. Both mutations differentially

. affected efficiency of electron transport and oxygen production. In addition, targeted metabolomics
revealed that the mutants undergo specific differences in primary and secondary metabolism, namely,
amino acids, organic acids, pigments, NAD, xanthophylls and carotenes. Levels of lutein, 3-carotene

. and zeaxanthin were in sync with their corresponding gene transcripts in response to HT/HL stress

. treatment in the parental (IL) and A250R strains. D1 structure analysis indicated that, among other

. effects, remodelling of H-bond network at the Qg site might underpin the observed phenotypes. Thus,

. the D1 protein, in addition to being pivotal for efficient photosynthesis, may have a moonlighting role
in rewiring of specific metabolic pathways, possibly involving retrograde signalling.

Oxygenic photosynthesis evolved at least 2.4 billion years ago, making oxygenic life possible on earth and becom-

ing an essential energy resource. Multisubunit chlorophyll-protein complexes heralded by two photosystem (PS)
© reaction centres, PSIT and PSI, catalyse electron transfer from water to NADP™ using energy harvested from sun-
. light. At the core of the PSII reaction centre is a heterodimer made of two proteins, D1 and D2, with their redox
: cofactors"2. The D1 protein is characterized by a rapid, photon-flux-dependent turn-over>* and directly mediates
. photosynthetic electron transport and oxygen evolution'’.
: Structural resolution of the PSII reaction centre (RC) provided atomic details and structural/functional rela-
. tionships of the D1 and D2 protein heterodimer including its bound redox cofactors involved in light-driven
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photochemical reactions®!!. It also enabled analysis of the effects of amino acid substitutions in D1 on photo-
synthesis and response of such mutants to environmental extremes in Chlamydomonas'?~'>. Earlier, it had been
established that herbicide (e.g., atrazine, DCMU)-resistant weeds had single amino acid residue substitutions in
their D1 protein'®-!® while D1 protein synthesis was unaffected". Besides modification of herbicide sensitivity,
site-specific mutations in the DE-stromal-loop of D1 often resulted in severe reduction of mutant photoauto-
trophic growth and photosynthetic performance, due mainly to impairment of the electron transfer between
primary (Q,) and secondary (Qg) PSII quinones**?!. Mutations involving 1248T, S264G, S264A, A251V and
F211S substitutions in plants, cyanobacteria and green algae made them susceptible to photoinhibitory light
conditions?>??-?°, Notably, soybean cell line STR7 with S268P D1 mutation was found unusually tolerant to high
temperature (HT)?*?” and high light (HL)? and this phenotype was found associated with higher unsatura-
tion of fatty acids. Similar alterations in lipid composition and chloroplast ultrastructure were evident in sev-
eral triazine-resistant weeds and in aquatic Spirodela cultivated on a sublethal concentration of the herbicide
atrazine®,

Changes in flexible domains involving D1-209 and D1-212 residues enabled adaptation of Synechocystis sp.
PCC6803 to the ambient temperature® while the adjacent D1-208 residue was found to control electron transfer
gating in photosynthetic reaction centers®. Moreover, the same cyanobacterium strain responded to low-oxygen
exposure by up-regulating, among others, the psbAI gene that encodes D1, which was considered as a part of
stress-adaptation process®'. Interestingly, the DE-loop of D1 has been suggested as a heat-sensitive cleavage site
that is protected in the presence of photosynthetic herbicides®2. Thus, studies with a number of biological sys-
tems harbouring specific D1 amino acid mutations have provided knowledge on D1 structural motifs that reg-
ulate PSII function, enable plant acclimation to extreme temperatures (as in thermophiles) and resilience to
herbicide-resistant biotypes.

Metabolic consequences of single point mutations at the Qg binding site of D1, the Qj site being the major her-
bicide binding niche, are therefore of major interest in terms of both structural and regulatory functions. Electron
transfer from Q, to Qg is the rate determining step on the reducing side of PSII and, as such, the Qg binding
site on D1 is an advantageous location to examine downstream genetic control of physiological stress-coping
phenomena. Site-directed mutants S264K and A250R were selected and compared to the IL parent strain. These
two C. reinhardtii D1 mutants host a modified DE-loop region in which a native amino acid is replaced with one
having a bulkier side chain. Also, the A250R and S264K mutants differ in their sensitivity to triazine herbicides,
A250R is highly sensitive while $264K is resistant!>2>33,

Based on the above characteristics of the PSII D1 protein, we hypothesized that further studies of some of its
mutants should provide insights into its moonlighting functions ‘in planta’ using Chlamydomonas. Therefore, we
analysed and evaluated S264K and A250R mutants together with the IL parent strain for photosynthetic perfor-
mance, their primary and secondary metabolite profiles, and gene expression patterns related to carotenoids and
PQ/tocopherol in the absence and presence of a combination of HL/HT conditions that mimic a natural stress
environment. We demonstrate here that in addition to photochemistry, the photosynthetic reaction centre D1
protein is likely associated with reprogramming pigment and metabolic pathways in C. reinhardtii.

Results

Features of C. reinhardtii D1 mutants under physiological conditions. Growth rate and photosyn-
thetic performance. 'The growth rate of parent strain IntronLess (IL) and D1 mutants A250R and S264K followed
a similar trend, but the two mutants accumulated less chlorophyll (Chl) in comparison to IL (Figs 1A and S1).
The differences in total Chl content became evident during the early exponential growth phase (OD5, ~0.4),
when A250R and S264K, respectively, accumulated 60% and 42% of the Chla + b per cell of the reference strain
IL (Table S1), and maximized at the late growth phase (Figs 1A and S1B).

Chl a fluorescence induction transient (OJIP) was used to evaluate the electron transfer efficiency of the
Chlamydomonas strains, and relative variable fluorescence curves, V,, were calculated® to directly compare the
Q4™ accumulation dynamics in the three strains. Amino acid substitutions A250R and S264K led to an impair-
ment of Q" reoxidation, evident by the increase in the V; fluorescence levels compared to the parent line IL
(Fig. 1B). Likewise, the efficiency of electron transfer rate between Q, and Qg quinone acceptors in PSII, I-V,
followed the sequence IL > A250R > S264K (Table S1). The substitution Ser — Lys at position 264 led to a 50%
reduction of the mutant 1-V; compared to IL (0.56 & 0.03 for IL versus 0.23 0.01 for the mutant) as well as to a
delay in reaching the maximum fluorescence level (time to reach P step in Fig. 1B). On the other hand, the max-
imum quantum yield of PSII photochemical reaction was less affected by the mutations. In fact, the reduction in
the F,/F,, ratio was about 10% in S264K mutant and about 5% in A250R compared to IL (Table S1).

Next, the rate of O, evolution was measured as a function of light intensity to evaluate the PSII functionality (Fig. 1C).
The photosynthetic reactions in the three strains saturated at a similar light intensity (around 300 pmol m=2s71).
The maximum rate of O, evolution in A250R and S264K was about 70% and 40% compared to IL, respectively.
The mutants were similarly reduced in the photosynthetic efficiency as seen by regression of the linear part of the
light-saturated curve of O, evolution. Notably, both the A250R and S264K mutants were impaired in the PSII
electron transfer efficiency and pigment accumulation as compared to IL, with S264K relatively more impaired
than A250R (Table S1). These data are in tune with the lower photosynthetic efficiency and higher light compen-
sation point in the A250R and S264K mutants compared to IL (Table S1). The dark respiration rate did not differ
very much among the strains (Table S1), suggesting that the increase in the light compensation point observed
in the mutants is due mainly to alteration in the performance of linear electron transport and light harvesting.

Targeted metabolomics. Profiling of carotenoids. Pigment profiles of photosynthesizing organisms are
related to photosynthetic performance and capacity. Differential content of chlorophylls prompted us to analyse
the profiles of other pigments. Both mutants were distinguishable from the parent strain in regard to the accessory
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Figure 1. Mixotrophic growth, fluorescence measurements and light dependency curves of the photosynthetic
activity in the C. reinhardtii IL, A250R and S264K strains. (A) Time course of Chl accumulation for 168 h of
growth, expressed as a ratio of Chl content®” and optical density at 750 nm. The difference between the mutants
and the parent strain gradually increased with time; average of three independent experiments, = SE, n=3. (B)
Curves of relative variable fluorescence, (V(t) = (F,— F,)/(F,, — F,)). Average curves of four technical repetitions
are shown; the O-J-I-P characteristic points are indicated. (C) The rate of oxygen evolution was measured as a
function of the light intensity (from 0 to 350 umol m~2 s}, provided by red LED Light Source) at 25°C and in
the presence of 10 mM NaHCO;. The rate of oxygen production at each light intensity is an average of 2min
continuous recording; at least three biological repetitions were done per each strain and each curve represents
an average of three experiments & SE, n =6.

pigments’ HPLC profiles, mainly xanthophylls, lutein and 3-carotene. Specifically, the content of violaxanthin,
antheraxanthin, zeaxanthin, 3-carotene and lutein was significantly impacted in both the mutants versus the IL
strain (Fig. S2).

NMR-based metabolite patterns. NMR spectroscopy of extracts from the control and mutant lines was per-
formed to seek any further metabolic shifts. Out of 139 NMR signals, the forty most intense were assigned to 21
known metabolites (Table S2). Identified metabolites included nine free amino acids (Ala, Glu, Ile, Leu, Lys, Phe,
Thr, Tyr, and Val), six organic acids (acetic, formic, fumaric, lactic, malic, and succinic), three nucleosides and
their derivatives (NAD, AMP, uracil) and three others (maltodextrin, putrescine, DHU). Phe and Tyr levels in the
control were half of that in the two D1 mutants and a similar trend was observed for Ala and Lys too, while the
level of Thr was higher in the parent IL. Glu, Ile, Leu and Val levels were found to be similar in all the three lines.
In A250R, the levels of putrescine, malic acid and acetic acid were higher than in the control line but no substan-
tial differences were observed in the levels of DHU, uracil, AMP, and the organic acids: formic, fumaric, lactic,
and succinic. Putrescine and malic acids were also at higher levels in the S264K mutant than in the control line, as
were AMP, DHU, formic acid, fumaric acid, and succinic acid. Maltodextrin levels were similar in the control and
$264K, whereas its level was drastically reduced in A250R. Finally, the levels of NAD were considerably lower in
the two mutants compared to the control (Table S2).

Correlation analysis between NMR metabolites and pigment levels. PCA was applied to the mean values of 22
NMR signals selected by ANOVA together with 8 pigments to reveal effective correlations (Fig. 2). The principal
components, which are linear combinations of original variables, correspond to the mutually orthogonal direc-
tions with a maximum variance of data. A few first principal components describe the entire system and simplify
the data exploration. The score plot in the centre of the loadings plot is highlighted (Fig. 2). The parent IL line and
the two mutants separated along the PC1 axis. The variables involved in this separation are those with the highest
or lowest PC1 loadings that correspond to the contribution of each variable to PC1. Positive loadings correspond
to a positive correlation between original variables and principal components, therefore a higher PC1 score of IL
with respect to mutants is in agreement with higher values of original variables with positive loadings. The PC1
loadings of almost all pigments (red filled circles) are the highest among all variables indicating that the level of
pigments in IL is significantly higher than in the two mutants. All NMR signals with loadings similar to those
of pigments are potentially correlated with each other and have the highest level in the IL line, thus NAD, Thr
and unassigned NMR signals 41, 63, 99 and 112 are correlated with pigments. Among the unassigned signals,
41 (6.095 ppm) most probably belong to the ribose ring in nucleosides, whereas the identity of 63, 99, and 112
remains unknown.

The variables with the lowest PCI1 loadings (malic acid, Tyr, Ala, and unassigned 91) were also separated
between IL and the D1 mutants, being at lowest levels in the IL line. Finally, the separation between A250R versus
S264K along the PC2 axis was due to AMP and maltodextrin which showed the highest PC2 loadings. The unas-
signed NMR signals 28, 94, 125 and 126, have the lowest PC2 loadings and, therefore, contributed to separation
between A250R and S264K, although the levels of the 126 and 28 signals were not significantly different based
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Figure 2. PCA of NMR data and pigments’ content. Red filled circles, pigments; black filled quadrates,
unassigned NMR signals; black empty rhombuses, assigned NMR signals. Insert: scores plot.
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Figure 3. Reduction of PSII performance of C. reinhardtii strains during the HL/HT treatment. (A) The
maximum quantum yield of PSII photochemical reaction (F,/F,, = (F,, — F()/F,,) and (B) electron transport
efficiency [1 — Vy= (1—(F; — Fy)/(F,, — Fy)] were calculated for cultures exposed for 0, 15, 30 and 90 min to 1000
pmol m~2 s~ light intensity at 37 °C. At the corresponding times, samples were harvested also from cultures
kept under normal growth conditions as a control. The values of F,/F,, and 1-V; for each strain at time 0 on
panel C and D, respectively, represent average from all control values during the 90 min experiment, £ SE,
n=24. All other reported values are an average of three independent experiments + SE, n=6. P <0.05 (Mann-
Whitney U Test).

on ANOVA. The correlation between NAD and pigment levels is interesting and likely related to photosynthetic
performance and capacity, since NAD is a precursor of NADP coenzyme involved in photosynthesis.

Response of C. reinhardtii strains to HL/HT.  Photosynthetic performance. We determined the response
of parent IL strain and the two D1 mutants to simultaneous exposure to double stress: high photon fluency
rate (1000 umol m~? s™') and high temperature (37 °C) (HL/HT) for 15, 30 and 90 min. Control samples were
harvested at the same intervals from duplicate cultures held in un-stressed conditions. In response to HL/HT
treatment, the mutants were slightly affected in the maximum quantum yield of PSII photochemical reaction, the
reductions ranged from 13% to 16% between the mutants and the control strain (Fig. 3A). However, the differ-
ence in the PSII electron transport efficiency between the two mutants was pronounced, differentiating the two
mutants under unstressed conditions (Table S1). Upon HL/HT treatment, alteration of I-V;in A250R was similar
to that found in the parent IL strain, displaying ~40% inhibition of PSII electron transport efficiency at the end of
the treatment (1-V) Fig. 3B). In contrast, the S264K mutant, which is physiologically more compromised in the
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Figure 4. Quantitative analyses of photosynthetic pigments by HPLC. Pigment content per cell and DEPS
(Z+A)/(V+A+7Z)in C. reinhardtii IL, A250R and S264K strains under HL/HT condition. Contents of
violaxanthin, antheraxanthin and zeaxanthin (upper), lutein (middle) and (3 carotene (lower) for IL (panel A),
A250R (panel B) and S264K (panel C) strains. Each histogram is an average of three biological repetitions + SE,
n=9.

electron transfer capacity, displayed a smaller (20%) reduction in the 1-V; parameter compared to IL under HL/
HT conditions.

Targeted metabolomics. Exposure to HL/HT stress resulted in a gradual rise in the total content of pigments
involved in the xanthophyll cycle (violaxanthin, V; antheraxanthin, A; zeaxanthin, Z), with a ~15-fold and ~4-fold
increase in IL and A250R, respectively, and a ~3-fold increase in S264K after 90 min of exposure (Fig. 4). The xan-
thophyll cycle, estimated by calculation of the de-epoxidation state (DEPS), was active in all the three phenotypes
but the accumulation of the photoprotective pigment zeaxanthin was differential and occurred with different
kinetics. In addition, the HL/HT treatment led to parallel increments in the relative amounts of 3-carotene and
lutein in IL and A250R (Fig. 4A,B). However, the response of the S264K mutant to imposed stress was weaker in
eliciting xanthophylls and lutein, but 3-carotene levels were decreased (Fig. 4C).

Different temporal trends were apparent between control and HL/HT-treated IL line with an abundant increase
in antheraxanthin and zeaxanthin levels (Fig. 5A, 90 min). The variation of pigment levels in the A250R and S264K
mutants was relatively small versus IL. Almost all samples from the mutants were located in a very small region of
the PCA score plot. An expanded plot region where A250R and S264K sample scores are located is shown in Fig. S3.
The expanded region showed a drastic increase in antheraxanthin and zeaxanthin levels in HL/HT-treated A250R
line at 90 min as compared to the IL line. However, this was not observed for similarly treated S264K line.
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Figure 5. (A) PCA scores (left) and loadings plots (right). (B) PCA scores plot for A250R and S264K samples.
Solid and dotted arrows indicate trends for the control and HL/HT, respectively. A15H, A30H, A90H: data of
A250R after 15, 30 and 90 min of HL/HT treatment. S15H, S30H, S90H: data of S264K after 15, 30 and 90 min of
HL/HT treatment. A0, A15C, A30C, A90C: control A250R samples after 0, 15, 30 and 90 min. S0, S15C, S30C,
S90C: control S264K samples after 0, 15, 30 and 90 min.

All pigment levels seemed correlated to some extent, with the most significant correlation observed for
f-carotene/a--carotene and Chla and Chlb (Fig. S4). Interestingly, the ratio of B-carotene/a-carotene remained
constant in all the samples except for IL-90 min HL/HT, and S264K-90 min HL/HT (Fig. S4). The deviation
of 3-carotene/a-carotene ratio in these cases is indicative of variation in metabolism and deserves further
investigation.

PCA highlights differences between the A250R and S264K mutants. The responses under control conditions ver-
sus HL/HT-treatment were different in A250R: small differences were apparent at 15 min and became substantial
after 30 and 90 min of exposure. Almost all pigments in HL/HT samples decreased at 30 min in comparison
to control but were significantly elevated in 90-min samples with the exception of chlorophylls (Fig. 5B). The
A250R/S264K ratios for each pigment are given in Table S3. The arrows pointing to the right in Fig. 5B (for
example, controls or HL/HT at 90 min) indicate that the pigment levels in the A250R mutant are higher than in
the $264K mutant. In fact, the corresponding ratios (Table S3) are > 1 for almost all the analysed pigments except
Chlb following HL/HT treatment. The two arrows (S0 — A0 and S30H — A30H) pointing to the left side of the
plot in Fig. 5B indicate a tendency for higher pigment levels in S264K samples in comparison to A250R versus the
corresponding control (0 min) and HL/HT (30 min) samples. Ratios shown in Table S3 confirm this analysis with
a few exceptions: zeaxanthin and 3-carotene in control T0, and antheraxanthin and carotenes in HL/HT 30 min
samples are more abundant in A250R than in the S264K line.
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Figure 6. Gene expression analysis of C. reinhardtii IL, A250R and S264K strains. (A) Schematic representation
of carotenoids (blue arrows) and PQ (red arrow) biosynthetic pathways (adapted from®*). In italics are

the enzymes analysed by qRT-PCR of samples under HL/HT treatment. (B) Gene expression analyses of
carotenoids and PQ/tochopherol biosynthetic pathway genes in response to HL/HT treatment. Time course

of mRNA expression levels of phytoene synthase (psy), phytoene desaturase (pds), lycopene (3-cyclase (Iycf3),
lycopene e-cyclase (lyce), carotene 3-hydroxylase (chy(3), violaxanthin de-epoxidase (vdr), zeaxanthin epoxidase
(zep), homogentisate solanesyl transferase (hst1) and methylphytyl benzoquinone methyltransferase (mpgb-mt)
by QRT-PCR. rackl gene was used as the endogenous control. The results are an average of three biological
replicates, = SE, n=09.

Comparative gene expression profiles dictated by HL/HT treatment. Carotenoid pathway gene
expression profile. Next, we quantified changes in the mRNA levels of genes involved in the biosynthesis of
carotenoid/PQ/tocopherol pigments in response to HL/HT treatment using Real-Time PCR (Fig. 6A, blue
arrows). The psy gene, encoding phytoene synthase, which catalyses conversion of geranylgeranyl diphosphate
to phytoene, was induced within 15min in IL and A250R lines (by 6.3 and 5.4-fold, respectively) but not in the
S264K line. Thereafter, psy was drastically down-regulated at 30 min in all the three lines and recovered after
90 min to low but significantly higher levels than the zero-point controls following HL/HT treatment (Fig. 6).
In comparison, the pds gene, encoding phytoene desaturase and catalysing the synthesis of (-carotene, was less
reactive to HL/HT treatment. Only the IL line showed a 3-fold induction of pds mRNA after 30 min exposure to
HL/HT treatment (Fig. 6).

The genes involved in lycopene cyclization and biosynthesis of lutein and zeaxanthin, namely, lyc-@3, lyc-c and
chy-3, registered unique expression patterns. All the three genes were strongly up-regulated in all the three lines
but to different degrees: At 15-min HL/HT treated IL samples registered increase in lyc-B, lyc-€ and chy-3 by 2.7,
3. 4 and 10.8-fold, respectively; in A250R, the increase was 2.4, 5.2 and 19.7-fold, respectively; and in S264K, the
increase was 2.4, 2.8 and 8.4-fold, respectively (Fig. 6). Subsequently, lyc-3 mRNA levels decreased in all the lines,
but more so in the two mutants: at 30 min of HT/HL, the levels decreased in A250R by 4.4-fold and in S264K by
1.6-fold (Fig. 6B). By 90 min of HL/HT treatment, lyc-3 mRNA levels recovered to being slightly but significantly
higher than in the untreated control lines. Expression of lyc-€, whose protein product catalyses the synthesis of o
carotene, decreased to similar levels at 30 min exposure and then again differentially increased at 90 min. These
changes occurred in both mutants as compared to the IL line but clearly, A250R had the highest expression levels
at 15 and 90 min exposure to HL/HT (Fig. 6B). Similarly, the expression pattern of chy-3 mRNA, whose protein

SCIENTIFICREPORTS| (2018) 8:14745 | DOI:10.1038/s41598-018-33146-y 7



www.nature.com/scientificreports/

Figure 7. Environment of Arg250 in the A250R mutant. The positioning of Arg250 side chains was obtained by
replacement of Ala250 in D1 protein structure using side chain modelling software®’. (A) Cartoon presentation
of D1 (light blue), D2 (red) and CP47 (green) proteins from the resolved structure of PSII (PDB, 3WU2).
Residues Arg250 and Asn247 from D1, and residue Asp483 from CP47, are coloured in dark blue, yellow and
magenta, respectively. Transmembrane helices of the proteins are clearly seen. Arg250 of the D1 protein is
located in a short helix of the flexible loop between the D and E transmembrane helices as marked by the white
square. (B) Details of the white square in A. Nearest atom distances are shown for two new hydrogen bonds
formed upon mutation of Ala250 to Arg250. The pictures were created using the PyMol program.

product catalyses a necessary step in the conversion of carotene to the carotenoid lutein, was unique. The extent
of increase in its relative mRNA levels at 15-min exposure to HL/HT was the highest of all the tested genes in
the three lines; the maximum registered was in the A250R mutant. The relative gene expression in all the lines
at 30-min HT/HL treatment reverted to levels closer to that at 0 time, decreasing further to negative values in
90-min treated samples in the IL and A250R lines but not in the S264K line (Fig. 6).

Xanthophyll inter-conversion pathway, zeaxanthin < antheraxanthin < violaxanthin genes, vdrl and
zep, were relatively steadier with slow but steady increases in expression in the IL control and A250R mutant
in response to HL/HT treatment (Fig. 6). Both these genes in S264K mutant showed only a slight increase in
response to the HT/HL treatment.

PQ and tocopherol gene expression profile.  We also quantified expression of two other genes, hst1 and mpbq-mt,
which encode proteins for the biosynthesis of PQ and tocopherol (Fig. 6A, red arrows). Levels of hst1 mRNA
were up-regulated at 30 and 90 min of HL/HT treatment in the IL strain and at 15 min in the A250R mutant, with
a weaker effect observed in S264K mutant after 90 min of treatment. Opposite to the latter, mpbg-mt mRNA was
down-regulated at 15min in all three lines, more severely so in the IL line. At 30 min, mpbq-mt mRNA levels were
higher than the T0 point control while 90-min samples from IL and S264K lines had distinctly higher expression
levels but not in the A250R line (Fig. 6B).

Structural consequences of A250R and S264K substitutions in D1 protein. The different effects
on photochemistry and responses to HL/HT treatment of the D1 mutants in comparison to the control IL line
prompted us to examine the structural consequences of A250R and S264K amino acid substitutions in the D1
protein by carrying out in silico analyses of the native and mutated Qg binding pocket of C. reinhardtii. Residue
Ala250 of the D1 protein is located in the short helix of the flexible loop between the D and E transmembrane
helices (DE loop). In the resolved structure of PSII (PDB entry 3WU2), this residue sits at the interface of the
D1 (chain A), D2 (chain D) and CP47 (chain B) proteins and does not directly interact with the plastoquinone
(Qp) cofactor. Although the solvent accessible surface of the C beta atom of Ala250 is zero (the region is relatively
dense), the possibility exists to mutate this residue to a more massive one with only small adjustments of side
chains. Computational replacing of Ala with Arg at position 250 results in interatomic distances corresponding to
the formation of two new hydrogen bonds, one to a side chain of Asn247 of the D1 protein and one to a side chain
of Asp483 of the CP47 protein (Fig. 7). The two hydrogen bonds reduce flexibility in the DE loop. As a result, in
the Arg250 mutant, the D1 protein is predicted to bind the Qy cofactor but some chemical processes might be
slowed due to the reduction in flexibility. On the other hand, the hydrogen bond added to CP47 could create a
more stable PSIT complex and might increase tolerance to various stress conditions.

Residue Ser264 of the D1 protein sits in the flexible DE loop (Fig. 8). This residue is located at the membrane
boundary and forms hydrogen bonds with Qg and His252 of the D1 protein®. Thus, Ser264 plays important roles
both in plastoquinone binding and in stabilizing the binding pocket®*. CSU analysis®* shows that both the carbon
beta and oxygen gamma atoms of Ser264 have solvent accessible surfaces equal to zero indicating that the side
chain of the residue is pointing into a densely crowded region. This, along with visual inspection, suggest that
when complexed with Qg, there is no space in the D1 structure for replacement of Ser264 with a considerably
larger lysine residue. In the apo form of the mutated protein (which lacks the quinone cofactor), there is space for
Lys264. However, in this case, complex formation with Qg would require extensive structural rearrangement of
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Figure 8. Environment of Ser264 in the D1 protein. Cartoons of the D1 (light blue) and D2 (red) proteins are
presented. Ser264 and His252 are coloured dark blue and yellow, respectively. The QB molecule is coloured by
atoms (carbon = green, oxygen =red). (A) The overall structure of the D1/D2 heterodimer proteins. The region
of D1 protein residue Ser264 is located at the membrane/cytosol boundary and is marked by a white square. (B)
Details of the white square in A. Nearest atom distances for the two H-bonds discussed in the text are shown.
The picture was created using the resolved structure of PSII (PDB, 3WU2) and using the PyMol program.

the binding region. We speculate that formation of such a complex will be more difficult (if possible) and could
adversely affect growth. This finding is in-line with our previous results demonstrating that the PQ pool reduction
rate is highly delayed in the Chlamydomonas D1 S264K mutant, having rate constants similar to those measured
in an atrazine-treated IL line®.

Discussion

We demonstrate here that amino acid substitutions A250R and S264K in the PSII D1 protein remodel H-bond
network at Qg site of D1, affect the photosynthetic efficiency, and metabolically re-wire C. reinhardtii under
normal physiological conditions. Mutation at any point which would negatively affect the electron transfer in
PSII, either on the level of the D1 protein or another essential protein, could be crucial and would have probably
a similar effect on PSII susceptibility to photoinhibition and changes in the pigment composition or metabolic
content. Exposure to HL/HT stress accentuated metabolic consequences in the mutants and the parental IL line.
Both mutations impeded the reoxidation rate of the primary electron acceptor quinone Q, and oxygen produc-
tion capacity without a severe effect on maximum quantum yield of PSII photochemistry in normal conditions.
The relevance of the D1-Ser264 residue in maintaining a normal electron transfer between Q, and Qg is apparent
by 50% reduction in I1-V; and delay in reaching the maximum fluorescence level in the mutant compared to the
parent IL (Fig. 1, Table S1). This also indicates a hindered reduction either of the Qg docked in the D1 binding site
or of the PQ pool reduction rate in the $264K mutant®’. Moreover, we demonstrate that the $264K and A250R
mutants are impacted in the content of violaxanthin, antheraxanthin, lutein and (3-carotene, but not zeaxanthin,
the accessory pigments that promote light-harvesting and/or photoprotection®®?*. Notably, the differences in pho-
tosynthetic parameters, including reduced content of accessory pigments and Chla cell ™! suggest that the two D1
mutants behave as organisms adapted to excessive light energy — with a possible reduced antenna cross-section
conferring an acclimation advantage by lowering the elicitation sensing due to a lower number of captured pho-
tons***! (Figs S2 and S5).

The targeted metabolomics provided a window into alterations in the accumulation patterns of specific metab-
olites (and therefore pathways) in A250R and S264K compared to the control IL (Fig. 5, Table S2). For instance,
Phe and Tyr are precursors for the synthesis of plant pigments, including the carotenoids and PQ, respectively,
via coumarate and acetoacetyl CoA. Both these metabolites were enriched in both mutants than the parental line.
Tyr is a precursor of fumarate and both accumulate in the mutants compared to the parental line. Fumarate is a
precursor of Asp, which can feed into the Arg/Orn pathway and produce a stress indicator as diamine putrescine,
which is also upregulated in the mutants. Lys (produced from Asp) is also enriched in both the two mutants, and
its metabolism leads to acetoacetyl CoA that provides precursors for carotenoids and the xanthophyll cycle via the
mevalonate pathway. Malate and succinate accumulation can influence the NAD*/NADPH(H) ratio, involving
tricarboxylic acid and Fe-S cycling. In addition, fumarate, succinate, AMP, Thr and NAD" are equally relevant for
Chl and carotenoid biogenesis. Moreover, since tricarboxylic acid cycle involves both malate and acetyl COA one
may also predict that D1 mutation somehow communicates with the respiratory organelle mitochondria. Thus,
the sustenance of photochemistry associated with specific changes in metabolism including pigment biosynthe-
sis links the two D1 mutations to metabolic alterations. In this connection, a pronounced modulation of these
metabolites was apparent upon HL/HT stress of the two mutants and the parent IL. HL/HT stress increased the
total content of pigments involved in the xanthophyll cycle in IL and A250R (~15-fold and ~4-fold, respectively),
thus highlighting a robust stress-response by activating the xanthophyll cycle causing accumulation of zeaxan-
thin (Fig. 4). Similarly, 3-carotene accumulation within 90 min of HT/HL stress can be interpreted as a means to
increase radical-scavenging capacity and/or as a substrate for the de novo zeaxanthin synthesis®®. Interestingly,
such an increase was not observed with the S264K mutant, suggesting that this mutation prevents the ability to
cope with and sustain the double-stress conditions.
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In congruence with the metabolomics data discussed above, upregulation of the biosynthesis genes for the
carotenoid pathway, in particular zeaxanthin and lutein, over that of the PQ/tocopherol biosynthetic branch,
demonstrates ‘gene to metabolite’ communication as an early robust response of Chlamydomonas to environ-
mental changes, here involving cues generated from studying these specific D1 mutants. Thus, early induction
of psy (only in IL and A250R) and chy-(3 (all strains) transcripts occurs in response to stress. Also of note is that
once zeaxanthin and lutein accumulated, the levels of chy-3 transcripts decreased (see data at 90 min of exposure)
(Fig. 6). A similar scenario was also apparent between (3-carotene accumulation and lyc-/3 transcripts, suggesting
also of a negative feedback regulation to downregulate gene expression as and when needed. With longer duration
of stress, induction of the mpbg-mt gene, involved in the PQ/tocopherol biosynthetic branch was apparent. The
late activation of this pathway could fulfil the requirement for de novo synthesis of the electron acceptor PQ in
the thylakoids, and/or of intermediate precursors in tocopherol synthesis. This speculation remains to be con-
firmed, however, it is noted that PQ has an essential role also as a hydrogen acceptor in the desaturation reactions
by phytoene desaturase and (-carotene desaturase, involved in the initial steps of the carotenoid biosynthetic
pathway***2. Considering that carotenoid and PQ biosynthesis share geranylgeranyl diphosphate as a common
precursor, the early phase of stress response seems to create first the need for carotenoids and thereafter for PQ.
These observations are in line with the findings that PQ over-reduction leads to thylakoid lumen acidification,
which is considered as an important signal for inducing the xanthophyll cycle-dependent dissipation of excess
energy**. Likewise, tocopherols localized in the thylakoids maintain membrane stability and scavenge any sin-
glet oxygen produced during PSII reaction centre function. Previously, it was shown that chloroplast tocopherols
are light-modulated and triggered by the increased P680 triplet state at HL intensity*.

Both the mutants, A250R and S264K, were found to have specific but different transcript profiles compared
to IL. The single amino acid substitutions in them are resident at the Qg binding niche, however, in the case of
the S264K mutant, the replaced amino acid is directly involved in the interaction between the D1 protein and
Qg molecule®, forming a new hydrogen bond. Our results suggest that modifications at these sites may restrict
or prevent Qg binding and, therefore, impact electron flow rate from PSII to PSI under both normal and stress
conditions. This could generate different and/or delayed signals within the cell. In this context, the in silico anal-
yses concerning the interactions between functional groups of A250 and S264 and the D1 protein residues in the
neighbouring environment strongly support the novel features of mutants. In particular, our analysis indicates
that the A250R mutation does not negatively affect the protein structure; on the contrary, S264K substitution gen-
erates a less stable protein. Thus, the in silico analysis supports our findings of similar photosynthetic performance
of A250R and parent IL strain, which is impaired in the S264K mutant.

In the natural environment, the occurrence of spatial and temporal gradients of light quality, light intensity,
temperature and nutrient levels trigger intracellular signalling pathways that control both the biogenesis and per-
formance of the photosynthetic apparatus through short- and long-term adaptive responses*~*. In this context,
the chloroplast behaves as a sensor and transducer of environmental cues to communicate with the other intracel-
lular compartments. This mechanism, known as retrograde signalling, involves modification of reactive oxygen
species levels, metabolites, hormones and redox homeostasis that convey messages to the cytoplasmic organelles
to remodel gene expression, translational and post-translation events®>*!. The redox state of the photosynthetic
electron transport chain is considered one of the main control points regulating retrograde signalling. Plants and
green algae impaired in the redox poise control are also impaired in efficient signalling systems®>*. Based on the
latter observations and our studies presented here, it is tempting to speculate that the dynamic D1 protein may be
a site in the chloroplast for generating signals involved in retrograde pathways.

Materials and Methods

Strains and growth conditions. Single point mutants were produced by particle gun transformation of
Dell strain®* and the control was C. reinhardtii IL strain®. The amino acid substitutions of Ala250 with Arg
(A250R) and Ser264 with Lys (S264K) were introduced by site directed mutagenesis'* using specific primer pairs
(Table S4). All strains were grown in Tris-acetate-phosphate medium (pH 7.2)*® at 50 umol m~2s~! and 25°C
before transfer to other specified experimental conditions. Cell growth (culture density, OD) and total Chl con-
tent were determined spectrophotometrically at 750 nm and 652 nm, respectively®’. Antenna size as ug Chla per
cell* and Chla® content were determined. For cell count, a Thoma chamber was used (0.100 mm Tiefe Depth,
0.0025 mm? area). The cell size distribution was quantified after adding 0.1 ml of Lugol’s iodine solution to 0.9 ml
of C. reinhardtii cultures. The images were processed and analyzed using Image] software®. The set scale was
calibrated as 0.86 pixels/um and the software approximated the cells as ellipses with the primary and secondary
axes considered as major and minor diameters, respectively. For each strain, over 100 cells were counted. All
experiments were performed in quadruplicate for each strain, using cultures in the early exponential growth
phase (OD < 0.4).

Fluorescence measurements. The OJIP fluorescence transients were registered by a Plant Efficiency
Analyzer (Hansatech Instr. Ltd, Kings Lynn, Norfolk, UK) in liquid cell cultures'. Maximum quantum yield of
PSII photochemistry was calculated as F,/F,, = (F,, — F,)/F,,, where F, is the variable fluorescence, F, is the initial
fluorescence level registered at 50 ps after the onset of illumination, and F,, is the maximum fluorescence. The
relative variable fluorescence curves (Vt) were calculated as V,= (F, — F,)/(F,, — F,). The electron transport effi-
ciency between Q, and Qg quinones of PSII was estimated by the parameter I — V,= 1-(F;— F,)/(F,, — F,), where
F; represents the fluorescence level at 2 ms after the onset of illumination®.

Oxygen evolution analyses. Cells photosynthetic activity was measured at 24 °C using a Clark-type oxy-
gen electrode (Chlorolab 2 System, Hansatech Instr. Ltd, Kings Lynn, Norfolk, UK) as previously reported'. Each
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sample in TAP medium (pH 7.2) contained 1-ml of algal cell culture (18 +2 ugml~! total chlorophyll) and 10 mM
NaHCO; as an additional carbon source®. Light-saturation curves of oxygen evolution were obtained using a
red LED light source (with maximum at 650 nm), starting with registration of the dark respiration, followed by
measurement of the oxygen production rate at 10, 30, 50, 80, 100, 200, 300 and 350 umol m 2 s~ 1. At each light
intensity, the rate of oxygen evolution was recorded continuously for 2 min. Photosynthetic efficiency of each line
was calculated by regression analyses of the linear part of the light-saturated curve, and the light compensation
point as the light intensity at which the photosynthetic O, evolution reached equilibrium with the respiratory O,
uptake®!.

Computational analyses. Side chain placement of the mutated residue in each mutant was performed
using SCCOMP software with an option to optimize positions of first-sphere residues®’. Analysis of changes upon
protein mutation was performed by LPC/CSU software*. Molecular graphics were generated with the PyMOL
Molecular Graphics System (DeLano Scientific LLC, Palo Alto, CA, USA; http://www.pymol.org).

HPLC analysis and quantification of pigment levels.  All chemicals and solvents were HPLC grade.
All the standards were prepared under dim (or green safe) light at 4 °C. Nitrogen gas was flushed into the vials
to avoid degradation and isomerization of pigments. All the vials were stored at —20°C in the dark. The HPLC
column was an YMC C30 column (Waters, USA), 5um, 250 x 4.6 mm, protected by a C18 (1 cm) guard column
and in-line filter (0.22 pm). Working standard solutions were diluted with methanol-acetonitrile-water (84:14:2,
v/v/v) mixture (solvent A) to avoid solvent interference. The HPLC calibration curve of each standard was ana-
lysed at least three times. Equal volumes of algal culture were harvested from each strain and the cell number
determined as described above. Cells were then harvested by centrifugation (15 min, 1500g, 4°C), and the pel-
lets immediately frozen using liquid N, and lyophilized overnight. The lyophilized samples were re-hydrated by
adding 200 pl of HPLC grade water, supplemented with Na,CO; crystals (to maintain pH during cells lysis), and
then re-suspended in 100% cold acetone. The suspension was hence centrifuged (1500g, 15min, 4 °C) recovering
the supernatant. This extraction procedure was repeated until the pellet bleached, then the supernatants were
combined. Before HPLC injection, the extracts were filtered through a 0.45um PVDF filter and dried under N,.
Powders were solubilised with 400 ul of solvent A and stored at —20 °C until use. Each analysis was carried by
injecting a 20 ul sample and repeated three times. When necessary, standards were added to the sample extract
for co-chromatography. The mobile phase system was comprised of a mixture of solvent A and 100% methylene
chloride (solvent B). The column temperature was maintained at 21 °C.

NMR analysis of targeted metabolites. Nuclear Magnetic Resonance spectroscopy was used to quan-
tify levels of targeted metabolites. Harvesting and preparation of Chlamydomonas pellets were carried out as
described above for HPLC analysis. Lyophilized pellets were finely powdered and extracted with methanol/chlo-
roform/water in 2:2:1 volumetric ratio®. After centrifugation (11000 g, 20 min, 4 °C), the upper hydro-alcoholic
phase and the lower organic phase were carefully collected and dried under N,. The water-soluble extract was
solubilized in 0.75 mL D,0 phosphate buffer (400 mM, pH 7.0) with 1 mM sodium trimethylsilylpropionate-2,2
,3,3-d, (TSP) as an internal standard. The NMR spectra were recorded at 27°C on a Bruker AVANCE 600 NMR
spectrometer operating at the proton frequency of 600.13 MHz. 'H spectra were referenced to the methyl group
signal of TSP (6 =0.00 ppm) in D,O. The acquisition parameters of the 'H spectra were as follows: 256 scans,
recycle delay of 7 s, spectral width 7.2 kHz, time domain 32768. The residual HDO signal was suppressed using
pre-saturation by a soft pulse during 2 s just before acquisition. For the assignment of "H NMR spectra, a set of
2D NMR experiments (‘"H-'H TOCSY, 'H-*C HSQC, 'H-"*C HMBC) was performed as previously decribed®.
The spin lock field for the '"H-"H TOCSY was 6250 Hz, and mixing time was 80 ms. The HSQC experiment was
performed using a coupling constant !/ ; of 150 Hz, and the delay for the evolution of long-range couplings in
the 'H-1*C HMBC experiment was 80 ms. Spectral processing was carried out using Bruker Topsin 1.3 software.
After Fourier transformation, manual phase and baseline corrections 'H spectra were divided into small regions
0f0.02-0.03 ppm each and integrated. The total sum of 139 integrals was normalized to 1000. The regions of HDO
and Tris signals (at 4.80 and 3.75 ppm, respectively) were excluded from the normalization and statistical analysis.
After normalization of the total sum of integrals to a constant value, all the spectra were normalized using prob-
abilistic quotient normalization (PQN)®. This method is based on the calculation of the most probable dilution
factor by looking at the distribution of the quotients obtained by dividing the integrals of the acquired spectra by
those of a reference spectrum. The median spectrum of the control samples was used as reference.

Total RNA extraction and quantitative real-time PCR (qRT-PCR).  Cell cultures (OD,5,= 0.40) cor-
responding to 2.2 x 10° cells ml~! for IL, 5.5 x 10° cells ml~! for A250R and 6.4 x 10° cells ml™! for S264K, were
harvested and total RNA extracted as previously described®®. Each RNA sample was subjected to DNase treat-
ment using a Turbo DNA-free kit (Ambion). Total RNA (80 ng) was reverse transcribed and amplified using the
SYBR Green PCR Master Mix and MuLV Reverse Transcriptase Reagents, according to one-step RT-PCR manu-
facturer’s protocol (Applied Biosystems, Foster city, USA). QRT-PCRs were performed in the Applied Biosystems
7900HT Real Time System with a standard 96-Well Block Module, using Frosted Subskirted optical tubes and
Seal Film (Applied Biosystems, Foster city, USA). The reactions were subjected to a heat dissociation protocol
using the 7900HT System software for melting curve analysis and detection of non-specific amplifications. A
negative control without template was run with each assay to assess the overall specificity. The relative abundance
of each gene was determined by the 2-22% method®. RACK1 (receptor of activated protein kinase C1)® was used
as the endogenous control and for determining relative abundance of transcripts. Each assay included triplicate
reactions. Primers were designed using Primer Quest (Integrated DNA Technologies, Coralville) (Table S5).
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Statistical analyses. Data presented are means of three independent experiments, each with three technical
repetitions. The differences between the parent strain and the two D1 mutants were assessed by a non-parametric
Mann-Whitney U test for comparing independent samples. The statistical significance of the differences was
evaluated by p-values <0.05. The NMR data were subjected to PCA and ANOVA analyses using the STATISTICA
package for Windows. Before the PCA analysis, the data were mean-centred and each variable was divided by its
standard deviation (autoscaling).

Availability of Materials and Data
The datasets generated during and/or analysed during the current study are included in this published article (and
its Supplementary Information files).
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