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SUMMARY

Vitamin B6 (VitB6) deficiency is known to have a deleterious effect on photosynthesis, although the precise
mechanism remains unclear. Pyridoxine dehydrogenase is a key protein involved in VitB6 biosynthesis,
which facilitates the reversible reduction of pyridoxal (PL) and the oxidation of pyridoxine (PN), thereby con-
tributing to VitB6 production. This study demonstrated the enzymatic activity of a pyridoxine dehydroge-
nase, SePdx, from the cyanobacterium Synechococcus elongatus PCC 7942 in the oxidation of PN. This
protein is localized to the thylakoid membrane, interacts with components of the phycobilisome (PBS) and
photosystem I (PSI), and plays a role in general stress responses. Deletion of sepdx leads to a distorted thy-
lakoid membrane, shorter membrane spacing distances, and decreased phycobiliprotein content. Protein-
protein interaction studies revealed interactions among SePdx, phycobiliprotein CpcA, and the PSI subunit
PsaE. The structural analysis identified key residues that mediate SePdx-CpcA and SePdx-PsaE interactions,
which were further confirmed through site-directed mutagenesis. Overall, the findings suggested that
SePdx may influence PBS assembly, thereby establishing a link between VitB6 biosynthesis and
photosynthesis.

Keywords: Synechococcus elongatus PCC 7942, pyridoxine dehydrogenase, phycobilisome, photosynthesis,

VitB6 biosynthesis.

INTRODUCTION

Vitamin B6 (VitB6) biosynthesis is linked to photosynthesis,
although the exact relationship remains unclear. Both
microorganisms and plants can synthesize VitB6 through
de novo and pyridoxal 5'-phosphate (PLP) salvage biosyn-
thetic pathways (Mangel et al., 2019; Tambasco-Studart
et al., 2005; Vanderschuren et al., 2013). The PLP and its
analogs, which contain an aldehyde in the fourth position
of the pyridine ring, support photosynthetic phosphoryla-
tion and exogenous cytochrome reduction (Black & Pie-
tro, 1968). Havaux et al. (2009) observed that an
Arabidopsis mutant deficient in VitB6 due to the deletion
of the pyridoxal synthase gene pdx1.3 exhibited reduced
chlorophyll content and increased sensitivity to high light
intensity and photo-oxidative stress (Havaux et al., 2009).
The reduction in chlorophyll content was correlated with a
decline in the abundance of light-harvesting complex I
(LHCII), a peripheral antenna that plays a crucial role in
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transferring energy to the reaction centers of photosystem
Il (PSII) (Havaux et al., 2009). Nonetheless, limited data are
available on the association between VitB6 and photosyn-
thesis, and the precise mechanisms through which they
interact have yet to be fully elucidated.

In cyanobacteria, phycobilisome (PBS) serves as the
functional equivalent of plant LHCII. The PBS is attached to
the stromal side of the thylakoid membrane, filling most of
the space between individual thylakoids. The PBS com-
prises bilin-bound phycobiliprotein and linker proteins
(Adir, 2005, Watanabe & lkeuchi, 2013), which generally
form trimers of heterodimers [(af)3] and then hexamers
[(ap)sl,, stacking into rod-like structures with the help of
the linker proteins (Adir, 2005; Yu & Glazer, 1982).
High-resolution crystallographic structures of PBS in Syne-
chococcus elongatus PCC 7942 (Synechococcus from here
on) have been solved, showing a unique loose allophyco-
cyanin (APC, lmax=652nm) hexamer and a canonical

10f 18

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial

and no modifications or adaptations are made.


https://orcid.org/0000-0003-3200-8800
https://orcid.org/0000-0003-3200-8800
https://orcid.org/0000-0003-3200-8800
mailto:zhaoguoyan@sdnu.edu.cn
mailto:chenleilei8210@163.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 of 18 Shoujin Fan et al.

phycocyanin (PC, Amax =620 nm) hexamer, whereas it did
not further assemble into rods (Marx & Adir, 2013; Nield
et al., 2003). The PC from Synechococcus measures 110A
in diameter and 60 A in thickness, with its a and B subunits
encoded by the cpcA and cpcB genes (Marx & Adir, 2013,
Nield et al., 2003). In addition to the phycobiliproteins and
linker proteins, several other proteins have recently been
reported to participate in stabilizing PBS proteins and regu-
lating PBS attachment to photosystem | (PSI) and PSII.
These include ferredoxin-NADP* reductase, immunophilin,
molecular chaperone, and chlorophyll-binding proteins
(Havaux et al., 2005; Liu et al., 2019; Sato et al., 2010;
Yadav et al., 2022). However, the specific functions of
many of these proteins remain poorly understood.

Pyridoxine dehydrogenase (Pdx, EC 1.1.1.65), also
called NADPH-dependent pyridoxal reductase, plays a cru-
cial role in the VitB6 biosynthesis pathway. This enzyme
efficiently facilitates the reversible conversion of pyridoxal
(PL) to pyridoxine (PN) and catalyzes the initial reaction in
the salvage pathway (Herrero et al., 2011; Ito & Downs,
2020). Disruption of the pdx gene has been observed to
impact vitamer levels and the osmotic stress response sig-
nificantly (Herrero et al., 2011; Morita et al., 2004). Most
cyanobacteria, including Synechococcus, do not rely on
VitB6 supplementation for their growth, indicating that
they may encode complete biosynthetic pathways for this
essential compound. Conservation of Escherichia coli PLP
biosynthesis enzymes PdxA, PdxJ, and PdxH have been
observed in cyanobacteria (Mills et al., 2020). However, the
investigation of VitB6 biosynthesis pathways in cyanobac-
teria remains unexplored (Mills et al., 2020). Similarly, the
role of Pdx in cyanobacteria has not yet been
characterized.

This study investigated the role of a pyridoxine dehy-
drogenase, specifically SePdx, derived from the cyanobac-
terium Synechococcus elongatus PCC 7942. The findings
demonstrated that the activity of SePdx is involved in the
oxidation of PN and interacts with the a-chain of PBS and
PSI, thereby influencing the composition of thylakoid
membrane components. The enzyme also plays a vital
function in the growth and stress tolerance of
cyanobacteria.

RESULTS

The gene encoding by SYNPCC7942_RS00135 is a
GreenCut2 pyridoxine dehydrogenase

The unannotated 35kDa protein encoded by
SYNPCC7942_RS00135 from Synechococcus elongatus
PCC 7942 (hereafter Synechococcus) showed high similar-
ity (41.37% similarity; 90% coverage) to Arabidopsis pyri-
doxal reductase (AtPLR1) (Herrero et al., 2011). This gene
is located in close proximity to the gene encoding
denosylmethionine-8-amino-7-oxononanoate aminotrans-
ferase  (SYNPCC7942_RS00160) within the class-lll
PLP-dependent aminotransferase family (Figure 1). The
VitB6 biosynthesis pathway in Synechococcus has not
been fully elucidated. This study mapped the VitB6 biosyn-
thesis pathway in Synechococcus by comparing it with the
VitB6  biosynthesis pathways in plants (Raschke
et al., 2011) and analyzing orthologous proteins (Figure 1;
Figure S1). Hypothetically, SYNPCC7942_RS00135 cata-
lyzes the reversible conversion of PN to PL (Figure 1).

To further confirm the function of
SYNPCC7942_RS00135 in vivo, a knockout mutant strain
was generated by replacing the gene with a kanamycin
cassette (Figure S2). After several rounds of dilution, the
homozygous mutant strains were segregated. Liquid
chromatography-mass spectrometry (LC-MS) profiling
revealed a significant reduction of 49.3% in the amount of
PL in the knockout lines compared with the wild-type (WT)
strain, while the amount of PN showed a non-significant
decrease of 13.4% (Figure 1; Figure S2). To further investi-
gate the pyridoxine dehydrogenase activity of the protein
in vitro, the gene responsible for coding was cloned into a
pMBP_C vector and was heterogeneously expressed in
Escherichia coli Rosetta 2(DE3). The enzymic reaction was
initiated by the addition of PN, and the resultant produc-
tion of PL was quantified through a reaction with phenyl-
hydrazine. The data obtained revealed that the production
of PL was significantly elevated in comparison to the con-
trol setup, which expressed the empty vector (Figure 1).
These findings suggested that SYNPCC7942_RS00135 cata-
lyzes PN oxidation; therefore, it is referred to as SePdx, a
pyridoxine dehydrogenase from Synecococcus elongatus.

Figure 1. The protein SePdx encoded by SYNPCC7942_RS00135 is a pyridoxine dehydrogenase.

(A) SePdx catalyzes the conversion of PN to PL.

(B) Domain architecture of SePdx. The conserved domain was extracted from the NCBI database (CDD). The positions of SYNPCC7942 RS00135 and

SYNPCC7942_RS00160 in the Synechococcus genome.

(C) The content of PL and PN in WT (green) Synechococcus and the Asepdx mutant (yellow) strains, as detected by LC-MS. The mean and standard deviation
(SD) of three independent experiments are reported, and P-values were determined using Student’s t-test, with a significance threshold set at P < 0.05.

(D) The pyridine dehydrogenase activity of recombinant SePdx expressed in Escherichia coli Rosetta 2 (DE3). The production of PL was quantified by measuring
the OD410 nm values following the addition of phenylhydrazine. The recombinant SePdx demonstrated a significant increase in PL production compared to the
control. The mean and standard deviation (SD) of three independent experiments are reported, and P-values were determined using Student’s t-test, with a sig-

nificance threshold set at P < 0.05.

(E) Phylogenetic tree for SePdx-like protein sequences, as described in the “Materials and Methods” section (Dataset S1). Taxa are represented by color-coded

strips: green for cyanobacteria, yellow for microalgae, and blue for plantae.
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The phylogenetic tree demonstrated that SePdx is
conserved in cyanobacteria, algae, and plantae but is evolu-
tionarily distant from homologous proteins in non-
photosynthetic organisms (Figure 1; Figure S3; Dataset S1).
This finding aligned with the study by Karpowicz
et al. (2011), which indicated that SYNPCC7942_
RS00135 is a GreenCut2 protein (Karpowicz et al., 2011). Sig-
nalP did not predict a putative signal sequence (Sec/SPI).
Spoctopus (http://octopus.cbr.su.se/index.php) predicted a
transmembrane (TM) domain between amino acids 202 and
219. Additionally, Cello (http://cello.life.nctu.edu.tw/) identi-
fied SePdx as a membrane protein. The predicted structure
of SePdx by Alphafold2 (v2.0) (https://github.com/deepmind/
alphafold) is primarily helical, consisting of 10 o-helices
(a1-a10), three short 3 10-helices (n1-n3), and nine p-strands
(B1-P9). It exhibits a classical (o/p) 8 triosephosphate isomer-
ase (TIM) barrel fold of pyridoxine dehydrogenase, with
most of the protein in the N-terminal region, a small
C-terminal B-sheet capping the TIM barrel, and two addi-
tional a-helices outside the barrel. The SePdx structure was
also validated using DeepMSA2 analysis (https:/seq2fun.
dcmb.med.umich.edu/DMFold). While AlphaFold2 and
DeepMSA2 models showed slight differences in «10 and B3,
they demonstrated significant structural similarities with a
root mean square deviation (RMSD) of 0.37 A (Figure S4).

Therefore, SePdx is a cyanobacterial pyridoxine dehy-
drogenase that is most likely localized on a membrane. Its
evolutionary conservation suggested that the presence of
SePdx has been positively selected in the green clades.
Further studies should focus on elucidating the molecular
mechanism by which SePdx influences cellular processes.

The Asepdx mutant is sensitive to oxidative and salinity
stresses

The growth of Asepdx and WT strains was compared in BG-
11 liquid medium at 30°C and 40pmol photons m~2sec™".
The mutant did not show significant growth differences
when measuring the OD730 nm values (Figure 2). However,
the Asepdx mutant cells exhibited impaired chlorosis reac-
tion throughout all growth phases, in contrast to the green
color of the WT strain (Figure 2). Synechococcus cells (day
8, OD730 nm = 1.5) were stained with Hoechst 33342 and PI.
Hoechst 33342 stains live cells by penetrating the cell mem-
brane, while Pl selectively stains dead cells as it cannot pass
through intact cell membranes. The findings revealed that
sepdx deletion caused a significant increase in cell death
compared to the WT control under normal conditions
(Figure S5), which aligned with the observed yellow color of
the mutant cells. A complemented strain Asepdx::ppsbA-
sepdx was generated by reintroducing a copy of the sepdx
gene to the Asepdx mutant under the control of the constitu-
tive psbA promoter on plasmid pSyn_6. The green color
was restored in the complemented mutant (Figure 2;
Figure Sb5).

As VitB6-deficient plants have shown increased sensi-
tivity to stress responses (Havaux et al., 2009), this study
analyzed whether SePdx is essential for cyanobacteria to
tolerate oxidative and salt stresses. In the presence of 5 mm
H,0,, the growth rate of Asepdx mutant was severely
affected (Figure 2B), and the cells appeared visually yellow
(Figure 2C). Under the salinity condition (0.3m NaCl),
Asepdx lines exhibited a lower survival rate than that of
WT strains and showed a bleaching phenotype (Figure 2C,
D). The stress-sensitive phenotypes were partially rescued
by complementation (Figure 2D). Exogenous PL (0.3 pm)
was added to the growth medium to determine whether
the growth defects and stress-sensitive phenotype of
Asepdx were caused by the low amount of PL in the
mutant. However, the supplementation of PL did not res-
cue the chlorosis and stress-sensitive phenotype of the
mutant (Figure 2A,B,D), indicating that the lack of VitB6 is
not the critical factor in determining the response of the
Asepdx mutant to stress. Additionally, the Asepdx mutant
displayed a higher survival rate than the WT strain under
high light (150 pmol photons m~2sec™") and nitrogen-
starved (no nitrate) conditions (Figure 2E,F).

The Asepdx mutant exhibits aberrant cell morphology and
disorganized thylakoid membrane

Transmission electron microscopy (TEM) analysis revealed
that the Asepdx mutants exhibited altered cell morphology
compared with WT cells. The thylakoid membrane
appeared to be an intact and well-organized structure in
WT cells, whereas it was disrupted in mutants. Specifically,
the thylakoid membrane in the Asepdx mutants appeared
less distinct, with a lighter lumen than that in the WT
strains (Figure 3A). It was observed that certain dense par-
ticles were missing from the mutant thylakoid membrane,
a feature that was restored in the complementation lines
(Figure 3A). These dense particles are most likely aggre-
gates of photosynthetic light-harvesting complexes known
as PBSs, with a typical diameter of approximately 30 nm
on the stromal surfaces of the thylakoid membranes
(Elanskaya et al., 2018). Measurements of thylakoid mem-
brane spacing distances in TEM images indicated that the
Asepdx mutants displayed a significantly lower average
spacing distance (50.75+5.05nm) than the WT cells
(57.26 £ 4.49nm) under the same growth conditions
(Figure 3C). However, due to the limitations in the resolu-
tion of the thin sections, further isolation and analysis of
PBSs are required to confirm this observation.
Additionally, the TEM analysis revealed that the cell
length of the Asepdx mutants was significantly shorter
than that of the WT strains (Figure 3B). Microscopy obser-
vations further supported these results. During the early
exponential phase (OD730 nm = 0.5), the average length of
the long axis in the Asepdx mutant cells was
1.50+0.39pm (n=114), whereas in WT cells, it
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Figure 2. Impact of sepdx deletion on cell growth and stress tolerance.

(A) Cell growth curve of Synechococcus cells monitored over 11 days in normal BG-11 media under 40 umol photons m2sec™" (n=3). The initial 0D730 nm was
0.02.

(B) Effect of H,0, (20 mm) on the growth of Synechococcus cells. The initial OD730 nm was 0.5.

(C) Images of Synechococcus cell cultures were captured under normal conditions on days 0, 3, 5, and 8, while images of the cell cultures under stress condi-
tions were captured on days 0 and 5.

(D) Effect of NaCl (0.3 m) on the growth of Synechococcus cells. The initial OD730 nm was 0.5.

(E) Images of Synechococcus cells spotted on BG-11 agar after 5 days of growth under high light illumination (HL, 150 umol photons m2sec ™).

(F) Images of Synechococcus cells spotted on BG-11 agar with no nitrate after 3 days of growth under normal light illumination (40 pmol photons m~2sec™").
WT, WT strain; Asepdx (KO), sepdx deletion mutant strain; Asepdx:ppsba-sepdx (OE), sepdx complementation strain; +PL, exogenous PL (0.3 um) was added to
the growth medium. All data are based on three independent biological replicates (n=3), and the results are presented as mean + standard error of the mean
(SEM). Statistical significance of differences between groups was assessed using a two-tailed Student’s t-test, with a significance threshold set at *P < 0.05.

was 2.02+0.41pm (n=94; Figure S5). During the late
exponential phase (OD730 nm = 1.0) the average length of
the Asepdx mutant cells decreased by 5.35% compared
with that of the WT cells. During the stationary phase
(OD730 nm = 1.5), the average length of the Asepdx mutant
cells was 9.27% lower than that of the WT cells. In contrast,
the cell diameter of the Asepdx mutant cells showed a

© 2025 The Author(s).

significant increase (0.972 +0.087 pm, n=64, OD730 nm =
1.0) compared with the corresponding WT cells (0.916 &
0.069 um, n=45, OD730nm =1.0, Figure S5). Quantifica-
tion of cell area revealed that, during the early exponential
phase (OD730 nm =0.5), the average area of the Asepdx
mutant cells was 18.34% smaller than that of the WT cells
(Figure S5). In contrast, during the stationary phase
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(OD730 nm =1.5), the average area of the Asepdx mutant
cells was 22.38% larger than that of the WT cells
(Figure S5).

In summary, the analysis of Asepdx mutant cells
revealed significant alterations in the structure of the thyla-
koid membrane, which may be linked to the observed phe-
notype of altered cell size and heightened sensitivity to
stresses. Given the numerous altered phenotypes caused
by the deletion mutant, it raises curiosity about whether
SePdx functions as a universal regulator within the cell.

SePdx regulates protein levels of the photosystem
complexes at the post-transcriptional level

Transcriptomic analysis was conducted to investigate the
impact of SePdx on gene expression regulation. Total RNA
was extracted from Asepdx and WT at their late exponen-
tial phases (OD730 nm =1.0), resulting in the detection of
2650 transcripts from 2664 genes on the chromosome
(Figure S6; Dataset S2). As predicted, the knockout mutant
lacked sepdx transcription, confirming successful gene
deletion. Differential expression analysis revealed signifi-
cant changes (P<0.05) in only two unannotated genes
(SYNPCC7942_RS00070 and SYNPCC7942_RS01590) at the
mRNA level. Notably, no significant changes were
observed in the expression levels of genes involved in cell
growth, survival, and pigment biosynthesis. Hence, the
possibility that SePdx can act as a global regulator could
be excluded.

However, proteomic analysis revealed significant dif-
ferences in protein abundance between the Asepdx knock-
out mutant and the wild-type strain. In the mutant, 749
proteins were upregulated, while 179 proteins were down-
regulated (Figure S6; Dataset S3). Notably, key enzymes in
the vitamin B6 biosynthesis pathway, such as PdxK
(log,=0.66), PdxH (log,=1.06), and PDX2 (log,=1.81),
showed significant upregulation (Figure 3D). This suggests
that the absence of SePdx may trigger compensatory upre-
gulation of other enzymes in the vitamin B6 biosynthesis
pathway to maintain intracellular vitamin B6 levels.

Furthermore, in the Asepdx knockout mutant, the
abundance of phycobiliprotein CpcB (log, =—0.65) and
phycobilisome linker polypeptides CpcH (log, =—1.44)
and Cpcl (log,=-2.23) was significantly reduced

compared to the wild-type strain. Various PSIl subunits,
including PsbB (log, =-0.60), PsbU (log,=-0.83), and
PsbV (log, =—0.70), were downregulated, while PsbF
(log, = 1.21) was upregulated. Additionally, the PSl-related
subunit PsaD (logo= -1.47) was downregulated
(Figure 3D). These results suggest a specific role for SePdx
in the post-transcriptional regulation of photosynthetic
protein levels.

SePdx localizes to thylakoid membranes

The changes in the thylakoid membrane of the mutant
strain prompted an investigation into the subcellular
localization of SePdx. To achieve this, the fluorescent
protein mNeonGreen (mNG) and a 3xFLAG tag
(DYKDDDDK) were fused to the C-terminus of SePdx,
resulting in SePdx-mNG-FLAG. The FLAG was used for
quality control and protein purification. The expression of
the fusion protein was controlled by the sepdx native pro-
moter (Figure S7). Fluorescence signals from the SePdx
fusion protein colocalized with chlorophyll autofluores-
cence signals on thylakoid membranes, as confirmed by
image merging (Figure 3E). The detection of fluorescence
on the thylakoid membrane also indicated that the func-
tion of SePdx is not compromised by the fused mNG and
FLAG tags. These results suggested that SePdx localized
to the thylakoid membrane rather than the cytosol, con-
sistent with the predicted transmembrane domains in
SePdx (Figure S4).

To confirm the localization of SePdx on the thylakoid
membrane, the thylakoid membranes were isolated using
sucrose gradient ultracentrifugation. Immunoblot analyses
of crude and purified membrane fractions from Synecho-
coccus showed that SePdx is associated with the thylakoid
membranes (Figure S8). These observations support the
hypothesis that SePdx is a thylakoid membrane-binding
protein.

As the structure and fluidity of the thylakoid mem-
brane are known to impact photosynthesis significantly,
the modifications observed in the thylakoid membranes of
Asepdx cell, as well as the localization of the SePdx in the
thylakoid membranes, suggested a possible additional role
of sepdx in regulating photosynthetic processes. Further
research is needed to validate this hypothesis.

Figure 3. Impact of sepdx deletion on cell morphology and subcellular localization of SePdx.

(A) Short-axis and long-axis TEM images of Synechococcus cells at an optical density of 1.0 at 730 nm. All scale bars are 100 nm.

(B) The cell length of Synechococcus cells was measured using TEM images. The mean and standard deviation (SD) of three independent experiments are
reported, and P-values were determined using Student’s t-test, with a significance threshold set at P < 0.05.

(C) Thylakoid membrane (TM) spacing distances as measured using TEM images. The mean and standard deviation (SD) of three independent experiments are
reported, and P-values were determined using Student’s t-test, with a significance threshold set at P< 0.05.

(D) Comparison between the sepdx knockout mutant (KO) and the wild-type (WT) strains in terms of protein abundance changes of vitamin B6 biosynthesis-
related proteins, photosynthesis-related proteins, and nitrogen regulation-related proteins. The heatmap represents log,(fold change), the bar graphs indicate
relative protein abundance, and “*" denotes statistically significant differences (P < 0.05). Proteomic data are available in Dataset S3.

(E) Intracellular localization of SePdx:mNG (green) in Synechococcus cells and its relationship with the thylakoid membrane (magenta). The first row: chloro-
phyll fluorescence; the second row: mNeonGreen emission; the third row: merged first and second rows. All scale bars are 1pm.
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Figure 4. Impact of sepdx deletion on photosynthesis.
(A) Chlorophyll (Chl) a content of Synechococcus cells (OD730 nm = 1.0).
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(B) Photosynthesis oxygen evolution analysis of the Synechococcus cells (OD730 nm = 1.0). Error bars represent + SD (n=3).

(C) BN-PAGE of Synechococcus thylakoid membranes (OD730 nm = 1.0). Left: chlorophyll staining; right: Coomassie Blue staining.

(D) Absorption spectra of Synechococcus cells (OD730 nm = 1.0). The original absorption spectra were normalized at 750 nm.

(E) Fluorescence emission spectra of Synechococcus cells (OD730 nm = 1.0). The original fluorescence emission spectra were normalized at 750 nm.

(F) Phycobiliprotein contents of Synechococcus cells (OD730 nm = 1.0) under normal light (GL, 40 pmol photons m 2sec™") and high light conditions (HL,
150 pmol photons m~2sec”"). PC, phycocyanin; APC, allophycocyanin. Error bars represent+SD (n=3). KO (Asepdx), sepdx deletion mutant strain; OE

(Asepdx::ppsbA-sepdx), sepdx complementation strain; WT, WT strain.

The Asepdx mutant affects the assembly of photosystem
complexes

To explore the effect of sepdx on photosynthetic pro-
cesses, chlorophyll content was first assessed using spec-
trophotometric analysis, as chlorophyll is one of the main
pigments predominantly located in thylakoid membranes.
The results indicated no significant difference in chloro-
phyll content between the Asepdx mutant and WT cells
during growth (Figure 4A). Additionally, measurements of
oxygen evolution revealed no statistically significant varia-
tions in PSIl electron transfer rates between the WT and
the Asepdx mutants, suggesting that the deletion of sepdx
did not affect the PSII electron transfer rates of Synecho-
coccus (Figure 4B).

Furthermore, Blue Native (BN)-PAGE analysis was
conducted to assess the impact of the mutation on photo-
synthesis complex assembly. Thylakoid membranes from
Synechococcus WT and Asepdx mutant cells were grown
under 40 pmol photons m~2sec™". They were isolated and
solubilized in 3% n-dodecyl p-p-maltoside. The analysis
revealed that the abundance of the cytochrome bgf com-
plex and PSIl remained unaffected in the mutant; however,
the levels of PBS and monomeric PSI were reduced in

sepdx deletion mutant cells compared with the WT
(Figure 4C).

SePdx is associated with phycobilisome proteins

Full-wavelength and fluorescence spectra of the Synecho-
coccus cells were further investigated to study the effect of
sepdx on the abundance of PBS. The mutant strain exhib-
ited a significant decrease in phycocyanin content com-
pared with the WT strain. The full-wavelength scan of WT
(OD730nm =1.0) revealed lower absorption values at
620 nm, which is the peak absorption wavelength of phyco-
bilisomes, in Asepdx mutant cells than in WT cells
(Figure 4D). This observation was further supported by
fluorescence spectra, which demonstrated a reduced fluo-
rescence intensity at the 650 nm peak with 545 nm excita-
tion in Asepdx cells compared with the WT (Figure 4E).
These spectral findings along with the BN-PAGE results
supported a decrease in phycobilisome content in the
Asepdx mutant strain.

To further validate this hypothesis, phycocyanin and
allophycocyanin were isolated from the phycobilisomes of
Synechococcus cells. Under normal growth conditions at

40 pmol photons m~2sec™!, the Asepdx mutant cells

© 2025 The Author(s).

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 121, e70055



Pyridoxine dehydrogenase SePdx in photosynthesis 9 of 18

exhibited a significant 35.90% reduction in phycocyanin
content compared with the WT strain (Figure 4F). This
reduction in the phycocyanin content in the mutant cells
increased to 55.42% when exposed to high light conditions
(150 pmol photons m~2sec ™) (Figure 4F). In contrast, there
was no significant difference in allophycocyanin content
between the Asepdx mutant and WT strains under normal
or high light conditions. Therefore, deletion of the sepdx
gene specifically affects the content of phycobilisomes in
Synechococcus, particularly in relation to phycocyanin
content. The decreased phycocyanin content in the Asepdx
mutant cells can account for the observed chlorosis and
shorter thylakoid membrane spacing distances.

SePdx physically interacts with phycobilisome proteins

To gain further insight into the molecular mechanism of
SePdx, affinity purification-mass spectrometry (AP-MS)
experiments were performed using SePdx-mNG-FLAG
cells. The cells (OD730 = 1.0) were lysed and resuspended
in a buffer containing 10% digitonin to solubilize mem-
brane proteins. The SePdx-mNG-FLAG and its interacting
partners were isolated using anti-FLAG affinity resin and
analyzed by mass spectrometry (MS). The pull-down sam-
ples exhibited a blue color reminiscent of the phycobili-
some. A total of 338 proteins were identified in the
replicates (Dataset S4). To address the limitation of
distinguishing between direct and indirect interactions,
protein-prey interactions were assessed using the
weighted D-score (WD-score) and Zscore (Figure 5A,
Dataset S4). Interactions with both the WD- and Zscores in
the top 5% were considered to have high reproducibility,
specificity, and abundance (Mackinder et al., 2017). The
cut-off value for the WD-score was determined to be 3.70
and that for the Zscore was 1.79 at the 95% confidence
level. Eight interactions with SePdx-mNG-FLAG surpassed
these thresholds, indicating high-confidence interacting
proteins of SePdx (Figure 5A). Among these interactions,
the top five proteins with the highest WD- and Zscores
included three phycobilisome components, CpcA1, CpcB1,
and ApcB (Figure 5A), suggesting interactions between
SePdx and phycobilisome proteins.

A bacterial adenylate cyclase two-hybrid assay
(BACTH) was performed to confirm the interaction of
SePdx with phycobilisome proteins in vivo. SePdx and its
potential interacting partners were fused to the T18 and
T25 fragments of adenylate cyclase in this assay. This
interaction was assessed by  monitoring the
p-galactosidase activity employing o-nitrophenyl
beta-p-galactopyranoside (ONPG) as the substrate. The
results revealed a direct interaction between SePdx and
CpcA1, while no interactions were detected with CpcB1,
ApcA, or ApcB (Figure 5B,C). CpcA1 and CpcB1 are phyco-
cyanin subunits, while ApcA and ApcB are subunits of allo-
phycocyanin. This finding suggested that SePdx

© 2025 The Author(s).

specifically interacts with phycocyanin rather than allophy-
cocyanin, which aligns with the observed impact of sepdx
gene deletion on phycocyanin levels but not allophycocya-
nin levels. Additionally, BACTH showed that SePdx directly
interacted with the PSI core protein PsaE but did not inter-
act with PSII subunits. Overall, the BACTH assay suggested
that SePdx is associated with phycobilisomes, directly
interacts with CpcA1, and potentially interacts with the PSI
complex.

SePdx interacts specifically with the a-chain of
phycocyanin

A more precise characterization of the interaction of SePdx
and phycocyanin requires structural information. To
achieve this, docking experiments were performed on the
X-ray structure of the monomeric form of phycocyanin
(PDB: 4HOM) (Marx & Adir, 2013) from Synechococcus and
the Alphafold2 model of SePdx. The flexible docking
model (Figure 6A) perfectly matched the BACTH data, indi-
cating that SePdx directly interacted with the a-chain of
phycocyanin encoded by cpcAT. The refined structural data
suggested that the SePdx-CpcA1 interaction was character-
ized by three hydrogen bonds and two electrostatic interac-
tions with a AG score of —48kcal/mol. A flexible region in
the structure of SePdx was observed in the interaction
interface, surrounded by Asp-28 and Tyr-31 from the loop
downstream to p2, Arg-189 from a6, and GIn-214 in a short
310 helix (n2). This region forms hydrogen bonds and salt
bridges in association with the outermost helices of CpcA1.
Moreover, Arg-96 from the turn downstream to f5 of
SePdx may contribute to the binding by electrostatic inter-
action with Asp-49 from the helix of CpcA1. Overall, by
aligning the docking model with the hexamers of phycocy-
anin, it was observed that SePdx bound to the topmost
portion of the phycocyanin via the interaction with CpcA1.

Site-directed mutagenesis was performed to examine
the contributions of the residues in more detail. Residues
Asp-28, Tyr-31, Arg-96, Arg-189, and GIn-214 of SePdx
were individually mutated to Ala (D28A, Y31A, R96A,
R189A, and Q214A). The resulting mutants were assessed
for their interaction with CpcA1 by measuring -
galactosidase activity. Compared with WT SePdx, mutants
D28A, Y31A, R96A, R189A, and Q214A showed decreased
f-galactosidase activity by 67.6, 46.3, 65.1, 60.8, and 40.3%,
respectively (Figure 6C). More importantly, all five mutants
exhibited statistically significant differences from the WT
protein (P< 0.05). These findings collectively indicated that
SePdx binds directly to the a-chain of phycocyanin through
hydrogen bonding and electrostatic interactions.

SePdx potentially interacts with PsaE

Docking experiments were also conducted to explore the
potential interaction between SePdx and PSI using the X-
ray structure of the PSI core subunit Psak (PDB: 6KIG) (Cao
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(A) Most abundant proteins identified by MS to interact with SePdx
Number of peptides
Accession Number Name Mw ] ) WD score Z-score
SYNPCC7942_RS10995 18 1 2 18.00 2.04
SYNPCC7942_RS05370 CpcB1 18 62 103 9.08 1.81
SYNPCC7942_RS05375 CpcA1 17 69 80 8.63 1.80
SYNPCC7942_RS01660 ApcB 17 24 24 4.90 1.82
SYNPCC7942_RS03450 HemF 36 1 3 4.38 1.94
SYNPCC7942_RS04555 TufB 44 22 16 4.36 1.80
SYNPCC7942_RS05210 103 7 10 4.33 1.85
SYNPCC7942_RS04560 FusA 76 14 22 4.24 1.80

The experiment was performed in biological twice, indicated by the number 1 to 2. MW, molecular weight in kDa.
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Figure 5. Protein—protein interaction study for SePdx.

(A) High-confidence interaction proteins for SePdx identified from replicated AP-MS experiments using SePdx:FLAG cells. The complete sets of proteins from

the AP-MS experiments are presented in Dataset S4.

(B) Bacterial two-hybrid assays depicting the in vivo interaction between SePdx binding and potential interactors identified by AP-MS. In these assays, SePdx
was fused to the T25 fragment of adenylate cyclase, while the interactor variants were fused to T18C. The proteins were tested for interaction with E. coli
BTH101 cells cultured on MacConkey plates at 30°C for 3-5 days. Control (+), E. coli containing positive control vectors pKT25-zip/pUT18C-zip. Control (), E. coli

containing empty vectors pKT25/pUT18C.

(C) The output from the two-hybrid system was detected as p-galactosidase activity. The mean and SD of three independent experiments are reported, and P-

values were determined using Student’s t-test.

et al., 2020). The docking model and structural data revealed
three groups of residues involved in the formation of hydro-
gen bonds between SePdx and PsaE, resulting in a AG
score of —360 kcal/mol (Figure 6B). Analysis of the interac-
tion interface revealed that Thr-5, which is located in the
flexible region of the SePdx initiation site, may form a
hydrogen bond with Asn-47. Similarly, Gly-299, found in the
flexible region following a9, may form a hydrogen bond

with Ser-52 of PsaE. Moreover, Tyr-144 in a4 of SePdx may
contribute to the formation of a hydrogen bond with Ser-31
in PsaE. Alignment with the structure of the PSI complex
(PDB: 6KIG) revealed that SePdx binds to the apical side of
PsaE. Furthermore, the binding sites of PsaE and CpcA1 in
the SePdx structure are opposite (Figure 7A).

Site-directed mutagenesis was performed to investi-
gate the effect of specific residues on the interaction
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Figure 6. Structural model of the SePdx-phycocyanin and SePdx-PsaE complex interactions.

(A) Docking model of the SePdx-phycocyanin complex. The cartoon structures show SePdx in purple, CpcA (PDB: 4HOM) in green, and CpcB (PDB: 4HOM) in
blue. The binding poses of SePdx-phycocyanin are shown in an expanded view, with the binding sites and common binding residues shown in stick mode.

(B) Docking model of the SePdx-PsaE complex. The cartoon structures represent SePdx in purple and PsaE (PDB: 6KIG) in cyan. The binding pose of SePdx-
PsakE is displayed in an expanded view, and the binding sites and common binding residues are shown in stick mode.

(C) Critical residues responsible for SePdx-phycocyanin interaction identified through site-directed mutagenesis. The p-galactosidase activities were determined.
(D) Critical residues responsible for SePdx-PsaE interaction identified through site-directed mutagenesis. The p-galactosidase activities were determined Control
(+), E. coli containing positive control vectors pKT25-zip/pUT18C-zip. Control (), E. coli containing empty vectors pKT25/pUT18C. The mean and standard devia-
tion (SD) of three independent experiments are reported, and P-values were determined using Student’s t-test, with a significance threshold set at P < 0.05.
* indicates P < 0.05, ** indicates P< 0.01, **** indicates P < 0.0001.
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Figure 7. Model of SePdx in photosystem complex and hypothetical functional models.

(A) Alignment of SePdx in the SePdx-CpcA and SePdx-PsaE complexes. The binding poses are presented in the expanded views. The cartoon structures show
SePdx in purple, CpcA (PDB: 4HOM) in blue, and PsaE (PDB: 6KIG) in cyan.

(B) Hypothetical model for the positioning of SePdx on/in the thylakoid membrane. The information on the PSI dimeric and PBS structures was used to create
the model (Zheng et al., 2021). The red circle indicates that the SePdx would fit into the cavity between the PBS and PSI according to the proposed functional
model.
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between SePdx and PsaE. Mutants T5A, Y144A, and G299A
were generated by replacing Thr-5, Tyr-144, and Gly-299 in
SePdx with Ala. The interaction of these mutants with PsaE
was evaluated by measuring f-galactosidase activity.
Mutants Y144A and G299A exhibited 27.16 and 12.19%
decreases in p-galactosidase activity, respectively, com-
pared with WT SePdx. In comparison, Thr-5 showed a
3.19% increase (Figure 6D). Notably, only mutants Y144A
and G299A exhibited statistically significant differences
(P<0.05) from the WT protein. These findings indicated
that SePdx likely interacts with PsaE through hydrogen
bonding.

DISCUSSION

SePdx is a pyridoxine dehydrogenase with an AKR_AtPLR-
like domain and a predicted transmembrane domain (Fig-
ure 1; Figure S4). Fluorescent imaging data disclosed that
SePdx is localized in the thylakoid membrane or is at least
attached to it. Western blotting further confirmed this
localization in the thylakoid membrane purified by sucrose
gradient ultracentrifugation. The localization pattern of
SePdx is consistent with its homologous proteins, Slr0545
(56.91% identity) and SlIr1503 (42% similarity), from Syne-
chocystis sp. PCC 6803, which is also found in the fractions
of the low-density plasma membrane and thylakoid mem-
brane (Wang et al., 2022). This suggested that SePdx may
be involved in specific physiological processes associated
with the thylakoid membrane. Moreover, phylogenetic
analysis indicated that SePdx and its homologous proteins
are clustered to the green lineage, spanning from cyano-
bacteria to algae and higher plants, and are distant from
the proteins found in heterotrophic/chemoautotrophic bac-
teria, fungi, or mammals. These findings are in line with
those of Rubin et al. (2015), who classified the coding gene
(Synpcc7942_RS00135) of SePdx within the GreenCut2
genes (Heinnickel & Grossman, 2013; Karpowicz et al.,
2011), implying a specialized function of the pyridoxine
dehydrogenase SePdx in photosynthetic organisms.
Previous studies have shown a relationship between
vitamin B6 biosynthesis and photosynthesis in algae and
plants, with implications including decreased efficiency of
the light-harvesting complex, increased light sensitivity,
compromised production of photosynthetic pigments, and
the localization of vitamin B6 synthase in chloroplasts
(Havaux et al., 2009; Raschke et al., 2011; Rueschhoff
et al., 2013; Sang et al., 2011; Tambasco-Studart et al.,
2007). Our study demonstrates that SePdx links VitaB6
biosynthesis to photosynthetic complex assembly by inter-
acting with the a-chain of PBS encoded by cpcAl. First,
SePdx demonstrates enzymatic activity in oxidizing PN, as
confirmed by knockout and biochemical assays. Second,
SePdx is involved in photosynthesis, as shown by the chlo-
rosis and altered protein levels of photosystem complexes
in sepdx deletion mutant cells. Notably, we utilized the

commercial plasmid pSyn_6 to complement the sepdx
gene by integrating it into the neutral site NS1. The system
employed a psbA promoter of relatively short length (222
base pairs) to regulate gene expression. However, this pro-
moter may lack sufficient transcriptional activation capac-
ity, potentially resulting in inadequate expression of the
target gene and affecting the restoration of the original
phenotypes.

The dual function of Sepdx may be attributed to its
binding capacity with PBSs, supported by AP-MS and
BACTH experiments. Consequently, deletion of sepdx
causes a reduced electron density of the thylakoid mem-
brane system, and a shorter membrane spacing than
WT cells, suggesting truncation of electron-dense PBSs
that hinders direct interaction of thylakoid membranes.
The fluorescence spectrum and isolation of PBS further
support the role of SePdx in maintaining PBS assembly.
Similarly, Havaux et al. (2009) demonstrated in Arabidopsis
that the absence of the pyridoxal synthase gene pdx1.3
leads to a decrease in the quantity of LHCII, an essential
light-harvesting complex in plants similar to PBS in cyano-
bacteria. Under stress conditions, PBS constituents are
often degraded to reallocate available nitrogen for essen-
tial growth and survival functions (Krauspe et al., 2021).
Degradation generally starts at the distal phycocyanin
rods and progresses to the allophycocyanin core (Hu
et al., 2020). The sepdx deletion mutant with reduced phy-
cocyanin content can not contribute available nitrogen as
effectively as the WT strain, and this deficiency could not
be compensated by additional PL. However, The reduced
antenna size of PBS can improve the light-to-biomass con-
version efficiency in Synechococcus cultures, allowing the
cyanobacterium to prevent excess light energy absorption
and evade photoinhibition and photodamage caused by
high light intensity (Ungerer et al., 2018), thereby confer-
ring stronger growth capacity to the Asepdx mutant under
high light and nitrogen-deprivation conditions.

One possibility is that SePdx regulates PBS by
influencing nitrogen metabolism. PLP, the active form of
VitB6, is an essential coenzyme involved in amino acid
metabolism (di Salvo et al., 2011). The PL content was sig-
nificantly altered in the sepdx deletion mutant compared
with the WT, potentially impacting the levels of PLP (the
phosphorylated form of PL) and subsequently affecting the
nitrogen status. PBS serves as a nitrogen store and
degrades under nitrogen-starved conditions to release
amino acids as nitrogen sources (Richaud et al., 2001). Dis-
ruption in PLP homeostasis can impact PBS biosynthesis.
This suggested that the function of SePdx is similar to that
of PipY in Synechococcus (Labella et al., 2017) and PDX3
in Arabidopsis thaliana (Colinas et al., 2016; Zheng
et al., 2023), both of which are involved in PLP homeosta-
sis and play conserved roles in VitB6 and amino/keto acid
homeostasis. Additionally, our proteomic analysis revealed
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that SePdx deletion significantly altered the abundance of
proteins linked to the nitrogen regulatory network. How-
ever, our results indicated a specific effect of SePdx on
phycocyanin rather than allophycocyanin, which leaves the
association mechanism between SePdx and specific phy-
cocyanin unexplained.

Another model based on protein interaction data
would include SePdx in the assembled structure between
the PBS and the PSI (Figure 7B). Cyanobacteria have two
types of PBS: the large CpcG-PBS, with a typical core and
peripheral rods, and the small CpcL-PBS, which lacks an
allophycocyanin core and consists of a single phycocyanin
rod assembled by linker proteins and anchored to thyla-
koid membranes by CpcL (Kondo et al., 2005, 2007, 2009;
Watanabe et al., 2014; Zheng et al., 2023). The small PBS is
associated with PSI, directly transferring energy to PSI
without the core structure (Zheng et al., 2021); however,
the interaction between these two complexes is poorly
understood. This model proposed that the membrane-
anchored SePdx can stabilize the small PBS and PSI by
interacting with CpcA and PsaE. Consistently, the docking
structure indicated that CpcA and PsaE bind at opposite
sites in the SePdx structure. Notably, PsaE exposes a
domain toward the cytoplasm, which may facilitate the
binding of SePdx (Kato et al., 2019). This hypothesis is sup-
ported by the fact that deletion of sepdx does not affect
PSII oxygen evolution or allophycocyanin function. This
model suggested a functional role for SePdx comparable
to that of the cyclophilin anaCyp40, which connects the
large PBS and PSI by binding to ApcA and PsaE (Yadav
et al., 2022). However, the precise mechanism of this regu-
latory function remains unclear at this stage, requiring fur-
ther investigation for a comprehensive understanding.

In summary, the SePdx protein, specific to the green
lineage, is a pyridoxine dehydrogenase with a potential
dual function. It catalyzes the oxidation of PN in VitB6 bio-
synthesis and is also associated with the thylakoid mem-
brane, connecting the PBS and PSI. These associations,
combined with the physiological properties of the mutant
strain, suggested that SePdx may play a role in the assem-
bly of photosynthesis complexes. Hence, SePdx most likely
links VitB6 biosynthesis and photosynthetic performance.
Further research is required to determine whether SePdx
performs both functions simultaneously or switches
between them under specific conditions.

MATERIALS AND METHODS

Bioinformatics analysis

Homologous proteins of Sepdx were identified through blast
searches in the NCBI and UniProtKB databases (Pruitt et al., 2007;
UniProt Consortium, 2019). The criteria for assessing protein
homology included an e-value <0.05 and an identity >30%. For
phylogenetic analyses, the Clustal W multiple alignment program

© 2025 The Author(s).

was used to align SePdx-like sequences from various representa-
tive species. A neighbor-joining phylogenetic tree was then con-
structed using MEGA11 with the Jones-Taylor-Thornton (JTT)
model and 1000 bootstrap replicates. The resulting tree was visu-
alized using the tool of Interactive Tree of Life (iTOL 6.7.5, 11)
(Letunic & Bork, 2021). The evolutionary analysis was conducted
using the BEAST v1.10.4 package (Drummond et al., 2012). A
relaxed, uncorrelated molecular clock was used as the molecular
clock model. Information about species divergence over time was
sourced from the TimeTree website (https://timetree.org/home).
Each Markov Chain Monte Carlo (MCMC) analysis was run for at
least 50 million generations, with samples taken every 1000 gener-
ations. Convergence of chains and effective sample size (ESS)
exceeding 200 were assessed using the tool Tracer (http://tree.bio.
ed.ac.uk/software/tracer/onquist). The Tree Annotator program
was utilized to summarize the trees into a maximum clade credi-
bility (MCC) tree after eliminating the initial 10% as burn-in.

The prediction of signal peptides and transmembrane
domains was performed using SignalP 6.0 (https://services.
healthtech.dtu.dk/services/SignalP-6.0/) (Teufel et al., 2022) and
PRED-TER (http://athina.biol.uoa.gr/PRED-TER/) (Viklund et al.,
2008), respectively. Subcellular localization of proteins was pre-
dicted using CELLO (http://cello.life.nctu.edu.tw/) (Yu et al., 2006).
The protein domain architecture of SePdx was characterized using
the NCBI (CDD) database (https://www.ncbi.nIm.nih.gov/cdd/). The
structural model of SePdx was generated using AlphaFold2
(https://colab.research.google.com/github/sokrypton/ColabFold/blo
b/main/AlphaFold2.ipynb) (Mirdita et al., 2022) and DeepMSA2
(https://seq2fun.decmb.med.umich.edu/DMFold) (Zheng et al., 2024).

Construction and validation of sepdx deletion and
complementation mutants

The sepdx knockout mutants were generated by natural transforma-
tion and double homologous recombination techniques. Homolo-
gous fragments of an 864-bp upstream sequence and an 881-bp
downstream sequence flanking the sepdx gene were cloned into a
suicide plasmid containing the codA gene. This plasmid was then
introduced into E. coli DH5a and naturally transformed into Syne-
chococcus (Lea-Smith et al., 2016). Mutants were selected on BG-11
agar plates with 25 ug ml~" kanamycin. In order to achieve thorough
segregation of the mutant, the selected mutants were streaked onto
agar plates supplemented with 100 uigml~" kanamycin. Positive
clones were confirmed by PCR and sequencing (Figure S2). PCR
was also used to verify that the sepdx gene knockout did not impact
neighboring genes (Figure S2).

To generate a sepdx-complemented strain, the sepdx gene
was amplified from the WT Synechococcus genome. The ampli-
fied gene was subsequently inserted into the pSyn_6 vector. The
pSyn_6 vector is equipped with neutral site 1 (NS1) homologous
recombination sites and a robust constitutive promoter derived
from the psbA gene, which facilitates the high-level expression of
sepdx. The resultant plasmid was then introduced into the sepdx
knockout mutant strain through the natural transformation pro-
cess. To determine the strains that were successfully complemen-
ted, a selection process was carried out on BG-11 agar plates
supplemented with 50 ug ml~" of spectinomycin. The plates were
then incubated at 30°C while being exposed to a continuous light
intensity of 40 umol photons m~2sec™". Subsequently, PCR analy-
sis was conducted to verify the presence of the sepdx gene in the
complemented strains.

A complete list of primers used in these experiments is avail-
able in Dataset S5.
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LC-MS analysis of PL and PN

For qualitative and quantitative content analyses of PL and PN,
WT and Asepdx mutant cells were cultured in BG-11 media until
they reached an optical density (OD) of approximately 1.0 at
730 nm. Subsequently, the cultures were harvested, and 400 pl of
petroleum ether was added for lipid removal through sonication
for 30 min. The petroleum ether was then discarded, and 400 pl of
a 1% phosphoric acid aqueous solution was added to the residue
for VitB6 extraction. The LC-MS analysis was conducted using a
Hybrid Quadrupole-TOF LC-MS/MS Mass Spectrometer coupled
to a Shimadzu LC-30AD chromatography system (LC-30AD, Shi-
madzu, Kyoto, Japan). Standard PL and PN were procured from
Shanghai Yuanye Biotechnology Co., Ltd.

Enzyme assays

The sepdx gene was cloned into the pMBP_C vector and trans-
formed into the E. coli Rosetta 2(DE3) strain for heterologous
expression. Pyridoxine dehydrogenase activity was measured
according to the previously described method with some modifica-
tions (Huang et al., 2014). Each reaction mixture (1.0 ml) contained
0.2mm PN, 0.2 mm NADP+, 50 mwm citrate buffer (pH 6.5), and 500 pg
of total protein. The negative control was protein extracts from E.
coli expressing the pMBP_C empty vector. The reaction was per-
formed at 37°C for 30 min and was terminated by the addition of
0.3ml of 3m HCIO,. The mixture was then centrifuged at 12840 g
for 15min at 4°C to remove any precipitate. To the supernatant,
1ml of distilled water and 0.2 ml of phenylhydrazine (0.1m) were
added, followed by incubation at 60°C for 20 min. The formation of
PL was detected by measuring the absorbance at 410 nm.

Growth curve and stress treatment

Synechococcus cells were cultured in BG-11 liquid media under
40 umol photons m~2sec™". The cells were then washed three times
by centrifugation (1000 g, 20 min, room temperature) and resus-
pended in BG-11 media to obtain an initial optical density of 0.025
at 730 nm. Experiments were conducted in triplicate with 50-ml cul-
ture volumes. OD730 nm values were measured daily for 11days.
Photographs of the algal cultures were taken at specific OD730 nm
values of 0.5 and 1.0 to document the growth stages visually.

According to Kim et al. (2017), oxidative stress induced by
H,0, was observed in BG-11 media with an initial OD730 nm of
0.5. The strains were exposed to 20 mm H,0,, and OD730 nm was
measured daily until the end of the experiment. Salt stress
was stimulated by culturing the strains in BG-11 medium supple-
mented with 0.3mm NaCl at 30°C under continuous light with
shaking. Photographs were taken to document the appearance of
the algal liquid. For growth tests on a solid medium, exponentially
growing cells were serially diluted in water and deposited as
drops onto BG-11 agarose plates. The plates were then incubated
under high light conditions (HL) at an intensity of 150pumol
photons m2sec™ to assess growth under these specific light con-
ditions. In the nitrogen limitation experiments, BG-11 agarose
plates without nitrogen sources were used and cultured under
continuous light.

Subcellular localization

To investigate the subcellular localization of SePdx in Synecho-
coccus, the strategy employed in this study involved cloning the
ORF genes into a backbone plasmid harboring the mNeonGreen
(mNG) coding gene, 3xFLAG coding gene, kanamycin resistance
gene, and codA negative selection markers (Figure S7). The use of

mNG was aimed to enhance the brightness and photostability
of the fusion protein when expressed in vivo. Subsequently, the
recombinant plasmid was introduced into Synechococcus cells via
transformation. The marker mutants with tagged markers and
antibiotic cassettes were initially chosen on BG-11 agar supple-
mented with 200 ug ml~" kanamycin and subsequently selected on
0.1gL~" 5-fluorocytosine to obtain the mutant without the antibi-
otic cassette. To ensure the purity of the tagged mutant, colony
PCR was performed. The mutant cells were visualized using a
two-photon confocal microscope (Leica TCS SP8 MP, Leica Micro-
systems, Wetzlar, Germany), with fluorescent signals detected at
an excitation wavelength of 488nm and an emission range of
520-600 nm. Furthermore, to detect the autofluorescent signal
of chlorophyll, an excitation wavelength of 561 nm and an emis-
sion range of 660-700 nm was utilized. Image analysis was per-
formed using ImageJ software.

Hoechst33342 and PI staining assays

The phenotypic characteristics of cell death were assessed using a
Hoechst33342/PI double staining assay. The cultures were grown
in BG-11 media until they reached an optical density of 1.0 at
730nm. The culture broth (1ml) was centrifuged at 4°C and
4000 rpm for 15min and then incubated with 100 pl of staining
solution (10 pum Pl and 10 ug mi~" Hoechst33342 in PBS) for 20 min
at room temperature. The cells were then washed twice with PBS.
Stained images were captured using a two-photon laser scanning
confocal microscope (Leica TCS SP8 MP, Leica Microsystems,
Wetzlar, Germany). Hoechst 33342 has a maximum excitation
wavelength of 346nm and a maximum emission wavelength of
460 nm, while the excitation and emission wavelengths of the PI-
DNA complex are 535 and 615 nm, respectively.

Transmission electron microscopy (TEM)

The morphology of the Synechococcus cells was analyzed by
TEM. The cells were cultured to an optical density of 1.0 at
730 nm. Harvested cells were fixed in a solution containing 2.5%
glutaraldehyde for electron fixation, followed by post-fixation in
1% osmic acid. Dehydration was performed using a graded series
of ethanol (50-100%). Subsequently, the specimens were embed-
ded and sliced into 70 nm thick sections. Ultrathin sections were
stained with a 2% uranyl acetate solution and a lead stain solution
(Sigma) and heated for 10 min under infrared light. The specimen
sections were further stained with uranyl acetate and alkaline lead
citrate. The images were taken using a Hitachi HT-7800 TEM
instrument (Hitachi, Ltd., Tokyo, Japan) at an accelerating voltage
of 80kV.

Transcriptome sequencing and data processing

To investigate gene expression levels, WT and Asepdx mutant
cells were cultured to an optical density of 1.0 at 730 nm. The har-
vested cells were frozen and sent to Personalbio Co., Ltd. (Shang-
hai, China) for RNA extraction, library preparation, mapping, and
bioinformatics analysis. The prepared libraries were sequenced on
an lllumina Hi-Seq platform using the 2x150bp paired-end
sequencing strategy. To process the obtained sequencing data,
clean reads were aligned to the Synechococcus genome using
TopHat v2.0.12. The HTSeq 0.6.1p2 tool was employed to deter-
mine the read counts mapped to each gene. Subsequently, Frag-
ments Per Kilobase of transcript per Million mapped reads (FPKM)
values were computed for individual genes. The FPKM values
were calculated based on the gene length and the mapped read
counts. Genes were categorized as either expressed (FPKM > 1) or
unexpressed (FPKM < 1). The DESeq (v1.38.3) package was used
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to analyze differential gene expression, with a significance thresh-
old level of g value <0.05 and an absolute llog,FoldChangel > 1.

Proteomic analysis

Cells were lysed with a lysis buffer to extract the proteome, fol-
lowed by the addition of pre-chilled acetone. The mixture was
then incubated at —20°C overnight to induce protein precipitation.
Subsequently, the acetone was removed, and the samples were
washed, reconstituted in lysis buffer, and subjected to centrifuga-
tion to isolate membrane proteins. The protein solution was quan-
tified, enzymatically digested, and purified with C18 solid-phase
extraction columns. Subsequently, the samples underwent sepa-
ration and analysis through liquid chromatography-tandem mass
spectrometry (LC-MS/MS, Thermo Fisher Scientific, Shanghai,
China). The mass spectrometry data were processed in a data-
independent acquisition (DIA) mode and compared against the
species-specific protein database for qualitative analysis.
The mass spectrometry data were analyzed using Spectronaut
software (version 17.2) with specific search parameters: selection
of the species-specific protein database, trypsin digestion allowing
up to two missed cleavage sites, 10 ppm precursor ion mass toler-
ance, 0.02 Da fragment ion mass tolerance, Carbamidomethyl (C)
as a fixed modification, Oxidation (M) and Acetyl (N-terminal) as
variable modifications, control of false discovery rate (FDR) for
peptides and proteins at <1.0%, and each protein identification
required at least one unique peptide.

PBS-thylakoid membrane isolation and immunoblot
analysis

PBS-thylakoid membranes were prepared following a previously
described procedure with slight modifications (Zhao et al., 2020).
Synechococcus cells were pelleted by centrifugation, washed with
buffer PC (0.5m potassium phosphate, 0.3m sodium citrate), and
resuspended in buffer SPC (0.5wm sucrose, 0.5m potassium phos-
phate, 0.3m sodium citrate). Cell pellets were disrupted using
glass beads (diameter=212-300 pm) by vortexing for six cycles
(1 min vortexing followed by 30 sec in an ice bath) and subsequent
centrifugation. The crude extract was centrifuged at 3000 g for
5min to remove the glass beads and unbroken cells. Crude PBS-
thylakoid membranes were centrifuged at 18000 g for 30 min and
resuspended in SPC buffer. To isolate pure PBS-thylakoid mem-
branes, a step sucrose gradient (2.0, 1.3, 1.0, and 0.75wm) was uti-
lized, followed by centrifugation at 36000 rpm in a Beckman
RPS40 rotor for 1h at 4°C. Samples from the 0.75-1.0m and
1.0-1.3m sucrose interfaces were collected for 12.5% (w/v) SDS-
PAGE and immunoblotting. The proteins were probed with a
1:1000 dilution of anti-Flag Monoclonal antibody, followed by
a 1:5000 dilution of anti-Flag secondary antibody.

Blue native (BN)-PAGE

For denatured electrophoresis, crude extracts of the thylakoid
membrane were denatured as previously described (Ma
et al., 2017). Proteins were then separated by 12.5% (w/v) SDS-
PAGE, and transferred to a PVDF membrane (Beyotime) (Huokko
et al., 2021). The isolated membranes were washed with a wash-
ing buffer containing 330 mm sorbitol, 50 mm Bis-Tris (pH 7.0), and
250 pg ml~" of Pefabloc (Sigma). They were then suspended in a
solution of 20% glycerol (w/v), 25 mM Bis-Tris (pH 7.0), 10 mM
MgCl,, and 0.01unitml~" RNase-Free DNase RQ1 (Promega),
resulting in a final protein concentration of 20 ug ul~". After 10 min
of incubation on ice, 3% n-dodecyl-b-p-maltoside was added in an
equal volume. The samples were solubilized on ice for 10 min,
then at room temperature for 20 min, followed by centrifugation

© 2025 The Author(s).

at 18000 g for 15 min to remove the insoluble material. The result-
ing supernatant was collected and mixed with 1/10 volume of
0.1m EDTA and 1/10 volume of sample buffer containing 5% Serva
blue G, 200 mm Bis-Tris (pH 7.0), 75% sucrose, and 1m e-amino-n-
caproic acid. Subsequently, the samples were loaded onto Native-
PAGE Bis-Tris protein gels with a 4-16% gradient (Real-Times).
The voltage was gradually increased from 50 to 200V during the
gel run. Finally, the samples were observed by staining with Coo-
massie Brilliant Blue.

Pigment content and photosynthetic oxygen evolution

To determine the chlorophyll content, cells of WT, sepdx deletion,
and complemented strains (1.0 ml, 0D730 nm = 1.0) were collected
and centrifuged. The pellet was washed twice, and the pigments
were extracted by adding 1.0 ml of methyl alcohol. The chloro-
phyll content was measured using a spectrophotometer (UV-5500;
Shanghai Metash Instruments Co., Ltd.) according to the formula:
Chlorophyll (chl) a (pg mI~") = A665 nm x 13.9 (Arnon, 1949). Phy-
cocyanin and carotenoid pigments were quantified using in vivo
absorption measurements, as described by Kouchkovsky and
Sigalat (1975) and Mantovani et al. (2022).

The oxygen consumption rate was measured in 2.0 ml of
cells (OD730 nm = 1.0) suspended in 10 mm NaHCO; at 30°C. An
oxylab oxygen electrode (Hanshatech) was used for the measure-
ments. Simultaneously, Chl fluorescence was recorded along with
oxygen evolution rates. The oxygen evolution rates were adjusted
based on the Chl a fluorescence values for each experimental
replicate.

Absorption and fluorescence spectroscopy

Full-length absorption spectra of cells were measured at room
temperature using SpectraMax M Series Microplate Reader M5
(Molecular Devices, CA, USA) and normalized to absorption
values at 730 nm (Pascual-Aznar et al., 2021). Room temperature
fluorescence emission spectra were measured with an excitation
wavelength of 545 nm and an emission wavelength of 600-750 nm
by a fluorescence spectrofluorometer (SpectraMax; Molecular
Devices, CA, USA) (Zhao et al., 2016).

Phycobilisome (PBS) isolation

In accordance with the method described by Zavrel et al. (2018),
WT and mutant strains were collected at an optical density of 1.0
at 730 nm, followed by centrifugation. The phycobiliproteins in the
pellet were extracted using 1 ml of PBS. The absorbance of phyco-
cyanobilins in phycocyanin and allophycocyanin was measured
against a PBS buffer blank containing 154 mm NaCl, 5.599 mm
Na,HPO,, and 1.058 mm KH,PO, at 615 (A615) and 652 nm (A652),
respectively, while the absorbance of cellular debris was mea-
sured at 720 nm (A720). The concentrations of phycocyanin and
allophycocyanin were calculated using the Equations (1) and (2)
proposed by Bennett and Bogorad (1973):

Phycocyanin = ((A615—A720)—0.474
x (A652—A720))/5.34/25 [mg mI™"] (1

Allophycocyanin = ((A652—A720)—0.208 (2)
x (A615-A720))/5.09/25 [mg m| ™"

Subsequently, the proteins were separated using 12.5% (w/v)
SDS-PAGE. The substrate was visualized either by Coomassie bril-
liant blue staining (0.25% Coomassie brilliant blue R250, 45%
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methanol, and 10% acetic acid) or zinc sulfate staining (100 mm
ZnS0O,) (Raps, 1990).

Affinity purification and mass spectrometry (AP-MS)

To investigate protein-protein interactions involving SePdx, a
combination of affinity purification (AP) and mass spectrometry
(MS) was employed. To facilitate purification, a FLAG tag
sequence was inserted at the 3’ end of the sepdx gene. Cultures
were grown in 200 ml of BG-11 media under controlled conditions
(OD730 of 1.0, 30°C, and 40 pmol photons m~2sec™"). The cells
were then resuspended in 500 pl of pre-chilled IP buffer (100 mm
HEPES, 100 mm KOAc, 4 mm Mg (OAc), - 4H,0, 400 mm sorbitol, pH
6.8) containing 2% digitonin and incubated on ice for 30 min. Cell
lysis was achieved by vortexing with glass beads. Subsequently,
the lysates underwent affinity purification using anti-FLAG M2-
bound Dynabeads (Invitrogen). After purification, proteins bound
to anti-FLAG M2 beads were eluted using 50 pg ml~" FLAG peptide
(Sigma) and analyzed by MS.

For MS analysis, proteins were subjected to acetone precipi-
tation, reduction, alkylation, trypsin digestion, and desalting
according to established protocols (Wong et al., 2006). The result-
ing peptides were reconstituted in 10 pl of 0.1% formic acid (FA)
and separated by online nanoscale reversed-phase capillary liquid
chromatography (Easy-nLC 1000; Thermo Fisher Scientific, Shang-
hai, China). Separation was performed at low pH using a C18
reversed-phase column (150 pm x 250 mm, 1.9 um). The peptides
were then analyzed using a Thermo Q Exactive HF-X hybrid quad-
rupole Orbitrap mass spectrometer (Thermo Fisher Scientific,
Shanghai, China). The MS parameters were set as follows: mea-
surement scan in the mass range 380-1650 m/z, scan time 60 min,
blocking mass activated, and 200 m/z resolution of 120 000. The
automatic gain control (AGC) target value was set to 3e6, with a
maximum injection time of 80msec. The normalized collision
energy was set at 30%. The secondary scan resolution was 15000,
the AGC was set to 2e*, and the maximum injection time was
19 msec. Precursor ions were filtered based on their charge state
(including +2 to +8 charges) and dynamically excluded for 15 sec
to avoid repeated analysis of the same ions.

Bacterial two-hybrid (B2H) assays

To investigate protein interactions, bacterial two-hybrid (B2H)
assays were performed using the bacterial adenylate cyclase two-
hybrid system kit (BACTH System kit; Euromedex), as described
by Karimova et al. (1998). The sepdx and relevant genes of interest
were cloned into the pKT25 and pUT18C plasmids, respectively,
using the primers listed in Dataset S5. The constructed plasmids
containing the bait and prey genes were co-transformed into
E. coli BTH101 cells. The transformed colonies were cultured over-
night at 30°C in LB media supplemented with appropriate selec-
tion (100pgml~"  ampicillin  and 50pgml~"  kanamycin).
Subsequently, 2 pl of each culture was plated on MacConkey agar
plates with the appropriate selection and 500 pm isopropyl-beta-p-
1-thiogalactopyranoside (IPTG). The plates were then incubated at
30°C for 2-4 days. The interaction between the two fusion proteins
was assessed based on the appearance of lac-inducing colonies,
which appeared red on MacConkey agar. In contrast, the absence
of induction, as indicated by white colonies, suggested no interac-
tion between the fusion proteins.

The quantification of functional complementation caused by
protein-protein interactions was determined by measuring f-
galactosidase activity in liquid cultures. For this purpose, permea-
bilized cells having an optical density of 1.0 at 600 nm were used
with o-nitrophenol-§-galactoside (ONPG) as the substrate. In

summary, the lysed cells were quantified for protein concentration
and diluted to 500 ug ml~". Then, 200yl of the diluted lysate sam-
ple was mixed with 450 pl of a 20 mm ONPG solution (20 mm phos-
phate buffer, pH 7.0). The mixture was incubated at 37°C for
20 min, and the reaction was stopped by adding 500 ul of 0.1m
sodium carbonate. The released o-nitrophenol (ONP) was then
measured at 420 nm.

Protein docking

The X-ray crystal structures of CpcA1 (PDB ID 4HOM), CpcB1 (PDB
ID 4HOM), and PsaE (PDB ID 6KIG) were obtained from the Protein
Data Bank (http://www.rcsb.org/). The predicted structure of SePdx
was generated using Alphafold, as described above. Initial protein
docking was performed using the ClusPro 2.0 algorithm
(https://cluspro.org) (Desta et al., 2020). Flexible docking was then
performed with RosettaDock (versions accessible at http://www.
rosettacommons.org) (Chaudhury et al., 2011) based on the rigid
docking results. The final results were selected using Rosetta’s
built-in score module. Interactions between proteins were ana-
lyzed using the “LIGPLOT” module of the LigPlot+ program
(https://www.ebi.ac.uk/thornton-srv/software/LIGPLOT/) (Laskowski
& Swindells, 2011). Additionally, the overall interaction binding
energy and the binding energy between key amino acids were
assessed using the Interface_analyzer and Interface_energy mod-
ules of Rosetta, respectively. The structural models were visually
evaluated using PyMol 2.2.0.

Site-directed mutagenesis

Site-directed mutagenesis was performed to introduce amino acid
substitutions (T5A, D28A, T31R, R96A, Y144A, R189A, Q214A, and
G299A) into the pKT25-SePdx plasmid using the Fast Site-Directed
Mutagenesis Kit (Tiangen). The introduced amino acid substitu-
tions were verified by full-length gene sequencing. Subsequently,
the mutated plasmids were co-transformed into E. coli BTH101
cells along with PKT18C-CpcA1 or PKT18C-PsaE plasmid. The B2H
assays and f-galactosidase activities were carried out as described
above.
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