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A cyanobacteria-derived intermolecular
salt bridge stabilizes photosynthetic
NDH-1 and prevents oxidative stress
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Throughout evolution, addition of numerous cyanobacteria-derived subunits to the photosynthetic
NDH-1 complex stabilizes the complex and facilitates cyclic electron transfer around photosystem |
(PSI CET), a critical antioxidant mechanism for efficient photosynthesis, but its stabilization
mechanism remains elusive. Here, a cyanobacteria-derived intermolecular salt bridge is found to form
between the two conserved subunits, NdhF1 and NdhD1. Its disruption destabilizes photosynthetic
NDH-1 and impairs PSI CET, resulting in the production of more reactive oxygen species under high
light conditions. The salt bridge and transmembrane helix 16, both situated at the C-terminus of
NdhF1, collaboratively secure the linkage between NdhD1 and NdhB, akin to a cramping mechanism.
The linkage is also stabilized by cyanobacteria-derived NdhP and NdhQ subunits, but their
stabilization mechanisms are distinctly different. Collectively, to the best of our knowledge, this is the
first study to unveil the stabilization mechanism of photosynthetic NDH-1 by incorporating
photosynthetic components into its conserved subunits during evolution.

Cyanobacteria, often referred to as blue-green algae, are widely recognized
as the earliest organisms to produce oxygen through photosynthesis on
Earth'™. As a consequence, the Earth transitioned from a reduced to an
oxidized state, a crucial development for the emergence of complex life*”.
On the contrary, the increase in oxygen levels on Earth inevitably results in
the generation of reactive oxygen species (ROS) within cyanobacterial cells,
particularly when exposed to environmental stresses. To cope with and
defend against the environmental stresses that generate ROS, causing cel-
lular damages®, cyanobacteria have to evolve new antioxidant mechanisms
to minimize ROS production or scavenge ROS’. Among these mechanisms,
cyclic electron transfer mediated by photosynthetic NDH-1 (NDH-CET)
stands out as a crucial antioxidant mechanism. The ATP/NADPH ratio
from linear electron transfer is around 1.29%, whereas the Calvin-Benson-
Bassham (CBB) cycle requires a ratio of 1.5”. The lower ATP/NADPH ratio
due to ATP shortcut slows down the CBB cycle, causing electron accu-
mulation on the photosystem I (PSI) receptor side and leading to ROS
generation through electron-oxygen reactions". The NDH-CET not only
generates additional ATP, but also enhances the ATP to NADPH ratio
necessary for improving the CBB cycle, thus reducing ROS production'’. As
a crucial antioxidant mechanism, the accelerated NDH-CET in response to
environmental stresses reduces ROS production, which is essential for the
survival of cyanobacteria in aerobic environments'> ™.

It is reasonable to postulate that maintaining the stability of photo-
synthetic NDH-1 architecture is a prerequisite for the NDH-CET
activity'>'®. Consequently, such stabilization plays a crucial role in facil-
itating the operation of this antioxidant mechanism in cyanobacteria. To
adapt to aerobic environment, numerous cyanobacteria-derived subunits
have been incorporated into the photosynthetic NDH-1 complex to stabilize
its architecture during evolution. The photosynthetic NDH-1 complex is
situated in the thylakoid membrane'” and comprises a catalytic domain, a
hydrophilic connecting arm, and a membrane-embedded arm, all of which
are stabilized by specific cyanobacteria-derived subunits: NdhO, NdhV and
NdhS"**; NdhM and NdhN*?*; and NdhL, NdhP and NdhQ*?,
respectively.

In addition to the conserved NDH-1L, three other types of photo-
synthetic NDH-1 complexes, namely NDH-1L", NDH-1MS, and NDH-
IMS’, have evolved exclusively in cyanobacteria to enable adaptation to
various environmental stresses">*" . Among them, NDH-1MS and NDH-
IMS’ are involved in CO, uptake, while NDH-1L and NDH-1L’ are asso-
ciated with cellular respiration®*’. All of these four complexes are involved
in NDH-CET?® and share a common NDH-1M module, which comprises
six cyanobacteria-derived subunits, namely NdhL, NdhM, NdhN, NdhO,
NdhS, and NdhV, in addition to nine conserved components:
NdhA-NdhC, NdhE, and NdhG-NdhK'*******, To carry out the NDH-
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CET function and prevent oxidative stress, the common NDH-1M module
has to associate selectively with one of the four variable modules, each of
which comprises distinct NdhD and NdhF subunits . As a result, the
connection between NdhD and NdhB is less stable, making it more sus-
ceptible to dissociation into the common NDH-1M module and the variable
modules.

The conserved NDH-I1L is regarded as the original photosynthetic
NDH-1 complex and correspondingly, it may have encountered a broader
range of environmental stresses and developed more stabilization
mechanisms throughout its evolution. The NdhP and NdhQ subunits
derived from cyanobacteria are exclusively found in the conserved NDH-1L,
and their inclusion enhances the stability of the NdhD1-NdhB
connection®”. Furthermore, a cyanobacteria-derived intermolecular salt
bridge between the two conserved subunits, NdhF1 and NdhD1, has been
identified through sequence alignment and structural analysis'*****. How-
ever, the role of photosynthetic components that have been incorporated
into the conserved NDH-1 subunits during evolution has not been inves-
tigated as of yet.

Here, our data demonstrate that the connection between NdhD1 and
NdhB is stabilized by both the cyanobacteria-derived intermolecular salt
bridge and the cyanobacteria-derived NdhP and NdhQ subunits, but their
mechanisms of stabilization are entirely distinct. Our data further demon-
strate that the disruption of their connection impairs NDH-CET activity
and boosts ROS production in aerobic environment, particularly under
conditions of high light irradiation.

Results

The Asp635-Lys166 salt bridge stabilizes photosynthetic NDH-1
During evolution from archaea to cyanobacteria, a sequence of 25 amino
acids has been added to the long horizontal helix of NdhF1 (Fig. 1a and
Supplementary Fig. 1). Several recently published structures of photo-
synthetic NDH-1 have revealed the presence of a cyanobacteria-derived
intermolecular salt bridge formed between Asp635, located on a long
amphipathic helix of NdhF1, and Lys166 of NdhD1 (as depicted in Fig. 1b, ¢
and Supplementary Fig. 2)"****. Considering its position within photo-
synthetic NDH-1, it is plausible that the Asp635-Lys166 salt bridge con-
tributes to the stabilization of the connection between NdhD1 and NdhB.

To test this hypothesis, we disrupted the Asp635-Lys166 salt bridge by
substituting Asp635 using Ala635 (Supplementary Fig. 3). Our data revealed
that the disruption had little, if any, effect on the overall protein abundance
of photosynthetic NDH-1 in the thylakoid membrane (as shown in
Fig. 1d, ). However, it did result in the disassembly of approximately half of
the NDH-1L complex into the common NDH-1M module (as depicted in
Fig. 1f-h). It is worth noting that under typical growth conditions, i.e., at a
light intensity of 40 umol photons m ™~ s~* and with 2% CO, in air, NDH-1L
emerges as the predominant type of photosynthetic NDH-1. The other three
variants—NDH-1L’, NDH-1MS, and NDH-1MS —are difficult to detect
though analysis of the results obtained from blue-native (BN)-PAGE
combined with a proteome approach®, supplemented by a western blot
method (Supplementary Fig. 4). Collectively, we propose that the
cyanobacteria-derived Asp635-Lys166 salt bridge may contribute to the
stabilization of the connection between NdhD1 and NdhB.

To validate our proposal, we assessed the in vitro and in vivo activity of
NDH-CET using chlorophyll fluorescence analysis and P700 redox
kinetics'**. The reduction of plastoquinone was assessed by measuring the
increase in chlorophyll fluorescence emitted from photosystem II (PSII), as
shown in Fig. 2a. In vitro ferredoxin-dependent plastoquinone reduction
was overwhelmingly driven by photosynthetic NDH-1, with only a mar-
ginal contribution from PGR5/PGRL1 (Supplementary Fig. 5). This
observation aligns with the NDH-CET and PGR5/PGRL1-CET activity
levels reported in cyanobacteria*. As anticipated, both the kinetics and
the final reduced level were significantly lowered by the disruption of
Asp635-Lys166 salt bridge (Fig. 2b). This conclusion was supported by data
from in vivo postillumination rise in chlorophyll a fluorescence (Fig. 2¢), re-
oxidation rate of P700 by far-red light after termination of actinic light

illumination (Fig. 2d) and re-reduction rate of P700" in the dark after
illumination with far-red light in the presence of 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) (Fig. 2e). Collectively, we conclude that the
cyanobacteria-derived Asp635-Lys166 salt bridge serves to stabilize pho-
tosynthetic NDH-1 and its disruption impairs NDH-CET activity.

The Asp635-Lys166 salt bridge prevents oxidative stress

To strengthen our conclusion, we measured the CO, fixation activity and
ROS levels under conditions of high light irradiation. As deduced from the
uptake rate of CO,, the accumulation of the Rubisco large (RbcL) subunit,
and the growth performance of cyanobacterial cells on plates, disrupting the
Asp635-Lys166 salt bridge suppressed the CO, fixation activity under high
light conditions, despite a similar level of CO, fixation activity compared to
the wild-type (WT) strain under growth light conditions (Supplementary
Fig. 6a-d). As expected, the cyanobacteria-derived Asp635-Lys166 salt
bridge improves the Calvin-Benson-Bassham cycle during adaption of
cyanobacteria to high light stress.

In line with the results of CO, fixation, disrupting the Asp635-Lys166
salt bridge significantly elevated intracellular ROS levels under high light
irradiation, despite similarly low ROS levels compared to the WT strain
under growth light conditions (Supplementary Fig. 7a-d). This inference is
based on the fluorescence intensity of 2’,7’-dichlorofluorescein (DCF), an
indicator of ROS concentration™. Collectively, the cyanobacteria-derived
Asp635-Lys166 salt bridge improves the performance of the Calvin-
Benson-Bassham cycle and prevents oxidative stress under high light
conditions.

The salt bridge and TM16 of NdhF1 jointly stabilize photo-
synthetic NDH-1

Sequence alignment, combined with structural data, reveals that the con-
served NdhF1 subunit contains 16 transmembrane (TM) helixes and an
exceptionally long horizontal (LH) helix (Supplementary Fig. 8). Based on
their positioning (Fig. 3a), we propose that the Asp635-Lys166 salt bridge,
along with TM16 of NdhF1, collaboratively stabilizes the connection
between NdhD1 and NdhB on the stromal side of the thylakoid, facili-
tated by the LH of NdhFI. To test this idea, we truncated both TM16 and
the C-terminal tail of NdhF1 from Synechocystis sp. strain PCC 6803
(hereafter referred to as Synechocystis 6803) (Supplementary Fig. 9),
which includes LH and TM16 (Supplementary Fig. 8). Consistent with
the disruption of the Asp635-Lys166 salt bridge, truncating TM16 and
the C-terminal tail of NdhF1 had little, if any, effect on the overall
abundance of photosynthetic NDH-1 in the thylakoid membrane (Fig. 1d
and 3b). However, it similarly resulted in the disassembly of approxi-
mately half of the NDH-1L complex into the common NDH-1M mod-
ule, as depicted in Figs. 1f-h and 3c, d. This was corroborated by the
results of their NDH-CET activity (Fig. 2 and Supplementary Fig. 10).
Collectively, the cyanobacteria-derived salt bridge and TM16 of NdhF1
collaboratively stabilize the connection between NdhB and NdhD1 on
the stromal side of the thylakoid, facilitated by the LH of NdhF1, akin to a
“cramp iron” structure (as illustrated in Fig. 3e).

In bacterial studies, it was found that the deletion of the C-terminal tail
of NdhF1, and even its truncated TM16, led to the complete absence of
respiratory NDH-1*"". Conversely, in cyanobacteria, deleting the entire
NdhFI resulted in the disassembly of approximately half of the NDH-
1Lananr1 complex into the common NDH-1M module (Fig. 3¢, d). This
NDH-1Lndng1 complex comprises the common NDH-1M module and a
partially compromised variable module, potentially containing the NdhD1,
NdhP, and NdhQ subunits. In addition, the intermolecular salt bridge
derived from cyanobacteria is not present in bacteria and archaea™****** but
is conserved in photosynthetic NDH-1"""° (Supplementary Figs. 11 and 12).
Sequence alignment, along with structural data, demonstrates that TM16 of
NdhF1 is also conserved in photosynthetic NDH-1** (Supplementary
Fig. 13). Hence, the “cramp iron” mechanism has evolved exclusively to
stabilize the connection between NdhD1 and NdhB in photosynthetic
NDH-1, preventing oxidative stress necessary for the survival of
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cyanobacteria in aerobic environment and, ultimately, contributing to the
evolution of complex organisms on Earth.

The salt bridge and NdhP, Q jointly stabilize photosynthetic
NDH-1

Consistent with the disruption of the Asp635-Lys166 salt bridge, the dele-
tion of individual NdhP and NdhQ subunits resulted in the disassembly of
approximately half of the NDH-1L complex into the common NDH-1M
module’™”’. Given the similar destabilization outcomes and their positions
(Fig. 4a, b), we postulate that they collaboratively contribute to the

stabilization of photosynthetic NDH-1. To test this possibility, we sub-
stituted the Asp635 of NdhF1 using Ala635 in the NdhP or NdhQ-deletion
mutant (Supplementary Fig. 14). Our data revealed that disrupting the
Asp635-Lys166 salt bridge in the NdhP or NdhQ-deletion mutant had little,
if any, effect on the total protein abundance of photosynthetic NDH-1 in the
thylakoid membrane (Supplementary Fig. 15). However, it resulted in
almost complete disassembly of the NDH-1L complex into the common
NDH-1M module (Fig. 4c, d and Supplementary Fig. 16), just like the NdhP
and NdhQ double deletion mutant™. Notably, the upper band observed in
Fig. 4d does not correspond to NDH-1L and NDH-1L" complexes, as it
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Fig. 1 | A cyanobacteria-derived intermolecular salt bridge stabilizes photo-
synthetic NDH-1. a Sequence alignment of a long horizontal (LH) helix of NdhF1
between archaea and cyanobacteria. The LH helix sequence of NdhF1 from the archaea
Pyrococcus furiosus (Pyro) was compared with its homologous sequences from the
cyanobacteria Thermosynechococcus elongatus BP-1 (Thermo) and Synechocystis sp.
stain PCC 6803 (Syn6803). The sequences were aligned using MAFFT version 7.
Asterisks indicate identical amino acids; colons and dots indicate conserved amino acid
substitutions. b The LH helix of NdhF1 is exhibited in the structures of NDH-1 from
the archaea Pyro (PDB: 6U8Y) and the cyanobacteria Thermo (PDB: 6L70) and
Syn6803 (predicted by AlphaFold-Multimer). The LH helix of NdhF1 is highlighted in
red and its other parts are displayed as orange; the NdhD1 subunit is highlighted in
blue; other NDH-1 subunits are displayed as gray. ¢ A close-up view of the black box in
(b). In Syn6803, an intermolecular salt bridge is formed by Asp635 (D635) of a LH
helix of NdhF1 with Lys166 (K166) of NdhD1. This salt bridge is formed in Thermo
(Supplementary Fig. 2), but is absent in Pyro. Synechocystis 6803 cells were cultured
under a light intensity of 40 umol photons m™> s™' with 2% CO, in air and harvested
during the logarithmic growth phase for experiments (d-h). d, e The disruption of

Asp635-Lys166 salt bridge had little, if any, effect on the protein abundance of total
photosynthetic NDH-1 in the thylakoid membrane. d Lanes were loaded with thyla-
koid membrane proteins corresponding to 1 pg of chlorophyll a. In the lowest lane,
ATPp was used as a loading control. e Semi-quantitative analysis of thylakoid proteins.
Immunoblot results were analyzed using Image] software. Protein levels in wild-type
(WT) Synechocystis 6803 were set to 100%. f-h The disruption of Asp635-Lys166 salt
bridge destabilizes photosynthetic NDH-1. f Thylakoid protein complexes isolated
from the wild type Syn6803 and its mutants were separated by BN-PAGE. Thylakoid
membrane extract corresponding to 9 ug of chlorophyll a was loaded onto each lane.
g Protein complexes were electroblotted to a polyvinylidene difluoride membrane, and
the membrane was cross-reacted with anti-Ndhl, -NdhK, and -NdhM to probe the
assembly of the NDH-1L and NDH-1M complexes. Red and blue arrows indicate the
locations of the NDH-1L and NDH-1M complexes, respectively. h Semi-quantitative
analysis of thylakoid proteins. Immunoblot results were analyzed using Image] soft-
ware, with protein levels in WT set as 100%. Error bars represent the standard
deviations of four independent measurements (1 =4); *** indicates P < 0.001.
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Fig. 2 | Disruption of a cyanobacteria-derived intermolecular salt bridge impairs
NDH-CET activity. a Schematic model of electron flow from reduced ferredoxin
(Fd) by photosystem I (PSI) to plastoquinone (PQ) via photosynthetic NDH-1 in
this assay. Synechocystis 6803 cells were cultured under a light intensity of 40 umol
photons m™* s™" with 2% CO, in air and harvested during the logarithmic growth
phase for experiments (b-e). b In vitro analysis of NDH-CET activity. Increases in
chlorophyll fluorescence by addition of Fd under the illumination of actinic light
(AL; 620 nm, 918 pmol photons m > s™') were monitored in thylakoid membranes
(80 pg chlorophylla mL ") of the wild type (WT) Synechocystis 6803 and its mutants.
c-e In vivo analysis of NDH-CET activity. ¢ Monitoring of NDH-CET activity using
chlorophyll fluorescence analysis. The top curve shows a typical trace of chlorophyll
fluorescence in the WT Synechocystis 6803. Cells were exposed to AL (620 nm;

45 umol photons m > s™") for 30 s. AL was turned off, and the subsequent change in
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the chlorophyll fluorescence level was monitored as an indication of NDH-CET
activity. d Redox kinetics of P700 after termination of AL illumination (800 pmol
photons m 2 s™") under a background of far-red (FR) light. The cells were illumi-
nated by AL supplemented with FR light to store electrons in the cytoplasmic pool.
After termination of AL illumination, P700" was transiently reduced by electrons
from the PQ pool; thereafter, P700 was reoxidized by background FR light. The
redox kinetics of P700 were recorded. The P700" levels were standardized by their
maximum levels attained by exposure to FR light. e Kinetics of the P700" rereduction
in darkness after turning off FR light in the presence of 10 uM 3-(3,4-dichlor-
ophenyl)-1,1-dimethylurea (DCMU). The chlorophyll a concentration was adjusted
to 20 ug mL ™" before measurement, and curves are normalized to the maximal
signal.

remains detectable in the NdhD1 and NdhD2 double deletion mutant.
Furthermore, it is not associated with NDH-1MS or NDH-1MS’ complex,
as antibodies against CupA and CupB failed to detect any signal (Supple-
mentary Fig. 17). These findings suggest that the upper band represents a
distinct entity, unrelated to the four known NDH-1 complexes, warranting
further investigation. In conclusion, the Asp635-Lys166 salt bridge, along

with NdhP and NdhQ, collectively contribute to the stabilization of pho-
tosynthetic NDH-1.

To confirm our conclusion, we assessed NDH-CET activity in vitro
and in vivo through chlorophyll fluorescence and P700 analyses'*.
Compared to their individual deletion mutants, disrupting the Asp635-
Lys166 salt bridge in the NdhP or NdhQ-deletion mutant significantly
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Fig. 3 | The TM16 of NdhF1 stabilizes photo-
synthetic NDH-1. a The TM16 of NdhF1 is exhib- a
ited in the structure of photosynthetic NDH-1 and is
highlighted in blue. Synechocystis 6803 cells were
cultured under a light intensity of 40 umol photons
m>s' with 2% CO, in air and harvested during the
logarithmic growth phase for experiments (b-d).

b The deletion of the TM16 of NdhF1 had little, if
any, effect on the protein abundance of total pho-
tosynthetic NDH-1 in the thylakoid membrane.
Lanes were loaded with thylakoid membrane pro-
teins corresponding to 1 ug of chlorophyll a. In the
lowest lane, ATPp was used as a loading control. ¢, d
The deletion of the TM16 of NdhF1 destabilizes
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photosynthetic NDH-1. ¢ Thylakoid protein com-
plexes isolated from the wild type Synechocystis 6803
and its mutants were separated by BN-PAGE.
Thylakoid membrane extract corresponding to 9 pg
of chlorophyll a was loaded onto each lane. d Protein
complexes were electroblotted to a polyvinylidene
difluoride membrane, and the membrane was cross-
reacted with anti-NdhI, -NdhK, and -NdhM to
probe the assembly of the NDH-1L and NDH-1M
complexes. Red arrows indicate the locations of the
NDH-1L complex with the full-length

NdhF1 subunit and the NdhF1 truncation, while
blue arrows denote the locations of the NDH-1M
complex. e A model schematically represents the e
cramp iron-like structure. This structure consists of

salt bridge, TM16 and a part of C-terminus of
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diminished NDH-CET activity. This is evident from the experimental data
of in vitro ferredoxin-dependent plastoquinone reduction activity (Fig. 5a
and Supplementary Fig. 18), the in vivo postillumination rise in chlorophyll
a fluorescence (Fig. 5b)**”, re-oxidation rate of P700 by far-red light after
the termination of actinic light illumination (Fig. 5c)**”, and the re-
reduction rate of P700" in the dark after illumination with far-red light in the
presence of DCMU (Fig. 5d)***. The physiological data provide further
support for our conclusion that the Asp635-Lys166 salt bridge, along with
NdhP and NdhQ, jointly stabilizes the connection between NdhD1 and
NdhB in photosynthetic NDH-1.

The salt bridge and NdhP, Q jointly prevent oxidative stress

To confirm our conclusion further, we assessed CO, fixation activity and
ROS levels under high light irradiation. Compared to their individual
deletion mutants, disrupting the Asp635-Lys166 salt bridge in the NdhP or
NdhQ-deletion mutant significantly aggravated the suppression of the CO,
fixation activity under high light conditions. This effect was observed despite
a similar level of CO, fixation activity under growth light conditions when
compared to the WT strain (Supplementary Figs. 19 and 20). Hence, the
Asp635-Lys166 salt bridge, along with NdhP and NdhQ, collaboratively
enhances the Calvin-Benson-Bassham cycle during the adaption of cya-
nobacterial cells to high light stress.

Consistent with the CO, fixation results, disrupting the Asp635-
Lys166 salt bridge in the NdhP or NdhQ-deletion mutant significantly
raised intracellular ROS levels under high light irradiation. This effect was
observed despite a similarly low level of ROS under growth light conditions
compared to the WT strain, as indicated by DCF fluorescence levels
(Supplementary Figs. 21 and 22). Collectively, the Asp635-Lys166 salt

bridge, along with NdhP and NdhQ, jointly stabilizes photosynthetic NDH-
1 and mitigates oxidative stress under high light conditions.

Discussion

It has been proposed that NDH-1L is a main type of photosynthetic NDH-1
during the early evolution of cyanobacteria™*’. The NDH-1L consists of the
common NDH-1M module and a variable module that contains NdhD1
and NdhF1 subunits’ ™. The connection between NdhB and NdhD1,
situated between the common and variable modules, is particularly
susceptible to dissociation. As a result, to facilitate the newly-developed
antioxidant mechanism and adapt to aerobic environment, two
cyanobacteria-derived subunits, NdhP and NdhQ, were incorporated into
the photosynthetic NDH-1L complex during the early evolution of
cyanobacteria. These subunits play a crucial role in stabilizing the connec-
tion between NdhD1 and NdhB.

Structural data show that the NdhP and NdhQ subunits are present
in NDH-1L but absent in NDH-1MS"™”. Our functional data further
demonstrate that NdhP and NdhQ collectively enhance the stability of
the connection between the common module NDH-1M and the variable
module containing NdhD1 and NdhF1 subunits®”. In line with this
structural and functional evidence, the NDH-1MS complex, as compared
to the NDH-1L complex, readily disassembles into the common module
NDH-1M and the variable module NDH-1S, which contains NdhD3 and
NdhF3"****. This is supported by amino acid interaction analysis using
RING v3.0, revealing that NDH-1L possesses a greater number of
binding sites at the interface of NdhD with NdhB compared to NDH-
IMS (Supplementary Fig. 23 and Tables 2 and 3)"*". Together, NdhP
and NdhQ reinforce the connection between NdhB and NdhD1 by
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Fig. 4 | The salt bridge and NdhP, Q jointly sta-
bilize photosynthetic NDH-1. a The NdhP and
NdhQ subunits are exhibited in the predicted
structures of photosynthetic NDH-1 in Synecho-
cystis 6803 by AlphaFold-Multimer. NdhP and
NdhQ are highlighted in deep sky blue and red,
respectively, and NdhD1 is displayed as blue. b A
close-up view of the black box in (a) shows that the
NdhP and NdhQ subunits exclusively interact with
the NdhD1 subunit. Synechocystis 6803 cells were
cultured under a light intensity of 40 umol photons
m s~ with 2% CO, in air and harvested during the
logarithmic growth phase for experiments (c, d).
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from the wild type (WT) Synechocystis 6803 and its
double mutants were separated by BN-PAGE.
Thylakoid membrane extract corresponding to 9 g
of chlorophyll a was loaded onto each lane. d Protein
complexes were electroblotted to a polyvinylidene
difluoride membrane, and the membrane was cross-
reacted with anti-Ndhl, -NdhK, and -NdhM to
probe the assembly of the NDH-1L and NDH-1M
complexes. Red and blue arrows indicate the loca-
tions of the NDH-1L and NDH-1M complexes,
respectively.
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increasing the binding sites at their interface (Supplementary Fig. 23 and
Tables 2 and 3).

Prior to the incorporation of NdhP and NdhQ into photosynthetic
NDH-1, we observed the addition of photosynthetic components to its 11
conserved subunits, including NdhF1 (Fig. 1a and Supplementary Fig. 1),
during the early evolution of cyanobacteria. This was determined through
sequence alignment and structural analysis. Whether they can indeed sta-
bilize photosynthetic NDH-1 remains a mystery. Here, our data revealed
that a cyanobacteria-derived intermolecular salt bridge, formed between the
two conserved subunits NdhF1 and NdhD1, stabilizes the connection of
NdhD1 with NdhB (Figs. 1, 2 and Supplementary Figs. 6, 7). To the best of
our knowledge, this study is the first to explore the role of photosynthetic
components incorporated into conserved NDH-1 subunits during evolu-
tion, opening a new avenue for investigating the stability mechanisms of
photosynthetic NDH-1 over evolutionary time.

Here, we demonstrate that the cyanobacteria-derived intermolecular
saltbridge, TM16, and LH of NdhF1 create a cramp iron-like structure at the
stroma side of the thylakoid (Fig. 3a, ), essential for stabilizing the con-
nection between NdhB and NdhD1 in photosynthetic NDH-1 (Fig. 3¢, d).
Indeed, it is quite intriguing that the disruption of this cramp iron-like
structure does not cause an upward shift in the remaining NDH-1L band,
whereas the deletion of NdhP and/or NdhQ does induce such a shift
(Figs. 1f, g, 3¢, d, and 4c, d). This serves as a reminder that NdhP and NdhQ
play a role in augmenting the binding sites between NdhB and NdhD],
potentially stabilizing the conformation of NdhDI1 and enhancing the
cohesive interaction between NdhB and NdhD1, resembling a “molecular
glue”. Collectively, the mechanism by which this salt bridge stabilizes NDH-
1L is fundamentally distinct from that of NdhP and NdhQ, despite their
collaborative role in stabilizing the interaction between NdhD1 and NdhB.
To our knowledge, the “cramp iron” stabilization mechanism of photo-
synthetic NDH-1 has been first developed in cyanobacteria and is conserved
among photosynthetic organisms.

When cyanobacterial cells are exposed to high light, there is an
increased rate of cyclic electron transfer facilitated by the photosynthetic
NDH-1 complex. Disruption of cyanobacteria-derived intermolecular salt
bridge can destabilize this complex, potentially prolonging the lifetime of a

semi-quinone anion intermediate at the quinone reduction site***. These
semi-quinone anion species have been proposed to produce ROS in both the
cytochrome bgf (cytbef) complex” and mitochondrial complex I*'. Conse-
quently, we hypothesize that ROS may accumulate in the destabilized form
of the photosynthetic NDH-1 complex, especially under high light condi-
tions. In support of this hypothesis, the NdhF1 pg354 mutant exposed to high
light exhibited greater degradation of the photosynthetic NDH-1 complex
compared to when they were exposed to growth light™**’ (Fig. 1f~h; Sup-
plementary Fig. 24).

In summary, our functional data presented here, combined with pre-
viously reported structural data, shed light on a photosynthetic NDH-1-
mediated antioxidant defense mechanism that emerged during the early
evolution of cyanobacteria. In this model, the connection between the
common module NDH-1M and the variable module containing NdhD1
and NdhF1 is strengthened by the cramp iron-like structure, which includes
a cyanobacteria-derived intermolecular salt bridge (highlighted in yellow in
Fig. 6), as well as the cohesive interaction resembling “molecular glue”
induced by NdhP and NdhQ at the interface between NdhD1 and NdhB
(illustrated in blue and red lines in Fig. 6). The enhanced ATP production is
facilitated by the stabilized photosynthetic NDH-1-mediated PSI CET
(NDH-CET), which serves to maintain the ATP/NADPH ratio, optimize
the Calvin-Benson-Bassham cycle and mitigate the ROS production under
high light conditions (Figs. 2, 5 and 6 and Supplementary Figs. 6, 7, and
19-22). We posit that the functioning of this antioxidant mechanism is
essential for the survival of early cyanobacteria in an aerobic environment,
ultimately paving the way for the evolution of complex organisms on Earth.

Methods

Culture conditions

A glucose-tolerant strain of the wild-type (WT) Synechocystis 6803 and its
mutants, AndhF1, ndhFlxc, ndhFlatvne NdhFlpgsss, NdhFlpgssa/
AndhP  (Flpessa/AP), NdhFlpessa/AndhQ  (Flpessa/AQ), AndhP/Q
(AP/Q)”, AndhD1/D2 (AD1/D2)*, and AndhB (M55)%, were cultured at
30°C in BG-11 medium, as described by Allen in 1968%, with Tris-HCI
buffering at a concentration of 5mM and a pH of 8.0. The culture was
aerated with a 2% (v/v) mixture of CO, in air. The solid medium used was
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Fig. 5 | The salt bridge and NdhP, Q jointly enable NDH-CET. Synechocystis 6803
cells were cultured under a light intensity of 40 umol photons m s ™" with 2% CO, in
air and harvested during the logarithmic growth phase for experiments (a-d). a In
vitro analysis of NDH-CET activity. Increases in chlorophyll fluorescence by
addition of Fd under the illumination of actinic light (AL; 620 nm, 918 pmol photons
m ?s~") were monitored in thylakoid membranes (80 pg chlorophyll a mL™") of the
wild type (WT) Synechocystis 6803 and its mutants. b-d In vivo analysis of NDH-
CET activity. b Monitoring of NDH-CET activity by chlorophyll fluorescence.
Experimental procedure as in Fig. 2¢. a.u., Arbitrary units. ¢ Redox kinetics of P700

after termination of AL illumination (800 pmol photons m > s™") under a

background of far-red (FR) light. The cells were illuminated by AL supplemented
with FR light to store electrons in the cytoplasmic pool. After termination of AL
illumination, P700* was transiently reduced by electrons from the PQ pool; there-
after, P700 was reoxidized by background FR light. The redox kinetics of P700 were
recorded. The P700" levels were standardized by their maximum levels attained by
exposure to FR light. d Kinetics of the P700" rereduction in darkness after turning off
FR light in the presence of 10 uM 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU). The chlorophyll a concentration was adjusted to 20 pg mL™" before
measurement, and curves are normalized to the maximal signal.

Salt bridge ™= Cramp iron-like structure

Functional “molecular glue”

Fig. 6 | A model schematically represents the stabilization mechanisms of NDH-
1L and its role against oxidative stress. The stability of the connection between

NdhB and NdhD1 relies on the formation of an intermolecular salt bridge within the
cramp iron-like structure, facilitated by the functional “molecular glue” provided by
NdhP and NdhQ (see WT). In contrast, disruption of the salt bridge and deletion of
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NdhP or NdhQ destabilizes NDH-1L, leading to impaired NDH-CET, thereby
suppressing the CBB cycle and increasing ROS production, especially under high
light (see F1pg3sa/AP and F1pg3s4/AQ). CBB, Calvin-Benson-Bassham; NDH-CET,
NDH-1-depedent cyclic electron transfer; ROS, reactive oxygen species; TM, thy-
lakoid membrane.

BG-11, which was supplemented with 1.5% agar. The mutant strains were
cultured in the presence of specific antibiotics, while being exposed to
illumination by fluorescence lamps at 40 umol photons m™s™.

Construction of mutants

The mutant strains of AndhF1, ndhF1 ¢, and ndhF1 yra 6 Were constructed
as follows. The upstream and downstream regions of ndhF1, ndhFIy . 151ms
or ndhFln i1stmsiin (Supplementary Fig. 8) were amplified by PCR,
creating appropriate restriction sites. A DNA fragment encoding a Kam® or

a Sp* cassette was also amplified by PCR, creating the BamHI and Sall sites
using appropriate PCR primers (Supplementary Table 1). These three PCR
products were ligated into the MCS of pUC19 (see Supplementary Fig. 9a-d)
and used to transform the wild-type cells of Synechocystis 6803 to generate
the AndhF1, ndhFIxc or ndhFIataie mutant, respectively. Subsequently,
these transformants were spread on agar plates containing BG-11 medium
and kanamycin (10 pg mL™) or spectinomycin (10 pg mL™") buffered at pH
8.0, and the plates were incubated in 2% (v/v) CO, in air under illumination
by fluorescent lamps at 40 pmol photons m™ s™'. The complete or partial
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mutation regions of the ndhFI gene in the transformants was segregated to
homogeneity through successive streak purification, as confirmed by PCR
amplification (see Supplementary Fig. 9e) and reverse transcription (RT)-
PCR analysis (see Supplementary Fig. 9f).

The construction of strain NdhF1pe354 with a site-directed mutation
proceeded as follows. The DNA fragment encoding a Kam" cassette was
amplified by PCR using primers NdhFlpg3s4-E and NdhF1pg3s4-F, while
another DNA fragment containing a downstream region of the ndhF1 gene
was amplified using primers NdhF1pgss4-G and NdhFlpgssa-H. Both
resulting DNA fragments were seamlessly assembled into the pUC19 vector,
creating the pUC-Kam"®-Down plasmid with BamHI and Kpnl sites, using
the pEASY ©-Uni seamless cloning and assembly kit (Transgene, CU101).
Furthermore, the upstream region of the ndhF1I gene consists of two distinct
DNA fragments, referred to as fragments far away from and close to the
Kam?" cassette. Two DNA fragments were amplified by PCR for assembly
into the pUC-Kam®-Down plasmid. The first fragment, located far away
from the Kam" cassette, was amplified using primers NdhF1pg354-A and
NdhF1pgss4-B. The second fragment, situated close to the Kam" cassette,
was amplified using primers NdhF1lpg354-C and NdhFlpgssa-D. These
fragments were seamlessly assembled, resulting in the creation of pUC-
NdhF1pessa plasmid with PstI and BamHI sites, using the pEASY®-Uni
seamless cloning and assembly kit (Transgene, CU101). Within the
upstream region, the triplet 1903GAC1905, which encodes aspartic acid,
was modified to GCC, encoding alanine, using PCR primers
NdhF1pess54-B, and NdhFlpgssa-C (see red marks in Supplementary
Table 1). The accuracy of the base changes at the mutation site was
confirmed by DNA sequencing of the upstream region. This construct
was then introduced into the WT Synechocystis 6803 to produce the
NdhF1pgss54 mutant strain. The ndhF1 gene was amplified by PCR from
both the WT and NdhF1pg35, mutant strains and the correctness of the
base modifications at the mutation site was validated through DNA
sequencing (Supplementary Fig. 3c).

The Flpgssa/AP and Flpgssa/AQ double mutants were constructed as
follows. The upstream and downstream regions of ndhP and ndhQ were
amplified by PCR, creating appropriate restriction sites. A DNA fragment
encoding a Kam" or Sp* cassette was also amplified via PCR, thereby
introducing Xbal and Kpnl sites for AndhP construction, and BamHI and
Sacl sites for AndhQ construction, using the corresponding PCR primers
(Supplementary Table 1). They were ligated into the MCS of pUC19 to
generate the pUC-AndhP and pUC-AndhQ plastids. These two plastids
were introduced into the NdhF1pg354 mutant strain, resulting in the gen-
eration of Flpgssa/AP and Flpgssa/AQ, respectively.

RNA extraction and RT-PCR analysis

Total RNA was isolated and analyzed as described previously*. Reverse
transcription (RT)-PCR was performed using the Access RT-PCR system
(Promega) to generate products corresponding to ndhFI, ndhFly 1stms
ndhF1c, ndhFlryne ndhFlyg, ndhP, ndhQ and 16 S rRNA, with 0.5 pg of
DNase-treated total RNA as starting material. RT-PCR conditions were
95 °C for 5 min followed by cycles of 95°C, 62°C, and 72 °C for 30 s each. The
reactions were stopped after 25 cycles for 16 S TRNA, and after 35 cycles for
ndhF1,ndhFly y 157me NANF1c, ndhFlyg e, ndhFlyyy, ndhPand ndhQ. The
primers used are summarized in Supplementary Table 1.

Isolation of crude thylakoid membranes

The cell cultures (800 mL) were collected during the logarithmic growth
phase (A73 = 0.6-0.8) and subjected to two washes with 50 mL of fresh BG-
11 medium. Subsequently, thylakoid membranes were isolated in accor-
dance with the method outlined by Gombos et al. % with some modifica-
tions as described below. The cells suspended in 5 ml of disruption buffer
(10 mM HEPES-NaOH, 5 mM sodium phosphate, pH 7.5, 10 mM MgCl,,
10 mM NaCl, and 25% [v/v] glycerol) were supplemented by zirconia/silica
beads and broken by vortexing 20 times at the highest speed for 30 s at 4 °C
with 5 min cooling on ice between the runs. The crude extract was cen-
trifuged at 5,000 x g for 5 min to remove the glass beads and unbroken cells.

By further centrifugation at 20,000 x g for 30 min, crude thylakoid mem-
branes were obtained from the precipitation.

Electrophoresis and immunoblotting

Blue native PAGE (BN-PAGE) of Synechocystis 6803 membranes was
performed as described previously® with slight modifications'>*"*%***"~71,
Isolated membranes were prepared for BN-PAGE as follows. Membranes
were washed with 330 mM sorbitol, 50 mM Bis-Tris, pH 7.0, and 0.5 mM
phenylmethylsulfonyl fluoride (Sigma-Aldrich, St. Louis, MO, USA) and
resuspended in 20% (w/v) glycerol, 25 mM Bis-Tris, pH 7.0, 10 mM MgClL,
0.1 units of RNase-free DNase RQ1 (Promega, Madison, WI, USA) at a
chlorophyll a concentration of 0.3mgmL™', and 0.5mM phe-
nylmethylsulfonyl fluoride. The samples were incubated on ice for 10 min,
and an equal volume of 3% n-dodecyl B-D-maltoside (DM) was added.
Solubilization was performed for 40 min on ice. Insoluble components were
removed by centrifugation at 18,000 x g for 15 min. The collected super-
natant was mixed with a one-tenth volume of sample buffer, 5% Serva Blue
G, 100 mM Bis-Tris, pH 7.0, 30% (w/v) Sucrose, 500 mM e-amino-n-
caproic acid, and 10 mM EDTA. Solubilized membranes were then applied
to a 0.75 mm-thick, 5% to 12.5% acrylamide gradient gel (Hoefer Mighty
Small mini-vertical unit, Hoefer, San Francisco, CA, USA). Samples were
loaded on an equal chlorophyll a basis per lane. Electrophoresis was per-
formed at 4 °C by increasing the voltage gradually from 50 up to 200 V
during the 5.5 h run.

SDS-PAGE analysis of Synechocystis 6803 proteins from crude thyla-
koid membranes was conducted using a 12% polyacrylamide gel containing
6 M urea, following the procedure outlined by Laemmli in 19707 After
electrophoresis, the proteins were visualized by Coomassie Brilliant Blue
(CBB) staining.

For immunoblotting, the proteins were electrotransferred to a poly-
vinylidene difluoride (PVDF) membrane (Immobilon-P; Millipore, Bed-
ford, MA, USA) and detected by protein-specific antibodies using an ECL
assay kit (Amersham, Arlington Heights, IL, USA) according to the man-
ufacturer’s protocol. An antibody against amino acids 452 to 509 of the
NdhF1 subunit of Synechocystis 6803 (1000:1) was raised in our laboratory.
This region corresponds to a hydrophilic segment located between TM13
and TM14 (Supplementary Fig. 8). To amplify this segment of the ndhF1I
gene, primers were designed (listed in Supplementary Table 1) and the PCR
products were ligated into vector pGEX-5X-1. Following amplification in
Escherichia coli DH-5a. The construct was used to transform E. coli strain
BL21(DE3)pLysS for expression. The resulting partial ndhF1 gene expres-
sion product from E. coli was purified and utilized as antigens for immu-
nizing rabbits to generate polyclonal antibody. Antibodies against NdhA
(1000:1), NdhI (1500:1), NdhK (1000:1), NdhM (1000:1), RbcL (1500:1)
and ATP (1500:1) subunits of Synechocystis 6803 were raised previously in
our laboratory**”"”. Antibodies against CupA (2000:1) and CupB (2000:1)
were provided from Professor Hualing Mi (Institutes of Plant Physiology
and Ecology, Chinese Academy of Sciences).

In vitro assay of Fd-dependent PQ reduction

In vitro assay of Fd-dependent PQ reduction was performed as described
previously"*** with some modifications. In brief, the thylakoid membranes
collected from the WT Synechocystis 6803 were suspended in buffer A
(0.5 M sorbitol, 10 mM MgCl,, 10 mM NaCl, 10 mM HEPES, and 5 mM
sodium phosphate, pH 7.5) at a final chlorophyll a concentration of
80 pg mL . Purified Fd (20 uM) was added, and an increase in chlorophyll
fluorescence was recorded using a Dual-PAM-100 system (Walz).

Chlorophyll fluorescence and P700 analysis

The transient increase in chlorophyll fluorescence after actinic light had
been turned off was monitored as described”. The redox kinetics of P700
was measured according to previously described methods'™*"***¥~"°,
Briefly, the levels of P700" were assessed by monitoring absorbance at
820 nm using a Dual-PAM-100 instrument (Walz) equipped with an ED-
101US/MD emitter-detector unit. P700 redox kinetics were tracked by

Communications Biology| (2025)8:172


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07556-4

Article

turning off actinic red light (AL; 800 umol photons m* s~ for 30 s) while
keeping far-red light (FR; >705 nm; 5.2 pmol photons m ™ s™") on. The re-
reduction of P700" in darkness was measured with a Dual-PAM-100 (Walz)
with an emitter-detector unit ED-101US/MD by monitoring absorbance
changes at 830 nm and using 875 nm as a reference. Cells were kept in the
dark for 2min and 10 uM of 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) was added to the cultures prior to the measurement. The P700 was
oxidized by FR light with a maximum at 720 nm from a light-emitting diode
(LED) lamp for 30 s, and the subsequent re-reduction of P700" in the dark
was monitored.

CO, gas exchange kinetics measurement

Cells of WT and mutant strains were suspended in fresh BG-11 medium ata
chlorophyll a concentration of 10 pug mL™. The cell suspension was kept in
the dark for 5min and then illuminated with an intensity of 500 pumol
photons m™ s for 5 min. CO, gas exchange kinetics were monitored using
an online membrane inlet mass spectrometer (MIMS, Omnistar, Pfeiffer
Vacuum) and the CO, uptake rate was subsequently calculated as described
previously'*”.

ROS measurement

Cells of WT and mutant strains are grown under growth light and high light
were stained with fluorescence dye, 2°,7-dichlorodi-hydrofluorescein dia-
cetate (DCFH-DA) (Sigma-Aldrich) as described previously'*”>’°. After the
addition of 5 uM DCFH-DA (final concentration) to the cell suspension, the
mixture was incubated in the dark on a shaker at room temperature for 1 h.
Subsequently, intracellular ROS fluorescence was measured using an
F4500 spectrofluorimeter (Hitachi) and analyzed by comparing the inten-
sity of fluorescence peak at 520 nm.

Homology modeling of NDH-1 and its amino acid interaction
analysis

The spatial structure of the NDH-1L complex from Synechocystis 6803 was
modeled using AlphaFold-Multimer”””*, Amino acid interactions between
NdhB and NdhD subunits were analyzed for both NDH-1L and NDH-1MS
structures using the freely available RING v3.0”” webserver, accessible at
https://ring. biocomputingup.it/submit.

Statistics and reproducibility

A minimum of three independent experiments were conducted for all
studies, with specific replicate numbers (1) provided in the figure legends.
Statistical analyses were carried out using Windows Excel. Significance
between two groups was assessed using a two-tailed Student’s ¢-test and a P-
value <0.05 was considered statistically significant. The data were presented
as the mean = standard deviation.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study have been included in both
the published article and its supplementary information files. The numerical
source data for all graphs are presented in the Supplementary Data 1. In
addition, original uncropped blot/gel images, including the original size
marker, have been made available in Supplementary Fig. 25. For more
information, feel free to reach out to the corresponding authors upon a
reasonable request.
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