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A B S T R A C T

Photosynthetic NADH dehydrogenase-like complex type-1 (a.k.a, NDH, NDH-1, or NDH-1L) is a multi-subunit,
membrane-bound oxidoreductase related to the respiratory complex I. Although originally discovered 30 years
ago, a number of recent advances have revealed significant insight into the structure, function, and physiology of
NDH-1. Here, we highlight progress in understanding the function of NDH-1 in the photosynthetic light reactions
of both cyanobacteria and chloroplasts from biochemical and structural perspectives. We further examine the
cyanobacterial-specific forms of NDH-1 that possess vectorial carbonic anhydrase (vCA) activity and function in
the CO2-concentrating mechanism (CCM). We compare the proposed mechanism for the cyanobacterial NDH-1
vCA-activity to that of the DAB (DABs accumulates bicarbonate) complex, another putative vCA. Finally, we
discuss both new and remaining questions pertaining to the mechanisms of NDH-1 complexes in light of these
recent advances.

1. Introduction

The process of oxygenic photosynthesis converts light energy from
the sun to the chemical energy that sustains the majority of life on Earth
[1]. This process is divided into the ‘light’ reactions, which generate
ATP and NADPH, and the ‘dark’ reactions, which consume ATP and
NADPH to fix CO2. The light reactions can be further subdivided into
linear and cyclic electron flow. Linear electron flow (LEF) strips elec-
trons from water to yield molecular oxygen and shuttles the electrons
through a series of redox-active complexes that ultimately deposit the
electrons on NADP+ to form NADPH and also generates a proton gra-
dient. The proton gradient is coupled to ATP synthase to form ATP from
ADP and inorganic phosphate (Fig. 1A,B). The net result of LEF is for-
mation of ATP and NADPH at an approximate ratio of 1.3 [2,3].
However, cellular processes (e.g., dark reactions, translation, etc.) ty-
pically demand more ATP than NADPH. Cyclic electron flow (CEF)
satisfies this need by providing a means of generating ATP in-
dependently of NADPH [4,5].

CEF was discovered over 50 years ago and is ‘cyclic’ in that electrons

start and end at photosystem I (PSI) [6]. Electrons excited at PSI enter
the plastoquinone pool (PQ) and transit the proton-pumping cyto-
chrome b6f complex before returning to PSI, thus yielding a proton-
motive force (pmf) to drive ATP synthesis via ATP synthase (Fig. 1C,D).
A point of contention in the molecular understanding of CEF has been
the redox enzyme and substrate responsible for mediating PQ reduc-
tion. While multiple CEF pathways have been proposed, with PGR5/
PGRL1- and NDH-1-mediated being the most prevalent, NDH-1-medi-
ated CEF is the most widely-conserved and is found in cyanobacteria
and land plants [7,8].

2. Discovery of NDH-1

NDH-1 was first discovered when genes homologous to the core
subunits of the L-shaped respiratory complex I were observed in the
sequenced chloroplast genomes of Nicotiana tabacum and Marchantia
polymorpha [9–11]. These genes were later shown to be conserved in
cyanobacteria [12]. This discovery was provocative, as it was not im-
mediately clear why a protein complex analogous to the respiratory
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complex I of mitochondria would be present in the chloroplast. Reg-
ulons from diverse photosynthetic organisms were shown to encode
homologs for 11 of the 14 essential core complex I subunits, but spe-
cifically lacked the three subunits responsible for the NADH dehy-
drogenase activity of the respiratory enzyme (Table 1), raising the
question of how electron transfer could be mediated [13]. Furthermore,
biochemical analysis of partially purified NDH-1 from plants and cya-
nobacteria revealed several unique, conserved oxygenic photosynthesis
specific (OPS) subunits, NdhL-Q, S and V, which are not found in re-
spiratory homologs [14–17].

3. Biochemistry of NDH-1 and function in cyclic electron flow

Within the last decade, there has been an explosion in our collective
understanding of the structure and function of NDH-1. With regards to
function, seminal results came from the Shikanai group, who demon-
strated that plastid-type ferredoxin (Fd, a small iron-sulfur protein), and
not NADH, is the redox donor to the chloroplast NDH-1 [18]. Moreover,
mutational studies in planta, as well as in vitro PQ-reduction assays,
implicated the OPS subunit NdhS as a critical player in CEF activity of
NDH-1 [18,19]. Fortuitously, the structure of isolated NdhS from a
mesophilic cyanobacterium (Synechocystis sp. PCC6803) had been de-
termined as part of the NIH Protein Structure Initiative. This structure
revealed that NdhS adopted an SH3-like fold (PDB ID: 3C4S), a common

Table 1
Presently identified NDH subunits. Organism name abbreviations for complex I homologs: Tt-Thermus thermophilus, Yl-Yarrowia lipolytica, and Bt-Bos taurus.

Common
name

Other name(s) Cyano NDH
isoform

Present in Subunit notes Complex I homologs

Cyano Chloro Tt Yl Bt

Homologous Core NdhA All x x PQ-binding, half antiporter-like fold Nqo8 NU1M ND1
NdhB All x x proton-pumping, antiporter-like Nqo14 NU2M ND2
NdhC All x x PQ-binding site Nqo7 NU3M ND3
NdhD1 NdhD All x x proton-pumping, antiporter-like
NdhD3 MS x proton-pumping, antiporter-like Nqo13 NU4M ND4
NdhD4 MS' x proton-pumping, antiporter-like
NdhE All x x Nqo11 NULM ND4L
NdhF1 NdhF All x x proton-pumping, antiporter-like, lateral

helix
NdhF3 MS x putative gas-channel, antiporter-like, lateral

helix
Nqo12 NU5M ND5

NdhF4 MS' x putative gas-channel, antiporter-like, lateral
helix

NdhG All x x Nqo10 NU6M ND6
NdhH All x x PQ-binding, Fd-binding Nqo4 NUCM 49 kDa
NdhI All x x Fd-binding, distal and medial FeS cluster Nqo9 NUIM TYKY
NdhJ All x x Nqo5 NUGM 30 kDa
NdhK All x x terminal FeS cluster, PQ-binding Nqo6 NUKM PSST

Nqo1 NUBM 51 kDa
Complex I NADH dehydrogenase domain Nqo2 NUHM 24 kDa

Nqo3 NUAM 75 kDa
Oxygenic Photosynthesis

Specific
NdhL CRR23 All x x TMH and partial TMH, spans membrane and

peripheral arms
NdhM All x x
NdhN All x x
NdhO All x x Fd-binding, negative-regulator of activity,

SH3-like
NdhP PnsB4/NDF6 L x x Single TMH, homology only pertains to

predicted TMH of PnsB4
NdhQ L x Single TMH
NdhS CRR31 All x x SH3-like
NdhV All x x Fd-binding, positive-regulator activity
CupA ChpY MS x Zn-binding, carbonic anhydrase-like
CupB ChpA MS’ x Zn-binding, carbonic anhydrase-like
CupS MS x
NdhU CCRL n.a. x DnaJ-like
NdhT CRRJ n.a. x DnaJ
PNSL1 PPL2 n.a. x PsbP-like
PNSL2 PQL1, PQL2 n.a. x predicted coiled-coils, PsbQ-like protein
PNSL3 PQL1, PQL3 n.a. x PsbQ-like protein
PNSL4 n.a. x Peptidyl-prolyl cis-trans isomerase

homology
PNSL5 CYP20–2 n.a. x Peptidyl-prolyl cis-trans isomerase

homology
PNSB1 GT9, NDF1,

NDH48
n.a. x

PNSB2 NDF2, NDH45 n.a. x
PNSB3 NDF4 n.a. x Predicted FeS cluster
PNSB4 NDF6 n.a. x
PNSB5 NDH18 n.a. x
Lhca5 x Linker in NDH-PSI supercomplex
Lhca6 x Linker in NDH-PSI supercomplex
Str4A n.a. x Rhodanese-like protein homology
EGY1 AMOS1 n.a. x Zinc protease homology
EGY2 n.a. x Zinc protease homology
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domain in photosynthetic and Fd-binding proteins [20]. Guided by the
available structure and conservation analysis, Yamomato et al. per-
formed site-directed mutagenesis to further identify a positive-face on
NdhS as important for function. Integrating these results, the authors
proposed that NdhS may contribute to the docking-site on the periph-
eral arm of NDH-1 that complimented the negatively-charged Fd [19].
He et al. later showed that the cyanobacterial NdhS from Thermo-
synechococcus elongatus BP-1 (T. elongatus) was possibly implicated in
Fd-binding, suggesting that the binding-site is likely conserved from
cyanobacteria to chloroplast forms of the complex [21].

More recently, Strand et al. used the combination of an in vitro lu-
ciferase-based assay and in vivo spectroscopy to elucidate proton-
pumping aspects of the chloroplast NDH-1 [8]. The authors treated
osmotically ruptured chloroplasts as ‘natural’ proteoliposomes and
measured ATP production via luciferase activity in response to addition
of reduced Fd. The observation of Fd-dependent ATP production in
their assay demonstrated for the first time that NDH-1 was in fact a
proton-pumping Fd-dependent oxidoreductase. In addition, through
spectroscopic measurements of light-induced thylakoid proton flux in
vivo, they estimated that NDH-1 pumped two protons per electron
transferred to PQ. The ~2H+:e− pumping ratio for NDH-1 is consistent
with that of the respiratory complex I. Moreover, this work provided
strong experimental support for the efficiency of ATP production via
the NDH-1-mediated CEF pathway. Furthermore, it demonstrated the
high-degree of functional conservation between the proton-pumping
membrane arms of NDH-1 and complex I.

These works from the Shikanai and Kramer groups highlighted key
similarities and differences between the photosynthetic NDH-1 and
respiratory complex I. Similar to complex I, NDH-1 is an energy-cou-
pled proton-pump [22]. However, the photosynthetic complex is not a
NADH dehydrogenase type-1 like the respiratory enzyme but actually a
Fd:PQ oxidoreductase [8,18]. Hence, “NADH dehydrogenase complex”
is a misnomer and is generally now referred to as NADH dehy-
drogenase“-like” complex or photosynthetic complex I. The homo-
logous eleven core subunits shared between the photosynthetic and
respiratory complex explained the similar proton-pumping. Never-
theless, it was unclear how the distinctive OPS subunits enabled NDH-1
to interface with Fd as a redox donor. With the exception of NdhS, the
structures and functions of the majority of the conserved OPS subunits
remained unknown until recently.

4. Cryo-EM of cyanobacterial NDH-1 sheds light on OPS subunits
and Fd-binding

Concurrently, we and Schuller et al. determined high-resolution
structures of the cyanobacterial (T. elongatus) NDH-1 complex by single-
particle cryo-EM [23,24]. Both structures are largely consistent and
confirmed the absence of the NADH dehydrogenase domain, consistent
with the use of Fd instead of NADH as the electron donor (Fig. 2A,B)
[18]. The lack of the NADH dehydrogenase domain results in NDH-1
having a truncated L-shape in comparison to the respiratory complex I.
In addition, when compared with the respiratory enzyme, the high-
degree of conservation between the core subunits of the membrane arm
explained the functional conservation of the proton-pumping me-
chanism [8,25]. Moreover, both density maps revealed the structures
and arrangement of all the conserved OPS subunits except NdhV, which
is transiently-associated with NDH (Fig. 2A,B) [26,27].

The homologous core membrane arm of NDH-1 is largely similar to
that of the bacterial complex I enzyme but also contains three addi-
tional transmembrane OPS subunits NdhL, NdhP and the cyanobacterial
specific NdhQ (Fig. 2A,B). NdhL bridges the heel-like junction of the
peripheral and membrane arms. NdhL may increase integrity or cou-
pling of activities between the peripheral and membrane arms as mu-
tants in cyanobacteria impair function but not assembly of the complex
[16]. In plants, NdhL is essential to complex formation and stability
[28] and thus it is tempting to surmise that the additional stability

afforded by NdhL has offset destabilizing but functionally beneficial
mutations elsewhere in the chloroplast complex. The single trans-
membrane NdhP traps a β-carotene and other lipid molecules at the
NdhD/F interface. NdhQ is on the opposite face of the membrane arm
to NdhP at the NdhD/F interface and stabilizes the lateral helix of
NdhF. These subunits appear to further strengthen interactions among
adjacent subunits as previously proposed [29–32]. The remaining ma-
jority of the observed OPS subunits (NdhM, NdhN, NdhO and NdhS) are
located on the peripheral, or redox-active, arm of NDH-1. NdhM and
NdhN appear to mainly serve structural roles and cover hydrophobic
patches that would otherwise be exposed due to the absence of the
three NADH dehydrogenase subunits of complex I. Interestingly, the N-
terminal segment of NdhM, along with core subunits NdhH/K located at
the base of the peripheral arm, formed a cleft that in our structure
housed a strong density of unknown function which we termed the ‘X-
cofactor’ (Fig. 2A). This strong density was not observed in the maps of
Schuller et al. The most notable OPS subunits for understanding a
mechanism for electron donation were NdhS and NdhO. These subunits
were positioned at the top of the peripheral arm proximal to the core
subunit NdhI, which houses the entry-point FeS cluster.

The presence of NdhS at the top-rear of the peripheral arm near the
entry-point FeS cluster is consistent with its functional importance
(Fig. 2C) [19]. Interestingly, the positive-face of NdhS identified by
Yamamoto et al. makes extensive interactions with the homologous
core subunit NdhI, and therefore, this surface is critical for association
of NdhS with the complex and not Fd-binding directly. Indeed, the
association of NdhS to the complex is relatively weak as seen in our
cryo-EM data in which approximately half of the purified particles
contain NdhS [23].

Surprisingly, these structural data also revealed that NdhO adopts
the same SH3-like fold as NdhS, despite distant sequence homology
[23]. The NdhS and NdhO subunits are positioned opposite one another
about the entry-point FeS cluster beneath the extended hairpin loop of
core subunit NdhI [23,24]. Furthermore, the structures revealed the
core subunit NdhI displays a series of Lys residues atop a hairpin loop
that is conserved in photosynthetic homologs but absent in respiratory
forms [23]. Electrostatic surface calculations for the top of the per-
ipheral arm reveal a positive surface comprised of positive residues
from NdhO, NdhI, and NdhH that we proposed as the likely Fd-binding
site (a.k.a. ‘O-site’) (Fig. 2C) [23]. However, given the known functional
data, we could not exclude NdhS from forming a part of a possible
additional Fd-binding site (a.k.a. ‘S-site’) or serving a role in recruiting
Fd to NDH-1 (Fig. 2C) [23]. Indeed, Schuller et al. showed by NMR that
the unresolved C-terminal tail of NdhS may interact with Fd [24]. Thus,
while most of the OPS subunit were resolved and a likely Fd-binding
site proposed, the structure of the last OPS subunit NdhV and an un-
ambiguous site of Fd binding remained unresolved.

Recently, Pan et al. and Zhang et al. concurrently determined high-
resolution single-particle cryo-EM structures of T. elongatus NDH-1
bound to Fd (NDH-1-Fd) (Fig. 3) [34,35]. Noting the weak association
of NdhV to the complex, the groups incubated purified NDH-1 complex
with excess recombinant NdhV and Fd prior to specimen freezing in
order to obtain the NDH-1-Fd co-structures. These structures revealed
that the previously unresolved OPS subunit NdhV binds at the apex of
the peripheral arm interfacing with NdhN, NdhS, and NdhI. Fd binds at
our previously proposed O-site consisting of NdhO, NdhI and NdhH, as
well as the newly visualized NdhV (Fig. 3C,D) [23,34,35]. The C-
terminal helix of NdhV buttresses the hairpin loop of NdhI which ap-
pears to optimize the orientation of the conserved Lys residues in the
loop for Fd binding. Indeed, Zhang et al. showed by cryo-EM of purified
NDH-1 from T. elongatus and in vitro assays using thylakoids from Sy-
nechocystis sp. PCC6803 mutants that NdhV increases the affinity of
NDH-1 for Fd and acts as a positive regulator of NDH-1-mediated CEF
[35]. In addition, Zhang et al. demonstrated that deletion of NdhV and
NdhS yield similar effects in their assays, thus indicating NdhS likely
serves a structural role to recruit NdhV and is not directly involved in
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Fd binding as previously considered by the field [19,23,24]. In contrast
to NdhV, Zhang et al. show that deletion of NdhO leads to an increase in
Fd-dependent PQ reduction in their in vitro assay. Thus, the authors
proposed that NdhO is a negative regulator of NDH-1-mediated CEF,
despite the OPS subunit appearing to contribute residues to Fd-binding
[35]. From these data, one might speculate that NdhV increases the on-
rate of Fd for the complex while NdhO decreases the off-rate, thus
providing a mechanism by which to regulate NDH-1-mediated CEF.
Nevertheless, direct experiments measuring Fd binding kinetics to
NDH-1 will be necessary to ascertain the specific effects of NdhV and
NdhO in the process.

In addition to the NDH-1-Fd structure, Pan et al. also determined the
structure of NDH-1 co-purified with an endogenous plastoquinone
molecule (NDH-1-PQ) [34]. The PQ headgroup is positioned approxi-
mately 18 Å from the terminal iron-sulfur cluster in NDH-1, and thus is
likely not configured for electron transfer (Fig. 3B) [37,38]. The site of
PQ binding is distinct from the canonical quinone-binding site, marked
by the conserved coordinating Tyr residue of NdhH and its homologs
[25]. The conformation of the N-terminal β1-β2 loop of NdhH appears
to block access of the PQ molecule to the canonical binding-site. A si-
milarly blocked quinone-binding site has been observed in the structure
of the mitochondrial complex I from Yarrowia lipolytica and is suggested

to represent an idle state of the complex [39]. Conformational changes
in the β1-β2 loop of NdhH and its homologs have been suggested to be
involved in redox-coupled proton-pumping by these enzymes [39,40].

The unexpected PQ-binding site observed by Pan et al. is interesting
when considering the difference in substrate stoichiometries between
NDH-1 and complex I. In the mechanism of complex I, NADH transfers
two electrons as a hydride to a FMN cofactor at the top of the peripheral
arm. The FMN converts this hydride transfer into two successive single-
electron transfers through a series of seven iron-sulfur clusters (each a
single electron donor/acceptor) to reach, and ultimately reduce, a
bound quinone (a two-electron acceptor) [22,25,39,40]. NDH-1 lacks a
FMN cofactor, thus a bound Fd injects a single electron directly into the
first of a series of three iron-sulfur clusters to reach a bound plasto-
quinone. Since NDH-1 only possesses a single Fd-binding site and Fd is a
single-electron carrier, two separate Fd donation events are necessary
to complete the reduction of a bound plastoquinone. Therefore, unlike
complex I, in the mechanism of NDH-1, the semi-PQ radical inter-
mediate persists until the first oxidized Fd dissociates from the complex
and a second reduced Fd binds the complex. Based on observation in
their NDH-1-PQ structure, Pan et al. proposed a model in which the PQ
is first bound by NDH-1 but impeded from reaching the terminal iron-
sulfur cluster by the β1-β2 loop until two successive electron transfers

Fig. 2. Structural overview of the apo-form of the cyanobacterial NADH dehydrogenase-like complex.
A) Cartoon model of apo-form cyanobacterial NDH-1 complex (PDB ID: 6NBY) with subunits colored according to key (inset). Location of ‘X-cofactor/X-site indicated
by purple star. Peripheral and membrane arms, as well as membrane sidedness indicated. B) Same as the cartoon model in A rotated 180o with dimensions of
peripheral and membrane arms indicated. C) Top, close-up of cartoon model of the peripheral arm. Middle, surface model of the top of the peripheral arm with
subunits labelled. Bottom, the electrostatic surface generated by APBS [33] of the top of the peripheral arm with scale below and showing two positive patches circled
in white and labelled as NdhO-adjacent (O-site) and NdhS-adjacent (S-site).

T.G. Laughlin, et al. BBA - Bioenergetics 1861 (2020) 148254

5

http://firstglance.jmol.org/fg.htm?mol=6NBY


can be assured [34]. In their model, the first Fd donates an electron that
is transferred and held on the terminal iron-sulfur cluster. Then, a
second Fd electron donation event triggers reorganization of the NdhH
β1-β2 loop and would allow PQ to access the terminal iron-sulfur
cluster for reduction by two successive electron transfers, thus limiting
the time spent by the PQ as the radical intermediate. Further experi-
ments exploring dynamics of the β1-β2 loop of NdhH of NDH-1 and
complex I homologs will likely be useful in assessing the catalytic me-
chanisms of these enzymes.

5. Additional subunit complexity of NDH-1 in higher plants

Drawing parallels to prokaryotic complex I, the cyanobacterial
NDH-1 subunits likely represent a minimal functional set of core and
OPS subunits. The NDH-1 of higher plants has accumulated several
subunits not present in the cyanobacterial form (Table 1), similar to the
prokaryotic-to-eukaryotic evolution of the respiratory complex I
[25,41–43]. The additional subunits in the chloroplast NDH-1 may have
arisen to enable the intricate assembly of the complex as a result of
encoding of components in both the nuclear and plastid genomes
[43,44]. Interestingly, some of the essential chloroplastic-specific OPS
subunits share homology with known protein chaperones. For example,

Fig. 3. Structural overview of NDH-1-Fd and NDH-1-PQ co-complexes. A) Cartoon model of NDH-1-Fd co-complex (PDB ID: 6L7O) with Fd-interacting subunits
colored according to key (inset). B) Alternate side-view of NDH-1-Fd co-complex colored as in A. Inset shows the chain of FeS clusters inside the boxed region of the
peripheral arm. Electrons from Fd transfer to the distal, or “entry-point” cluster, then to the medial, then the proximal and eventually end up on plastoquinone (PQ).
PQcanonical is modelled based on the position of the conserved coordinating Tyr72 (T. elongatus numbering) and PQobserved is from NDH-PQ structure (PDB ID: 6KHJ).
C) Top-down view of NDH-Fd peripheral arm with NDH subunits shown as surface representation and Fd as cartoon. D) Same as C with NDH colored by electrostatic
potential values as determined by APBS [33] with scale indicated. E-F) Gallery of NDH subunit (colored according to key in A) and Fd interfacing residues for Fd-
NdhV (E), Fd-NdhO (F), Fd-NdhI (G), and F-NdhH (H). Thin dashed lines indicate salt-bridge or H-bonding residues and thick dashed lines indicate cation-pi
interactions. [O] subscripts indicate backbone carbonyls. I) Comparison of PQ/Q cavity of bacterial complex I and various apo and substrate-bound NDH structures.
Putative Q-cavity of T. thermophilus complex I (PDB ID: 4HEA) was generated using CAVER [36] and shown as transparent blue surface. The β1-β2 loop of NdhH
(Nqo4 in complex I) is shown in cartoon representation from various structures and colored according to key at the bottom. All presently determined NDH structures
possess a β1-β2 loop conformation that blocks the canonical bind-site marked by the conserved coordinating Tyr residue adjacent the terminal FeS cluster. The PQ
molecule observed in the NDH-1 structure from Pan et al. (PDB ID: 6KHJ) is shown in green. Complex I nomenclature and numbering are in parentheses where
appropriate.
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NdhT and NdhU possess homology to J and J-like protein chaperone
(e.g., DnaJ/Hsp40), which regulate unfoldases (e.g., DnaK/Hsp70) that
typically disassemble misfolded clients for refolding, degradation or
translocation across membranes [45]. Additionally, subunits PNSL4 and
PNSL5 are homologous to peptidyl-prolyl cis-trans isomerases that ty-
pically catalyze the rate-limiting proline isomerization step in the
folding of their clients [46]. A recent co-fractionation mass spectro-
metry approach revealed two zinc proteases (EGY1 and EGY2) as
chloroplast NDH-1 subunits or interactors [47]. The chaperone and
protease homology may indicate the involvement of these OPS subunits
in the repair, maturation, or assembly of nuclear-encoded subunits post
import. Nevertheless, the function for these additional subunits remains
to be determined.

In addition, some of the less conserved chloroplast OPS subunits are
involved in the formation of an NDH-1-PSI supercomplex. In land
plants, NDH-1 forms a supercomplex with photosystem I and light-
harvesting complex I proteins Lhca5 and Lhca6 [48]. The NDH-1-PSI
supercomplex from barley has been confirmed and visualized at low-
resolution by negative-stain transmission electron microscopy [49]. The
NDH-1 subunits PnsL1-L3 and PnsB1-5 have been proposed to be in-
volved in the assembly and stabilization of NDH-1-PSI by mediating
interactions between NDH-1 and the LHCI subunits. The supercomplex
appears to stabilize NDH-1 during high-light stress and has been pro-
posed to enhance flux through NDH-1-mediated CEF [43,50].

Undoubtedly, determination of the structure of the chloroplast
NDH-1 and NDH-1-PSI supercomplex will bring both clarity and in-
teresting surprises in the roles of the additional chloroplast OPS sub-
units.

6. Distinct role of cyanobacterial NDH-1 complexes in the CO2-
concentrating mechanism

Tangential to the role of NDH-1 in the light reactions of photo-
synthesis, specific forms of the cyanobacterial NDH-1 complex have
also been implicated in a specific aspect of the light-independent re-
actions known as the CO2-concentrating mechanism (CCM) [51–54].
Oxygenic photosynthetic organisms using the Calvin-Benson Bassham
Cycle are limited by the specificity and kinetics of the principal CO2-
fixing enzyme rubisco, which is both relatively slow and promiscuous
[55–57]. A CCM is an integrated physiological strategy to increase the
local CO2 concentration near rubisco and facilitate on-pathway chem-
istry [1,58,59].

The cyanobacterial CCM consists of two primary steps: (i) active
concentration of CO2 in the cytosol in its hydrated, anionic form,
HCO3

− and (ii) localization of rubisco with carbonic anhydrase (CA)
inside large proteinaceous structures called carboxysomes [60]. HCO3

−

is far less membrane-permeable than CO2, and so HCO3
− accumulation

results in high concentrations (> 10 mM) of total inorganic carbon in
the cytosol [61]. Enzymatic dehydration of HCO3

− to CO2 occurs only
within the carboxysome, yielding a high local concentration of CO2

near rubisco, thus enabling high-flux by rubisco towards CO2-fixation
and limiting the wasteful photorespiratory side-reaction with O2 [60].

Cyanobacterial NDH-1 complexes are proposed to participate in the
active concentration of CO2 [52,62,63]. Foundational work establishing
the cyanobacterial CCM ‘parts list’ relied on isolating and character-
izing mutant strains with high-CO2 requiring (HCR) phenotypes. HCR
phenotypes typically indicate a mutation in a CCM component [64].
Early work by Ogawa established that defects in NDH-1 genes lead to
HCR phenotypes, implicating the complex in the cyanobacterial CCM
[51,65]. Further work by Ogawa and colleagues using screens, reverse
genetics and proteomics indicated that multiple distinct forms of NDH-1
were present in cyanobacteria [52,53,66–68]. The distinct CCM-acti-
vate NDH-1 isoforms possessed paralogous versions of the distal
membrane subunits (NdhD and NdhF) along with novel CO2-uptake
proteins (Cups, a.k.a. CO2-hydration proteins, or Chps) [67,68]. Ex-
pression analysis and isotopically-labelled CO2 experiments

demonstrated that the NdhD4/F4/CupB operon is a low-affinity, con-
stitutively expressed module and the NdhD3/F3/CupA/CupS operon is
a high-affinity module induced in low-CO2 conditions [52,53,66–68].
These forms of the complex were termed NDH-13/NDH-1MS (con-
taining NdhD3/F3/CupA/CupS) and NDH-14/NDH-1MS’ (containing
NdhD4/F4/CupB) [68]. Targeted disruption of the CupA and CupB
genes revealed that these novel ~40–50 kDa proteins, but not the
~16 kDa CupS, were essential for the observed CCM activity of their
respective complexes [67,68].

Physical association of the Cup complexes (i.e., NdhD/F/Cup com-
plex) to the NDH-1 ‘core’ module was initially shown by co-purification
and co-migration in BN/SDS-PAGE analysis [16,69]. However, the Cup
complexes readily dissociate from the NDH-1 core module upon solu-
bilization using common detergents [16,69]. Moreover, negative-stain
TEM of total solubilized cyanobacterial thylakoids showed a fraction of
NDH-1 particles with additional density at the distal end of the mem-
brane arm, imparting them with a distinct U-shape [70,71]. Consistent
with the induction of the CupA operon, the population of particles with
the additional density was greater at low CO2. Similar preparations
from CupA and CupA/B mutants did not contain any particles with the
additional density on the membrane arm [70]. Therefore, this density
was assigned to CupA/B and the assignment would place CupA/B on
top of NdhF3/F4 (Fig. 4).

Unlike known ion-coupled HCO3
− symporters from cyanobacteria,

such as SbtA or BicA, the Cups have been proposed to be energy-cou-
pled carbonic anhydrases [58,62]. Growth experiments at low pH and
membrane-inlet mass spectrometry of mutants suggest that the Cup
complexes act to hydrate CO2 into HCO3

−, like carbonic anhydrase
(CA) enzymes [52,66,68]. However, a CA in the cytosol of cyano-
bacteria decouples the CCM by rapidly equilibrating HCO3

− with CO2,
which can easily diffuse from the cell [72]. In addition, neither CupA
nor CupB obviously resembled any known class of CA nor possessed an
identifiable Zn2+-binding motif necessary for CA activity [73]. To ex-
plain the observed phenomena surrounding the Cups, it was proposed
that the Cups are a new class of energy-coupled, or vectorial, CAs
(vCAs). In order to avoid decoupling a CCM, a vCA would work ex-
clusively in the direction of CO2 to HCO3

− by coupling the hydration
reaction to an energetically favorable process (e.g., ATP hydrolysis,
redox, dissipation of a membrane potential). In the case of the Cups, the
originally proposed mode of energy-coupling was based on the redox-
coupled proton-pumping activity of NDH-1 as described below [58,62].

The generic CA hydration mechanism involves formation of a Zn-
hydroxide (Zn2+-OH−) by abstraction of the proton from an initial Zn-
water (Zn2+-H2O) at the active-site by a basic residue (or residues) that
act as part of a proton shuttle to solvent [73]. The Zn2+-OH− then
attacks a dissolved CO2 to lead to formation of HCO3

−. The vCA model
for the Cups suggests the vectorial proton-pumping activity of the NDH-
1 membrane arm serves as an effective proton shuttle (Fig. 4) and by
extension can regenerate the Zn2+-OH− in the Cup active-site [62]. The
energy-coupled regeneration of the putative Zn2+-OH− active site
biases the CA-activity of the Cup towards the CO2 hydration reaction
rather than dehydration, rendering it vectorial [58,62]. This coupling
presumably reduces the number of protons pumped per electron
transferred via NDH-1 in order to compensate for the energetically
unfavorable CO2 hydration reaction. Nevertheless, it was unclear how
such a coupling could occur at the molecular level.

Recently, Schuller et al. determined the high-resolution structure of
the NDH-13 complex from T. elongatus by single-particle cryo-EM and
performed simulations to begin to elucidate the mechanism of the Cups
(Fig. 5) [74]. Using the mild detergent glyco-diosgenin, the authors
were able to maintain the integrity of the solubilized complex and
purify it using an affinity tag on the CupS subunit. The complex lacks
the single TMH subunits NdhP and NdhQ present in the NDH-1 isoform.
Instead NDH-13 possesses multiple ordered lipid molecules at the
NdhD3/NdhF3 interface, as well as a Chl a/β-carotene motif that links
CupA and NdhF3, which may explain the fragility of complex upon
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solubilization with more aggressive detergents.
Consistent with prior negative-stain work, CupA and CupS are po-

sitioned at the distal end of the membrane arm above NdhF3 giving the
complex its defining U-shape (Fig. 5A, B). CupS adopts a topology
consistent with previous NMR data of the isolated subunit (PDB ID:
2MXA) [75] but exhibits a more compact conformation in complex with
CupA. CupA adopts a fold distinct from any known CA. Remarkably, the
CA active-site is at the interface of CupA and NdhF3 and contains the
necessary catalytic Zn2+, which the authors observe in the EM density
as well as by spectroscopy. The catalytic Zn2+ is coordinated by CupA
residues His130 and Arg135, as well as density assigned as a putative
water/hydroxide molecule (Fig. 5C). The active-site is completed by
NdhF3 residues Arg37, Glu114 and Tyr41. Of particular note is Tyr41,
which acts as part of the putative proton shuttle in the proposed CO2

hydration mechanism.
However, despite the interfacial active-site between CupA and

NdhF3, the mechanism of coupling does not appear to be proton-ab-
straction via NdhF3 antiporter activity. The authors note that NdhF3
lacks the charged residues proposed to form the proton-tunnel in other
Mrp-like antiporter homologs and that NdhF3 is incompetent for proton
translocation in their simulations. The adjacent antiporter-like subunit
NdhD3 does appear competent for proton translocation, but residues
directly connecting the CupA active-site and NdhD3 proton-tunnel are

not readily apparent. An ordered network of non-proteinous entities
(e.g., water or lipid headgroups) may connect the CupA active-site to
adjacent proton-pumping subunit NdhD3, but these features are not
resolved in the cryo-EM map if they are present.

In place of a proton-tunnel in NdhF3, the authors propose that the
membrane subunit contains a putative gas-tunnel that leads to the CupA
active-site (Fig. 5D) and may serve as a conduit for CO2, which is
supported by their simulations [74]. The revelation of a putative gas-
tunnel is provocative but has precedence. It has been demonstrated in
cyanobacteria (and plants) that the CO2 likely crosses cell membranes
through protein channels such as aquaporins [76]. Moreover, while
possibly lacking proton-antiporter activity, NdhF3 still possesses the
conserved ion-pair at the interface with the adjacent proton-antiporter
subunit NdhD3 as seen in other complex I homologs. This connection
may enable coordination of the CO2-hydration activity by NdhF3/CupA
to the activities of the other subunits. Nevertheless, how this co-
ordination would result in vCA activity is not readily apparent.

Notably, the recent discovery and characterization of different pu-
tative classes of vCA complexes provides a comparative model for in-
terrogating the structure and energy-coupling mechanism of the Cup
complexes. The DAB (DABs accumulate bicarbonate) complex is a two
subunit complex recently described by our group in non-photo-
synthetic, sulfur-oxidizing CO2-fixing bacteria Halothiobacillus

Fig. 4. Different structures and functions of cyanobacterial NDH-1 isoforms. Top left, cartoon NDH-1 ‘core’ module, a.k.a. NDH-1 “Medium” (NDH-1M) complex,
with peripheral arm subunits (shades of blue) and membrane arm subunits (shades of yellow) labelled. Bottom left, addition of NdhD1/F1 module along with single-
transmembrane subunits NdhP and NdhQ forms NDH-1, a.k.a. NDH-1 “Large” (NDH-1L) complex. Top right, addition of the NdhD3/F3/CupA (CupS not depicted)
module, a.k.a. NDH-1 “Small” (NDHe1S) complex, forms the NDH-13/NDH-1MS complex. Bottom right, addition of the NdhD4/F4/CupB module, a.k.a. NDHe1S′
complex, forms the NDH-14/NDH-1MS′ complex. NDH-1L accepts electrons from Fd to transfer them to PQ in the membrane and pumps four protons in a complete
cycle. The NDH-13/4 vectorially hydrate CO2 in addition to Fd-PQ oxidoreductase and proton-pumping activities. See main text and Fig. 5 for more details on the
CupA/B Zn2+-binding site and putative gas-tunnel of the NdhF3/4 subunits.
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neapolitanus, as well as by Scott et al. from related chemoautotrophic
prokaryotes [77,78]. Specifically, DABs consist of a Mrp-like cation-
antiporter membrane subunit (DabB), similar to the cation-antiporter
NdhB/D/F subunits of NDH-1 homologs, and a soluble subunit (DabA)
which possesses distant CA homology. The two DAB proteins are ne-
cessary and sufficient to elevate cytosolic levels of HCO3

− in E. coli
when expressed heterologously, and do so in a manner consistent with
vCA activity [77]. Purified DAB complex was also demonstrated to
contain a putative catalytic Zn2+ as shown by X-ray fluorescence and
mutations in putative metal-coordinating residues disrupted HCO3

−

accumulation by the DAB complex in E. coli [77]. Moreover, based on
sequence homology, DabB appears competent for cation-antiporter
activity. Furthermore, the function of DABs is independent of the
complex I activity of the expression host [77,79].

The proposed DAB mechanism speculates that dissipation of an in-
ward monovalent cation gradient (likely H+ or Na+) ensures uni-
directional hydration of CO2 in the cytosol and is distinct from the
outward pumping of protons proposed for the NDH-1-coupled Cup
complex mechanism (Figs. 4 and 6) [62,77]. Furthermore, functional
DABs exist in a wide variety of prokaryotes and archaea including pa-
thogenic bacteria [77–79]. Despite a lack of sequence homology, DabA
and CupA/B appear to possess quasi-convergent vCA activity. There-
fore, owing to the wide-spread existence of the relatively simple DAB
complexes throughout prokaryotic phyla, it is curious that the Cup
complexes associate and couple to the function of the multisubunit
NDH-1 complex in cyanobacteria. Nevertheless, whether DABs can be

successfully expressed and complement HCR strains of cyanobacteria
remains to be determined. In addition to providing possible insight on
the evolutionary choice of Cups over DABs by cyanobacteria, such ex-
periments will likely also be informative in defining future engineering
applications of DABs in plant chloroplasts.

7. Conclusion and future directions

The past decade has been enlightening with regards to the under-
standing of NDH-1 structure and function. In spite of this progress,
many questions remain. The cryo-EM structures of the cyanobacterial
NDH-1 resolved the conserved OPS subunits and provided insight as to
how Fd interfaces with the complex. Nevertheless, these structures have
raised new questions pertaining to the electron transfer mechanism and
regulation of NDH-1 activity. Unlike the single NADH in the mechanism
of respiratory complex I, NDH-1 must turnover two Fds to complete the
reduction of its PQ substrate. How NDH-1 accommodates a potentially
deleterious semi-PQ radical intermediate remains to be fully elucidated.
Rigorous kinetic and spectroscopic assays will be crucial to define the
steps of the NDH-1 electron transfer mechanism. In addition, as put
forth by Zhang et al., the peripheral arm subunits of NDH-1 may be
altered in response to environmental changes to regulate complex ac-
tivity [35]. Recent evidence indicates cellular redox and adenylate
status also serve to regulate NDH-1 activity [80,81]. How environ-
mental and metabolic status trigger changes in subunit composition or
other molecular mechanisms of regulation remain to be fully

Fig. 5. Structural overview of NDH-13 complex. A) Cartoon model of NDH-13 complex (PDB ID 6TJV) with helices as cylinders and the CO2-uptake module subunits
colored according to key (inset). The Chl a/β-carotene motif is shown as sticks and boxed with dashed lines. B) Alternate side-view of NDH-13 complex colored as in
A. Dashed boxes indicate the views for subsequent panels of the active-site (C) and putative gas-tunnel (D). C) CA-like active-site at the interface of CupA and NdhF3
with active-site residues shown as sticks, Zn2+ as a grey sphere, and putative water/hydroxide shown as a smaller red sphere. D) Putative gas-tunnel identified within
NdhF3 shown as purple surface generated with CAVER [36] and hydrophobic residues lining the tunnel shown as sticks.
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determined.
Furthermore, one of the more provocative results of our cryo-EM

structure was the observation of a strong, unexplained density near the
base of the peripheral arm that we termed the ‘X-cofactor’ [23]. The X-
cofactor appeared in a third of the particles in each of our datasets and
was found in a solvent exposed cleft formed by the N-terminal region of
the OPS subunit, NdhM. The X-cofactor may be a purification artifact or
a small molecule which represents an unknown function of the enzyme
complex. The X-cofactor density, however, was not observed in the
cryo-EM structure from other groups, which used different purification
and classification strategies [24,34,35,74]. Thus, additional studies are
required to confirm the presence, identity and significance of the X-
cofactor in regards to NDH-1 function. The nature and identity of the X-
cofactor is an ongoing aspect of research in our group.

Moreover, while the present structures of the cyanobacterial NDH-1
complex provide insight into the roles of the conserved OPS subunits,
the chloroplast NDH-1 contains at least an additional 15 OPS subunits
compared to the cyanobacterial forms. How these subunits integrate
into the structure of NDH-1, and what additional features they may add
to the enzyme in terms of activity and regulation, remain to be fully
elucidated.

Lastly, the structure of the NDH-13 complex is revolutionary in
understanding the function of the Cups in the cyanobacterial CCM and
possible mechanisms for vCA activity. The structure and simulations of
NDH-13 by Schuller et al. provided many novel insights on residues and
features, such as the NdhF3 gas-tunnel, that are likely important for the
function of Cups [74]. Nevertheless, the mechanism of coupling be-
tween CO2-hydration to the other functions of the complex remains
enigmatic. Future work using mutagenesis will likely be crucial to
elucidate the coupling mechanism of the Cups. Unfortunately, an in
vitro assay for NDH-1-mediated CO2-hydration activity has yet to be
established. In this regard, the Burnap group has made progress in
developing cyanobacterial strains and plasmids to facilitate more

thorough structure-function studies of the Cups in vivo [82]. Never-
theless, in light of the discovery and characterization of the two subunit
DAB complexes, alternative mechanisms for vCA activity should be
considered and investigated, such as coupling to a cation-gradient. Fi-
nally, functional reconstitution of vCA activity in vitro will be funda-
mental in understanding this class of enzymes.
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