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Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) 
is the primary carboxylase of the Calvin–Benson–Bassham 
(CBB) cycle and the major entry point of Ci into the biosphere. 

The activity of Rubisco is critical for agriculture and a major con-
tributor to the removal of anthropogenic CO2 from the atmosphere. 
Despite its centrality and abundance, Rubisco is not a fast enzyme1,2, 
nor is Rubisco specific—all known Rubiscos can use molecular  
oxygen (O2) as a substrate3 in place of CO2. Oxygenation does not  
fix carbon and produces a product that must be recycled through 
metabolically expensive photorespiratory pathways4. Many stud-
ies support the hypothesis that improvements to Rubisco could 
improve crop yields, but Rubisco has proved recalcitrant to  
protein engineering. It remains unclear whether or how Rubisco can 
be improved2,5,6.

Organisms that depend on Rubisco for growth often use CCMs 
that concentrate CO2 near Rubisco so that carboxylation can pro-
ceed at high rate and specificity7,8. All cyanobacteria and many 
chemolithoautotrophic proteobacteria have a CCM9. The bacte-
rial CCM has garnered particular interest among bioengineers 
because it is well understood; it is thought to consist of relatively 
few genes and operates inside single cells10. Detailed modelling 
suggests that the transplantation of the bacterial CCM into crops 
might improve yields11,12, and efforts towards transplantation are 
already underway13.

A diverse range of previous experimental studies showed that 
bacterial CCM requires two components to function—active trans-
port of Ci that drives the accumulation of HCO3

− in the cytosol 
and organization of Rubisco with carbonic anhydrase (CA) in the 
lumen of a protein organelle called the carboxysome7,14,15. Energy-
coupled Ci pumps maintain a high cytosolic HCO3

− concentration 
(>10 mM) and, crucially, keep HCO3

− out of equilibrium with CO2 

(refs. 14,16,17). CA activity interconverts HCO3
− + H+ with CO2 + 

H2O and, therefore, the carboxysomal CA converts a high cytosolic 
HCO3

− concentration into a high carboxysomal CO2 concentra-
tion, promoting faster carboxylation by Rubisco and competitively 
inhibiting oxygenation7. Genetic mutations to either compo-
nent—Ci-uptake systems or carboxysomes—disrupt the CCM, and 
mutants have growth defects unless CO2 is supplemented18,19. This 
high-CO2-requiring (HCR) mutant phenotype is commonly used to 
identify CCM components in screens18,19.

A comprehensive list of bacterial CCM components remains 
unknown despite previous screens, leaving the possibility that 
further activities are required for CCM function. Although well-
assembled carboxysome structures can be produced in bacteria and 
plants13,20, the functionality of these carboxysomes in a heterologous 
CCM has not been demonstrated. Bioinformatics studies show that 
several non-carboxysomal genes are associated with carboxysome 
operons21,22. Experimental14,23 and modelling studies7,15 also make 
it clear that energy-coupled Ci-uptake systems are required for the 
function of CCMs. Several different Ci-pump families—including 
transporters and facilitated uptake systems—have been described 
in cyanobacterial lineages, but mechanistic understanding of the 
uptake of Ci is limited24.

We used a genome-wide barcoded transposon mutagenesis 
screen (RB-TnSeq) to study the CCM of H. neapolitanus. H. nea-
politanus is a sulfur-oxidizing γ-proteobacterial chemolithoau-
totroph and a model system for studying α-carboxysomes25–27. 
Previous physiological measurements suggest that H. neapolitanus 
possesses an energized Ci-uptake system, but the molecular identity 
of this activity is unknown17. In addition to producing the essen-
tial gene set for a bacterial chemolithoautotroph, we leveraged our 
pooled mutant library to comprehensively screen for knockouts that  
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produce an HCR phenotype. This screen identified all of the known 
CCM components and confirmed that a two-gene operon contain-
ing a large conserved poorly characterized protein (Pfam: PF10070, 
hereafter, DabA) and a cation transporter (Pfam: PF00361, hereaf-
ter DabB) is required for the function of CCMs. Scott et al. recently 
identified and validated homologues of these genes as a Ci-import 
system in hydrothermal vent chemolithoautotrophs28–30; on the basis 
of this work and results further described below, we propose nam-
ing this locus the DAB operon, for DABs accumulate bicarbonate.

We show that the products of the DAB operon form a protein 
complex that is capable of energetically coupled uptake of Ci. Both 
proteins are necessary for activity, and treatment with an ionophore 
abrogates DAB-mediated uptake of Ci. Structural homology model-
ling suggests that DabA contains a domain that is distantly homolo-
gous to a type II β-CA. Indeed, DabA binds to zinc, probably in a 
manner similar to β-CAs. These results are consistent with a model 
in which activity is dependent on unidirectional hydration of CO2 to 
HCO3

− in the cytosol through a CA-like mechanism and energized 
by coupling to a cation gradient. Phylogenomic analysis demon-
strates that DAB operons are widespread throughout prokaryotes, 
including carbon-fixing bacteria and archaea. Surprisingly, DAB 
operons are also found in many heterotrophic bacteria. We demon-
strate that functional operons are present in the notable pathogens 
V. cholerae and B. anthracis. We therefore propose that DABs consti-
tute a class of Ci-uptake pump, the biochemical tractability of which 
facilitates mechanistic analyses and the widespread occurrence of 
which merits further investigation.

results
Transposon mutagenesis and gene essentiality. We constructed 
a randomly barcoded genome-wide pooled knockout library of H. 
neapolitanus by conjugation (Fig. 1a). The conjugated vector con-
tained a barcoded Tn5-derived transposon encoding a kanamycin 
resistance marker. The library was produced in 5% CO2, enabling 
isolation of CCM gene knockouts.

Transposon barcodes simplify the use of the library for pooled 
screens by allowing the abundances of individual transposon 
mutants to be tracked through barcode sequencing (BarSeq)31 
(see Methods). Transposon insertion sites and cognate barcodes 
were mapped using standard TnSeq methods31 (see Methods). The 
library was found to contain ~105 insertions, or one insertion for 
every ~25 base pairs in the H. neapolitanus genome. As the average 
gene contains ~35 insertions, genes with no insertions are highly 
probable to be essential for growth. A simple statistical model 
identified 551 essential genes and 1,787 non-essential genes out of 
2,408 genes in the H. neapolitanus genome (see Methods; Fig. 1a,b, 
Supplementary File 2). The remaining 70 genes were classified as 
ambiguous because of their short length or because replicate map-
ping experiments were discordant (see Methods). Genes associated 
with known crucial functions—including central carbon metabo-
lism, ribosome production and DNA replication—were found to be 
essential (Fig. 1c, Supplementary Fig. 1). Importantly, known CCM 
genes, including carboxysome components, were not essential for 
growth at 5% CO2 (Fig. 2).

Comprehensive screen for H. neapolitanus CCM components. 
On the basis of the current model of the bacterial CCM (Fig. 2a), 
knockouts of CCM genes are expected to have reduced fitness in 
atmospheric CO2 conditions18,19. As our pooled library contains 
around 70,000 barcodes that map to exactly one position in the 
H. neapolitanus genome, we were able to use BarSeq to quantify 
the fitness effects of single-gene knockouts for all non-essential 
H. neapolitanus genes in a pooled competition experiment31 (see 
Methods; Fig. 2b). As the library contains roughly 20 uniquely 
mapped knockouts per gene, this screen contains multiple internal 
biological replicates, testing the effect of gene knockouts. Mutants 

in a particular gene were designated as HCR if the average effect of 
a knockout in that gene was a twofold (or greater) growth defect in 
ambient CO2 compared with their growth at 5% CO2 in two repli-
cate experiments.

As expected, knockouts of carboxysome genes consistently 
produced large and specific fitness defects27 in ambient CO2 (Fig. 
2b,c). These genes include cbbLS, the large and small subunits of the 
α-carboxysomal Rubisco9; csoS2, an intrinsically disordered protein 
required for α-carboxysome assembly32; csoSCA, the carboxysomal 
CA9; csoS4AB, the pentameric proteins thought to form vertices of 
the α-carboxysome33; and csoS1CAB, the hexamers that form the 
faces of the α-carboxysome shell9,25. Knockouts of csoS1D—a shell 
hexamer with a large central pore20,34—showed a phenotype that was 
too weak to be considered as HCR (Fig. 2b,c). The H. neapolitanus 
genome also contains a non-carboxysomal form II Rubisco that is 
probably not involved in CCM activity because its disruption does 
not confer a fitness defect. A number of genes that are not asso-
ciated with the carboxysome structure also exhibited HCR pheno-
types. These genes include two LysR transcriptional regulators, a 
Crp/Fnr type transcriptional regulator, a protein named acRAF that 
is involved in the assembly of Rubisco35,36 and two paralogous loci 
(hereafter, DAB1 and DAB2; Fig. 2b–f) that encode dabA and dabB.

Composition of the DAB operons. The DAB1 locus consists of a 
cluster of 2 genes found in an operon directly downstream of the 
carboxysome operon (Fig. 2c). Although DAB1 is part of an 11-gene 
operon that contains several genes associated with Rubisco proteo-
stasis—including acRAF35,36 and a cbbOQ-type Rubisco activase37—
we refer to DAB1 as an operon for simplicity. DAB2 is a true operon 
and is not proximal to the carboxysome operon in the H. neapoli-
tanus genome. These operons are unified in that they both display 
HCR phenotypes and possess similar genes (Fig. 2b–d).

The DAB1 and DAB2 operons contain a gene that encodes a 
conserved protein of unknown function (Pfam: PF10070), which 
we term DabA. DabAs have no predicted transmembrane helices or 
signal peptides and appear to be large (DabA1, 118.5 kDa; DabA2, 
91.7 kDa), soluble, cytoplasmic proteins (see Methods; Fig. 3a). 
The DAB1 and DAB2 operons also contain a member of the cat-
ion transporter family (Pfam: PF00361) that includes H+-pumping 
subunits of respiratory complex I and Mrp Na+:H+ antiporters38. 
This protein—which we call DabB (DabB1, 62.2 kDa; DabB2, 
59.3 kDa)—is predicted to have 12–13 transmembrane helices (Fig. 
3a). The complex I subunits in PF00361 are H+-pumping proteins 
and do not contain redox active groups, such as iron-sulfur clusters 
or quinone-binding sites. Phylogenetic analysis suggests that DabB 
proteins form a clade among PF00361 members (Supplementary 
Fig. 4a) that are distinct from complex I subunits. Therefore, 
homology between DabB and complex I subunits (for example, 
NuoL) suggests cation transport but does not imply redox activity. 
Importantly, operons of this type were recently demonstrated to be 
capable of Ci uptake in the hydrothermal vent chemolithoautotroph 
Hydrogenovibrio crunogenus28–30.

dabA2 and dabB2 are necessary and sufficient for energy-cou-
pled accumulation of Ci in Escherichia coli. To facilitate analysis of 
Ci-transport activity, we generated an E. coli strain—CAfree—that 
has knockouts of both of the genes that encode CAs (see Methods). 
Previous studies showed that deletion of the constitutive CA gene, 
can, produces an HCR phenotype in E. coli39 that is complemented 
by the expression of cyanobacterial bicarbonate transporters40. The 
deletion of both CA genes replicates this phenotype and greatly 
reduces the likelihood of escape mutants. As disruption of DAB2 
is associated with a greater fitness defect than disruption of DAB1  
(Fig. 2b), we used CAfree to test DAB2 for Ci-uptake activ-
ity. Expression of both dabA2 and dabB2 enabled the growth of 
CAfree in ambient CO2, whereas expression of dabA2 or dabB2 
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alone was not sufficient to enable the growth of CAfree (Fig. 3b, 
Supplementary Fig. 5). 14Ci-uptake assays demonstrated that DAB2 
facilitates the import of extracellular Ci to levels above that of the 
appropriate control (Fig. 3c). Moreover, DAB2-associated uptake 
of Ci is strongly inhibited by the ionophore Carbonyl cyanide 

m-chlorophenyl hydrazone (CCCP) (Fig. 3c), indicating that DAB2 
is energetically coupled—either directly or indirectly—to a cation 
gradient (for example, H+ or Na+). This is consistent with the previ-
ous observations that the uptake of Ci in H. neapolitanus is powered 
by a membrane gradient17.
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DabA2 and DabB2 interact to form a complex. To determine 
whether the genetic interaction between dabA2 and dabB2 reflects 
a physical interaction, we attempted to co-purify the two proteins. 
We fused DabA2 to a C-terminal Strep-tag, and fused DabB2 to a 
C-terminal green fluorescent protein (GFP) with a 6×His-tag, and 
the genes were co-expressed in E. coli (see Methods). Tandem-
affinity purification after detergent solubilization revealed that 
DabA2 and DabB2 form a complex in E. coli (Fig. 4a). The complex 
appeared as a single major peak when analysed using size-exclusion 
chromatography and has a retention volume that is consistent with 
a heterodimer of DabA2 and DabB2 (Fig. 4b). We did not observe 
co-purification of any E. coli proteins, suggesting that DAB2 oper-
ates as an independent complex within the membrane (Fig. 4a). 
Expression of DAB2 also rescued CAfree growth even when com-
plex I was knocked out (Δ(nuoA-nuoN); Supplementary Fig. 6), 

providing further evidence that the function of DAB2 is indepen-
dent of complex I.

pH independence of DAB2 rescue suggests that CO2 is probably 
the true substrate. Aqueous CO2 spontaneously interconverts with 
the gas phase as well as hydrated Ci species (H2CO3, HCO3

− and 
CO3

2−). The equilibrium of CO2(aq) and CO2(gas) is not affected by 
pH, but the conversion from CO2 to hydrated Ci is pH dependent. 
Thus, the equilibrium concentration of HCO3

− increases 100-fold 
between pH 5 and pH 7 without an accompanying change in CO2 
concentration7 (Supplementary Fig. 7a). Expression of SbtA—a 
known HCO3

− transporter—rescues the growth of CAfree at pH 7 
but not at pH 5, whereas the expression of DabA2 and DabB2 res-
cues growth at both pH 5 and 7 (Supplementary Fig. 8). As the 
rescue by expression of DabA2 and DabB2 is pH-independent in 
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this range, its substrate is probably CO2 and not H2CO3, HCO3
− or 

CO3
2–. This is consistent with previous observations that CO2 is the 

probable substrate of Ci uptake in H. neapolitanus17.

Requirement of putative Zn-binding residues for the function of 
DABs. Structural-homology modelling software predicted that the 
middle of DabA2 contains sequence elements that are related to a 
β-CA (Fig. 3a). Predictions using Phyre2 identified C539 and H524 
as part of a potential Zn2+-binding site that is distantly homologous to 
a bacterial type II β-CA (10% coverage of DabA, 90.8% confidence). 
I-TASSER predicted a Zn2+ binding site that includes the same resi-
dues, C539 and H524, along with an additional cysteine (C351) and 
aspartic acid (D353). As shown in Fig. 4c, these residues could make 
up the active site of a type II β-CA41. We generated individual ala-
nine mutants for each of these putative active site residues (C351A, 
D353A, H524A and C539A) and tested them in CAfree. All of the 
mutants failed to rescue the growth of CAfree in ambient CO2 (Fig. 
4d). We proceeded to analyse the ability of purified DabA2–DabB2 
complex to bind to zinc using X-ray fluorescence spectroscopy and 
found that wild-type DabA2–DabB2 and three of the single mutants 
(C351A, D353A and H524A) bind to zinc (Fig. 4e). Single mutants 
retain three of the four zinc-coordinating residues41, which could 

explain why the mutants bind to zinc. Indeed, mutational studies of 
the human CA II show that single mutations to Zn2+-binding resi-
dues reduce—but do not abrogate—zinc binding42.

Purified DabA2–DabB2 complex does not have conspicuous CA 
activity. The assay of detergent-solubilized purified DabA2–DabB2 
did not show CA activity compared with the controls (Fig. 4f).  
DabA2–DabB2 was assayed at high protein concentrations  
(>650-fold more protein than the positive control) and under CO2 
concentrations that are typically saturating for CAs but did not  
display any CA activity (Fig. 4f). The absence of activity in  vitro 
indicates that either DabA2–DabB2 has extremely low CA activity 
or, perhaps, that DabA2–DabB2 must be localized in a cell mem-
brane that maintains a cation gradient to function as an energeti-
cally activated CA.

DAB operons are widespread in prokaryotes and present in 
human pathogens. A query of the UniProt database with the 
DabA Pfam (PF10070) yielded 878 putative dabA sequences. We 
found dabA sequences in a wide variety of prokaryotes—including 
bacteria and archaea (Fig. 5a, Supplementary Fig. 9)—as is con-
sistent with previous work28. Represented clades include not only 
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Proteobacteria but also Euryarchaeota, Firmicutes, Planctomycetes 
and Bacterioides. However, we were surprised to observe that many 
dabA sequences were found in the genomes of organisms that can-
not fix CO2, including the heterotrophic human pathogens V. chol-
erae, B. anthracis and Legionella pneumophila (Fig. 5a). Notably, 843 
(96%) of the identified dabA sequences were either within three 
genes of, or fused to, a dabB.

Finally, we assayed whether the DAB homologues from hetero-
trophic pathogens are functional Ci pumps. Operons from V. chol-
erae E7946 El Tor Ogawa and B. anthracis Sterne were cloned and 
expressed in CAfree. Both DAB operons rescued CAfree growth in 
ambient CO2 (Fig. 5b, Supplementary Fig. 10). Thus, DAB operons 
from heterotrophic human pathogens are functional.

Discussion
We generated a knockout library containing ~35 individual  
knockouts for every gene in the genome of the proteobacterial 
chemolithoautotroph H. neapolitanus. Using these data, we com-
piled the essential gene set of a chemolithoautotroph (Fig. 1) and 
were able to confidently identify 551 essential genes and 1,787 non-
essential genes. Mapping essential genes will provide insight into 
the metabolism and growth physiology of sulfur-oxidizing chemo-
lithoautotrophs.

In addition to mapping essential genes, this library was used 
to measure conditional phenotypes of non-essential genes. These 
mutants were isolated in high concentrations of CO2, enabling the 
disruption of all of the known components of the bacterial CCM 
(Fig. 2). The resulting genome-wide knockout library was used to 
perform a comprehensive screen for bacterial CCM genes. This 
screen highlighted a small number of genes (17) as having the 
HCR phenotype associated with the CCM (Fig. 2b–f), nearly all of 
these genes are known to be associated with the α-carboxysome. 
Although it is possible that genetic redundancy, conditional phe-
notypes or impairment at only sub-ambient CO2 permits some 
genes to escape notice, these data suggest that the proteobacterial 
CCM is composed of less than 30 functionally distinct components. 
Moreover, none of the genes identified have unexpected functions, 
suggesting that current models of bacterial CCMs incorporate all of 
the necessary functions.

Our screen identified 3 transcriptional regulators as well as 3 dis-
tinct CCM operons (Fig. 2b–f). Identification of transcriptional reg-
ulators with HCR phenotypes (Fig. 2d–f) may inform the study of 
CCM regulation. The first operon contains nearly all of the known 
components of the α-carboxysome, all of which confer HCR pheno-
types on disruption (Fig. 2c). The second operon is adjacent to the 
carboxysome operon and contains 11 genes. Only 3 of these genes—
the Rubisco chaperone acRAF, dabA1 and dabB1—displayed HCR 

phenotypes (Fig. 2c). The remaining 8 genes—including cbbOQ, 
csos1D, p-II and a parA homologue—had no associated phenotype 
but might nonetheless have roles in the CCM (Fig. 2c). The third 
operon contains 2 genes, dabA2 and dabB2, both with HCR pheno-
types (Fig. 2d).

A previous physiological study suggested that the uptake of Ci 
in H. neapolitanus is coupled to the electrochemical potential of the 
membrane and uses CO2 as a substrate, but the protein(s) respon-
sible for this activity were unknown17. DAB1 and DAB2 are homol-
ogous to Ci pumps from hydrothermal vent chemolithoautotrophs 
that were recently discovered by Scott et al.28,30, and our screen sug-
gests that DAB1 and DAB2 are probably the Ci pumps in H. neapoli-
tanus. These observations raise many mechanistic questions as to 
how DABs function; we therefore sought to establish a biochemical 
system to investigate DAB structure and function.

We showed that the DAB2 operon encodes a two-component 
protein complex that has Ci-uptake activity when heterologously 
expressed in E. coli (Figs. 3b,c and 4a). This complex is probably a het-
erodimer, as suggested by size-exclusion chromatography (Fig. 4b).  
As the uptake of Ci is inhibited by the ionophore CCCP (Fig. 3c),  
we suspect that DAB2 activity is energetically coupled to a cation 
gradient (Fig. 5a). Moreover, as DabA2–DabB2 shows pH-inde-
pendent rescue of CAfree E. coli, CO2 is probably the transported 
substrate (Fig. 4c). This is further supported by the fact that DabA 
has distant homology to a type II β-CA and binds to zinc (Figs. 3 
and 4), suggesting that a CA active site hydrates transported CO2. 
Finally, mutations to the putative zinc-binding residues in DabA2–
DabB2 (C351A, D353A, H524A and C539A) ablate function in vivo  
(Fig. 4d). We therefore propose a model of DAB activity in which 
CO2 is passively taken into the cell and then unidirectionally 
hydrated to HCO3

− by energy-coupled CA activity of DabA (Fig. 6).
Most well-studied CAs are not coupled to any energy source (for 

example, ATP or cation gradient). Rather, they equilibrate CO2 and 
HCO3

− (ref. 42). However, energy-coupled CA activity could favour 
the hydration of CO2, enabling the DAB system to actively accumu-
late HCO3

− in the cytosol and power the CCM (Fig. 2a). Given the 
similarity of DabB to H+-pumping proteins, we propose that DABs 
use the H+ gradient, although our results are equally consistent 
with other cation gradients, such as Na+. This mechanism would 
require tight coupling of cation flow to CA activity by DabA, con-
sistent with our observation that purified DabA2–DabB2 displays 
no measurable CA activity. Interestingly, type II β-CAs are the only 
CAs that are known to display allosteric regulation43. Allosteric con-
trol is thought to be mediated by Zn2+ capping and uncapping by 
the active-site aspartic acid residue (D353 in DabA2)43. A similar 
mechanism might couple cation flow through DabB to the active 
site of DabA.

Fig. 4 | DabA contains a β-CA-like active site but is not active outside of the membrane. a, Purification of DabA2–DabB2 complex from E. coli. DabA2 
was C-terminally tagged with a Strep-tag and DabB2 was C-terminally tagged with super folder (sf)-GFP and a 6xHis-tag. Purification was monitored 
using SDS–PAGE and imaged using fluorescence (right) before Coomassie (left) staining. Lane 1, clarified lysate; lane 2, solubilized membranes; lane 3, 
Ni-NTA resin eluent; lane 4, Strep-Tactin resin eluent. DabA2 and DabB2 co-purify as a single complex without any obvious interactors. Similar results 
were observed after three independent purifications. b, Size-exclusion chromatogram of His/Strep-purified DabA2–DabB2, indicating retention volumes 
(orange arrows) and molecular weights (kDa) for standard samples (apoferritin, 443 kDa; β-amylase, 224 kDa). DabA2–DabB2 runs with an effective mass 
of around 270 kDa, which probably reflects an oligomer of DabA2 and DabB2. Similar results were observed after three independent purifications. mAU, 
milli-absorbance units. c, Structural model of the DabA2 active site based on a β-CA from E. coli (PDB 1I6P). Typical β-CAs rely on two cysteine residues 
and one histidine residue to bind to Zn2+. The aspartic acid residue coordinates Zn2+ but is probably displaced during catalysis43. d, Alanine mutants 
of the putative DabA2 active site residues abrogate the rescue of CAfree E. coli compared with wild-type DAB2 (C351A, t = 54.3, P = 1.1 × 10−8; D353A, 
t = 144, P = 3.1 × 10−11; H524A, t = 44, P = 3.7 × 10−8; C539A, t = 44.3, P = 3.5 × 10−8; all P values listed here are Bonferroni corrected). **Bonferroni-corrected 
P < 5 × 10−4 according to a two-tailed Student's t-test. Data are mean ± s.d. of four biological replicate cultures. e, X-ray fluorescence data indicate that 
DabA2–DabB2 binds to zinc like all known β-CAs. Single mutations in the active site do not abrogate the ability of DabA2–DabB2 to bind to zinc. Curves 
are from representative samples. Technical replicate traces were concordant (WT, 9; D353A, 5; H524A, 4; C351A, 3; Rubisco, 2; buffer blank (Tris-buffered 
saline containing 0.03% DDM), 4, bCA, 3). Replicate traces for DAB2 H524A include samples from two independent purifications. bCA, bovine carbonic 
anhydrase. buffer. f, Purified DabA2–DabB2 does not display any obvious CA activity despite being present in 650-fold excess over the positive control 
(hCA2) in our assays. Data are mean ± s.e.m. of seven experimental traces. Similar results were observed in two independent purifications.
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Cyanobacteria possess vectorial CAs called CUPs that may pro-
vide clues to the mechanism of DAB24,44,45. Indeed, both DAB and 
CUP systems contain subunits in the Mrp protein family (DabB and 
NdhD/F are in PF00361) that also contains the H+-pumping sub-
units of complex I. This commonality might suggest similar mech-
anisms. The hydration of CO2 by CUPs is thought to be coupled  

to energetically favourable electron flow because CUPs associate  
with complex I46 (Supplementary Fig. 9b). However, the Mrp pro-
tein family (PF00361) is highly diverse and contains many cation 
transporters that do not associate with complex I or any other 
redox-coupled complex38. Furthermore, DabB sequences are only 
distantly related to complex I and CUP subunits (Supplementary 
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Fig. 4a), DAB2 subunits do not co-purify with E. coli complex I 
(Fig. 4a) and DAB2 rescues CAfree growth in a complex I knock-
out (Supplementary Fig. 6). We therefore propose that DAB 
activity is not coupled to electron flow through complex I but, 
rather, that DAB activity is coupled to a cation gradient across the  
membrane (Fig. 6).

DabA2–DabB2 functions robustly, as demonstrated by comple-
mentation of CAfree (Fig. 3b) and 14C uptake measurements (Fig. 3c).  
Indeed, we observed that DabA2–DabB2 functions substantially 
better than SbtA—a Ci transporter from cyanobacteria9,40—in  
E. coli (Fig. 3c). As E. coli and H. neapolitanus are proteobacteria, this 
observation could result from greater compatibility of proteobacte-
rial proteins with E. coli expression. However, it may also be the case 
that the α-CCM of proteobacteria is more portable than the β-CCM 

of freshwater cyanobacteria. Indeed, α-CCM genes are typically 
found in a single gene cluster in chemolithoautotrophs throughout 
α-, β-, and γ-proteobacteria and the α-CCM was clearly horizontally 
transferred from proteobacteria to marine cyanobacteria9. DabA 
homologues are widespread among prokaryotes and were probably 
horizontally transferred multiple times (Fig. 5a). As DAB complexes 
are prevalent among prokaryotes and have superlative activity, DAB-
family transporters are an attractive target for protein engineering 
and heterologous expression in plants and industrial microorgan-
isms, in which increased intracellular Ci could be useful47.

Finally, DABs are present in a wide variety of bacteria and 
archaea28. High-confidence DabA homologues are found not only 
in large numbers of autotrophs but also in heterotrophs (Fig. 5a, 
Supplementary Fig. 9). Moreover, homologues are present in 
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the notable heterotrophic pathogens V. cholerae, B. anthracis and  
L. pneumophila (Fig. 5a). We showed that DABs from V. cholerae 
and B. anthracis are active in E. coli (Fig. 5b). This leads us to won-
der: what do heterotrophic pathogens use Ci-uptake systems for? 
The activity of CA is essential for the growth of the heterotrophs E. 
coli and Saccharomyces cerevisiae in ambient CO2 (refs. 39,48). In the 
heterotrophic context, CA activity is thought to supply bicarbonate 
for biotin-dependent carboxylases in central metabolism, for which 
HCO3

− is the substrate39,48. Bicarbonate levels have also been linked 
to virulence in both V. cholerae and B. anthracis49,50. Perhaps DAB-
family Ci-uptake systems play roles in the growth or virulence of 
these important pathogens? We hope that future research will delin-
eate the role of energetically activated Ci uptake in heterotrophic 
and pathogenic organisms.

Methods
Important strains and reagents. A detailed listing of key strains and reagents is 
provided in Supplementary File 1.

Bacterial strains and growth conditions. E. coli strain APA766 was used 
as the conjugation donor to transfer the Tn5 transposon to H. neapolitanus 
C2 by conjugation31. The E. coli double CA deletion strain CAfree 
(BW25113 Δcan ΔcynT) was generated by curing the KEIO collection cynT 
knockout (BW25113 ΔcynT, KEIO strain JW0330) of kanamycin resistance 
through pCP20-mediated FLP recombination and subsequent P1 transduction 
(and curing) of kanamycin resistance from the can knockout strain EDCM636 
(MG1655 Δcan, Yale Coli Genomic Stock Center39,51). Then, complex I knockout 
strains (Δ(nuoA-nuoN)) were generated in the BW25113 and CAfree backgrounds. 
These strains were generated by lambda red mediated recombination of a KanR 
resistance cassette flanked by FRT sites into the nuo locus such that the entire 
operon was removed. The pSIM5 plasmid carrying the lambda red recombinase 
was heat cured at 42 °C. Lysogeny broth (LB) and LB agar were used as growth 
media for E. coli unless otherwise specified. E. coli strains were grown at 37 °C in 
the presence of 0.1 mg ml−1 carbenicillin, 0.06 mg ml−1 kanamycin or 0.025 mg ml−1 
chloramphenicol as appropriate. H. neapolitanus was grown in DSMZ-68 medium 
at 30 °C and in the presence of 0.03 mg ml−1 kanamycin as appropriate.

Transposon mutagenesis and RB-TnSeq library production. A barcoded library 
of H. neapolitanus transposon mutants was generated by adapting the methods 
of Wetmore et al.31. Conjugations were performed as follows. H. neapolitanus and 
APA766 were cultured and collected by centrifugation. Both cultures were washed 
once in 10 ml antibiotic-free growth medium per conjugation reaction and then 
resuspended in 100 μl antibiotic-free growth medium. Then, 5 OD600 units of  
H. neapolitanus were mixed with 20 OD600 units of APA766 on 3 0.45 μm Millipore 
MCE membrane filters and cultured overnight at 30 °C in 5% CO2 on antibiotic-
free LB agar plates containing 0.06 mg ml−1 diaminopimelic acid. Cells were scraped 
from the filters into 2 ml DSMZ-68 per conjugation (6 ml total) and collected in 
2 ml microcentrifuge tubes. Recovered cells were pelleted by centrifugation at 
16,000g for 1 min, washed in an equal volume of DSMZ-68, pelleted again at 9,000g 
for 1 min and resuspended in an equal volume of DSMZ-68 again before being 
plated onto ten separate DSMZ-68 kanamycin plates per conjugation (30 plates 
total). Plates were incubated at 30 °C under 5% CO2 until colonies formed (around 
7 d). Colonies were counted and scraped into 55 ml DSMZ-68. Then, two samples 
of 1.4 OD600 units were taken and used to prepare genomic DNA (Qiagen DNeasy 
Blood and Tissue kit). Transposon insertions were amplified from genomic DNA, 
and transposons were mapped after Illumina sequencing using protocols and 
software according to Wetmore et al.31 Aliquots of cells containing 1.6 OD600 units 
were then flash-frozen in 50% glycerol for subsequent BarSeq experiments.

Essential gene assignment. Following the logic of Wetmore et al.31 and Rubin 
et al.52, we categorized genes as essential if we observed significantly fewer 
transposon insertions than would be expected by chance. If insertions occurred 
uniformly at random, the number of insertions per gene would be expected to 
follow a binomial distribution. The probability of observing a maximum of k 
insertions into a gene of length n is therefore expressed as:

Pðk; n; pÞ ¼
Xk

i¼0

n!
k!ðn� kÞ! p

ið1� pÞn�i

where p is the average rate of transposon insertion per base pair genome-wide. 
Genes were determined to be essential if they received a lower-than-expected 
number of insertions in both replicates of the library mapping, that is, if the 
probability of observing k or fewer insertions was beneath 0.05 after Bonferroni 
correction. Genes were called ambiguously essential in two cases: (1) replicates 
were discordant or (2) zero insertions were observed but the gene was short 
enough that the formula could not yield a Bonferroni-corrected P -value below a 
0.05 threshold even in the case of zero insertions.

Gene fitness experiments. Fitness experiments were performed according to a 
modification of the protocol described by Wetmore et al.31. This method enables 
pooled-library fitness experiments to be performed that compare different 
growth conditions by comparing barcode abundance changes to track changes 
in the abundance of the transposon mutants. In brief, a library aliquot was 
thawed and used to inoculate three 33 ml cultures. Cultures were grown to OD600 
of approximately 0.08 in 5% CO2. Then, 20 ml was removed and collected by 
centrifugation as two t0 (input) samples. Cultures were back-diluted 1:64 into 
128 ml and incubated for 6.5–7.5 doublings under 5% CO2 or ambient conditions. 
Then, 50 ml of the culture was collected by centrifugation. Genomic DNA was 
prepared and barcodes were amplified for fitness determination by Illumina 
sequencing as described previously31. Fitness values were calculated using existing 
software31. Genes were assigned an HCR phenotype if they had a fitness defect of 
twofold or greater in ambient CO2 compared with their fitness in 5% CO2 in two 
replicate experiments.

CAfree rescue experiments. Electrocompetent CAfree cells were prepared using 
standard protocols53 and transformed with pFE plasmids expressing genes of 
interest by electroporation. CAfree precultures were grown overnight in 10% CO2 
and diluted into 96- well plates (3 μl cells in 250 μl medium). Growth curves were 
measured by culturing cells in a Tecan M1000 microplate reader under ambient 
conditions with continuous shaking, and OD600was measured every 15 min. Where 
samples are marked induced, 200 nM anhydrotetracycline (aTc) was added to the 
medium. Growth yields are calculated as the maximum OD600 achieved after 24 h 
of growth and normalized to the yield of a wild-type control. Colony forming 
unit experiments were performed by back-diluting cultures to OD600 0.2 before 
performing 10× serial dilutions. Then, 3 μl of the samples with an OD600 of 0.2 and 
each of the serial dilutions was spotted onto plates with 200 nM aTc and grown 
overnight in ambient conditions (400 ppm CO2). The spot with the highest dilution 
that yielded more than one colony was counted and results from a minimum of six 
replicates were averaged for each strain.

Silicone-oil centrifugation measurement of Ci uptake. The silicone-oil filtration 
method was modified from Dobrinski et al.54 and used to measure uptake of 
radiolabelled Ci. Assay tubes were generated using 0.6 ml microcentrifuge tubes 
containing 20 μl of dense kill solution (66.7% v/v 1 M glycine pH 10, 33.3% v/v 
Triton X-100) covered by 260 μl of silicone oil (4 parts AR20:3.5 parts AR200). 
Electrocompetent CAfree cells were prepared using standard protocols and 
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Fig. 6 | A hypothetical model of the unidirectional energy-coupled CA 
activity of DAB complexes. We propose that DabA–DabB complexes 
couple CA activity of DabA to a cation gradient across the cell membrane, 
generating HCO3

− by the unidirectional hydration of CO2. The cation 
gradient could be H+ or Na+. Energy-coupled CA activity is required for the 
DABs role as a Ci-uptake system in the proteobacterial CCM, as discussed 
above. As it seems that DabA2–DabB2 is not active as a purified complex 
outside of the membrane, it is assumed that the protein tightly couples the 
inflow of cations with CO2 hydration so that there is no slippage—that is, 
uncoupled CA activity. Indeed, slippage would be counterproductive for 
the function of CCMs7,14. Notably, Zn2+ binding by the active-site aspartic 
acid residue of type II β-CAs (D353 in DabA2, Fig. 4a) is thought to 
allosterically regulate activity43. This Asp-mediated activity switch could 
therefore provide a means for allosteric coupling of a β-CA active site to 
distal ion transport.
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transformed with pFA-based plasmids that contained the genes of interest by 
electroporation. CAfree cultures were grown overnight in 10% CO2, back diluted to 
an OD600 of 0.1 and allowed to grow to mid-log phase in 10% CO2 in the presence 
of 200 nM aTc for induction. Cells were then collected by centrifugation, washed 
once in PBS (pH 7.55) and resuspended to an OD600 of 0.6 in PBS supplemented 
with 0.4% glucose. 14C-labelled sodium bicarbonate (PerkinElmer) was added to 
a final concentration of 4.1 nM and an activity of 0.23 μCi. Cells were incubated 
with 14C for 4 min before centrifugation at 17,000g for 4 min to separate cells from 
the buffer. Pellets were clipped into scintillation vials containing 5 ml Ultima Gold 
scintillation fluid and 300 μl 3 M NaOH using microcentrifuge tube clippers or 
medium dog toenail clippers. Counts were measured on a PerkinElmer scintillation 
counter. 14C counts are normalized to 1 OD600 unit of cells added. During inhibition 
assays, cells were incubated in PBS pH 7.55 with 0.4% glucose and 0.4% DMSO and 
the inhibitor (100 μM CCCP) for 10 min before the assay.

Generation of the dabA phylogenetic tree. We searched the UniProt reference 
proteome database using the Pfam Hidden Markov Model PF10070.9 with a cut-
off e value of 10−4. Our search recovered 941 candidate DabA proteins. These 
sequences were aligned using MAFFT v.7.310 (ref. 55) and manually pruned to 
remove fragments and poorly aligning sequences. The remaining 878 candidate 
dabA sequences were realigned with MAFFT and an approximate maximum 
likelihood phylogenetic tree was constructed using FastTree v.2.1 (ref. 56). 
Taxonomy was assigned to nodes in the tree on the basis of NCBI taxonomy 
information for the genomes harbouring each sequence. Genomic neighbourhoods 
for each gene in the tree were determined using the EFIGNT online server57 and 
genomes with a dabB gene within three genes of dabA and oriented in the same 
direction were considered to have full DAB operons. dabA–dabB fusions were 
found by visual inspection of genomic neighbourhoods from genomes that did not 
have separate dabB genes located close to dabA.

Generation of dabB phylogenetic tree. Homologues of dabB were collected 
manually by searching MicrobesOnline for close homologues of four PF00361 
members in the H. neapolitanus genome (dabB1, dabB2, Hneap_1953 and 
Hneap_1130) and other characterized PF00361 members including Synechococcus 
elongatus ndhF1, S. elongatus ndhF3 and S. elongatus ndhF4. Genes were clustered 
to 95% similarity and genes with divergent operon structure were removed 
manually using the MicrobesOnline treeview58. nuoL from E. coli, nqo12 from 
Thermus thermophilus and ndhF1/3/4 from Thermosynechococcus elongatus BP-1 
were added as markers. ClustalOmega was used to construct a multiple sequence 
alignment and an approximate maximum likelihood phylogenetic tree was 
constructed using FastTree59,56. The tree was visualized using the Interactive Tree 
of Life60.

Protein annotation and modelling of structural homology. Secondary structural 
annotations for DabA and DabB were generated using XtalPred61. Structural 
homology modelling of DabA was performed using Phyre2 and I-TASSER web 
servers with default parameters62,63. A list of close DabB homologues was assembled 
by searching MicrobesOnline for PF00361 members with similar operon structure. 
A ClustalOmega alignment was used to calculate residue-level conservation of 
DabB proteins, whereas the MAFFT alignment generated during the creation of 
the DabA tree was used to calculate residue level conservation of DabA proteins 
(Supplementary Fig. 4b).

Purification of DAB2. Chemically competent BL21-AI E. coli were transformed 
with a pET14b-based vector containing the dabA and dabB genes. Then, 1 l of 2× 
YT medium was inoculated with 20 ml of an overnight culture of BL21-AI E. coli 
in LB and carbenicillin and allowed to grow to mid-log phase at 37 °C. When the 
mid-log phase was reached, cells were induced with 20 ml of 50 mg ml−1 arabinose 
and transitioned to 20 °C for overnight growth. Cultures were pelleted and 
resuspended in 10 ml TBS (50 mM Tris, 150 mM NaCl, pH 7.5) supplemented with 
1.2 mM phenylmethylsulfonyl fluoride, 0.075 mg ml−1 lysozyme and 0.8 ug ml−1 
DNase I per litre of starting culture and then incubated at room temperature on 
a rocker for 20 min. Cells were lysed with four passes through a homogenizer 
(Avestin). The lysate was clarified at 15,000g for 30 min. Membranes were pelleted 
at 140,000g for 90 min. Membrane pellets were resuspended overnight in 25 ml 
TBS supplemented with 1 mM phenylmethylsulfonyl fluoride and 1% β-dodecyl-
maltoside (DDM, Anatrace) per litre of culture64. Membranes were then repelleted 
at 140,000–200,000g for 60 min and the supernatant was incubated with Ni-NTA 
beads (Thermo Fisher) for 90 min at 4 °C. The resin was washed with Ni buffer 
(20 mM Tris, 300 mM NaCl, 0.03% DDM, pH 7.5) supplemented with 30 mM 
imidazole and eluted with Ni buffer supplemented with 300 mM imidazole. Eluent 
was then incubated with Strep-Tactin (Millipore) resin for 90 min at 4 °C. Resin 
was washed with strep buffer (TBS and 0.03% DDM) and eluted with strep buffer 
supplemented with 2.5 mM desthiobiotin. Eluent was concentrated using Vivaspin 
6 100 kDa spin concentrators and buffer exchanged into strep buffer by either spin 
concentration or using Econo-Pac 10DG (Biorad) desalting columns. For analytical 
purposes, 300 μg of strep-purified protein was injected onto a Superdex 200 
Increase 3.2/300 size-exclusion column pre-equilibrated in strep buffer and eluted 
isocratically in the same buffer.

CA assays. CA-catalysed CO2 hydration of purified DAB2 complex and hCA was 
measured using the buffer–indicator assay of Khalifah65 using a KinTek AutoSF-120 
stopped-flow spectrophotometer at 25 °C. The buffer–indicator pair used was 
TAPS and m-cresol purple, respectively, measured at a wavelength of 578 nm using 
a pathlength of 0.5 cm. The final buffer concentration after mixing was 50 mM 
TAPS pH 8.0 with the ionic strength adjusted to 50 mM with Na2SO4 and 50 µM of 
pH indicator. The final protein concentration used was 9.8 μM DAB2 (His-elution) 
and 0.015 μM hCA (positive control; Sigma-Aldrich, C6624). Saturated solution of 
CO2 (32.9 mM) was prepared by bubbling CO2 gas into milli-Q water at 25 °C. The 
saturated solution was injected into the stopped-flow using a gas-tight Hamilton 
syringe, and measurements were performed in a final CO2 concentration of 
16.5 mM. Progression curves were measured in seven replicates.

X-ray fluorescence spectroscopy for metal analysis. Protein (50–100 μg) in 
20–200 μl of TBS and 0.03% DDM was precipitated by addition of four volumes 
of acetone and incubation at −20 °C for 1 h. Samples were centrifuged at 21,130g 
for 15 min in a benchtop centrifuge and the supernatant was removed. Pellets were 
stored at 4 °C until analysis. Fluorescence analysis was performed by breaking 
up the pellet into 5 μl of TBS and 0.03% DDM with a pipette tip. Small pieces of 
the pellet were looped with a nylon loop and flash-frozen at the beamline under 
a nitrogen stream. The sample was excited with a 14 keV X-ray beam and a 
fluorescence spectrum was collected. Sample emission spectra were then used to 
identify metals. Metal analysis was performed on wild-type DAB2, Zn-binding 
mutants C351A, D353A and H524A, and bovine CA (positive control; Sigma-
Aldrich, C7025), and a buffer blank was used as a negative control. A Rubisco 
crystal containing cobalt salts was also used as a zinc-free control. The experiments 
were performed at the Lawrence Berkeley National Laboratory Advanced Light 
Source Beamline 8.3.1.

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

Data availability
All of the Illumina sequencing data are accessible at the NCBI SRA (BioProject 
accession number: PRJNA546024). All other data are available on GitHub at 
https://github.com/jackdesmarais/DabTransporterPaper.

Code availability
All custom code is available on GitHub at https://github.com/jackdesmarais/
DabTransporterPaper.
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