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Dear Editor,

Through production of cyclic di-nucleotides as second 
messengers, di-nucleotide cyclases in bacteria and more 
recently in mammalian cells have been found to play im-
portant roles in modulating a wide range of cellular pro-
cesses [1]. During infection of Vibrio cholerae (V. chol-
erae), di-nucleotide cyclase Vibrio (DncV) is required 
for efficient intestinal colonization by V. cholerae and 
downregulates hyperinfectivity-associated V. cholerae 
chemotaxis through generation of a regulatory molecule 
cyclic GMP-AMP (cGAMP) [2].

In eukaryotes, cGAMP synthase (cGAS) was identi-
fied as a cytoplasmic DNA sensor that activates the type 
I interferon pathway by synthesizing the second mes-
senger cGAMP [3, 4]. Structural, biochemical and cel-
lular studies reveal that upon dsDNA binding, cGAS is 
activated through formation of a catalytically competent 
conformation [5, 6]. dsDNA binding can be disrupted 
by ablation of interactions with two or three successive 
phosphodiesters in either DNA strand, which results in 
impaired or completely abrogated cGAS function and in 
turn negatively impacts type I interferon production [6]. 
Similar to the formation of c-di-GMP, cGAMP is likely 
to be generated in a stepwise manner, involving an initial 
formation of G(2′,5′)pA linkage followed by A(3′,5′)pG 
generation. These sequential reactions lead to the forma-
tion of the pair of phosphodiester linkages with two mol-
ecules of pyrophosphate released as byproducts [5, 6].

Distinct from eukaryotic cGASs, DncV exhibits 
two unique biochemical features. One is its ability to 
specifically catalyze c(3′,5′)GAMP formation. This is 
supported by the fact that both DncV-produced and syn-
thetic c(3′,5′)GAMP, but not cGAS-generated c[G(2′,5′)
pA(3′,5′)p], were entirely blunted in their stimulatory 
activities in cells expressing a mutant STING (R231A) 
that only recognizes 2′,5′ linkage-containing cyclic 
di-nucleotides [7]. The other feature is its capability to 
produce three different cyclic di-nucleotides, c-di-GMP, 
c-di-AMP, and the dominant product cGAMP without an 

activator DNA [2], though recent evidence showed that 
DncV may not produce c-di-GMP in vivo [8]. To gain a 
better understanding of the structural differences between 
these two classes of hybrid di-nucleotide cyclases, i.e., 
cGAS and DncV, we solved the crystal structure of the 
full-length DncV (residues V1 to G436) and investigat-
ed the catalytic as well as regulatory mechanisms of the 
NTase superfamily of di-nucleotide cyclases.

Initially we were unable to crystallize wide-type DncV 
protein (wt-DncV). Based on previous findings that two 
conserved acidic residues, D131 and D133, were essen-
tial for DncV function [2], we generated a double-mutant 
protein (dm-DncV) with the two predicted catalytic resi-
dues replaced by asparagine residues. The dm-DncV pro-
tein showed good properties for crystallization and struc-
ture determination. Eventually the structure of dm-DncV 
was determined by the selenium-based single-wave-
length anomalous dispersion (SAD) method. After nu-
merous trials, we also succeeded in determination of the 
crystal structure of wt-DncV at 3.3 Å resolution. The 
crystal structures of wt-DncV and dm-DncV adopt a sim-
ilar overall fold, with 1.1 Å root-mean-square deviation 
(r.m.s.d) for 343 equivalent Cα atoms. Thus, we focus on 
the wt-DncV structure, and refer to it as DncV for sim-
plicity in the rest of the manuscript.

Comparison of DncV structure with other structures in 
the Protein Data Bank (PDB) using the structure compar-
ison service DALI [9] yielded several structural homo-
logues. The most significant matches, based on the high-
est Z-scores, include the structures of human cGAS [10] 
(PDB code: 4KM5, Z-score: 18.7), yeast polyadenylate 
polymerase (PAP) [11] (PDB code: 1FA0, Z-score: 17.1), 
and porcine OAS1 [12] (PDB code: 1PX5, Z-score: 
13.8). These hits suggest that DncV adopts a conserved 
NTase fold, which is consistent with the previous knowl-
edge [2]. 

Similar to the overall appearance of cGAS and OAS1 
(Supplementary information, Figure S1A), the structure 
of DncV comprises two distinct domains: a helical do-
main (HD) containing residues V1 to V23 and P261 to 
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L409, and a catalytic domain (CD) consisting of residues 
L24 to D260, which covers the three predicted catalytic 
residues D131, D133 and D193 (Figure 1A and 1B). The 
N-terminal extension, together with helix α7 of the HD, 

is responsible for tethering of the HD to the CD (Supple-
mentary information, Figure S1A). Fundamentally dis-
tinct from the corresponding structural elements in OAS1 
and cGASs (Supplementary information, Figure S1A), 
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Figure 1 Structure of DncV from V. cholerae responsible for synthesizing a hybrid cGAMP molecule. (A) Schematic diagram of do-
main organization of DncV in primary sequence. The catalytic domain, in which the three catalytic residues are highlighted, and the 
helical domain (HD) followed by the C-terminal tail (CT) are colored as blue, green and red, respectively. The numbers for the resi-
dues are labeled in the upper panel. (B) The overall structure of DncV. The molecule for DncV is shown in a cartoon representation. 
The catalytic domain, helical domain and the C-terminal tail are colored in blue, green and red, respectively. Three key residues ex-
pected for catalytic reaction are shown as colored sticks. (C) Active site of DncV. Comparison of the active sites of DncV and active 
murine cGAS (PDB code: 4K9B) [6]. The polypeptides of DncV and active cGAS were shown as pale green and purple cartoons. 
The catalytic acidic residues from two structures were represented as colored sticks. A cGAMP molecule, which was modeled from 
the complex structure of cGAS, was shown as a colored stick diagram. Three secondary structures, α7, α8 and α9, of DncV were 
labeled out. (D) Comparison of the key residues of active sites from DncV, inactive (PDB code: 4K8V) and active (PDB code: 4K9B) 
murine cGAS [6], inactive (PDB code: 4JLX) and active porcine cGAS (PDB code: 4KB6) [5], inactive porcine (PDB code: 1PX5) [12] 
and active human OAS1 (PDB code: 4IG8) [15], and inactive human cGAS (PDB code: 4KM5) [10]. (E) Key residues responsible for 
DncV activity. DncV-catalyzed reaction products and commercial standards of 3 cyclic di-nucleotides were fractionated by RP-HPLC. 
Wild-type (240 μM) and mutant DncVs (240 μM) were incubated with ATP (1 mM), GTP (1 mM), or ATP+GTP (1 mM for each) at 37 
°C for 60 min and the products were fractionated by RP-HPLC. Red, blue and green denote products derived from reactions using 
ATP, GTP, and ATP+GTP as substrates, respectively. The elution peaks for chemical standards c-di-GMP, c-di-AMP and cGAMP are 
shown in the last panel. x axis represents the retention time in the C18 column. Please note that wt-DncV-catalyzed reaction prod-
ucts were uniformly eluted a bit earlier than the corresponding chemical standards, which might be caused by the heating treatment 
during the preparation of the product samples.

the N-terminal extension in DncV is mostly integral to 
the HD, resulting in a continuous hydrophobic core of 
the HD. This result suggests that the N-terminal exten-
sion of DncV plays an essential role in the folding of the 
HD.

The active site of the NTase superfamily of enzymes 
is known to be characterized by two conserved structural 
features, i.e., the three conserved acidic residues, and the 
G[G/S]xx motif that precedes the first triad residue and is 
expected to bind to the γ-phosphate of the incoming nu-
cleotide [12]. DncV indeed possesses these two structur-
al features; the corresponding catalytic residues are D131 
and D133 in strand β1, and D193 in strand β5 (Figure 
1A-1C), and the G[G/S]xx motif is defined by residues 
G113-S114-F115-Q116 in a well-defined loop linking 
helix α5 and strand β1. All these structural elements of 
DncV are positioned on a pocket formed between the CD 
and the HD (Supplementary information, Figure S1B). 
The critical role of the pocket in DncV-mediated cyclic 
di-nucleotide formation is supported by the fact that the 
homology of prokaryotic DncV orthologs mainly maps to 
the pocket and its immediate surrounding regions, with 
the predicted catalytic acidic residues and residues of the 
L7 loop that make up the signature motif at the bottom 
of the pocket showing the highest level of conservation 
(Supplementary information, Figure S1B and S1C).

To evaluate the functional relevance of these structural 
elements, we performed in vitro di-nucleotide cyclase 
assays using reverse phase high performance liquid chro-
matography (RP-HPLC). RP-HPLC revealed that DncV 
alone is capable of making cGAMP from GTP and ATP, 
c-di-AMP from ATP, and c-di-GMP from GTP (Figure 
1E). We further characterized DncV-generated chemical 
products by MALDI-TOF-MS and nuclear magnetic 
resonance (NMR) analyses (Supplementary informa-

tion, Figure S1D). MALDI-TOF-MS analysis revealed 
that the molecular mass of these three products is 673.0, 
689.1 and 657.1 Da, matching the molecular mass of 
cGAMP, c-di-GMP and c-di-AMP, respectively. Notably, 
RP-HPLC and NMR analysis revealed that a mixture of 
GTP and ATP triggers the synthesis of cGAMP as the 
dominant product, with little c-di-AMP and c-di-GMP 
generated (Figure 1E and Supplementary information, 
Figure S1D), reminiscent of a previous report that DncV 
preferentially generates the hybrid cGAMP molecule [2]. 
Our NMR analyses provide strong evidence to demon-
strate that DncV produces 3′,5′-cGAMP, 3′,5′-c-di-AMP 
or 3′,5′-c-di-GMP in vitro (Supplementary information, 
Figure S1D). We also assessed the effects of mutating the 
three conserved acidic residues (D131, D133 and D193) 
in the DncV active site using RP-HPLC. Our results 
showed that neither dm-DncV nor any of the three sin-
gle mutant (D131N, D133N or D193N) could maintain 
their abilities to generate detectable cyclic di-nucleotide 
products (Figure 1E). In contrast, mutating one of the 
invariant residues, K287, which corresponds to a residue 
that participates in the interaction with pyrophosphate 
[13], impaired but did not completely eliminate its abil-
ity to catalyze c-di-GMP formation (Figure 1E). These 
observations, together with other reported evidence [2], 
suggest that all three acidic residues in the active site are 
indispensable for the catalytic activity of DncV.

As shown by previous studies [5, 10, 14], cGASs 
adopt a bilobal scaffold with mixed α/β topology, which 
represents a structural characteristic of members of the 
NTase superfamily. However, cGASs cannot execute 
di-nucleotide cyclization function in the absence of an 
activator dsDNA. In contrast, DncV in its free form ap-
pears to adopt an active conformation, as judging from 
the architecture of its three catalytic acidic residues and 



Zhenhua Ming et al.
1273

npg

www.cell-research.com | Cell Research

the widened entrance to the catalytic pocket (Supplemen-
tary information, Figure S1E).

One of the most striking features revealed by the 
structures of free and dsDNA-bound cGAS is the drastic 
conformational change of the active site upon dsDNA 
binding (Supplementary information, Figure S1E). In the 
case of murine cGAS, all dsDNA-bound cGAS struc-
tures show identical localizations of the catalytic E211, 
D213 and D307 residues on the well-formed active site, 
while these residues in the structure of free cGAS are 
mis-aligned, especially for E211, which is at least 5.2 
Å away from its position in the active structure (Figure 
1D). Consistent with these observations, the catalytic tri-
ad residues of dsDNA-bound porcine cGAS, E200, D202 
and D296, are located in positions similar to those of ac-
tive murine cGAS, whereas free-state human and porcine 
cGASs position their catalytic triads in the same way as 
inactive murine cGAS (Figure 1D). Surprisingly, the ar-
chitecture of the three catalytic residues of free DncV is 
identical to that of the active form of cGASs, suggesting 
that the active site of DncV is well formed before sub-
strate binding and/or activator induction.

Given that di-nucleotide cyclases and other NTase 
superfamily members are conserved in the two-domain 
architecture and the catalytic acidic residues, we rea-
soned that other DncV homologs of the NTase super-
family might adopt a similar architecture of the catalytic 
residues upon activation. Supporting our hypothesis, the 
conformation of the catalytic residues of dsRNA-bound 
human OAS1 is quite different from that of porcine 
OAS1 in its free state, with the former resembling the 
active form while the latter resembling the inactive form 
of cGAS proteins (Figure 1D).

Although DncV exhibits an active conformation in 
the absence of DNA binding, we wonder whether DncV 
activity can be regulated by other factors. By comparing 
the structures of DncV and dsDNA-activated cGAS, we 
found that dsDNA could also fit very well on backside 
of the active site of DncV. As long-rang interactions are 
formed primarily in complementary electrostatic nature, 
we performed surface electrostatic potential analysis to 
find whether these cyclases share any similar electrostat-
ic surfaces. Interestingly, both DncV and cGAS possess 
several surface patches with pronounced positive electro-
static potential on their backsides (Supplementary infor-
mation, Figure S1F). These linear positive-nature patches 
are completely solvent-exposed and poised for binding 
to other cofactors with complementary electrostatic po-
tential, and thereby may serve as an interaction motif of 
these di-nucleotide cyclases. As this potential interaction 
motif is also found in the structures of human OAS1 and 
yeast PAP (Supplementary information, Figure S1F), it 

is likely involved in the regulation of functions of the 
NTase family proteins.
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