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ABSTRACT

Mammalian cyclic GMP-AMP synthase (cGAS) and its
homologue dinucleotide cyclase in Vibrio cholerae
(VeDncV) produce cyclic dinucleotides (CDNs) that
participate in the defense against viral infection. Re-
cently, scores of new cGAS/DncV-like nucleotidyl-
transferases (CD-NTases) were discovered, which
produce various CDNs and cyclic trinucleotides
(CTNs) as second messengers. Here, we present the
crystal structures of EcCdnD, a CD-NTase from Enter-
obacter cloacae that produces cyclic AMP-AMP-GMP,
in its apo-form and in complex with ATP, ADP and
AMPcPP, an ATP analogue. Despite the similar over-
all architecture, the protein shows significant struc-
tural variations from other CD-NTases. Adjacent to
the donor substrate, another nucleotide is bound to
the acceptor binding site by a non-productive mode.
Isothermal titration calorimetry results also suggest
the presence of two ATP binding sites. GTP alone
does not bind to EcCdnD, which however binds to
PPPAPG, a possible intermediate. The enzyme is ac-
tive on ATP or a mixture of ATP and GTP, and the
best metal cofactor is Mg?*. The conserved residues
Asp69 and Asp71 are essential for catalysis, as in-
dicated by the loss of activity in the mutants. Based
on structural analysis and comparison with VeDncV
and RNA polymerase, a tentative catalytic pathway
for the CTN-producing EcCdnD is proposed.

INTRODUCTION

Cyclic nucleotides have long been known to serve as second
messengers that regulate cellular activities in response to
environmental variations. For example, 3',5-cyclic adeno-
sine monophosphate (cAMP; Figure 1A) promotes glyco-
gen breakdown in human (1). In bacteria, cAMP activates

genes for catabolic pathways (2). Many bacterial cell pro-
cesses are regulated also by 3',5-linked cyclic dinucleotides
(CDNs) such as ¢-di-GMP and c-di-AMP (3,4). In mam-
mals, 2/,3’-cyclic GMP-AMP (2/,3'-cGAMP; Figure 1B)
with the guanosine C2’ forming a non-canonical phospho-
diester bond to the adenosine C5', and 2/,5-oligoadenylate
with similar linkages, are synthesized by ¢cGAS and OAS
upon activation by double-strand DNA (dsDNA) and
dsRNA (5,6). Innate immune responses are triggered by
2',3’-cGAMP binding to STING (stimulator of interferon
genes) and by 2',5-oligoadenylate activation of RNase L
(7,8). STING, serving as a pattern recognition receptor
(PRR), also recognizes the bacterial CDNs as pathogen as-
sociated molecular patterns (PAMPs), which include 3/,3'-
¢GAMP in addition to ¢-di-GMP and ¢-di-AMP (9). 3',3'-
c¢GAMP is synthesized by dinucleotide cyclase in Vibrio
cholerae (VeDnceV), a cGAS homologue (10). It binds to a
CDN-activated phospholipase (VcCapV), which degrades
the bacterial cell membrane (11). These enzymes all belong
to the SMODS (second messenger oligonucleotide or dinu-
cleotide synthase) family of proteins (12).

Recently, scores of newly discovered cGAS/DncV-like
nucleotidyltransferases (CD-NTases) were shown to pro-
duce a variety of CDNs and cyclic trinucleotides (CTNs)
(13). For example, CdnC from Escherichia coli (EcCdnC)
and CdnD from Pseudomonas aeruginosa (PaCdnD) syn-
thesize cyclic tri-AMP (cAAA) as a component of
cyclic oligonucleotide-based anti-phage signaling system
(CBASS) (14). cAAA binds to and activates NucC, a DNA
endonuclease, which leads to cell death as a mechanism of
abortive infection (15). The above DncV-CapV pair is also
an example of CBASS (16). Another CTN-synthesizing
CD-NTase from Enterobacter cloacae, EcCdnD02, pro-
duces a mixed species of cyclic AMP-AMP-GMP (cAAG;
Figure 1C) (13). In bacterial cell cAAG functions as a
CBASS effector that binds to and activates Cap4 (CD-
NTase-associated protein 4), a DNA endonuclease with
SAVED domain (SMODS-associated to various effector
domain) (17). In mammalian cell it also serves as a PAMP
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Figure 1. Cyclic nucleotides. The chemical structures of three cyclic nucleotides are presented as schematic diagrams in (A) cAMP, (B) 2/,3-cGAMP and
(C) cAAG. Hydrogen atoms and some double bonds are not shown. The shared mechanism of NTase-catalyzed reaction that forms CDN or CTN is
depicted in (D). The Mg?* ion bound to the acceptor ribose is designated metal A, and that bound to the donor triphosphate is metal B. The nucleophilic

attack of O3’ (or O2') at a-phosphate is indicated by an arrow.

to be detected by RECON (reductase controlling NF-«B), a
PRR with aldo-keto reductase (AKR) activity for lipophilic
metabolites (18). Binding of cAAG, as well as c-di-AMP
and 3',3’-cGAMP, to RECON directly blocks its active site
and elicits STING-independent host responses (13).

In structure, bacterial CD-NTases are distinct from the c-
di-GMP and c-di-AMP synthesizing enzymes, but are sim-
ilar to mammalian cGAS and OAS (3). Each enzyme con-
tains an N-terminal core domain, which is shared by non-
templated and templated polymerases of the nucleotidyl-
transferase (NTase) superfamily, and a C-terminal helical
domain that shows a higher degree of variation (13). Three
conserved acidic residues in the central B-sheet of the NTase
domain coordinate to two metal ions that are essential
to the catalysis (19). In a shared mechanism for NTase,
the ribose O3’ (or O2') atom of the acceptor substrate is
bound to one metal ion (termed metal A) and attacks the a-
phosphate of the donor substrate, whose triphosphate asso-
ciates with the other metal ion (termed metal B; Figure 1D)
(20,21). Instead of base pairing, the substrate specificity of
CD-NTase is determined by interactions with protein side
chains from both N and C-terminal domains (22). The cage-
like architecture may allow retention and reorientation of
the intermediate molecule for the next step of catalysis (19).
For example, the reaction intermediate of VeDncV (actually
an analogue) had the original acceptor nucleotide bound
to the donor substrate binding site, and vice versa, facili-
tating the next reaction that would turn out a CDN prod-
uct (10,22). CTN-synthesizing CD-NTases probably follow
similar catalytic pathways.

On the other hand, CD-NTase signaling pathways are
classified into Type I and Type II (19). Type I CD-NTases

such as human cGAS and OASI are inactive without bind-
ing to the respective ligands of dSDNA and dsRNA. They
require the ligand-induced conformational changes to be-
come active, in which the N-terminal ‘spine’ helix con-
necting the NTase and helical domains is broken into two
(5,6). The cAAA-synthesizing EcCdnC and PaCdnD are
also Type I enzymes, which need activation by complex for-
mation with HORMA (Hopl/Rev7/Mad2-like domain) as
well as binding to DNA (14). In contrast, Type II CD-
NTases such as VeDneV and EcCdnDO02 are constitutively
active (10,13). They do not need binding to other ligands to
be catalytically functional. Along with several known Type
I and Type II CDN-synthesizing enzymes, so far only two
CTN-producing Type I CD-NTases have their crystal struc-
tures solved (14). To help elucidating the catalytic mecha-
nism that turns out CTNs, we expressed, purified, crystal-
lized and determined the structure of EcCdnD02 (a CTN-
producing Type II CD-NTase, denoted EcCdnD hereafter)
in apo and substrate-bound forms, including an active-site
mutant. The enzyme was further characterized for affinity
and activity by using different substrates and mutants.

MATERIALS AND METHODS
Expression and purification of EcCdnD

The full-length gene encoding the cAAG-producing
EcCdnD from Enterobacter cloacae UCI 50 (UniProt
accession: PODSP4; 381 amino acids) with Escherichia coli
codon usage was synthesized chemically and subcloned
into pET21 vector to be expressed as a C-terminal Hisg-
tagged protein. The plasmid was transformed into E. coli
BL21 (DE3), which was grown in lysogeny broth (LB)



medium at 37°C until the ODggy reached 0.6-0.8. Overex-
pression of EcCdnD was induced by addition of 0.5 mM
isopropyl B-D-thiogalactopyranoside (IPTG), followed by
incubation for 20 h at 15°C. The cells were harvested by
centrifugation, resuspended in 50 mM Tris—HCI, pH 8.0,
500 mM NacCl, 10% glycerol, 1 mM tris(2-carboxyethyl)
phosphine (TCEP), 1| mM phenylmethylsulfonyl fluoride
(PMSF) (sonication buffer), and lysed by sonication on
ice. After centrifugation at 28 000 g, 4°C, for 30 min, the
supernatant was loaded onto a HisTrap FF column (GE
Healthcare), washed with sonication buffer that contained
10 mM imidazole, and eluted with 20-200 mM imidazole
gradient in the sonication buffer. Fractions containing
the target protein were pooled and further purified by
size-exclusion chromatography (HiLoad Superdex 200,
Cytiva), using a buffer of 50 mM Tris—-HCI, pH 8.0, 200
mM NaCl, 5% glycerol and 1 mM TCEP (gel filtration
buffer). Substitutions of amino acid residues in EcCdnD
were performed by using the Quick Change site-directed
mutagenesis kits with PfuUltra DNA polymerase and con-
firmed by DNA sequencing. The primers for making the
mutants are listed in Supplementary Table S1. Expression
and purification of the mutant proteins and Se-derivative
followed the same protocols as above, except that the latter
used an M9 minimal medium supplemented with 40 mg/1
seleno-L-methionine (SeMet) instead of LB.

Crystallization of EcCdnD

All screening for crystallization conditions and subsequent
optimization were carried out by using the sitting-drop
vapor-diffusion method at 4°C. Each protein sample, typ-
ically 8 mg/ml in the gel filtration buffer, was mixed with a
reservoir solution by a ratio of 1 plto 1 pl, and equilibrated
against 200 wl of the reservoir. The tetragonal EcCdnD
crystal was first obtained in 12 weeks by using a solution
of 8% v/v Tacsimate, pH 6.0, and 20% (w/v) PEG 3350
as the reservoir. Subsequent crystallization of the SeMet-
containing protein in a similar unit cell used a reservoir of
0.1 M ammonium tartrate dibasic, pH 7.0, and 20% (w/v)
PEG 3350. Soaking experiments used crystals grown from
a reservoir of 0.2 M K—Na-tartrate, pH 7.4 and 20% (w/v)
PEG 3350, which were soaked in the reservoir containing
2 mM ATP or GTP for 30 s or 2 h before data collection.
In co-crystallization experiments, the protein was incubated
overnight at 4°C in solutions that contained various lig-
ands before use in drop set-ups. The complex crystals of
EcCdnD with the ATP analogue 2',3'-dideoxyadenosine-5'-
triphosphate (ddATP) was obtained by incubation with 2
mM ddATP, 10 mM GTP and 10 mM MgCl, and by us-
ing a reservoir of 0.2 M ammonium tartrate dibasic, pH
7.0 and 26% (w/v) PEG 3350. The monoclinic crystals that
contained ATP and ADP were grown by incubation with
SmM ATP, 10 mM GTP and 10 mM MgCl,, followed by
the use of 0.2 M ammonium sulfate, 0.1 M Na-acetate, pH
4.6, and 25% (w/v) PEG 4000 as the reservoir. To cocrys-
tallize EcCdnD with the non-hydrolysable ATP analogue
adenosine-5'-[(a,B)-methyleno] triphosphate (AMPcPP), in
an orthorhombic unit cell, the protein was incubated with 5
mM AMPcPP, 10 mM GTP and 10 mM MgCl,, and then
used in drop set-ups with a reservoir of 0.2 M Na-malonate,
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pH 6.0, and 20% (w/v) PEG 3350. Complex crystals of the
double mutant D69K/D71K (KK) with ATP were grown
by incubation with 5 mM ATP, 10 mM GTP and 10 mM
MgCl, and setup with a reservoir of 5% (w/v) 1-butyl-3-
methylimidazolium chloride (BMIM-CI), pH 7.4, and 20%
(w/v) PEG 4000.

Data collection and structure determination

The diffraction data of all EcCdnD crystals in this study
were collected at the National Synchrotron Radiation Re-
search Center (NSRRC) in Hsinchu, Taiwan. The na-
tive data set was collected by using the Taiwan Photon
Source (TPS) beam line 05A. Other data sets including the
multi-wavelength anomalous dispersion (MAD) data of the
SeMet crystal used the Taiwan Light Source (TLS) beam
line 15A1. Prior to flash cooling to cryogenic temperatures,
each crystal was briefly washed in the reservoir or soaking
solution that contained 20% glycerol as a cryoprotectant.
The data were processed by using the HKL2000 software
package (23).

The structure of EcCdnD was determined by using the
three-wavelength MAD data collected from the tetragonal
SeMet crystal (Supplementary Table S2). Initial phase an-
gles were calculated by using PHENIX (24), which was
also employed in subsequent model building and refine-
ment. The software CNS (25) was used in solving the mono-
clinic and orthorhombic crystal structures by molecular re-
placement (MR). Manual adjustment of the protein mod-
els, placement of the ligands, and inclusion of the solvent
molecules used the program Coot (26). Where applicable,
local non-crystallographic symmetry (NCS) restraints and
translation-libration-screw (TLS) tensors were used in the
refinement. The models were validated by MolProbity for
correct geometry (27). Figures that depict the 3D protein
and ligand structures were prepared by using PyMOL (28).

Isothermal titration calorimetry (ITC)

The binding affinity of ATP, GTP or other nucleotide lig-
ands to EcCdnD was performed on a MicroCal ITC200
instrument at 25°C. Nucleotides and protein samples were
dissolved in assay buffer (20 mM Tris pH 8.0, 100 mM
NaCl, 1 mM MgCl,). Aliquots of 2 pl nucleotides at a to-
tal concentration of 1-3 mM in the syringe were injected
into cells containing 0.05-0.15 mM wildtype EcCdnD or
the mutant KK at 3-min intervals. Depending on the bind-
ing profiles, the data were fitted to one-site or two-site bind-
ing model using the commercial Origin 7.0 program to ob-
tain AH, AS, Kx and Kp values.

Activity measurement

The enzymatic activity of EcCdnD was measured using
the EnzChek® Pyrophosphate Detection Kit (Invitrogen™,
Cat. No. E6646). Briefly, nucleotide substrates with a to-
tal concentration of 0.2 mM were pre-incubated with 0.03
U pyrophosphatase, 1 U purine nucleoside phosphorylase,
0.2 mM 2-amino-6-mercapto-7-methylpurine ribonucleo-
side (MESQG) in reaction buffer of 50 mM Tris—HCI, pH
7.5, and 1 mM MgCl, at 22°C for 10 min. The reaction
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was started by adding 5 pwM EcCdnD. The product con-
centration at each time point was determined by measuring
OD3¢ using a Synergy™ H1 hybrid multi-mode microplate
reader (BioTek Instruments, Inc.) and comparison with a
standard curve of inorganic phosphate. The phosphate con-
centrations of control reactions devoid of EcCdnD were
subtracted from those of reactions in the presence of the en-
zyme. Each reaction was carried out in triplicate. The first
2-min data of the reaction were used to calculate initial ve-
locity (V) by linear regression.

RESULTS AND DISCUSSION
Structural variations of EcCdnD from other CD-NTases

A BLAST search (29) showed that the sequence of EcCdnD
has 20% identity to PaCdnD with a large insertion of about
50 amino-acid residues in the middle region (Supplemen-
tary Figure S1). No other close homologue was found in
the PDB. Both enzymes belong to Clade D of bacterial CD-
NTases (13,14). EcCdnD was first crystallized in a tetrag-
onal unit cell with space group P4,2;2 and one protein
molecule in its asymmetric unit. However, attempts to solve
the crystal structure of EcCdnD by MR using the PaCdnD
structures (in PDB 6P82, 6P8J and 6P8U) as search mod-
els failed, probably due to significant difference between
the group D2 and D5 enzymes. In an alternative attempt
to solve the structure, EcCdnD was expressed as a SeMet-
containing protein, from which an isomorphous crystal
form was obtained. The crystal structure was determined
by MAD using the SeMet-derivative (Supplementary Ta-
ble S2), and subsequently refined to 2.14-A resolution us-
ing the native diffraction data (Table 1). Similar to PaCdnD
and other CD-NTases, the EcCdnD protein folds into an
N-terminal catalytic domain and a C-terminal helical do-
main (Figure 2). The apo-form structures of EcCdnD and
PaCdnD differ from each other by a root-mean-square de-
viation (RMSD) of 3.1-3.4 A for 257-262 matched pairs of
Ca atoms, which is much larger than the RMSD of 0.47—
0.70 A for 300-302 pairs of Ca in the different PaCdnD
monomers. The 50-residue insertion between strands BE
and BF in EcCdnD replaces the equivalent short turn in
PaCdnD and includes an additional helix a4 (Supplemen-
tary Figure S2) and Trp170, whose side chain was once mis-
taken as a purine base bound allosterically to a neighbor-
ing protein molecule (Supplementary Figure S3). The 26 C-
terminal residues and the appended His-tag were not seen.

A DALI search (30) showed that EcCdnD has >400 simi-
lar structures in the PDB with higher Z scores than 10. They
include the mouse nuclear factors NF90/NF45 (31) and the
human protein MAB21L1 (male abnormal 21 like 1) (32),
as well as other NTase-family proteins. On top of the list
is PaCdnD, with a Z score of 25.5, followed by VeDncV
(Z = 23.4) and EcCdnC (Z = 23.1). The latter structures
have RMSD of 3.4 and 2.9 A from EcCdnD for 262 and
246 Ca pairs, respectively. Major structural differences be-
tween EcCdnD and VeDncV are seen in the regions of a2-
BA and BE-BF (Supplementary Figure S4A). The helix o2
of VeDncV is longer by three turns, which is followed by
three additional short helices before strand BA. In the BE-
BF insertion, VeDncV contains an equivalent to helix a4

of EcCdnD, but with a very different orientation. The BE-
BF loop of EcCdnC is not as prominent, but its equivalent
to the a8-a9 loop of EcCdnD is twice as long, forming a
doubly wound lid structure (Supplementary Figure S4B).
Despite these differences, the conserved two-domain archi-
tecture is seen in EcCdnD as well as PaCdnD, VeDncV and
EcCdnC, and the cage-like substrate-binding pocket is lined
with three catalytically important acidic residues, Asp69,
Asp71 and Aspl2l at the bottom (Figure 2). Interestingly,
Pro16 of EcCdnD replaces the conserved leucine residue in
other CD-NTases, and its rigidity may render the enzyme
constitutively active. The substrate binding mode and cat-
alytic mechanism of VeDncV and other CDN-synthesizing
enzymes have been studied extensively (3,22), but so far the
structures of CTN-synthesizing enzymes have no more than
a bound ATP (14). Consequently, attempts were made to
obtain complex crystals of EcCdnD with substrates and
substrate analogues.

Substrate binding modes and protein conformational changes

Soaking experiments of the native EcCdnD crystals with
GTP or ATP showed some electron densities in the ac-
tive site, which however could only be modeled as phos-
phate and pyrophosphate ions (Supplementary Figure S5).
It might be a result of the absence of divalent metal ion
in the solution. Subsequent cocrystallization experiments
all had Mg?* included, and several complex crystals were
obtained. One is isomorphous to the native crystal form
(Table 1). The protein models in the two tetragonal crys-
tals show an RMSD of 0.131 A for 308 matched pairs of
Ca atoms. The crystallization solution contained ddATP
and GTP, but only ddATP was observed in the active site
(Supplementary Figure S6A). Specifically, the ddATP oc-
cupied the binding site for the donor substrate. In the re-
fined model, the triphosphate moiety of ddATP is bound
to an Mg?* ion, with an O atom from each of the a-, B-
and vy -phosphate contributing a coordination bond (Figure
3A). This Mg?* ion is equivalent to the metal B in Figure
1D. The other three ligands of the octahedral Mg?* com-
plex are served by two water molecules and the side chain
of Asp71. The N3 and N6 atoms of the adenine base are
hydrogen bonded to the sidechain NH; of GIn210 and the
backbone O of Val304, respectively. The base is also in con-
tact, at 3.7-3.8 A distances, with the aromatic side chain
of Tyr250 but does not show - or T-stacking interaction.
Another bound metal ion with octahedral configuration is
located at the C-terminus of helix a7, where the six coordi-
nates are served by four water molecules and the backbone
O of Asn258 and Leu260 (Figure 3B). This metal ion was
observed in all EcCdnD crystals, either as an Na* in the
native form or replaced by an Mg?* in the substrate com-
plexes, and its location away from the active site suggests a
structural role.

Cocrystallization in the presence of ATP and GTP at
lower pH yielded a new crystal form that belongs to the
monoclinic space group of P2; and contains two molecules
of EcCdnD in its asymmetric unit. The structure was solved
by MR and refined to 1.87-A resolution (Table 1). In this
crystal, the two protein molecules have virtually identical
conformation, with an RMSD of 0.037 A for 298 matched
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Table 1. Data-collection and refinement statistics of EcCdnD crystals. See below for some description about the listed items

Native ddATP ATP+ADP AMPcPP KK-ATP
Data collection

Space group . P4,2,2 P412,2 P2 222, C222,
Unit-cell @, b, ¢ (A) 52.9,52.9,344.4 53.2,53.2,345.8 65.8,107.2, 65.9 66.3,116.4, 107.4 68.9, 118.2,102.4
Unit-cell o, B,y (°) 90, 90, 90 90, 90, 90 90, 118.3, 90 90, 90, 90 90, 90, 90
Resolution range (A) 30-2.14 (2.22-2.14) 50-2.09 (2.16-2.09) 30-1.87 (1.94-1.87) 50-1.93 (2.00-1.93) 30-2.70 (2.80-2.70)
Unique reflections 27 647 (2654) 30 653 (2873) 66 128 (6346) 31398 (3124) 11739 (1142)
Redundancy 8.7 (6.5) 9.7 (5.0) 3.8(3.7) 7.0 (7.1) 6.9 (6.6)
Completeness (%) 98.9 (97.5) 99.1 (96.7) 99.5(95.2) 99.9 (100.0) 99.7 (99.2)
Average I/o (1) 17.0 (2.7) 25.0(3.4) 29.0 (8.5) 25.7 (3.6) 17.1(2.9)
Average CCy ), 0.988 (0.969) 0.985 (0.943) 0.992 (0.974) 0.986 (0.950) 0.961 (0.838)
Rinerge (70) 9.6 (40.3) 8.3(37.2) 4.3(154) 7.2(51.4) 11.3(63.3)
Rpim (70) 3.6 (16.1) 2.7 (16.0) 2.6 (9.3) 3.0 (20.5) 4.6 (26.0)

Structure refinement
Resolution range (A)

24-2.15(2.23-2.15)

28-2.09 (2.17-2.09)

No. of reflections 24 213 (1206) 28 906 (1722)

Completeness (%) 86.7 (44.5) 93.9(58.3)

Ryork for 95% data (%) 18.2(21.5) 17.6 (20.9)

Riree for 5% data (%) 22.8(30.4) 21.0 (24.2)

RMSD bond 0.0029 0.0037
lengths (A)

RMSD bond angles (°) 0.593 0.749

Baye (AZ)/protein atoms 37.7/2877 29.4/2793

Baye (A2)/ligand atoms 30.9/1 41.6/31

Baye (A2)/water 46.1/371 40.8/373
molecules

Ramachandran 98.0 99.1
favored (%)

Ramachandran 2.0 0.9
allowed (%)

Ramachandran 0.0 0.0
outliers (%)

Clashscore 2.64 2.52

MolProbity score 1.13 1.04
PDB code 7D48 7D4J

29-1.87 (1.94-1.87)

34-1.93 (2.00-1.93)

24-2.70 (2.80-2.70)

66 096 (6464) 31018 (2713) 11 641 (1042)
99.7(97.3) 98.4 (87.0) 98.8 (90.7)
13.6 (15.7) 15.2(19.7) 19.2 (24.1)
16.3 (19.6) 19.2(22.2) 25.0 (33.0)

0.0120 0.0079 0.0019
1.216 0.897 0.648
20.4/5619 22.0/2803 42.9/2773
22.5/170 19.4/66 35.6/62
33.7/935 36.6/454 43.4/206
98.1 98.2 97.9
1.9 1.8 2.1
0.0 0.0 0.0
341 1.94 4.65
113 0.96 1.53
7D40 7D4S 7D4U

Numbers in parentheses are for the highest resolution shells.

I/o(I) = ratio of intensity against background, or signal-noise level

CCj ), = correlation coefficient between intensity estimates of half data sets
Ruerge = merging R factor = X, Xl<Ij,> — 1), |/ %), Xl ; where h and i enumerate unique reflections and symmetry-equivalent contributors.
Rpim = precision-indicating merging R factor = ¥, [1/(n), — 1)]]/2 Sil<ly> — I I/ 2, Xil; where ny, denotes multiplicity.
Ryork = R value for the working data subset used in the refinement = X, | Fj, obs — Fp.calc |/ Z 1 Fn,0bs Where Fj obs and Fj, ca1c are the observed and calculated

structure factors.

Ryree = R value for the free data subset not used in the refinement to monitor the correctness of the model and the progress of refinement.
The RMSDs are root-mean-square deviations of the bond lengths and bond angles in the refined models from the ideal values in the dictionary of Mol-

Probity (27)

Baye = average isotropic temperature factors over the numbers of specified atoms.

The numbers of amino acid residues in the favored and allowed regions of Ramachandran plot for the peptide dihedral angles were determined by Mol-
Probity, as well as the clash scores, which represent the numbers of serious clashes per 1000 atoms.
The MolProbity score serves as a single composite metric for model quality (lower numbers indicate better models).

Ca pairs, and so do the bound ligands. Besides an ATP in
the donor site, there was also an ADP that apparently oc-
cupied the acceptor site (Supplementary Figure S6B). The
presence of ADP was probably due to Mg?*-assisted hydrol-
ysis of ATP. It could also be a result of bound ATP with
disordered y-phosphate. The two nucleotide molecules are
packed back-to-back and related by a dyad axis. The ade-
nine bases are not stacked but each makes contacts to the
ribose O4’ of another at 3.0-3.2 A distances. The triphos-
phate part of ATP now binds to two Mg?* ions. One Mg”*
ion, designated Mg-B, makes similar interactions with the
protein and ligand as those observed in the above ddATP
complex crystal, but the side chain of Asp69 replaces a co-
ordinating water molecule (Figure 3C). The other Mg?* ion,
equivalent to the Metal A in Figure 1D and designated Mg-
A, is coordinated to the a-phosphate, the side chains of

Asp69, Asp71 and Aspl21, and two water molecules, but
with longer metal-oxygen distances of 2.2-2.5 A than those
of 2.0-2.1 A for the Mg-B ion. The adenine base of ATP
shows similar interactions with the protein as well, while the
adenine N3 and the ribose 2’-OH are hydrogen bonded to
the GIn210 side chain, and the 3’-OH is hydrogen bonded
to the B-phosphate and the Arg56 side chain. On the other
hand, the adenine base of ADP has its N1 and N3 atoms
hydrogen bonded to the side chains of GIn51 and Thr205,
and its ribose 2’-OH to the backbone O of Arg204 (Figure
3D). The diphosphate group makes seven hydrogen bonds
with Argl09, Argl97 and Arg307.

Another crystal form obtained at pH 6.0 in the pres-
ence of AMPcPP and GTP turned out to belong to the
orthorhombic space group of C222; with one protein
molecule in its asymmetric unit (Table 1). Two AMPcPP
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c

Figure 2. Overall structure of EcCdnD. The protein is presented as a rib-
bon diagram, in which the N and C-terminal a-helices are colored blue and
red. The B-strands are green. On the left side is the N-terminal NTase do-
main. It contains the three essential residues Asp69, Asp71 and Aspl21 for
catalysis, whose side chains are shown as stick models. On the right side is
the C-terminal helical domain. The first two helices a1l and a2 correspond
to the ‘spine’ in other NTases.

were bound to the enzyme by similar binding modes as
the ATP and ADP in the monoclinic crystal. Most inter-
actions with the donor AMPcPP and the two metal cofac-
tors are conserved, but the Mg-A ion is bound to one wa-
ter molecule instead of two (Figure 4A). The side chain of
Arg307 now turns to form two hydrogen bonds with the y-
phosphate of the acceptor AMPcPP, which together with
the B-phosphate may bind to a third Mg?* ion (Figure 4B).
The protein conformation in the orthorhombic crystal is
similar to that in the monoclinic crystal, with RMSD of
0.107-0.108 A for 325-328 pairs of matched Ca atoms, but
both differ significantly from the tetragonal structures with
RMSD of 0.62-0.64 A for 297-300 Ca pairs (Supplemen-
tary Figure S7A). The largest shift is located in the F-BG
loop, where the Ca of Argl97 is moved by 6.8 A and the
side chain swings to the opposite side by nearly 18 A (Sup-
plementary Figure S7B). Other prominent shifts are seen
in helices a2, a3, strands BB, BC, BD and the associated
loops. Because a similar binding mode of the donor sub-
strate, be it either ddATP, ATP or AMPcPP, is shared by all
complex structures, the conformational difference is likely
a result of the acceptor nucleotide binding. These struc-
tural rearrangements may be induced by the strong inter-
actions between the positively charged arginine side chains
of EcCdnD and the negatively charged phosphate groups of
ADP or AMPCcPP, as consistently observed in the P2; and
C222; crystals.

Furthermore, several mutants of Asp69, Asp71 and
Aspl21 were produced for activity analysis and crystalliza-
tion. Mutants with two or three alanine substitutions pre-
cipitated easily and were difficult to purify and crystallize.
Consequently, the aspartate residues were also replaced by
lysine with a hope that its positive charged side chain would
increase protein solubility and mimic Mg?* in substrate
binding. Among the mutants, only the double mutant KK
crystallized, at pH 7.4 in a C222; unit cell similar to the
wildtype (RMSD = 0.33 A for 308 Ca palrs) Again, de-
spite the presence of more GTP than ATP in the solution,

only ATP was observed. In the refined model, two ATP
molecules are packed back-to-back like the AMPcPP in the
wildtype crystal. However, as expected, the sidechain NH3*
group of Lys71 replaces the Mg—B ion in association with
the triphosphate moiety of the donor ATP, which has the
3’-OH hydrogen bonded to the y-phosphate instead of the
B-phosphate (Figure 4C). Ser53 and Arg56 now bind to the
v-phosphate but not the B-phosphate, which is hydrogen
bonded to Tyr250. The binding mode of the acceptor ATP
also varies considerably, with a different orientation of the
v-phosphate that binds to the 3’-OH and additional inter-
actions between the B-phosphate and the Asp196 side chain
(Figure 4D). In addition, with a hope to trap its reaction in-
termediates, we also crystallized the wildtype EcCdnD with
ATP and a non-hydrolysable GTP analogue guanosine-
5'-[(a,)-methyleno] triphosphate (GMPcPP). However, in
three different crystals thus obtained, only ATP and ADP
with the above back-to-back binding mode were seen (Sup-
plementary Table S3 and Supplementary Figure S8).

Biophysical and biochemical characterization of EcCdnD

According to the recent study by Whiteley et al. (13),
EcCdnD catalyzes the formation of cAAG by condensing
two molecules of ATP and one molecule of GTP, and the re-
action may start with the attack at the a-phosphate of ATP
because it was completely blocked by the non-hydrolysable
analogue AMPcPP. On the other hand, some reaction in-
termediates were produced by using GMPcPP (13). The en-
zyme also turns out cAAA and cyclic AMP-GMP-GMP
(cAGGQG) as minor products (15). However, as described
above, only ATP and its analogues were seen in the crys-
tal structures of EcCdnD, and attempts to obtain complex
crystals with GTP or GMPcPP were not successful. To find
out the binding strengths of ATP and GTP, ITC exper-
iments were carried out with each substrate as well as a
mixture of both (Supplementary Figure S9). ATP showed
strong binding but GTP showed no binding at all. However,
use of both ATP and GTP complicated the binding pattern,
probably due to on-going reactions catalyzed by EcCdnD.
To avoid interference of binding isotherm by the heat of re-
action, further experiments were carried out by using the
non-hydrolysable analogues AMPcPP and GMPcPP. The
best fitting model for AMPcPP binding to EcCdnD shows
two independent binding sites with similar dissociation con-
stants (Kp) of 39.5 £ 4.9 and 44.9 £ 6.0 pM (Figure
5A), which are consistent with the above crystallographic
observation of two binding sites for ATP and compara-
ble to the nearly 100 uM Ky of DNA-bound cGAS for
nucleotide triphosphate substrates (33). Interestingly, the
binding isotherm of AMPcPP does not fit to the model of
two sequential binding sites, suggesting a lack of cooper-
ative binding of the two nucleotide ligands (34). Binding
of ATP to the donor site and GTP to the acceptor site of
the mammalian cGAS also showed non-cooperative bind-
ing, which may be a conserved mechanism among the CD-
NTases (35). In contrast, the ITC data of the double mu-
tant KK and AMPcPP show only one binding site with a
Kp of 34.3 &+ 2.7 wM (Figure 5B). Although the hydrogen
bonding interactions with the donor nucleotide may be con-
served, the lack of two Mg?*-coordinating aspartate side
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Figure 3. Ligand binding modes in the tetragonal and monoclinic EcCdnD crystals. The bound nucleotides are shown as thick stick models, while the
amino-acid residues involved in the binding are shown as thin sticks with the carbon atoms colored green. The metal ions and water molecules are shown
as purple and red spheres. Hydrogen bonds and coordination bonds are indicated by dashed lines. The models of the bound ligands are superimposed on
the Fo — Fc maps, each calculated by omitting the corresponding ligand atoms and contoured at 4o level. (A) The bound ddATP (colored cyan) in the
tetragonal crystal has an Mg?* ion associated with its triphosphate moiety. (B) At the C-terminus of helix &7 a metal ion is bound to two protein backbone
C=0 groups and four water molecules. (C) The bound donor ATP in the monoclinic crystal shows more interactions with the protein, via the ribose 2’'-
and 3'-OH groups and an additional Mg2* ion. (D) The bound acceptor nucleotide (colored yellow), here an ADP, makes several hydrogen bonds to three
arginine residues via its phosphate groups.
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Figure 4. Ligand binding modes in the wildtype and mutant orthorhombic crystals. The models are shown in a similar way as in Figure 3, with the omit
maps also contoured at 4o level. (A) The binding mode of substrate analogue AMPcPP to the donor site is virtually identical to that of ATP in Figure
3C. (B) In addition to the three arginine residues, the PcPP group of the acceptor nucleotide is also bound to an Mg?* ion. (C) The NH3™ group of Lys71
replaces Mg?" ion for interacting with the donor ATP in the mutant protein. (D) The y-phosphate of the acceptor ATP has a different disposition than its
equivalent of AMPcPP in (B), and there is no bound Mg?" ion.
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Figure 5. ITC measurements of nucleotide binding. (A) AMPcPP (1 mM) was used as the ligand and the binding isotherm to wildtype EcCdnD (0.05
mM) turned out to be biphasic. Fitting to a model of two independent binding sites yields binding parameters of Kx1 =257 £ 3.2mM ', AHI =-29
+ 0.3 kcal/mol, AS1 = 10.3 & 1.4 cal/mol/deg and Kx2 = 22.7 = 3.0 mM ', AH2 = —15.8 £ 0.9 kcal/mol, AS2 = —33.2 & 3.3 cal/mol/deg. (B) The
binding isotherm of AMPcPP (1 mM) to the double mutant KK (0.15 mM) shows a single site, with N = 1.02 + 0.01, K =29.4 +£23mM|, AH=-3.8
+ 0.2 kcal/mol and AS = 7.6 £ 0.8 cal/mol/deg. (C) No binding was observed when 0.05 mM wildtype EcCdnD was titrated with 1.0 mM GMPcPP after
pre-incubation with 1.0 mM AMPcPP. (D) The dinucleotide pppApG (1 mM) showed binding to wildtype EcCdnD (0.1 mM) with N = 1.02 £ 0.06, Kx
=33.8+25mM, AH =224 0.6 kcal/mol and AS = 28.1 + 2.0 cal/mol/deg.

chains may significantly reduce the binding affinity to a level
that cannot be detected by ITC. Consequently, the single
AMPcPP binding site in KK probably corresponds to the
acceptor site. The presence of the donor ATP in the KK
mutant crystal might be a result of the high ATP concentra-
tion employed in crystallization. On the other hand, GM-
PcPP showed no binding to the wildtype EcCdnD, either
alone (Supplementary Figure S10A) or after preincubation
of the enzyme with AMPcPP (Figure 5C), a reflection of the
fact that no GTP was found in the crystals despite the two
or five-fold higher concentration than ATP. The latter re-

sults suggest that GMPcPP (or GTP) cannot compete with
AMPCcPP (or ATP) for binding to either the donor site or
the acceptor site. Further ITC experiments with the dinu-
cleotides 5-ApA-3" and 5'-ApG-3’ showed no binding to
EcCdnD (Figure S10B, S10C), but 5-pppApG-3', a possi-
ble intermediate, showed a single binding site with a Kp of
29.7 £ 2.2 uM (Figure 5D), underscoring the importance
of the 5'-triphosphate in the enzyme-substrate and enzyme-
intermediate interactions.

Subsequently, the enzymatic activity of EcCdnD was
measured by using various combinations of ATP and GTP
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Figure 6. Catalytic activity for different substrates and cofactors. (A) ATP,
GTP or two different combinations of ATP and GTP with ratio of 2:1 or
1:2 was used as the substrate. In addition to the wildtype EcCdnD, the
mutants KK (D69K/D71K), D69K, and D69A were also tested. (B) The
substrate contained ATP and GTP with 2:1 ratio. The left chart used the
first 2-min data, whereas the right chart used the first 10-min data.

as the substrates (Supplementary Figure S11). As expected,
the substrate with an ATP:GTP ratio of 2:1 showed the
highest turnover rate, and GTP alone showed the lowest
(Figure 6A). Interestingly, using ATP alone as the substrate
or a mixture with an ATP:GTP ratio of 1:2, EcCdnD also
showed comparable catalytic activity. In addition, the dou-
ble mutant KK and two additional mutants D69K and
D69A were tested for activity (Figure 6A, inset). Both KK
and D69K lost most of the enzymatic activity, except for
the small fraction that remained with KK when the sub-
strate ATP:GTP ratio was 2:1. Although the double mu-
tant KK does not retain the ability to form proper coordi-
nation bonds with Mg?* ion, its two lysine side chains might
still bind to and facilitate the dissociation of pyrophosphate
from the donor substrate. However, the single mutant D69K
might generate a strong interaction between the neighbor-
ing but oppositely charged side chains of Lys69 and Asp71,
resulting in a complete loss of function. By contrast, D69A
showed higher activity than the other two mutants. Presum-
ably the effects of a single carboxylate group removal on
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Mg?* binding could be more easily compensated, for exam-
ple, by solvent molecules. The higher activity of D69A for
GTP than ATP also suggests favored binding of GTP to the
donor site, probably by a different mode from that of ATP.

When the active-site structures of FEcCdnD and
DNA/RNA polymerase are compared, the Mg>* ion
that binds to the triphosphate moiety of the donor sub-
strate in EcCdnD corresponds to the lower affinity metal
(Metal-B or MG2) in the A site (or the i+1 site; ‘A’ for
addition) of DNA/RNA polymerase (20,21). The other
Mg?* ion that binds to the side chains of Asp69, Asp71
and Aspl2l in EcCdnD corresponds to the high affinity
metal (Metal-A or MG1) in the P site (or the i site; ‘P’
for primer) of DNA/RNA polymerase. Interestingly, the
triphosphate-bound metal ion, or Mg-B, seems to be more
stable than the aspartate-bound Mg-A in CD-NTases,
because it was clearly observed to associate with the bound
donor substrate in the crystal structures of EcCdnD as
well as PaCdnD and EcCdnC (14). The octahedral config-
uration of the former is also better defined than the latter.
Besides binding to the ligands with non-canonical distances
and angles, this second metal ion even showed variation in
coordination numbers by forming an additional coordina-
tion bond with the second sidechain oxygen of Asp69 at a
distance of 2.8-2.9 A (Figures 3C, 4A). To find out possible
use of other divalent metal ions than Mg?* as cofactor,
the 1 mM MgCl, in the activity assay was first replaced by
MnCl,, ZnCl, or CaCl,. Preliminary tests with ATP as the
substrate showed that Mg>* is the best cofactor, followed
by Mn?*, while Ca>* and Zn>* are poor (Supplementary
Figure S12A). Further experiments by using both ATP and
GTP as the substrate with a ratio of 2:1 showed similar
results (Supplementary Figure S12B). Considering the
requirement of Mg?* by pyrophosphatase, the latter assays
included 1 mM of the metal cofactor in addition to the
original 1 mM MgCl,. As shown in Figure 6B, despite
the presence of Mg”", the addition of MnCl,, ZnCl, or
CaCl, all resulted in reduced activity. The divalent metal
ions other than Mg”>* actually inhibited the enzyme, prob-
ably by occupying the metal binding sites for Mg>*. The
inhibition by Ca®* was the strongest, while 5-10% activity
was retained with Mn?* and Zn?*. Although the reaction
appears to be slowed down, Mn>* may itself participate in
the catalysis, turning out more than 10% product (Figure
6B). Zn>* may prefer a tetrahedral configuration, making
it a weaker inhibitor for an octahedral metal binding site.
Taken together, these results suggest that EcCdnD uses
Mg?* as the cofactor in catalysis, and both metal ions in
the active site should be Mg”".

Catalytic pathway based on other ligand-bound NTase struc-
tures

The catalytic reaction of a CD-NTase starts with the at-
tack at the a-phosphate group of the donor substrate by
the 3’-OH of the acceptor substrate. However, in the com-
plex structures of EcCdnD, the two bound nucleotides are
disposed back-to-back, and the a-phosphate of one nu-
cleotide is more than 10 A away from the 3'-OH of an-
other. In either case, the 3’-OH is directed away from the
target phosphate, making it impossible for any nucleophilic
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attack. Consequently, the observed acceptor ATP (ADP or
AMPCcPP) structure may indeed represent some inhibitory
binding mode due to the high nucleotide concentrations
used in crystallization, similar to the substrate inhibition
of mammalian cGAS by high concentration of ATP and
high ATP-to-GTP ratio (35). To investigate other possible
binding modes of the substrates and reaction intermediates
to EcCdnD, the substrate-bound structures of three most
similar CD-NTases are compared and used as a basis for
rational modeling. In the complex structure of PaCdnD
and ATP (double mutant D62N/D64N; PDB 6P8J; Sup-
plementary Figure S13A) (14), the nucleotide is located in
the donor substrate binding site, as is the first ATP (or AM-
PcPP) in EcCdnD. An Mg?* ion is bound to the a- and B-
phosphate groups of the ATP, the backbone O of Asn62,
the side chains of Asn64 and Asp130, and a water molecule.
The triphosphate also makes hydrogen bonds with two ser-
ine and two lysine residues. Interactions with the adeno-
sine part are largely conserved in EcCdnD and PaCdnD,
except that the N3 and 2’-OH are bound to separate pro-
tein side chains in the latter. In EcCdnC (PDB 6P80; Sup-
plementary Figure S13B) (14), the Mg?* is bound to the
B- and y-phosphates, the Asp74 side chain, and three wa-
ters. The adenine base forms hydrogen bonds with the pro-
tein via its N1 and N7 atoms, but not N3. These bound
ATP molecules in PaCdnD and EcCdnC, however, did not
add much information to the reaction pathway of a CTN-
synthesizing enzyme. In either case the cage-like active-site
pocket seems only wide enough to accommodate the donor
substrate (Supplementary Figure S14).

On the other hand, the complex structures of VeDncV
contain both donor and acceptor substrates (PDB 4XJ3)
(22), as well as an analogue of reaction intermediate (PDB
4TYO0) (10). In the substrate complex, the binding mode of
the donor GTP is similar to that of the donor ATP (or AM-
PcPP) in EcCdnD, with one Mg?* ion bound to the a-,
B- and +y-phosphate groups and another Mg>* to the -
phosphate (Supplementary Figure SI15A). The N1 and N2
atoms of the guanine base forms two hydrogen bonds with
the side chain of Asp348. If GTP were bound to EcCdnD by
a similar mode, the N2 atom would clash with the Asp296
side chain and the O6 atom would not form a proper hydro-
gen bond with the backbone O of Val304. These unfavor-
able interactions may exclude GTP from its use as a donor
substrate by EcCdnD. The acceptor GTP in V¢DncV shows
avery different binding mode from that of the acceptor ATP
(ADP or AMPcPP) in EcCdnD. However, this GTP bind-
ing mode is compatible with the geometry for nucleophilic
attack at the donor substrate. The 3-OH of one GTP is di-
rected toward the a-phosphate of the other at a distance
of 4.4 A. The guanine base has each of its N1, N2 and
N3 atoms hydrogen bonded to the side chains of GIn112,
Tyr197 and Ser259. The N2 atom is also hydrogen bonded
to the backbone O of Ser259. The protein makes identical
interaction with the guanine base of the intermediate GMP-
AMPCcPP, which consists of a GMP linked to the 3’-OH of
AMPcPP by a phosphodiester bond (Supplementary Fig-
ure S15B). In contrast, the adenine base of this intermedi-
ate does not make any specific bond with the protein. When
compared with the donor GTP structure above, the adeno-
sine ribose of GMP-AMPCcPP is rotated by nearly 180° and

the purine base is flipped over, while the PcPP part retains
a similar disposition as that of the triphosphate, except for
a rotation of the a-phosphate group (Supplementary Fig-
ure S16). This orientation still allows its attack by the 3'-
OH of the acceptor nucleotide. Since GTP alone does not
bind to EcCdnD, it is likely that the guanosine part of some
GTP-containing intermediate interacts with the enzyme by
a similar binding mode in the donor site.

Although both nucleotide ligands in the substrate com-
plex structure of VeDncV are GTP, the donor has stronger
electron densities than the acceptor, suggesting that GTP
serves as the first donor in 3',3’-cGAMP formation (Figure
7A). The intermediate complex structure contains GMP-
AMPCcPP also. Consequently, the Ve¢DncV-catalyzed reac-
tion is likely to start with the ATP 3’-OH attacking the
GTP a-phosphate (Figure 7B). This is in contrast to the
production of 2',3'-cGAMP by mammalian cGAS, which
starts with the GTP 2’-OH attacking the ATP a-phosphate
(Figure 7C). Regarding EcCdnD, because the donor site is
occupied by ATP in all complex structures, where bound
GTP has never been observed, the cAAG-synthesizing re-
action is likely to start with the GTP 3’-OH attacking the
ATP a-phosphate (Figure 7D). The corresponding residues
of GIn112, Tyr197 and Ser259 in Ve¢DncV that interact with
the base of the acceptor substrate are GInS1, Thr125 and
Thr205 in EcCdnD. Both enzymes should be able to use ei-
ther ATP or GTP, or the 3’-nucleoside of the reaction in-
termediate, as the acceptor. However, because GTP alone
does not bind to EcCdnD, it is unlikely to serve as a donor
substrate, and the first two steps of reaction should use ATP
as the donor, turning out 5'-pppGpApA-3'. The guanosine
part of GTP in this second intermediate then flips over and
fits into the donor substrate binding site in a similar way
as does the adenosine part of the VeDncV-GMP-AMPcPP
complex (PDB 4TYO0). If the first acceptor is an ATP, the
enzyme will turn out cAAA following the same pathway
(Figure 7E). It is also possible that the nascent intermediate
S'-pppGpA-3’ (or 5'-pppApA-3) flips over and binds to the
donor binding site. In this case, subsequent reaction with
GTP as the acceptor will lead to cAGG (or cAAG) pro-
duction (Figure 7F), but reaction with ATP will turn out
cAAG (or cAAA) as well. It should be noted that the cat-
alytic pathways of EcCdnD as tentatively proposed above
are derived indirectly from structure comparison and re-
quire further experiments to verify. In fact, although cAAG
was shown to be the major product (13,15), it remains un-
clear which conditions are required for GTP binding to the
enzyme.

Structural implications in function and regulation

The structural analyses above suggest that the catalytic
pathway of EcCdnD is similar to those of other CD-
NTases such as VeDncV and mammalian cGAS, following
a common mechanism shared also by more distantly related
NTases (20). The difference of CD-NTase from DNA/RNA
polymerase is the use of protein interactions to discriminate
the substrates, instead of base pairing with the DNA/RNA
template (19). Moreover, the cage-like active site pocket is
supposed to retain the product and put a limit to its size.
In the active site of VeDncV, the triphosphate moiety of
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Figure 7. Reaction pathways of CD-NTase. (A) The nucleosides are represented by large circles, and the phosphate groups by small circles. The donor and
acceptor substrate binding sites for are indicated by boxes. The nucleophilic attack by ribose OH group at the a-phosphate is indicated by an arrow. (B)
and (C) show known pathways for CDN biosynthesis. (D), (E) and (F) show possible pathways that turn out three different CTNs by EcCdnD.

the acceptor substrate interacts with an adjacent positively
charged patch on the protein surface (Supplementary Fig-
ure S17A). After the first nucleophilic attack of the accep-
tor at the donor substrate, the resulting intermediate under-
goes rearrangements for the second step, probably driven
by the triphosphate rolling over into the nearby donor site.
However, either as an apo-form or bound to ATP/ADP
analogues, the active site of EcCdnD is open on the dis-
tal end (Supplementary Figures S5, S6). The equivalent
surface area for binding to the acceptor substrate triphos-
phate in VeDncV is not positively charged in EcCdnD.
Instead, positively charged patches are seen on the oppo-
site side of the pocket and a groove between the BF-BG
and a8-a9 loops (the ‘gateway’), where the triphosphate (or
diphosphate) group of the bound acceptor nucleotide is lo-
cated. Interestingly, if the primer strand of an RNA poly-
merase bound RNA, along with the A-site substrate (from
PDB 2051J) (36), is superimposed onto the bound substrates
in VeDneV and EcCdnD, it will penetrate the ‘cage’ of
VeDnceV but fit roughly into the ‘gateway’ of EcCdnD (Sup-
plementary Figure S17B), while the P-site and A-site nu-
cleotides match well with the acceptor and donor substrates

(Supplementary Figure S18A). Furthermore, if the nu-
cleotide adjacent to the P-site is taken from the primer RNA
strand, its 5'-phosphate can be rotated and connected to
the 3'-OH of the donor nucleotide with an intermediate-like
conformation.

Based on these comparative observations, a reasonable
trinucleotide intermediate model with three bases stacked
can be constructed (Supplementary Figure S18B-S18F). It
is likely that the first two steps of EcCdnD catalysis proceed
in much the same way as that of RNA polymerase, and the
S'-triphophate moiety of the intermediate interacts with the
positive charges at the ‘gateway’. However, even with large
conformational changes like that in the BF—BG loop that
contains Argl97, the active site pocket can accommodate
only three nucleotides, and therefore the polymerization re-
action does not go further. Instead, the trinucleotide inter-
mediate undergoes rearrangements, probably starting with
the triphosphate relocation into the donor site. The CTN
producing reaction then concludes with a third nucleophilic
attack. On the other hand, premature rearrangement a din-
ucleotide intermediate should also be possible (for cAGG
production), but the more open active site pocket would fa-
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cilitate the intercalation of a third nucleotide as the new ac-
ceptor, rather than turning out a CDN product.

As a Type II CD-NTase, EcCdnD is constitutively active,
and sois VeDneV (10,13,19). However, VeDncV is inhibited
by folic acid derivatives, which bind adjacent to the active
site groove and prevent the enzyme from interacting with
the substrates (37). Besides the ATP (or AMPcPP) in the
donor substrate binding site, the complex crystal structures
of EcCdnD determined in this study show an additional
dyad-related molecule of ATP (ADP or AMPcPP) that oc-
cupies the acceptor substrate binding site by a nonproduc-
tive mode. By comparison with the apo-form and donor-
bound structures, binding of this ‘fake acceptor’ nucleotide
induces significant local conformational changes in the en-
zyme, which are probably more inhibitory than activating.
In this way, high ATP concentrations may prevent GTP
from binding to EcCdnD. On the other hand, it is tempt-
ing to speculate that some metabolic nucleotide cofactor
like NAD or FAD, which contains an adenosine nucleotide
moiety, might also be capable of occupying this site by a
similar binding mode. However, preliminary tests with ITC
showed that EcCdnD does not bind to either NAD or FAD
with high affinity (Supplementary Figure S19). Neither are
they potent inhibitors of the CTN-producing reaction (Sup-
plementary Figure S20). Perhaps ATP may itself serve as a
bona fide regulator in inhibiting EcCdnD as it inhibits the
mammalian cGAS at a high concentration (35). Whether
such nonproductive binding of the dyad-related nucleotide
in place of a real acceptor substrate might play a role in
regulating EcCdnD activity, as well as the precise catalytic
pathway for synthesizing CTNs, remains to be further inves-
tigated. Since Type I1 CD-NTases do not require additional
activation mechanism of Type I enzymes such as conforma-
tional change induction by binding to effector proteins or
dsDNA/RNA, the crystal structures of EcCdnD presented
above may provide an easily accessible route for further bio-
chemical and biophysical studies of CTN-producing CD-
NTases.
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