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Fig. 1. CckA crystal structure of the c-di-GMP-complexed CA domain. (A) CckA domain arrangement and constructs used. (B to D) Crystal
structure of CckA_CA with bound c-di-GMP and AMPPNP/Mg?*. The ATP lid partly covering the mononucleotide site (magenta), the gripper helix
(gray, residues 508 to 520), and the CckA-specific insertion (tower, yellow, residues 456 to 471) are distinguished by color. Detailed views of the c-di-GMP
and the mononucleotide-protein interactions are shown in (C) and (D), respectively. H-bonds and Mg>" coordination are shown with green and brown

broken lines, respectively.

interactions. A monomeric c-di-GMP molecule is bound to the edge of
the B sheet, where one of its guanine bases forms two (base-specific) H-
bonds with the main-chain atoms of residue 524 and stacks with Trp*>*
and, at an angle, with Tyr’"* (Fig. 1C). In addition, guanine N7 is H-
bonded to Lys>'®. The binding site is fully consistent with previous
analyses that showed lack of c-di-GMP binding for CckA_ATM mu-
tants Y514D, W523A, and F539A (4) in ultraviolet (UV)-cross-linking
experiments. All residues are interacting with the ligand, with the ex-
ception of F539 that is buried below the tower. C-di-GMP-induced
nuclear magnetic resonance chemical shift perturbations have been
observed for main-chain amides 465, 515, 518, 519, 526, 537, and 539
(4), again consistent with the crystallographically observed binding
mode. The remainder of the ligand forms artifactual crystal contacts
with the His-tail of an adjacent molecule. Thus, the crystal structure
defines a specific c-di-GMP binding subsite (primary binding site) on
the CA domain and suggests that the distal part of the ligand may be
available for binding to another domain in full-length CckA.

Structure of dimeric DHp-CA

The structure of the dimeric DHp-CA HK core in complex with aden-
osine diphosphate (ADP) (Fig. 2 and figs. S1B and S2A) shows a symmetric
open domain constellation with the DHp helix bundle apparently ac-
cessible for Rec docking. Most of the DHp-CA interactions are
mediated by the “gripper” helix and the “thumb” (Phe**®) of the CA
domain (6). Similar constellations have previously been found for
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HK853/RR468 (13) and CpxA/ADP (17) and have been discussed as
being phosphatase-competent. A structure-based sequence alignment
is given in fig. S3. The two CA domains of the DHp-CA dimer are swapped
as compared to the above kinases (see “Structural model of the c-di-GMP-
mediated DHp-CA cross-link” section), possibly, but not necessarily, as a
consequence of distinct crystal contacts. The connection of the 01 and 02
helices of DHp is right-handed, as defined in the study by Ashenberg et al.
(18). The ATP lid (with bound ADP) is ordered and shows a similar
conformation as in the isolated CA domain in complex with the ATP
analog AMPPNP (Fig. 1D). Unfortunately, we were unable to obtain
crystals of the DHp-CA construct in the presence of c-di-GMP.

CckA ligand affinity

To obtain first functional insight into c-di-GMP regulation of CckA, we
performed extensive ligand-binding studies (Fig. 3, fig. S4, and table S2).
AMPPNP binds with high affinity [Ky (dissociation constant) = ~10 uM]
to both the CA domain and the full-length cytosolic CckA_ATM con-
struct, whereas ADP affinity is considerably lower (Fig. 3, A and B).
C-di-GMP binding turned out to be more complex. The CA domain
binds the second messenger with a K of about 20 pM (Fig. 3C), that is,
clearly above the physiological submicromolar c-di-GMP concentration
but in line with the crystal structure that shows only half of the c-di-GMP
ligand bound to the domain (Fig. 1). Strikingly, the full-length protein
(CckA_ATM) binds c-di-GMP with considerably higher affinity (1.4 uM),
but only in the presence of ADP (Fig. 3C). No binding is observed in the
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Fig. 2. Crystal structure of CckA_DHp-CA dimer. Cartoon representation
with one of the subunits colored in green (DHp domain)/orange (CA do-
main), the other in gray (with asterisked labels); other colors are the same
as in Fig. 1. Some important residues and ADP/Mg?* are shown in full. The
Ca atoms of Gly>'® and Gly*'® are shown as magenta spheres. The domain
arrangement is similar as in CoxA/ADP/Mg?"* (17) (fig. S6) but with domains
swapped in the dimer. The Phe*?® thumb of CA is inserted between DHp

helices, and the gripper helix (cyan) mediates most of the interdomain contact.

presence of AMPPNP. These observations strongly suggest that addi-
tional domain(s), apart from CA, contribute to c-di-GMP binding and
that only the ADP-stabilized domain arrangement is competent for
¢-di-GMP binding. Pertinently, HK structures obtained in the presence
of ADP and AMPPNP are grossly distinct (compare Fig. 4, A and B)
(13, 17, 19) and have been correlated with phosphatase and kinase ac-
tivity, respectively. Thus, c-di-GMP and ADP appear to synergistically
stabilize the CckA phosphatase constellation. Because the DHp-CA
construct binds c-di-GMP less strongly than the full cytosolic construct
(Fig. 3C), additional domains may contribute to the interaction, or, al-
ternatively, the structure of the dimeric DHp bundle is perturbed. The
medium-binding affinity of DHp-CA would thus reflect binding to the
primary site only. Homology modeling based on the structure of a full-
length canonical HK chimera (8) [Protein Data Bank (PDB) code 4gcz]
suggests that PAS2-DHp of CckA is organized in the same way (fig.
S5, A and B), with the N-terminal PAS2 domains associated to a di-
mer (fig. S5C) and followed by a parallel coiled coil, which is formed
by the C-terminal PAS helix (Jo) that is uninterruptedly merged with
the DHp ol helix. Indeed, in the DHp-CA construct, these stabilizing
interactions would be absent, and the N-terminal ends of the DHp
bundle may thus be frayed out or unwound.

Structural model of the c-di-GMP-mediated

DHp-CA cross-link

To determine possible binding sites for the distal (not CA-bound) part
of c-di-GMP, we superimposed the structure of CckA_CA/c-di-GMP
with CckA_DHp-CA (fig. S2B) or a CckA model based on the CpxA/
ADP structure (17) (Fig. 4A), that is, open constellation structures be-
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Fig. 3. Ligand binding to various CckA constructs. K, determination
was measured by isothermal titration calorimetry (ITC). (A) ADP. (B) AMPPNP
in the absence or presence of 100 uM c-di-GMP. (C) c-di-GMP in the pres-
ence of 5 mM ADP or AMPPNP. Further information is given in table S2
and fig. S4.

lieved to be phosphatase-competent. In both cases, the distal half of the
ligand points toward Arg®”* of the DHp a2 helix. With only minor
manual conformational adjustments, both moieties can be brought into
close juxtaposition to form a canonical O6, N7-guanidinium interac-
tion (20) (fig. S6A). In addition, GIn>'> of DHp o1 seems well poised
to interact with the ligand. This arrangement is only possible when no
side chain is present at position 318 (such as Gly’'® of CckA) because
this would cause steric interference with c-di-GMP. Through the presence
of such a “secondary binding site” on the DHp domain, c-di-GMP could
act as a noncovalent cross-linker to stabilize the “open” domain constel-
lation, a critical requirement for access of the phosphorylated C-terminal
Rec domain to the DHp stem and phosphatase action. Because, in CpxA,
ADP stabilizes the same domain constellation (17), the mechanistic model
would also explain the requirement of ADP for high-affinity c-di-GMP
binding (Fig. 3C). Why ¢-di-GMP binding to the ATP-bound conforma-
tion of CckA_ATM (Fig. 4B) is abolished, although the primary binding
site should be accessible, remains to be investigated. The elevated Ky
for AMPPNP in the presence of (nonsaturating) c-di-GMP (Fig. 3B)
may be evidence for negative cooperativity between these two ligands.

Mechanistic model probed by functional analysis

To test the regulatory model, we assayed kinase and phosphatase activ-
ities of CckA_ATM by incubation with [32-yP]-ATP. The time behavior
in Fig. 5 (A and B) shows nonlinear accumulation of the phosphorylated
species, indicating both kinase and phosphatase activity in the absence
of c-di-GMP. When c-di-GMP is added, the protein is efficiently and
rapidly dephosphorylated as has been seen before (4). Furthermore,
phosphorylation is effectively blocked when c-di-GMP is present
throughout the experiment (Fig. 5C, first two lanes). Because c-di-GMP
binds to CckA only in the presence of ADP, we reasoned that ADP on
its own might have a similar, phosphatase-stimulating effect. Indeed,
an ADP dose-dependent boost in dephosphorylation is observed (Fig. 5,
A and B), which reiterates the c-di-GMP effect, though at a higher
ligand concentration. Enhanced dephosphorylation upon addition of
ADP has been observed before for EnvZ/OmpR (21) and PhoQ/PhoP
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Fig. 4. Modeled DHp-CA domain constellations of CckA. The crystal structures of the individual DHp helices and the CA domains of CckA (molecular
surface representation) are shown as obtained upon superposition onto CpxA structures (77). (A) Phosphatase constellation as in the CpxA/ADP complex
(PDB code 4bix). C-di-GMP is cross-linking the primary site (CA domain; Y514, K518, and W523) with the secondary site (DHp domain; G318 shown in
magenta, R374 with nitrogen atoms in blue). G515 (magenta) is part of the interface. The full model is shown in fig. S6. This constellation is predicted to be
competent for dephosphorylation of cognate P~Rec (represented symbolically) (73). (B) Kinase constellation as in the CpxA/AMPPNP complex (PDB code
4biw). Note that relative to the constellation in (A), the CA domain has turned around by about 70° to bring the AMPPNP substrate analog close to the
phospho-acceptor His*?? (not shown, buried within the interface). (C) Sequence logo excerpts for CckA orthologs (top) and HKs in general (CckA orthologs
plus paralogs; bottom). For the upper logo, only residues with a conservation contrast score (Acons) in the upper quartile are shown (see also fig. S8A).

Residues related to c-di-GMP binding are labeled according to CckA numbering.

(22) and is the cornerstone for a feedback model (23) explaining the
transient surge of phospho-PhoP upon activation (24).

Mechanistic model probed by mutagenesis

Next, we tested the effect of point mutations on the putative secondary
binding site. Consistent with the cross-linking model, mutants G318A
and R374A exhibited a significant decrease in c-di-GMP affinity (Fig. 3C).
In the phosphorylation assay, G318 A showed virtually no response to c-
di-GMP (Fig. 5C), although the mutant protein was fully competent for
mononucleotide binding (Fig. 3, A and B), autophosphorylation (Fig. 5C),
and ADP-induced dephosphorylation (Fig. 5D). The mutant R374A
failed to bind AMPPNP (Fig. 3A) and was, therefore, not amenable
to in vitro phosphorylation assays. However, as discussed below, this
mutant showed an informative in vivo phenotype. In addition, the role
of residue Gly>'” was tested. This residue is a part of the domain
interface (Fig. 2 and fig. S2A) and interacts with GIn*'®, which, in turn,
appears well poised to interact with c-di-GMP (fig. S6A). A side chain at
position 515 would disturb the domain arrangement and, thus, may in-
terfere with c-di-GMP-mediated domain cross-linking. Indeed, the in
vitro phenotype of G515D was identical to that of G318A (Fig. 5, C and
D), further strengthening the cross-linking model.
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To test our model, we investigated the respective cckA mutant alleles
in vivo by analyzing chromosome replication (Fig. 6). As previously
reported (4), overexpression of CckA_ATM resulted in chromosome
overreplication, indicating dominant CckA phosphatase activity. This
effect depended on c-di-GMP because overreplication was strongly
mitigated in a strain lacking c-di-GMP (16). Expression from a low—
copy number plasmid showed virtually no change in phenotype. The
(kinase-deficient) R374A caused similar overreplication, but in this case,
the phenotype was independent of the c-di-GMP background and, thus,
was likely due to basal (ADP-activated) phosphatase activity superseding
endogenous CckA kinase activity. Mutants Y514D and G515D showed
severe replication deficiency, indicating dominant kinase activity, which
is explained by the loss of c-di-GMP-mediated dephosphorylation. In a
strain lacking c-di-GMP, expression of these variants was lethal, possibly
because of the aggravation of the mutant effect by the absence of c-di-
GMP-mediated CtrA proteolytic turnover (25, 26). Finally, the G318A and
Y514D mutants showed a strong replication defect even when expressed
from the low—copy number plasmid. In contrast, Q315A was indisting-
uishable with wild-type (WT) overexpression, indicating a minor contribu-
tion (if any) of GIn®"® to ¢-di-GMP binding. In summary, these in vivo
data are fully consistent with the proposed regulatory c-di-GMP mechanism.
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Fig. 5. Net phosphorylation of CckA variants in response to c-di-
GMP and ADP. (A) Time course of net CckA_ATM~P formation as
measured by autoradiography (bottom row). ADP or ¢-di-GMP was added
to aliquots after 30 min of incubation (top three rows). (B) Quantification of
the data in (A). Continuous lines have been calculated on the basis of the
kinetic model shown in Fig. 7, with parameters (table S3) obtained from
the global fit to the data. (C) Net CckA phosphorylation for the indicated
variants after 15 min of ATP incubation, in the absence and presence of 75
UM c-di-GMP. (D) Net CckA phosphorylation for the same variants as in (C)
but with addition of hexokinase/glucose at t = 15 min and total incubation
time of 65 min.

Evolutionary sequence analysis

Having identified residues crucial for c-di-GMP-mediated CckA con-
trol, we set out to study their conservation in other bacterial HKs. Two
HK sequence families that broadly cover a.-Proteobacteria were generated
on the basis of CckA and a distant CckA paralog, respectively (fig. S7, A
and B). Although both groups carry the canonical residues that qualify
them as HKs (fig. S8A), the orthologous group shows, in addition, well-
defined specificity-determining positions [SDPs (27); see also Fig. 4C].
Figure S7D demonstrates that most of the SDPs of the orthogroup (for
the distribution, see fig. S7C) cluster at the CckA surface around K18,
Strikingly, all of the identified c-di-GMP-related positions belong to
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Fig. 6. DNA replication activity of cells expressing various CckA variants.
The indicated cckA(ATM) variants were expressed from a low- or high-
copy number plasmid in the WT (+) or cdG° (-) strain, followed by analysis
of DNA content using flow cytometry. Representative DNA profiles of the
two biological replicates are shown. The fraction of cells bearing more than
two chromosomes is indicated and shown as percentage. *Transformed
cells did not grow. **Not tested.

this cluster and are highly or strictly conserved among CckA orthologs
(fig. S8A). This strongly supports our regulatory model and indicates that
c-di-GMP-controlled HKs are widely distributed. Indeed, a broader
search for CckA orthologs with a respective hidden Markov model
(HMM) profile yielded approximately 2000 unique protein sequences,
which contain the characteristic CckA SDPs necessary for c-di-GMP reg-
ulation. The sequences span not only the a, B, 3, and ¢ classes of Proteo-
bacteria but also representatives from distantly related phyla, including
Actinobacteria and Spirochaetes. This finding suggests that c-di-GMP
control of HKs was acquired at least 2.5 to 3.0 billion years ago (28).
The CckA PAS domain preceding the DHp-CA core (PAS2) has
recently been implicated in c-di-GMP-mediated regulation (29) on
the basis of the observation that constructs lacking PAS2 no longer
show c-di-GMP-induced inhibition of CckA phosphorylation. This is
in line with our observation that the CckA_DHp_CA construct reduced
c-di-GMP affinity compared to CckA_ATM (Fig. 3C). However, as
argued above, this is likely due to a perturbed DHp bundle geometry
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Fig. 7. Kinetic regulatory model of CckA. Autophosphorylation and
autodephosphorylation proceed with first-order rates k; and k, respec-
tively. For simplicity, no distinction is made between phosphorylation of
His*22 (DHp), Asp®* (Rec), or both. Red double arrows indicate ADP
ATP equilibration. (A) After autophosphorylation, the ADP product gets
efficiently replaced by ATP. The dephosphorylation branch is not effec-
tive, and the enzyme can catalyze phosphotransfer to the cognate down-
stream. (B) C-di-GMP allosterically stabilizes the ADP complex, which is
competent for autodephosphorylation. Note that rephosphorylation is im-
peded because of ADP product inhibition. Phosphoryl groups will flow
back along the phosphorelay.

caused by the absence of the dimeric PAS2 module (see also fig. S5).
As a consequence, c-di-GMP would no longer be able to reach the
secondary binding site and exert the cross-linking effect necessary
for phosphatase induction. The same interpretation may hold for the
data reported by Mann et al., in particular because convincing evidence
for direct binding of c-di-GMP to PAS2 is still missing. Extending the
sequence comparison of CckA orthologs to the region N-terminal to
DHp (fig. S8B) revealed that, for most of the proteins, a proximal
PAS domain can be predicted confidently. Apart from a few residues
conserved for structural reasons, the conservation of the C-terminal
DITE motif followed by the J linker helix [see also fig. S5 and the study
by Diensthuber et al. (8)] is conspicuous, but there is no hint for a
potential c-di-GMP binding site on the PAS2 domain.

Kinetic model of CckA regulation

The various structural and functional aspects of CckA regulation by c-
di-GMP and ADP have been consolidated in the kinetic model shown
in Fig. 7. Under physiological conditions and in the absence of the c-di-
GMP effector, the enzyme would be predominantly complexed with
ATP, considering its tighter affinity and larger cellular concentration
compared to ADP. Not considering other input signals, the enzyme
would autophosphorylate and come to a halt as an ATP complex after
nucleotide exchange. The effect of c-di-GMP (Fig. 7B) is proposed to

Dubey et al. Sci. Adv. 2016;2:e1600823 16 September 2016

rest on the (thermodynamic and probably also kinetic) stabilization
of the ADP complex, which would be the only state competent for de-
phosphorylation. At the same time, kinase action would be inhibited by
the ADP product.

This simple kinetic model fits well the progress curves of CckA
phosphorylation acquired in the absence and presence of the allosteric
effectors (Fig. 5B), considering the small number of free parameters
(table S3). A drastically enhanced ADP affinity (modeled by a respective
increase in the on-rate) in the presence of a saturating amount of c-
di-GMP was obtained from the fit. Furthermore, the equivalent effects
induced by c-di-GMP and ADP are reproduced, although the ADP effect
at low concentration is somewhat underestimated. Simulations show
that the ADP effect is very sensitive to the rate of debinding (k,), and
the data can only be fit with a rather slow rate (10 *to 10 *s ', similar
to reaction rates k; and k,; table S3). A similar observation has been
made for PhoQ/PhoP by Yeo et al. (23). Further experiments are needed
to obtain direct kinetic information.

CONCLUSION

In summary, we have shown that c-di-GMP, in synergy with ADP, re-
ciprocally regulates kinase/phosphatase activity of an HK by stabilizing
the open, phosphatase-competent constellation. In this way, the enzyme
is rapidly converted to a sink for the CckA phosphorelay, resulting in
the inactivation of the replication initiation inhibitor CtrA (3). Ultra-
sensitive effector response has been predicted theoretically for these bi-
functional enzymes with antagonistic activities (30). For CckA, this may
allow precise mode switching in response to the oscillating c-di-GMP
level during the Caulobacter cell cycle and, thus, well-coordinated exe-
cution of the CtrA-mediated cellular processes.

MATERIALS AND METHODS

Strains
Strains used in this study are listed in database S1.

Plasmids

For structural work and binding studies, the coding sequences for var-
ious CckA constructs were cloned into pET21b vectors between Nde I
and Not I restriction sites, which yielded C-terminally His® tag variants.
Primers 8688 and 9610 were used to generate CckA G72-691. Primers
7243 and 7244 were used to generate CckA G77-A545. Primers 7244
and 7247 were used to generate Q297A-A545, and primers 7244 and
7249 were used to generate Q379-A545. Internal primers were used
to introduce point mutations. Plasmids and oligonucleotides are listed
in databases S2 and S3, respectively.

For in vitro activity assays, the previously described CckA_ATM
(S72-A691) construct was cloned into the pET28a-His-MBP vector be-
tween Bam HI and Sal I restriction sites using primers 5276 and 5277
(4), and the derived point mutants were used. R374A was introduced
by mutagenic primers 6483 and 6484. G515D was introduced using
mutagenic primers 7901 and 7902. G318A was amplified from SH339
genomic DNA using primers 6276 and 5277.

For in vivo studies, pBXMCS-cckAQ315A, pBXMCS-cckAR374A,
and pBXMCS-cckAG515D were generated by splice overlap extension-
polymerase chain reaction (PCR) using pBXMCS-2-cckAWT as a
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