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Abstract

The ability of bacteria to sense environmental cues and adapt is essential for their survival. The
use of second-messenger signaling molecules to translate these cues into a physiological response
is a common mechanism employed by bacteria. The second messenger 3’-5’-cyclic diadenosine
monophosphate (c-di-AMP) has been linked to a diverse set of biological processes involved in
maintaining cell viability and homeostasis, as well as pathogenicity. A complex network of both
protein and RNA receptors inside the cell activate specific pathways and mediate phenotypic
outputs in response to c-di-AMP. Structural analysis of these RNA and protein receptors has
revealed the different recognition elements employed by these effectors to bind the same small
molecule. Herein, using a series of c-di-AMP analogs, we probed the interactions made with a
riboswitch and a phosphodiesterase protein to identify the features important for c-di-AMP
binding and recognition. We found that the ydaO riboswitch binds c-di-AMP in two discrete sites
with near identical affinity and a Hill coefficient of 1.6. The ydaO riboswitch distinguishes
between c-di-AMP and structurally related second messengers by discriminating against an amine
at the C2 position, more than a carbonyl at the C6 position. We also identified phosphate-modified
analogs that bind both the ydaO RNA and GdpP protein with high affinity, while symmetrically-
modified ribose analogs exhibited a substantial decrease in ydaO affinity, but retained high
affinity for GdpP. These ligand modifications resulted in increased resistance to enzyme-catalyzed
hydrolysis by the GdpP enzyme. Together, these data suggest that these c-di-AMP analogs could
be useful as chemical tools to specifically target subsections of the second-messenger signaling
pathways.
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INTRODUCTION

Bacteria rely upon signaling molecules to adapt to changing environments and respond to
extracellular inputs.k Small-molecule second messengers are commonly used to relay
stimuli from external receptors to effectors within the cell.2~* One such molecule, cyclic
diadenosine monophosphate (c-di-AMP), has recently been identified as a second messenger
in a wide variety of bacteria.>8 C-di-AMP signaling has been implicated in a diverse set of
processes including sporulation’, peptidoglycan homeostasis®?, cell size810, biofilm
formation®10.11 virulencel0.12-16 and cell viability.8:2.15-21 |n addition, c-di-AMP has been
shown to activate an innate immune response via the human host proteins STING and
DDX41.22-25

Differential gene expression in these pathways is correlated to changes in c-di-AMP
concentration in many species, including pathogens such as Bacillus subtilis,
Staphylococcus aureus, and Listeria monocytogenes.®8:16:22.25.26 |ntracellular levels of c-di-
AMP are controlled by diadenylate cyclases (DACSs) that synthesize c-di-AMP from two
ATP or ADP molecules®2%, and phosphodiesterases (PDES) that degrade c-di-AMP to
PApA or AMP.16:20.27.28 Degpite the important role of c-di-AMP signaling, only a small
number of protein targets have been identified that respond directly to this small
molecule24:29-37,

Crystal structures of c-di-AMP bound to these protein receptors reveal unique interactions to
recognize and bind the same ligand. Ligand recognition can function through the
phosphodiester backbone,32 both adenine bases,3 or a single base (Figure 1a,b,c).33-38 In
addition to protein receptors in bacteria, the enzymes that bind and degrade c-di-AMP also
employ specific recognition elements. The recent crystal structure of c-di-AMP bound to a
PDE protein from L. monocytogenes shows asymmetric contacts between ligand and
protein.38 While the phosphate backbone that undergoes cleavage is heavily recognized, the
remaining functional groups are less contacted by the protein. These different ligand
specificities have begun to uncover how c-di-AMP is recognized by its macromolecular
receptors and affects physiological responses in bacteria.

C-di-AMP is part of a broader signaling network that also includes riboswitches.
Riboswitches are structured RNA domains that bind small-molecule effectors with high
affinity and specificity, and control gene expression.38-41 Typically, effector binding
induces structural changes that lead to modulation of transcription termination or translation
initiation.3942 C-di-AMP has recently been identified as the ligand for the ydaO riboswitch
(Figure 2a), originally discovered in 2004*3 but whose ligand was unidentified for almost a
decade. This RNA motif provides a clear mechanism for gene control by this signaling
molecule.?4 The presence of these riboswitches in human pathogens, as well as the influence
that c-di-AMP has on cellular homeostasis and sporulation, make them attractive antibiotic
targets.

The crystal structure of the ydaO riboswitch bound to c-di-AMP was recently reported.*>47
The riboswitch adopts a pseudo-symmetric architecture and two discrete binding pockets
were observed (Figure 2a). Both binding sites, which are related by pseudo-two-fold
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symmetry, recognize a single ligand molecule and employ similar stacking and hydrogen
bonding interactions. The four adenines contact a conserved Watson-Crick G-C pair to form
type-1 A-minor interactions (Figure 2b).4>-48 The c-di-AMP phosphodiester backbone and
ribose 2’-hydroxyls are also highly involved in binding to the riboswitch (Figure 2c).

C-di-AMP recognition by the ydaO RNA is distinct from what is observed for c-di-AMP-
binding proteins. Most notably, c-di-AMP adopts an extended conformation in the ydaO
riboswitch, while protein targets bind c-di-AMP in a more compact, U-like orientation
(Figure 1d).28:32-37 Fyrthermore, adenine recognition by an A-minor interaction is specific
to RNA.

The c-di-AMP recognition motifs of protein and RNA targets suggest that they may
differentially bind to chemically modified versions of the ligand. We have previously
reported analogs of c-di-GMP, a related second messenger employed in bacterial signaling,
that can selectively target the two identified classes of the c-di-GMP riboswitch.49
Furthermore, it has been shown that modifications of a c-di-GMP phosphate can decrease
affinity for the class | riboswitch without affecting affinity for the PDE, RocR.50:51 This
suggests that it may be possible to specifically target downstream effectors of c-di-AMP
using synthetic analogs that take advantage of the different recognition strategies utilized by
the RNA and proteins.

Here, we confirmed that both binding sites of the ydaO riboswitch are physiologically
relevant and recognize c-di-AMP with similar affinities. We performed a structure-activity
relationship study of c-di-AMP binding to RNA and protein targets. We also tested for
modifications that render the second messenger resistant to PDE-catalyzed hydrolysis. We
used a series of c-di-AMP analogs to systematically perturb the interactions made between
the target molecules and the bases and ribosyl-phosphate backbone of the ligand. We
identified the functional elements of c-di-AMP that differentially affect binding to the ydaO
riboswitch and the GdpP (formerly YybT) phosphodiesterase protein. Furthermore, we
discovered modifications that improve the resistance of c-di-AMP derivatives to enzymatic
degradation. These second-messenger analogs could potentially be used as tools to
differentially activate c-di-AMP signaling pathways.

MATERIALS AND METHODS

Materials

C-di-AMP was purchased from Biolog or synthesized enzymatically as previously
described.>2 Nucleotide analogs of c-di-AMP were chemically synthesized on solid support
using phosphoramidites purchased from either ChemGenes or Glen Research. The
controlled pore glass (CPG) solid support, 3-(4,4’-dimethoxytrityloxy)-2,2-
(dicarboxymethylamido)propyl-1-O-succinoyl long chain alkylamino-CPG (3’-CPR-II
CPG), was purchased from Glen Research. DNA/RNA synthesis grade acetonitrile (ACN),
anhydrous pyridine, triethylamine (TEA), 1-(mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole
(MSNT), and triethylamine trihydrofluoride (HF-TEA) were purchased from Sigma-
Aldrich. The oxidation reagent tert-butyl hydroperoxide/toluene was prepared following
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published procedures.>3 All RNA molecules were cloned and transcribed in vitro using T7
RNA polymerase.>2

Chemical Synthesis of c-di-AMP Analogs

Phosphorothioate-modified analogs were synthesized as described.>* All analogs containing
a standard phosphodiester backbone were synthesized using solid phase chemistry (Scheme
S1) on a 2 pmol scale as previously described*® with the following adaptations. 5’-
DMTr-2’-OTBDMS cyanoethyl phosphate-protected adenosine phosphoramidites (100 mM
in acetonitrile (ACN)) were coupled to the solid support using 5-benzylmercaptotetrazole
(125 mM in ACN) as the activator. All molecules were purified by high-performance liquid
chromatography (HPLC) on a C18 reverse-phase column using a gradient of 0-10% ACN in
50 mM triethylammonium acetate (TEA Ac), pH 6.0. The identity of all compounds was
confirmed by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) in
negative ion mode (Table S1), and purity determined by analytical HPLC.

Kgq measurements of c-di-AMP by gel-shift and Kq measurements of analogs by

competition gel-shift
Radiolabeled c-di-AMP was enzymatically synthesized using the purified DisA diadenylate
cyclase protein as previously described.52 The wild-type ydaO aptamer from Bacillus
subtilis was transcribed in vitro using T7 RNA polymerase. RNA conformation was checked
by fast protein liquid chromatography (FPLC) and ydaO was shown to form monomer and
dimer (Figure S1). To achieve a homogenous population of monomer, RNA was folded in
the presence of trace amounts of radiolabeled c-di-AMP by heating to 70°C for 3 minutes
and slow cooling in folding buffer (10 mM NacCl, 10 mM MgCl,, and 10 mM sodium
cacodylate, pH 6.8). Binding reactions were incubated at room temperature (22°C) until
equilibrium was reached (at least 12 hours). The K4 of c-di-AMP for the riboswitch was
then measured by separating free c-di-AMP from RNA-bound c-di-AMP by native
polyacrylamide gel electrophoresis (PAGE) (100 mM Tris/HEPES pH 7.5, 10 mM MgCly,
0.1 mM EDTA) at 4°C and the fraction of c-di-AMP bound (FB) at each RNA concentration
was determined. Gels were scanned using a STORM phosphorimager (GE Healthcare) and
ImageQuant (GE Healthcare) was used to quantify bands. Data were fit to the following
equation to determine Ky values:

FBooxR2
FB=—"""T

RA+KY
with FB.= fraction of c-di-AMP bound at RNA saturation, Ry= total RNA concentration,
and n = Hill coefficient.

Competition experiments to determine the K4 of analogs were performed under similar
conditions. In this case, radiolabeled c-di-AMP and unlabeled competitor analog were
premixed in folding buffer before adding RNA to a final concentration of 25 nM. RNA was
heated to 70°C for 3 min and slow cooled in the presence of both labeled and unlabeled
ligand and incubated at room temperature for 12—24 hours before resolving free and bound
c-di-AMP by native PAGE. We observed no changes in the measured binding affinities at
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incubation times longer than 12 hours, indicating that equilibrium had been achieved. The
fraction bound (FB) of labeled c-di-AMP was quantified and the K of the unlabeled
competitor analog was determined from the following equation as previously described?:

FBo chiA

. «C 4 KgtiAsC ?
20 Kfld]A"_ d KS - +RT +CcdiA - { (KfldlA"' d KS - +RT +CcdiA> - (4RT *CcdiA )}
d d

FB=FB.+

cdiA

where FB,= fraction bound of c-di-AMP at saturating concentrations of competitor analog,
FBy= fraction bound in the absence of competitor, C.4ia= concentration of labeled c-di-
AMP (estimated as 0.025 nM based on the efficiency of the enzymatic labeling reaction),

K CdiA= affinity of c-di-AMP for the riboswitch, Ct= concentration of unlabeled competitor
analog, K4C= affinity of competitor analog, and Ry=total concentration of riboswitch RNA.

To determine the change in binding energy (AAGying), the binding energy (AGying) of each
analog was first obtained from the following equation:

AGpina= — RT In Kq4 ?3)

Where R = universal gas constant and T = temperature. AAGpinq Was then calculated
according to:

AAGbind:AGbind(analog) — AGpind (C —di— AMP) @

Expression and Purification of Phosphodiesterase Protein GdpP from Bacillus subtilis

Six-histidine-tagged phosphodiesterase protein GdpP (formerly YybT) was purified by
affinity chromatography using Ni-NTA agarose (Qiagen) as previously described.2’ Briefly,
overnight cultures of Escherichia coli BL21 cells harboring the expression plasmid
PET-28(a+) encoding the cytoplasmic portion of GdpP (AA84-659) were grown at 37°C.
The overnight culture was diluted into 1 liter of fresh LB medium, and cells were grown to
an ODgqg of 0.8 before inducing with 0.8 mM isopropyl 3-D-thiogalactopyranoside (IPTG).
The culture was grown at 16°C for 12 hours before it was pelleted by centrifugation. The
cells were lysed in 20 mL of lysis buffer (50 mM Tris, pH 8.0, 150 mM NacCl, 5% glycerol,
6 mM BME, and 0.2 mg/mL lysozyme) via sonication. The lysate was cleared by
centrifugation (25000 rpm for 30 min) and filtered before incubating with Ni-NTA agarose
for 1 hour at 4°C. The resin was washed with 50 mL of W1 buffer (lysis buffer with 20 mM
imidazole) and 20 mL of W2 buffer (lysis buffer with 50 mM imidazole). The proteins were
eluted using a step gradient method with elution buffers containing 50 mM Tris, pH 8.0, 150
mM NacCl, 5% glycerol, and 200, 300, or 500 mM imidazole. After analysis by SDS-PAGE,
pure fractions were pooled and dialyzed into 50 mM Tris, pH 8.0, 150 mM NaCl, and 5%
glycerol. The proteins were stored at —80°C after flash freezing, and concentration
measurement was by the Bradford assay method.
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Phosphodiesterase Assays for Evaluating Degradation Rates of c-di-AMP and Its Analogs

Phosphodiesterase activity was evaluated under steady-state reaction conditions. Pure GdpP
protein (1 uM) was incubated with 100 uM c-di-AMP (or analog) in PDE buffer (100 mM
Tris, pH 8.3, 20 mM KCI, 500 pM MnCly) at 37°C. Aliquots were removed at each time
point and the reaction was quenched with 1 mM EDTA. Samples were diluted in 50 mM
TEA Ac buffer (pH 6.0), and compound degradation was analyzed by HPLC on a reverse-
phase C8 column using a gradient from 0-4% ACN in 50 mM TEA Ac (pH 6.0) over 15
min for most compounds. A steeper gradient was used for the following compounds as
indicated: 0-15% ACN for c-di-(RpRp)-AMPps, and 0-10% ACN for c-di-(Rp)-AMPps.
Degradation was monitored in the range where the reaction was still linear to measure the
initial velocity. The area under peaks corresponding to linear and cyclic compounds was
determined by integration (HPChem Software), and the fraction of linear (F|) product
formed was calculated using the following equation:

area,

L area, +area, ©

where area is the area of the linear product and areac is the area of the cyclic compound. F|_
was multiplied by the substrate concentration to obtain the amount of product formed, which
was plotted against time. The data were fit to a line, and the slope of the line was used to
determine the initial rate.

Km Determination of c-di-AMP

The Ky, of ¢c-di-AMP was determined using the HPLC assay described above. C-di-AMP
was incubated with 200 nM GdpP in 1x PDE buffer. The initial rate of degradation was
measured for substrate concentrations ranging from 3.1 uM to 800 uM. The initial velocity
vs. substrate concentration was plotted and data were fit to the following equation to
determine the K

Vinax*[c — di — AMP]

Vo=R Flo—di—amp] ©

where Vg = initial velocity, Vinax = maximum reaction velocity, and [c-di-AMP] =
concentration of c-di-AMP substrate.

Competition Phosphodiesterase Assays with GdpP-Resistant Analogs

The degradation of radiolabeled c-di-AMP (*c-di-AMP) to pApA was monitored by
determining the fraction of pApA formed by separating cyclic and linear products by
polyethyleneimine-cellulose thin layer chromatography (PEI-cellulose TLC). For
competition assays, GdpP (1 pM) was incubated with trace amounts of *c-di-AMP,
unlabeled c-di-AMP (100 uM), and an excess of unlabeled competitor analog (500 M) at
37°C in PDE buffer. Aliquots were removed at each time point and reactions quenched by
the addition of an equal volume of 0.5 M EDTA. Reaction mixtures were extracted with a
phenol/chloroform/isoamyl alcohol mixture (25:24:1) to remove the protein before analysis
by PEI-cellulose TLC. PEI-cellulose TLC plates were run in a 1:1.5 (v/v) mixture of
saturated NH,SO4 and 1.5 M KH,PO,4 (pH 3.6). The plates were scanned and the amounts
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of c-di-AMP and pApA were quantified as detailed above. The fraction of pApA was plotted
against time and the data were fit to a line to determine the initial velocity. The following
equation was used to determine the affinity (K;) of analogs for GdpP.

Vinax*[¢ — di — AMP]
Vo= Tl : ©)
Kn*(1+ 1 )+[c — di — AMP]

Ki

where Vg = initial velocity, Viax = maximum reaction velocity (15.6 min~1), [c-di-AMP] =
concentration of c-di-AMP substrate (100 uM), and [1] = concentration of analog (500 uM).

RESULTS AND DISCUSSION
Affinity Measurements of c-di-AMP for the Discrete Binding Sites of the ydaO Riboswitch

The crystal structure of the ydaO riboswitch identified two pseudo-symmetric c-di-AMP
binding sites. This was further supported by isothermal titration calorimetry that showed a
2:1 binding stoichiometry.#>-47 While it is possible that both sites are relevant, the
experimental conditions employed required large quantities of both ligand and RNA. Mutant
constructs have also been reported that disrupt the A-minor interactions in the individual
binding pockets and reduce binding stoichiometry to 1:1.4° The G-C pairs that contact the
adenine bases of c-di-AMP were mutated to C-G pairs to perturb either Site 1 or 2, while
preserving helices and maintaining the overall RNA structure (Figure 2a). No measurable
binding to Site 2 was reported when Site 1 was mutated in this way (ASitel); further
suggesting that Site 2 may have a non-physiologically relevant binding affinity.*>

We set out to measure ligand binding for each site of the ydaO riboswitch at lower, more
physiological RNA concentrations, using a variation of a previously reported gel-shift assay
used to study the c-di-GMP binding riboswitches.#%52 We found that the binding curve of c-
di-AMP for the wild-type ydaO riboswitch is best fit to a cooperative binding model with a
Kq4 of 0.43 nM and a Hill coefficient of 1.6 (Table 1; Figure 3a,b). This is in agreement with
previously published values ranging from mid-picomolar to low nanomolar.4-4’ The two
binding-site mutants, described above, were also tested to determine the affinity of c-di-
AMP for the individual sites in isolation. The measured affinity of the ASitel mutant was
5.5 nM, while the ASite2 mutant affinity was 3.3 nM, with Hill coefficients of 1 (Table 2;
Figure S2). This suggests that only one binding site is functional and that both binding sites
of the ydaO riboswitch recognize c-di-AMP with near identical affinity, in contrast to
previously published reports. Mutating both binding sites in a single construct disrupted c-
di-AMP affinity for the riboswitch.

The adenine bases of c-di-AMP are recognized via a type-1 A-minor interaction, a well
characterized and ubiquitous RNA tertiary element.#8 Substantial literature precedent has
shown that a type-1 A-minor motif is able to form with all canonical Watson-Crick base
pairs (a function that is critical for successful recognition of the correct tRNA in the
ribosomal A site), as the minor grooves are isosteric.48:59-62 Additionally, the phylogenetic
conservation of the four G-C base pairs is not absolute. In 7-11% of constructs the G-C
pairs in helices P3 and P7 are observed as C-G pairs, while in these same helices G-U pairs
appear very infrequently, <0.2% of the time. The P1 and P5 helices are more highly

Biochemistry. Author manuscript; available in PMC 2016 February 16.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meehan et al.

Page 8

conserved as G-C pairs, with <2% C-G and <0.8% G-U. We hypothesized that mutation of
the conserved G-C pairs to noncanonical G-U wobbles would be more detrimental to the A-
minor interaction and provide a better indication of individual binding site affinity. The
affinity of c-di-AMP for these constructs, Site 1U and Site 2U, was less than 10-fold lower
than the ASite mutants, and also had Hill coefficients of 1 (Figure S2). The larger effect on
affinity suggests that the G-U mutations do have a larger disruptive effect on the binding
sites. Taken together, these data support the crystallographic identification of two binding
sites and suggest that both are functional at physiologically relevant c-di-AMP
concentrations.

Effects of Base Modifications on Ligand Affinity for the ydaO Riboswitch

Bacteria use a variety of nucleotide-based signaling molecules in addition to c-di-AMP,
including the structurally similar second messengers c-di-GMP and c-AMP-GMP, to
regulate cellular function.34:63 It is critical for riboswitch control that the RNA can
distinguish between its cognate ligand and structurally similar molecules. Nelson and
colleagues have demonstrated that the ydaO riboswitch selectively binds c-di-AMP over c-
di-GMP and c-AMP-GMP by more than 100,000-fold.*4

The crystal structure has identified interactions between c-di-AMP and the ydaO riboswitch,
but the basis for how this receptor differentiates between other cyclic dinucleotides remains
unexplored. To perturb individual interactions between the RNA and ligand, we designed,
and chemically synthesized, a series of c-di-AMP analogs, systematically modifying the
bases (Figure 4a), ribose rings, and phosphate backbone (Figure 4b) of the second
messenger. We prepared both symmetric (modification of both AMP units) and asymmetric
(modification of a single AMP unit) versions of the analogs. Radiolabeled c-di-AMP (*c-di-
AMP) was prepared enzymatically, but it is not feasible to prepare cyclic dinucleotide
analogs using enzymatic synthesis. To measure the affinities of the unlabeled analogs, we
used a variation of a previously reported competition gel-shift assay with *c-di-AMP.49.52
RNA and *c-di-AMP were incubated in the presence of increasing concentrations of the
unlabeled competitor analog, and the fraction of free *c-di-AMP was monitored to
determine the affinity of the competitor (Figure 3c,d). As both RNA binding sites had
similar affinities for c-di-AMP and are structurally symmetrical, we expected no difference
in analog recognition between the two sites. We confirmed this for a subset of the analogs
described below. Therefore, we tested analog binding to the wild-type ydaO riboswitch, with
both binding pockets intact, to measure the most relevant affinities.

The crystal structure revealed an extensive hydrogen-bonding network to the adenine bases
of c-di-AMP on both the Watson-Crick and Hoogsteen faces. The Watson-Crick edge of the
adenines is buried in the minor groove of a riboswitch G-C base pair. A single hydrogen
bond is observed between both the N1 and N3 of c-di-AMP and the O2’ and N2 of the
guanine, respectively. Furthermore, the guanine N3 is in close proximity to the C2 of
adenine (Figure 2b).4>-47 Modifications to the adenine base that make it more similar to
guanine would likely affect these contacts and decrease binding affinity. We wanted to
explore how well the ydaO riboswitch can discriminate against other cyclic-dinucleotide
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second analogs.*4~47 Consistent with previous reports, we observed no detectable binding to
c-AMP-GMP or c-di-GMP in these assays.#4-46

The exocyclic amine of c-di-AMP is predicted to make two hydrogen bonds to the backbone
of the riboswitch (Figure 2b).#>-47 This suggests that it is functionally important for RNA-
ligand recognition. To test this prediction, we measured the affinities of inosine (c-AMP-
IMP, c-di-IMP), purine (c-AMP-Purine, c-di-Purine), and N6-methyl (c-di-NédiMe-AMP)
adenosine analogs. While inosine substitutions measure the negative effect on binding of
having a carbonyl at the C6 position, purine analogs would identify the positive effect of the
presence of the exocyclic amine. Modification of both bases to either purine or inosine
resulted in a loss in binding energy of 5.1 and 4.9 kcal/mol, respectively, suggesting that the
riboswitch binds equally poorly to these two molecules (Table 1). To deconvolute the
importance of these modifications, we tested the ligand affinity of the asymmetric analogs c-
AMP-Purine and c-AMP-IMP. Interestingly, twice the amount of binding energy was lost
for c-AMP-IMP (4.3 kcal/mol), as compared to c-AMP-Purine (2.1 kcal/mol, Table 1). The
structural similarity between inosine and guanine could explain this larger decrease in
binding affinity, given that the riboswitch must be able to functionally distinguish between
the carbonyl and amine at this position. We expected the N6-methyl analog to have a larger
impact on affinity than the purine and inosine analogs due to the increased steric bulk. As
predicted, no detectable binding was observed for c-di-NédiMe-AMP (Table 1).

To identify the effect of introducing an exocyclic amine at the C2 position, comparable to
that of guanosine, we tested the base analogs 2-aminopurine (c-di-2AP) and diaminopurine
(c-AMP-DAP, c-di-DAP). We had expected that the 2AP analog would have weaker affinity
than DAP because the inclusion of the C6 amine would rescue some binding. However, no
detectable binding was observed for either c-di-2AP or c-di-DAP at the highest analog
concentration tested, representing a loss in binding energy of more than 8.8 kcal/mol for
both analogs (Table 1). This suggests that added steric bulk at the C2 position, regardless of
the presence of the native exocyclic amine, hinders binding to the riboswitch. This is most
likely due to clashes with the nearby guanine base of the riboswitch. Such clashes would
disrupt the type-1 A-minor interaction and tight packing of the ligand base into the minor
groove of the RNA helix.*8 Approximately 3.8 kcal/mol of binding energy was lost for c-
AMP-DAP, indicating that added steric bulk can be tolerated on one base but heavily
destabilizes the RNA-ligand interaction. These data suggest selection against the C2 amine
is a stronger determinant of base specificity than selection for the C6 carbonyl (Table 1).

We wanted to demonstrate that all modifications to the base were not equally detrimental by
disrupting a contact that was non-specific to adenine or guanine. A single hydrogen bond is
predicted between the N7 nitrogen of the ligand and the RNA base that also contacts the
exocyclic amine (Figure 2b). We hypothesized that a 7-deazaadenosine analog would
disrupt this interaction, while not being structurally characteristic of either purine
nucleobase. We observed a 1.5 kcal/mol loss in binding energy for c-di-c’AMP (Table 1).
This modest effect suggests that modifications that do not disrupt functional groups on the
Watson-Crick face are less detrimental to binding. Additionally, these results indicate that
the Watson-Crick edge is the primary means of ligand recognition for the ydaO riboswitch
selecting against moieties that mimic c-AMP-GMP or c-di-GMP.
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Effects of Modifications to the Ribose Rings on Ligand Affinity for the ydaO Riboswitch

We also examined the effects of modifying the ribose rings of c-di-AMP on ligand affinity
for the ydaO riboswitch. In the crystal structure, two hydrogen bonds are observed between
the ligand 2’-OHs and the RNA backbone, as part of the A-minor motif (Figure 2c).4>-47 To
determine the energetic contribution of these interactions to ligand recognition and binding,
we tested 2’-deoxy, 2’-fluoro, and 2’-methoxy c-di-AMP analogs (Figure 4b).

A loss in ligand affinity of up to 100-fold for c-di-dAMP was previously reported.44:46
Consistent with these reports, we measure a Kq of 160 nM for the di-deoxy analog. The loss
in binding energy was 1.8 kcal/mol for c-dA-AMP and twice that for c-di-dAMP (3.4 kcal/
mol, Table 1). This suggests that the ydaO riboswitch recognizes the 2’-OH of c-di-AMP
with structural symmetry, consistent with the geometries observed in the crystal
structure.45-47

Adenosine analogs with deoxyribose substitutions have been shown to shift the equilibrium
of sugar pucker to the 2’-endo conformation.84 C-di-AMP is shown to bind ydaO in the 3’-
endo conformation. It is possible the loss in binding affinity for the 2’-deoxy analog may
include contributions from altering the ribose structure.4>-4749 To parse out hydrogen
bonding effects from ribose conformational effects, we tested 2’-fluoro analogs, a
substitution that causes the ribose sugar to preferentially adopt the 3’-endo
conformation.64:65 This substitution has been observed in several cases to rescue 2’-deoxy
effects that result from conformational changes to the ribose ring.65:66 I a shift in the sugar
pucker of the deoxyribose substitution contributes to the loss in binding affinity, we
expected the 2’-fluoro analogs to bind with stronger affinity. Instead, we observed the
opposite effect with the 2’-fluoro substitutions being more destabilizing than the 2’-deoxy
analogs. The binding energy of c-2’F-A-AMP, which contains a single modification, was
nearly 0.5 kcal/mol weaker than the corresponding deoxy variant (c-dA-AMP), while the
symmetrically modified c-di-2’F-AMP was more than 1.7 kcal/mol weaker than c-di-dAMP
(Table 1). To further examine the effect on ligand affinity of 2’-deoxy and 2’-fluoro
substituents, the chimeric analog c-dA-2’F-A was synthesized and tested. An improvement
in binding energy of nearly 1.4 kcal/mol was measured by replacing a 2’-fluoro substituent
with a 2’-deoxy group.

These observations suggest that hydrogen-bonding effects, not the conformation of the
ribose sugar, dominate the RNA-ligand interaction and explain the differential loss in ligand
affinity. In the ydaO crystal structures, the 3’-Os of ¢c-di-AMP are within hydrogen bond
distance of the 2’-OHs of neighboring RNA nucleotides. The 2’-deoxy and 2’-fluoro
substitutions would disrupt a putative H-bond with the 2’-OHs of c-di-AMP, which could be
compensated by the 3’Os. A conformational shift in c-di-dAMP could enhance these
hydrogen bonds as compared to c-di-2’F-AMP and may explain the greater affinity observed
for the 2’-deoxy substitutions.

The 2’-methoxy substitutions are expected to create significant steric clashes given the close
approach to the 2’-OH in a type | A-minor interaction. The singly substituted analog,
c-2’OMe-A-AMP, showed weak binding, with nearly a 3.8 kcal/mol loss in binding energy,
while c-di-2’OMe-AMP showed no detectable affinity for the RNA (Table 1). The
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introduction of a 2’-methoxy was one of the most detrimental single modifications we
tested, indicating that the binding pocket is highly selective against additional bulk at the 2’-
OH.

Effects of Modifications to the Phosphate Backbone on Ligand Affinity for the ydaO

Riboswitch

C-di-AMP binding to the riboswitch also involves contacts to the phosphate. There is a
hydrogen bond between the pro-SP non-bridging oxygen and the exocyclic amine of a
neighboring guanine (Figure 2c).#5-47 Since the covalent radius of sulfur is larger than
oxygen and the charge distribution is asymmetric for phosphorothioates, with the negative
charge primarily localized on the sulfur, thiophosphate c-di-AMP variants may produce
unfavorable electrostatic interactions within the binding pocket.”® To assess this, we
measured the affinities of the dithiophosphate analogs [c-(RpRp)-di-Aps and c-(RpSp)-di-Aps,
Figure 4b]. We observed only a 0.4 kcal/mol effect on binding energy for c-(RpRp)-di-Ags,
and only a 0.6 kcal/mol effect for c-(RySp)-di-Aps (Table 1). The minimal effect of both the
RpRp and RS, modifications are consistent with the crystal structures as contact between
ydaO and the phosphate backbone of c-di-AMP is formed by a single hydrogen bond, and
not mediated by metals.>-#47.71 Sulfur-containing hydrogen bonds are approximately 0.5
kcal/mol weaker than traditional hydrogen bonds, which is consistent with the magnitude of
the effects we measured for both analogs.”273

To determine if there is differential analog recognition by the discrete binding sites, we
tested the affinity of the dithiophosphates for the ydaO binding pocket mutants, ASitel and
ASite2 (Figure 2a). We measured a 2-fold loss in affinity to both binding site constructs for
the RpR), diastereomers when compared to native ligand. A comparable 2-fold effect was
observed for the RpSy diastereomer as well. The 10-fold and 6-fold loss in affinities for the
ASitel and ASite2 mutants, compared with wild-type ydaO, are also mimicked by the
dithiophosphate analogs (Table 2). These findings further indicate that c-di-AMP
recognition in the individual binding sites is nearly indistinguishable, and ligand
modifications result in similar effects in both sites.

C-di-AMP Analog Modifications Effect Enzymatic Hydrolysis Rates

The intracellular concentration of c-di-AMP is directly linked to the phenotypic response
induced by downstream targets.>:8:16:22.24-32 ynderstanding the metabolism of c-di-AMP
may allow us to vary the second-messenger concentration and manipulate these phenotypic
responses. To determine which modifications alter the specificity of PDE enzymes for c-di-
AMP, we measured the rate of hydrolysis for this series of c-di-AMP derivatives by the PDE
GdpP from Bacillus subtilis.2’

GdpP-family proteins contain two N-terminal transmembrane helices, a heme-responsive
PAS domain, a degenerate GGDEF domain, and a DHH/DHHAZ1 domain (Figure 5a).
Sequence alignments and domain-specific constructs showed the DHH/DHHA1 domain
possessed phosphodiesterase activity, while the highly modified GGDEF domain exhibited
ATPase activity. GdpP has been shown to hydrolyze c-di-AMP and c-di-GMP to pApA and
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pGpG, respectively. Although GdpP can degrade c-di-GMP, it has a significantly greater Ky,
and is unlikely to be a physiologically relevant substrate.20:27

While the structure of GdpP has not been solved, a His-Asp (HD) domain protein from L.
monocytogenes, PgpH, has been structurally and biochemically characterized as a c-di-AMP
phosphodiesterase.28 The non-bridging oxygens of the active phosphate are coordinated to
two Fe metal ions, which in turn coordinate the His and Asp residues, as well as a bridging
water (Figure 6a).28 The proposed hydrolysis mechanism involves nucleophilic attack by the
activated water on the scissile phosphate to yield linear pApA (Figure 6b). Although the
GdpP-family proteins have not been structurally characterized, they are also two-metal Mn-
dependent proteins and are predicted to act via a similar mechanism to HD-domain
PDEs.6:28

We utilized an HPLC-based assay to measure the rate of degradation for the series of
analogs with single and double substitutions by the cytoplasmic portion of GdpP
(GdpPg4_gs9, Figure 5a). As a control, c-di-AMP linearization was observed via HPLC by
monitoring the emergence of a peak corresponding to pApA (retention time — 9.8 min) and
the loss of the peak for c-di-AMP (retention time — 10.9 min) (Figure 5b). Co-injection of a
chemically synthesized standard of pApA confirmed that the degradation peak was the
correct breaKgown product (Figure S3). The initial rate of c-di-AMP degradation was
measured under steady-state conditions with increasing amounts of substrate (3 to 800uM).
The initial velocity was plotted against substrate concentration to estimate k.. Under these
conditions, the rate of c-di-AMP hydrolysis was 0.26 + 0.02 s~1 (Figure 7a). This value is in
reasonable agreement with the previously published value (0.55 % 0.02 s71).27 The rate of
hydrolysis of c-di-AMP analogs was also measured under steady-state conditions using the
HPLC assay. However, due to limited analog stocks, we were unable to confirm that the
rates measured were under saturating conditions. Therefore, we could not in all cases
determine if a reduction in degradation is due to a k4t Or a Ky, effect. All experiments were
run using 100 pM substrate and the initial rates were compared to that measured for 100 pM
c-di-AMP (4.1 min~1, Table 3 and Figure 5c).

Phosphate modifications are expected to affect analog linearization as they directly disrupt
the site of enzyme catalysis. No detectable degradation was observed upon incubation of c-
(RpRp)-di-Aps and c-(RpSp)-di-Aps with GdpP, even after 24 hours (Table 3 and Figure S4).
Under these conditions, GdpP is still active with a modest decrease in activity (data not
shown). For both dithiophosphate analogs, only the mass of the cyclic product was detected
via electrospray ionization mass spectrometry (ESI-MS). This confirmed that the linear and
cyclic products were not coeluting in the single peak observed on HPLC. We have
previously demonstrated that dithiophosphate analogs of ¢c-di-GMP are resistant to
enzymatic degradation by EAL domain proteins.%6. Together, these data suggest that
replacing both of the phosphodiester bonds with phosphorothioate linkages results in a PDE-
resistant analog.

Based on previous structural analysis with c-di-GMP PDEs, the 2°-OH groups are not
expected to be critical for recognition.’”4~76 Furthermore, the PgpH structure only predicts
one hydrogen bond to the 2’-hydroxyl of nucleotide 2 (Figure 6a).28 However, the spatial
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proximity of this functional group to the scissile phosphates may affect the rate of catalysis
by interacting with moieties in the active site. To test this, we measured the rate of
linearization for the 2’-deoxy, 2’-fluoro, and 2’-O-methyl-modified analogs (Figure 4b).
Surprisingly, no degradation was detected after 24-hour incubation with GdpP for the
disubstituted 2’OH analogs (Table 3). This indicates that modification of both ribose rings
renders the second messenger resistant to enzyme-catalyzed hydrolysis. It is possible that the
2’-OHs play a role in positioning c-di-AMP in the catalytic site and in product release,
which could explain the observed resistance.

The rate of analog degradation is influenced by successful binding of the ligand, as well as
enzyme-mediated chemistry. Given the limit of detection of the HPLC assay, the rate of
hydrolysis of both varieties of nuclease-resistant analogs can be estimated to be no greater
than 0.001 min~L. This represents a reduction of the rate of cleavage of at least 4000-fold,
compared to c-di-AMP. These linearization deficits could also be explained by a weaker
affinity for GdpP. In order to distinguish between these two possibilities, we used a
competitive inhibition assay.%6 GdpP and c-di-AMP, with trace *c-di-AMP, were incubated
in the presence of excess competitor analog. If the analog is able to bind GdpP in the active
site, the initial velocity of c-di-AMP hydrolysis should decrease. In the presence of c-dA-
AMP, which is hydrolyzed at nearly the same rate, implying it binds to GdpP, there is a
measurable deficiency in linearization. This establishes that molecules capable of binding
GdpP can limit c-di-AMP degradation (Figure 7b). All nuclease-resistant analogs were
tested at concentrations from 50 pM to 5 mM in order to estimate Ki at several inhibitor
concentrations.

All resistant analogs are able to bind GdpP. We found that all four ribose-modified analogs
(c-di-dAMP, c-di-2’F-AMP, c-di-2’OMe-AMP, and c-dA-2’F-A) reduced degradation
velocity when incubated with the enzyme. The K; was determined to be 200 uM for c-di-
dAMP (Table 4), which represents only a 1.5-fold decrease in affinity compared to the Ky,
of c-di-AMP (measured as 130 uM). Alternatively, the binding energies of the 2’-fluoro, 2’-
methoxy, and 2’-deoxy/fluoro analogs all showed better binding than c-di-AMP (Table 4).
At the concentrations tested, the analogs bind the enzyme, suggesting that the observed
resistance to GdpP linearization was because of catalytic rather than binding effects.

For the dithiophosphate derivatives, we found that both diastereomers were able to slow the
rate of c-di-AMP degradation (Figure 7b) consistent with efficient binding to the protein.
The K; of the RyR, and RSy analogs were 260 UM and 210 uM, respectively. These
affinities are within 2-fold of the K, (less than 0.4 kcal/mol), and mimic the binding loss
observed between these analogs and the ydaO riboswitch (Table 1).

All asymmetrically substituted analogs were susceptible to PDE degradation (Table 3). No
significant effect was observed for the c-dA-AMP analog (1.2-fold), while all other ribose-
modified analogs showed a dramatic reduction in the rate of hydrolysis. The
monosubstituted 2’-fluoro and 2’-methoxy analogs were degraded 24-fold and 30-fold
slower than c-di-AMP, respectively. Modification of a single adenine to a purine, inosine,
guanine, or diaminopurine resulted in a hydrolysis rate within 4-fold of that measured for c-
di-AMP. This suggests that a single adenine is sufficient for recognition and degradation of
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the second messenger by this enzyme. Additionally, only a single product peak was
observed by HPLC for all asymmetric analogs. This suggests that GdpP preferentially binds
the analogs in one orientation. The c-di-AMP binding pocket of the HD-domain protein,
PgpH, provides structural insight into these observations. The 5’ phosphate group of
nucleotide 2 is bound in the active site. This nucleotide is contacted on one face by a a-helix
and solvent exposed on the other face, while nucleotide 1 is inserted into a pocket between
two a-helices.28 Recognition of the 2’-hydroxyls is also unequal, with the 2°-OH of
nucleotide 1 taking part in a hydrogen bond with a glutamic acid residue, while the
nucleotide 2 hydroxyl is not contacted.28 The asymmetric modifications may bind into the
more promiscuous nucleotide 2 position while not disrupting catalysis in the active site
(Figure 6a).

CONCLUSIONS

C-di-AMP signaling has been connected with a diverse set of processes involved in
maintaining cell viability.348 To date, several proteins and a riboswitch have been
identified that respond directly to this small molecule.2428:36-44 \We have shown that the
discrete binding sites of the ydaO riboswitch recognize c-di-AMP with low nanomolar
affinity. When both sites are active in wild-type RNA, the K4 is in the mid-picomolar range
with a Hill coefficient greater than one. The affinities we observed are 100-fold tighter than
those previously measured by ITC. This discrepancy is likely because our method involves
refolding RNA in the presence of ligand, while c-di-AMP is titrated into prefolded RNA for
ITC experiments.

We have also demonstrated that analogs of c-di-AMP have differential selectivity for two
receptors in the c-di-AMP signaling pathway. We have described modifications to base,
ribose, and phosphate moieties of c-di-AMP that yielded analogs that were resistant to a c-
di-AMP-specific phosphodiesterase. Additionally, a subset of these analogs differentially
bound a protein and RNA target of this second messenger. Dithiophosphate analogs retained
high affinity for both the ydaO riboswitch and GdpP protein and displayed enhanced
resistance to enzyme-mediated degradation. In contrast, nuclease-resistant ribose-modified
analogs showed a substantial loss in affinity for the riboswitch, while retaining high affinity
for the protein. These results suggest that ligand modifications can selectively disrupt
recognition elements of specific c-di-AMP receptors, while not affecting binding to other
macromolecular targets.

Crystal structures of c-di-AMP bound to several protein targets reveal that unique contacts
are made between the ligand and various receptors (Figure 1). The different conformations
adopted by c-di-AMP when bound to certain macromolecules could also influence the
affinity of analogs. These different binding motifs suggest that discrete analogs, which
disrupt unique interactions, may selectively bind specific proteins as well, though this
remains to be further explored.

Few examples exist of ligand analogs being used to explicitly target different classes of
either RNA or protein.#9-51 Given our results, the analogs described could be utilized to
selectively target downstream effectors in the c-di-AMP signaling pathway to elucidate
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which receptors trigger distinct physiological responses. This could be especially useful for
distinguishing between the effects of RNA-mediated and protein-mediated second-
messenger signaling.

Moreover, the wide distribution of diadenylate cyclase and diguanylate cyclase domains
among bacteria suggests that many organisms have the potential to use both c-di-AMP and
c-di-GMP as second messengers.3°:6:27 This has been further supported by the identification
of proteins and RNAs that respond to these second messengers in the same bacterial species.
We have previously published a series of c-di-GMP analogs that specifically distinguish
between the two classes of c-di-GMP riboswitch while being resistant to nuclease
degradation.#9:62 By combining these two sets of second-messenger analogs, it may be
possible to manipulate the diverse biological processes controlled by these ubiquitous
signaling molecules. Identifying analogs that are absolutely selective may provide a useful
tool for manipulating second-messenger signaling networks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
¢-di-AMP bound to macromolecular receptors (A) LmPC, (B) KtrA, and (C) PstAga (ref.

32,33,37). c-di-AMP is colored by atom with carbon in white, oxygen in red, nitrogen in
blue, and phosphorous in orange. Protein binding sites are shown as green cartoons. (D)
Conformations adopted by c-di-AMP when bound to downstream targets (ref. 32,33,37,45-
47). C-di-AMP is colored in green for ydaO, grey for PstAga, orange for LmPC, and purple
for KtrA. The structures are superimposed at a single adenosine, with the remaining atoms
floating.
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Figure 2.
c-di-AMP recognition by the ydaO riboswitch (ref. 45-47). (A) Structure of the ydaO

aptamer from B. subtilis bound to two molecules of c-di-AMP. c-di-AMP is colored in red.
Conserved Watson-Crick G-C pairs involved in type-1 A-minor interactions with c-di-AMP
are shown in purple for Site 1 and green for Site 2. Bases that stack with the adenines are
shown in blue. Important nucleotides are labeled. (B and C) c-di-AMP-A2q recognition by
the ydaO motif. c-di-AMP is colored by atom with carbon in white, oxygen in red, nitrogen
in blue, and phosphorous in orange. Hydrogen-bonding nucleotides of ydaO are colored as
described, with carbons in teal. Hydrogen bonds are shown as black dashed lines. (B)
Recognition of the Watson-Crick and Hoogsteen faces of the c-di-AMP nucleobases
featuring the type-1 A-minor interaction. (C) Backbone recognition of c-di-AMP by the
ydaO riboswitch. These c-di-AMP recognition motifs are observed with each adenosine of
the ligand.
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Figure 3.
Kq measurements of c-di-AMP by gel-shift and its various analogs using the competition

gel-shift assay with radiolabeled c-di-AMP. (A) Representative gel-shift experiment for
measuring the K of c-di-AMP for the ydaO RNA by direct binding. (B) c-di-AMP binding
curve for the ydaO riboswitch. (C) Representative competition gel-shift experiment. RNA,
radiolabeled c-di-AMP, and increasing concentrations of competitor analog are incubated
until equilibrium is achieved. Free c-di-AMP is separated from RNA-bound c-di-AMP by
native PAGE. (D) Sample binding curve from the competition gel-shift assay with c-di-
dAMP. Data are fit to an equation for competitive binding to determine the analog Kg.
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Figure 4.

Structures of ¢c-di-AMP analogs used in this study. X indicates where modifications were
made in each series. (A) Base, (B) Ribose, and Phosphate-modified analogs.
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Figure 5.

Monitoring the enzymatic hydrolysis of c-di-AMP by HPLC. (A) Domain architecture of
GdpP-family proteins (1-659) and the protein construct used for enzymatic assay (84-659).
(B) HPLC traces showing elution of pApA and c-di-AMP. Peaks corresponding to each of
these compounds are labeled. After 60 min under the experimental conditions used, c-di-
AMP is completely degraded. (C) The amount of pApA formed was measured to determine
the initial velocity of c-di-AMP degradation. Analog degradation was measured and
analyzed in the same manner.
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Figure 6.
Recognition and enzymatic hydrolysis of c-di-AMP by PDE proteins (ref. 28). (A) c-di-

AMP bound to the active site of HD domain protein PgpH from L. monocytogenes (PDB
entry 4S1B). c-di-AMP is colored by atom with carbon in white, oxygen in red, nitrogen in
blue, and phosphorous in orange. Ligand binding residues are colored in purple, metal
coordinating residues are in green, and the catalytic histidine and aspartic acid are in cyan.
Hydrogen-bonding interactions are shown as dashed lines (red) and metal-coordinating
interactions are displayed as solid lines (black). Iron metals are shown as orange spheres and
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the nucleophilic water is a red sphere. (B) Proposed mechanism of c-di-AMP cleavage. In
the presence of a PDE protein, a nucleophilic water molecule attacks one of the c-di-AMP
phosphodiester bonds to produce the linear 5’-pApA.
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Competitive Inhibition Assay

@ no competitor
< c-di-2'F-AMP
© c-di-20Me-AMP
* c-di-dAMP
* RpSp

= c-AMP-dAMP

2 4 6 8
Time (minutes)

Degradation of ¢c-di-AMP by GdpP. (A) Steady-state kinetic analysis of the enzyme-
catalyzed hydrolysis of c-di-AMP by GdpPg4.g59. (B) Fraction of pApA formed from
degradation of radiolabeled c-di-AMP over time in the presence of unlabeled c-di-AMP

analogs.
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Table 1

Binding affinities of analogs measured for the ydaO riboswitch

Modification  Analog Kq (M) Fold Loss  AAGy;ng (Kcal/mol)
c-di-AMP 0.43+0.02

Base c-AMP-GMP >23x1068 >4.2x108 >9.0
c-di-GMP >1.1x10" >2.0x107 >10
c-AMP-IMP 750 + 43 1400 4.3
c-di-IMP 2000 * 460 3600 4.9
c-AMP-Purine 18+1.6 33 2.1
c-di-Purine 2900 + 270 5300 5.1
c-di-Nm,NSmAMP ~ >5x 105  >9.1x10° >8.1
c-AMP-DAP 360 + 38 650 3.8
c-di-DAP >15x106  >27x108 >8.8
c-di-2AP >25x10%  >4.5x 108 >91
c-di-c’AMP 6.4+0.6 12 15

Ribose c-dA-AMP 11+1.6 20 18
c-di-dAMP 160 + 13 290 3.4
c-2’F-A-AMP 26+2.4 47 2.3
c-di-2’F-AMP 2800 + 330 5100 5.1
c-dA-2’F-A 290 £ 23 530 3.7
c-2’0OMe-A-AMP 340 £ 41 620 3.8
c-di-2’0OMe-AMP >16x106 >29x108 >8.8

Phosphate C-(RpRp)-di-Aps 1.0+0.1 1.8 0.4
c-(RpSp)-di-Aps 1604 2.9 0.6

aNo detectable binding at the highest ligand concentration tested (=200 pM). K values were estimated based on a 5% detection limit.
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Table 2
Binding affinities of c-di-AMP and dithiophosphate analogs measured for ydaO binding site mutants.

Ligand Kq (nM)

Construct® ~ C-di-AMP c(RpRp)-di-Aps  c-(RpSp)-di-Aps

WT144 0.43 +0.02 1.0+0.1 16+04
ASitel 55+0.3 11.3+0.8 94+11
ASite2 33+05 6.2+0.5 54+04

a I
Construct sequences are described in Figure 1.
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Page 30

Rates of enzymatic hydrolysis for c-di-AMP and its nucleotide analogs by phosphodiesterase protein GdpP?

Modification ~ Analog Rate [mol min~ (mol of  Fold Change
enzyme)1]P
c-di-AMP 41+0.2 -
Base c-AMP-GMP 24+03 1.7
c-di-GMP 0.8+0.1 5.1
c-AMP-IMP 1.3+0.2 3.3
c-di-IMP <0.001C > 4100
c-AMP-Purine 11+01 3.8
c-di-Purine 0.11+0.01 36
c-di-N®m,NSmAMP <0.001 =>4100
c-AMP-DAP 1.8+0.3 2.2
c-di-DAP <0.001 >4100
c-di-2AP 1.7+02 24
c-di-c’AMP 23%0.2 18
Ribose c-dA-AMP 35+0.3 1.2
c-di-dAMP <0.001 >4100
c-2’F-A-AMP 0.17 +0.01 24
c-di-2’F-AMP <0.001 >4100
c-dA-2’F-A <0.001 >4100
c-2’0OMe-A-AMP 0.14 +0.01 30
c-di-2’0OMe-AMP <0.001 >4100
Phosphate c-(RpRp)-di-Ays <0.001 > 4100
c-(RpSp)-di-Aps <0.001 > 4100

a . .
All data are the average of at least three independent trials.

b . - .
Rates measured under multiple-turnover conditions with 100 pM substrate and 1 UM enzyme.

CNo degradation under the conditions tested after incubation with GdpP for 24 h. Rates were estimated using a detection limit of 2%.
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Table 4

Binding affinities of nuclease-resistant analogs measured for the phosphodiesterase protein GdpP?2

Modification  Analog Ki(uM)  Fold Change

Ribose c-di-dAMP 200+ 18 15
c-di-2’F-AMP 26+3.6 0.2
c-dA-2'F-A 94+08 0.07
c-di-2’OMe-AMP  15+25 0.12

Phosphate C-(RpRp)-di-Aps 260 £ 2.7 2.0
C-(RySp)-di-Agg 210+ 17 1.6

a . . A .
Data are the average of at least three independent trials of inhibitor concentration from 50 uM — 5 mM.
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