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ABSTRACT

3'3’-cyclic di-adenosine monophosphate (c-di-AMP) is an important nucleotide second
messenger found throughout the bacterial domain of life. C-di-AMP is essential in many bacteria
and regulates a diverse array of effector proteins controlling pathogenesis, cell wall
homeostasis, osmoregulation, and central metabolism. Despite the ubiquity and importance of
c-di-AMP, methods to detect this signaling molecule are limited, particularly at single cell
resolution. In this work, crystallization of the Listeria monocytogenes c-di-AMP effector protein
Lmo0553 enabled structure guided design of a Forster resonance energy transfer (FRET)
based biosensor, which we have named CDA5. CDAS is a fully genetically encodable, specific,
and reversible biosensor which allows for the detection of c-di-AMP dynamics both in vitro and
within live single cells in a nondestructive manner. Our initial studies identify a unimodal
distribution of c-di-AMP in Bacillus subtilis which decreases rapidly when cells are grown in
diluted Luria Broth. Furthermore, we find that B. subtilis mutants lacking either a c-di-AMP
phosphodiesterase or cyclase have respectively higher and lower FRET responses, again in a
unimodal manner. These findings provide novel insight into c-di-AMP distribution within bacterial
populations and establish CDA5 as a powerful platform for characterizing new aspects of c-di-
AMP regulation.

Importance

C-di-AMP is an important nucleotide second messenger for which detection methods are
severely limited. In this work we engineer and implement a c-di-AMP specific FRET biosensor to
remedy this dearth. We present this biosensor, CDA5, as a versatile tool to investigate
previously intractable facets of c-di-AMP biology.

INTRODUCTION

Bacterial growth, reproduction, and survival demand rapid, accurate, and coordinated
responses to internal and environmental cues. These responses are commonly relayed by
nucleotide second messengers which dynamically change concentration through rapid
synthesis and degradation[*]. The nucleotide second messenger 3'3’-cyclic di-adenosine
monophosphate (c-di-AMP) is unique in that it is essential in diverse bacterial genera and
regulates clinically and industrially relevant processes such as osmotic stress responses, cell
wall metabolism, and metabolic homeostasis[**%]. C-di-AMP is known to be produced by five
classes of di-adenylate cyclases, although most bacteria contain only one of two main cyclases:
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the membrane associated CdaA and DNA binding DisA[***°]. Bacillus subtilis, the model
organism used in this study, interestingly encodes cdaA, disA, and a spore restricted cyclase,
cdaS. Due to redundancy, it is possible to delete individual cyclases in B. subtilis without
dramatic phenotypic consequences. C-di-AMP is degraded by 4 classes of phosphodiesterase
although most bacteria only encode one or two of these enzymes[**®*°]. Bacillus subtilis
encodes both gdpP and pgpH, which again, due to redundancy, allows for deletion of single
phosphodiesterases without significant physiological defects.

Despite being a second messenger of growing interest, only a small handful of studies have
explored the internal and external signals which regulate the activity of c-di-AMP cyclases and
phosphodiesterases. Multi-hour exposure to glutamine, potassium, and light have been reported
to impact signal levels but the mechanisms by which nucleotide levels change have either not
been defined or have been linked to altered phosphodiesterase expression[®%!4192426]
Additionally, investigations of protein-protein interactions influencing intracellular c-di-AMP
levels have been performed elucidating DacA regulation by the cistronic GImM and YbbR
proteins[*’ % #°]. To our knowledge, the only studies which clearly identified post-translational c-
di-AMP responses to environmental conditions have been: first, that a wide array of bacteria
when non-growing but energized quickly accumulate more c-di-AMP in low osmotic conditions
relative to high osmotic conditions, and second, that (p)ppGpp, which accumulates during amino
acid starvation, inhibits c-di-AMP phosphodiesterases[*****]. Such foundational studies remain
largely elusive because detection methods are underdeveloped.

C-di-AMP is currently quantified using either mass spectrometry or an enzyme immunoassay
which are both relatively low throughput and expensive methods providing only a snapshot of
the population average at a single time point[***']. Additionally, an RNA-aptamer based
biosensor has also been developed to detect c-di-AMP[*?]. Unfortunately, this biosensor has not
been able to be utilized because it has a long ks which obscures c-di-AMP decreases, suffers
from stochasticity in fluorescent ligand uptake, and lacks an internal control. To partially remedy
this dearth, we recently developed the CDA-Luc assay which is an inexpensive and higher
throughput method for quantifying c-di-AMP[*®]. Although we anticipate this method being
invaluable to many investigations, it is still limited to destructive snapshots of the population
average.

Thus, an intramolecular FRET biosensor for c-di-AMP is an ideal tool to complement existing
techniques as it would allow for nondestructive and rapid resampling of c-di-AMP in single cells.
Intramolecular FRET biosensors have been central to diverse investigations of nucleotide
second messenger regulation in both eukaryotic and bacterial cells[**~*°]. Most similarly to c-di-
AMP, FRET biosensors have been used extensively to study the bacterial nucleotide second
messenger 3'3-cyclic di-guanosine monophosphate (c-di-GMP)[***%]. These investigations
have interrogated important phenomena which are currently intractable using current c-di-AMP
detection methods including: sub-population responses to environmental conditions,
mother/daughter cell heterogeneity, and regulation during infection.

Intramolecular FRET biosensors are fusion proteins which combine compatible fluorophores
with a native binding protein for the ligand of interest[*°]. The locations of these fluorophores
are engineered such that ligand binding induces a conformational change which moves the
donor fluorophore either closer to or further from the acceptor fluorophore generating altered
energy transfer. This shift in energy transfer causes a change in the fluorescent signal
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89 quantified as the ratio of: energy transferred to and released by the acceptor fluorophore divided
90 by energy released by the donor fluorophore. The FRET ratio reports on the binding state of the
91 biosensor allowing for back calculation of the free ligand concentration within the solution or cell.
92  Thus, FRET biosensors are powerful, entirely genetically encodable, internally controlled, and,
93 due to their native effector protein scaffold, have physiologically relevant binding parameters.
94 In this work, we engineer and utilize CDA5: a FRET biosensor designed around the Listeria
95 monocytogenes c-di-AMP binding protein, Lmo0553[*®]. We demonstrate that CDA5 retains
96 relevant native binding characteristics, produces a robust FRET response upon the addition of
97  c-di-AMP, and successfully reports on the concentration of c-di-AMP in individual bacterial cells.
98  Furthermore, we report that B. subtilis grown in diluted LB media rapidly decreases its
99 intracellular c-di-AMP concentration and that c-di-AMP phosphodiesterase and cyclase mutants,
100 as expected, have respectively higher and lower corresponding FRET signals. Additionally, we
101 report that, in all conditions tested and unlike c-di-GMP, c-di-AMP concentrations in single cells
102 follow a unimodal distribution. Our investigations not only identify a new facet of c-di-AMP
103  biology but also establish CDA5 as a versatile platform which will facilitate a wealth of basic and
104  applied investigations of the essential bacterial signaling molecule c-di-AMP.
105
106 RESULTS
107
108  Overall structure of Lmo0553 in complex with cyclic-di-AMP
109
110  We previously identified Lmo0553 as a Listeria monocytogenes protein of unknown function
111 which binds c-di-AMP at physiologically relevant concentrations. Despite numerous attempts to
112 investigate the function of Lmo0553, its physiology has remained elusive. Thus, we sought to
113 determine its basis of recognition and molecular response to c-di-AMP. The crystal structure of
114 Lmo0553 in complex with c-di-AMP was determined at 1.6 A resolution, as well as the structure
115 of free Lmo0553 at 2.48 A resolution. The atomic models have good agreement with the
116  crystallographic data and the expected bond lengths, bond angles, and other geometric
117  parameters (Table 1).
118 Lmo0553 contains tandem CBS motifs (Bateman domain) followed by an ACT domain. We
119 observed a dimer of Lmo0553 in the crystals in which the Bateman domains of the two
120 monomers contact each other in a head-to-head fashion, forming a disc-like dimer (Figs. 1A,
121  1B). This dimer is similar to other structures of CBS motif-containing proteins. As predicted, the
122  C-terminal ACT domain of Lmo0553 adopts a ferredoxin fold (BapBaB). This domain also forms
123  adimer, producing a structure consisting of an 8-stranded B-sheet packed against four a-helices
124  on one face. The Bateman domain dimer sits atop the (B-sheet of the ACT dimer, forming an
125 extensive interface. The Bateman and ACT domains are diagonally swapped in the dimer, such
126 that the Bateman domain of monomer 1 packs against the ACT domain of monomer 2 (Fig. 1A).
127  Two c-di-AMP molecules are bound in the central cavity of the Bateman domain dimer, one on
128 each face of the disc (Fig. 1B). The dinucleotide adopts a folded conformation, with both bases
129 in the anti configuration. The adenine of the first nucleotide (labeled 1 in Fig. 1C) is buried
130 between the CBS1 and CBS2 motifs of a monomer. This adenine makes extensive interactions
131 with the protein and is recognized specifically, with a hydrogen-bond to its N1 and N6 atoms.
132  Tyr34 is p-stacked against one face of the adenine ring, while several hydrophobic residues
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133 flank the other face. In contrast, the adenine of the second nucleotide (labeled 2 in Fig. 1C)
134 makes few direct interactions with the protein. The most notable interaction of the second
135 nucleoctide is the 5-prime phosphate which interacts with the side chain of Arg35. In the free as
136 compared to c-di-AMP bound Lmo0553 structure, the side chain of Arg35 assumes a different
137  conformation and occupies the binding site of c-di-AMP (Fig. 1D). In the c-di-AMP complex
138  structure, residues that contact the adenine base of the first nucleotide show substantial
139  conformational differences as well. These changes in the binding site are likely the trigger for
140 the overall changes in the organization of the dimer upon c-di-AMP binding.

141

142  Large conformational changes upon c-di-AMP binding guide biosensor design

143

144  Although elucidating the native physiology of Lmo0553 remains a subject of investigation, our
145 detailed understanding of the molecular consequences of c-di-AMP binding led us to
146  hypothesize that Lmo0553 could serve as a scaffold for development of a Forster resonance
147  energy transfer (FRET) biosensor. FRET is exquisitely sensitive to angstrom level changes,
148 therefore we compared the structure of free Lmo0553 to that of the c-di-AMP complex to identify
149  conformational differences (Fig. 2A and 2B). After the Bateman domain of one monomer is
150 overlaid, the orientation of the Bateman domain in the other monomer differs by 13° (Fig. 2B). In
151  addition, the orientation of the ACT domain differs by 12° (Fig. 2A).

152  To leverage these structural rearrangements, the FRET pair eCFP and eYFP were respectively
153 fused to the N and C termini of full length Lmo0553. This construct was purified and found to be
154  stable but no FRET response was observed upon the addition of c-di-AMP suggesting that
155 fluorophores were too distant or oriented such that structural rearrangements were not detected.
156  Additional engineering may have allowed for the generation of a FRET biosensor utilizing full
157 length Lmo0553, but without a response to optimize, these efforts would have been arduous
158 and potentially unsuccessful.

159  Reanalyzing the crystal structures, we noted that truncation of the ACT domain might lead to a
160  better biosensor scaffold. The N-terminal Bateman domain of Lmo0553 is distinct from the ACT
161 domain, encompasses the entire binding domain, undergoes large structural changes upon c-di-
162 AMP binding, and, if isolated, would bring fluorophores into close contact increasing the
163  potential to detect FRET ratio changes (Fig. S1B). To generate this second iteration biosensor,
164 Lmo0553 was truncated at N-127 and fused to eCFP and eYFP (Fig. 2C) to best leverage
165 expected large conformational shifts and avoid disruption of the globular domain.

166  This second iteration c-di-AMP biosensor was recombinantly produced and found to be stable in
167  solution. Excitingly, increasing concentrations of c-di-AMP caused a robust, 23% FRET increase
168 with an EC50 of 0.38 pyM (Fig. 2D). Thus, when this biosensor binds c-di-AMP, the
169 chromophores of the flanking fluorophores come in closer contact allowing for increased energy
170 transfer producing an elevated FRET response (Fig. 2E). Satisfied by the magnitude of FRET
171 response, we named this biosensor CDA5 (cyclic-di-AMP biosensor based on Lmo0553) and
172  sought to characterize it biochemically.

173

174  Affinity and specificity of CDA5

175
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176  Although initial FRET response assays suggested that CDA5 retains physiologically relevant
177  biochemical parameters, we sought to further validate this assumption by comparing it directly
178  to full length Lmo0553. DRaCALA analysis [**] using [**P]-labeled c-di-AMP was employed
179  which revealed an apparent Kd of 4.83 uM and 5.87 uM for Lmo0553 and CDAS5 respectively
180 (Fig 3A). This result demonstrates unaltered affinity for c-di-AMP supporting our hypothesis that
181 neither truncation nor fusion with eCFP or eYFP altered ligand binding thermodynamics. To
182  ensure that CDA5 engineering did not alter the previously reported specificity of Lmo0553, the
183 DRaCALA assay was again employed [**]. This was done by competing bound radiolabeled c-
184  di-AMP with excess unlabeled nucleotides. CDA5 and Lmo0553 both demonstrated exquisite
185  specificity for c-di-AMP, as only unlabeled c-di-AMP but no other nucleotide in a wide array of
186 monophosphate, triphosphate, cyclic, and dicyclic purine containing nucleotides could compete
187  off radioactive c-di-AMP (Fig 3B, S1B). These data support our hypothesis that CDA5
188 engineering did not alter critical biochemical parameters.

189 To further interrogate CDAS specificity, we utilized a complex cytosolic environment
190 where an array of cyclic dinucleotide (CDN) cyclases could be reliably ectopically expressed.
191  Specifically, we recently engineered a biosensor capable of broadly detecting CDNs, particularly
192  2'3-cGAMP, in the eukaryotic cytosol and adapted this system for CDA5 [*]. We observed a
193 titratable FRET response to the c-di-AMP cyclase DisA and, as expected, no response to high
194 levels of either WspR*, a 3'3’-c-di-GMP cyclase, or cGAS, a 2'3’-cGAMP cyclase, further
195 validating the specificity of CDA5 for c-di-AMP (Fig 3C and 3D).

196

197  CDAS Reversibility

198

199 To be a reliable reporter, CDA5 must rapidly respond to both increasing and decreasing
200 concentrations of c-di-AMP. CDA5 relies on a native effector protein scaffold which we
201  hypothesized would rapidly respond to nucleotide second messenger fluctuations in order to
202  carry out post-translational responses. We found that FRET responses were stable immediately
203 upon addition of c-di-AMP providing evidence of a ko, less than the sampling limit of 10
204  seconds. Similarly, the k. rate was also unable to be quantitated due to sampling limitations.
205  Utilizing the DRaCALA specificity assay, excess unlabelled c-di-AMP was added to both CDA5
206 and Lmo0553 pre-bound with [*?P]-labeled c-di-AMP and immediately sampled for binding.
207  Unlabeled c-di-AMP competed off bound [*?P]-labeled c-di-AMP completely within two seconds
208 providing evidence of a ko less than this time interval (Fig 3D). Despite not being able to
209 quantify ko, and ko rates with these assays, our results suggest that CDA5 can rapidly report on
210  c-di-AMP fluctuations.

211 To further investigate the ability of CDA5 to repetitively detect c-di-AMP increases and
212  decreases, similar to what we hypothesize is occurring in bacterial cells, we cycled c-di-AMP in
213  solution by increasing the concentration using a bolus of c-di-AMP and decreasing the
214  concentration using the c-di-AMP phosphodiesterase, PdeA. As expected, we observed that:
215 PdeA caused a FRET decrease proportional to enzyme concentration, addition of a bolus of c-
216  di-AMP restored the FRET response, and finally, the FRET response decreased again
217  proportional to the concentration of PdeA (Fig 3E). This assay provides evidence that CDAS is
218 responsive to dynamic c-di-AMP fluctuations and also that CDAGS is a useful platform for kinetic
219  investigations in vitro.
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220

221 Development of a c-di-AMP blind control

222

223  Characterization of CDAGS indicated that it can reliably quantitate c-di-AMP in simplified systems
224 but, recognizing that complexities can occur in native systems, we sought to develop a point
225  mutant control version of CDAS that does not bind c-di-AMP. Such a control would provide the
226  capacity to separate FRET signal due to bonafide changes in c-di-AMP from other phenomena
227  such as fluorophore quenching and protein-protein interactions.

228  Analysis of the crystal structure of Lmo0553 identified tyrosine-34 coordination of c-di-AMP
229  binding via p-stacking (Fig 1C). We hypothesized that by replacing the stabilizing tyrosine ring
230 with an alanine (Y34A), c-di-AMP binding would be minimized in a manner unlikely to disrupt
231  protein stability. Recombinant Y34A CDA5 was found to be stable in solution and analyzed for
232  binding using the DRaCALA binding assay. As hypothesized, c-di-AMP bound to CDA5 but not
233  the Y34A CDAS point mutant control (Fig 4A). Next, increasing concentrations of c-di-AMP were
234  added to purified CDA5 and Y34A CDAS5 and analyzed by plate reader assay for FRET
235 response. CDAS but not Y34A CDAS produced a robust FRET increase upon the addition of c-
236  di-AMP (Fig 4B). Together these results suggest that Y34A CDA5 remains unbound and in the
237  apo conformation even in the presence of c-di-AMP.

238  We next sought to validate Y34A CDAS5 in Escherichia coli which is a complex model bacterial
239 organism that does not naturally produce c-di-AMP but can be made to ectopically express a c-
240 di-AMP cyclase and synthesize c-di-AMP. Thus, E. coli was transformed with a plasmid to
241  express WT CDA5 or Y34A CDAGS as well as a second plasmid encoding the soluble domain of
242  the c-di-AMP cyclase, DacA or an empty vector and then analyzed for FRET response by flow
243  cytometry (Fig S3A). E. coli carrying WT CDAS produced a robust FRET response while Y34A
244  CDAS5 had an, albeit minor, FRET decrease (Fig 4C). We hypothesize that the minor FRET
245  response is due to altered levels of non specific protein-protein interactions. Regardless, these
246  results reinforce the utility of a nonbinding control such as Y34A CDA5 control to provide
247  confidence that observed FRET responses are due to changes in ligand concentration and not
248  other phenomena. It is often useful to also calculate the ratio of WT CDA5 to Y34A CDA5 FRET
249  responses into a ‘Y/A Ratio’ (Fig 4D). This metric, both combines the control biosensor data and
250 declutters data making results more clear.

251

252  CDAS5 detects unimodal Bacillus subtilis responses to media alteration

253

254  CDAG5 was then expressed in Bacillus subtilis to study native c-di-AMP regulation. B. subtilis is a
255  model organism encoding a large array of c-di-AMP cyclases and phosphodiesterases but not a
256 homologue to Lmo0553 which could cause disruptive heterodimerization. We found that rich
257 media like LB is necessary to attain robust CDA5 expression but, at the same time, it is also
258 important to use media with low autofluoresce to clearly quantitate FRET ratios. Due to the
259  necessity of rich media to express CDADb5, back dilution into minimal media was not ideal due to
260 the large metabolism changes required to transition to fully biosynthetic growth. We found that
261  we could back dilute B. subtilis expressing CDA5 into 10% LB media which retains a complex
262  nutrient content and also has low enough autofluorescence to clearly quantitate FRET by flow
263  cytometry.
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264 In this diluted LB media, we tracked FRET changes overtime and observed a steady FRET
265  decrease during the entire 180 minutes of growth until the WT and Y34A sensor had nearly the
266 same FRET ratio (Fig 5A). To verify this unexpected result, we split our sample to
267  simultaneously detect c-di-AMP using our flow based FRET assay and the gold standard for c-
268  di-AMP quantification, mass-spectrometry. These results were plotted on XY plots graphing c-
269  di-AMP measured by mass spectrometry versus either the WT CDAS5 FRET ratio (Fig 5B) or the
270  Y/A ratio combining WT CDA5 and Y34A CDADS ratios (Fig 5C). Although both the WT CDA5
271  FRET ratio and the Y/A ratio both correlated with c-di-AMP as measured by mass spec, the Y/A
272  ratio highly correlated with c-di-AMP highlighting the importance of both the Y34A CDAGS control
273  and the Y/A metric.

274  Flow cytometry allows for the collection of an enormous amount of informative single cell data
275  providing an excellent opportunity to understand more about c-di-AMP dynamics. To understand
276  more about the mechanics of this population level c-di-AMP decrease, WT CDA5 and Y34A
277  CDAS5 single cell data was normalized by the control biosensor’s population average and plotted
278  as histograms (Fig 5D-G). This analysis revealed a progressive unimodal population shift as the
279  WT biosensor more closely overlays Y34A CDAS5 over time, tracking with population level
280 results. This data also suggests that the vast majority, if not all, of the B. subtilis cells are
281 responding in a coordinated fashion to readjust to media conditions.

282

283 CDAS5 detects unimodal c-di-AMP differences between Bacillus subtilis mutants

284

285  To better contextualize the biologic meaning of the FRET ratios detected in WT B. subtilis, we
286  next sought to detect c-di-AMP differences between mutants defective in either a c-di-AMP
287  cyclase or phosphodiesterase. As expected, ApgpH, a mutant lacking the phosphodiesterase
288  PgpH, had higher Y/A ratios due to elevated c-di-AMP; while a mutant lacking the cyclase DisA,
289  AdisA, had lower Y/A ratios due to reduced c-di-AMP production (Fig 6A). All three strains
290 experienced different degrees of FRET ratio decreases. AdisA decreased most quickly, followed
291 by WT, and ApgpH decreased minimally and remained elevated throughout the experiment. At
292 the single cell level Y/A ratios for all strains again decreased in a unimodal fashion following the
293  population average (Fig 6B-C S6A-F). More experiments will be required to elucidate the
294  mechanism by which ApgpH but not other strains retain elevated c-di-AMP in reduced LB
295 media. Importantly, this data provides convincing evidence that CDA5 detects physiologically
296 relevant differences in c-di-AMP in B. subtilis is a useful tool to investigate bacterial c-di-AMP
297  dynamics.

298

299 DISCUSSION

300

301 In this work we describe the development of CDA5, a FRET based biosensor capable of
302 detecting the essential signaling molecule c-di-AMP within individual bacterial cells. Through
303 rational design based on the Lmo0553 crystal structure, we were able to generate a stable
304  biosensor which retains relevant native binding characteristics as well as a nucleotide blind
305 control which improves measurement accuracy. In vivo, CDA5 allowed for the detection of c-di-
306 AMP differences over time and between mutants of B. subtilis. Interestingly, analysis at the
307  single cell level revealed unimodal c-di-AMP shifts providing evidence that the entire bacterial
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308 population responds in a coordinated fashion. This is particularly notable because it is in
309 contrast to the bacterial nucleotide second messenger c-di-GMP which is regulated in a largely
310  bimodal manner[3*%4?].

311 In addition to its ability to monitor native c-di-AMP regulation, CDAS5 is also capable of
312 facilitating diverse investigations of c-di-AMP in other contexts. CDA5 is easy to produce,
313  specific, and provides a kinetic readout making it a good platform to study c-di-AMP
314  enzymology. For example, CDAS5 can be used to detect protein-protein or small molecule
315 dependent activation or inhibition of c-di-AMP cyclases and phosphodiesterases in vitro. Such
316 work may allow for the development of new antibiotics targeting this essential signaling
317 molecule. Some interactions, especially those of membrane associated proteins, are difficult to
318 model with recombinant protein and are better investigated in an ectopic cytosolic environment
319 [*]. CDAS expressed in such a model system would facilitate these investigations. For example,
320 CDAS5 expressed in E. coli would provide a platform for the interrogation of important protein-
321  protein interactions controlling c-di-AMP synthesis and degradation. Additionally, c-di-AMP is
322  known to be detected by but not produced by eukaryotic cells during infection and perhaps also
323 by certain bacteria like Pseudomonas aeruginosa in multicellular environments [*°*°]. CDA5
324  expressed by these organisms may be able to detect accumulated c-di-AMP accelerating these
325 interesting investigations.

326  Although alternative uses are promising, the primary motivation for the development of the
327  CDAS biosensor was to more thoroughly and efficiently investigate native c-di-AMP regulation.
328  Current tools, including our recently developed CDA-Luc assay, are well suited for detecting c-
329 di-AMP at the population level but the ability to measure c-di-AMP kinetically or at the single cell
330 levelis lacking. Thus, CDAS5 is a major advance which allows for a wealth of new investigations.
331 A major finding using the c-di-GMP biosensor was mother-daughter cell heterogeneity which
332 allows for different roles within a population [**3°]. Similarly we hypothesize that there will be
333 replication phase dependent c-di-AMP fluctuations in bacteria that naturally produce c-di-AMP.
334  However, rather than mother-daughter cell heterogeneity, we hypothesize that the intracellular
335  concentration of c-di-AMP is linked to periods of rapid peptidoglycan synthesis during bacterial
336 elongation due to the close link between c-di-AMP and cell wall homeostasis. Such insights
337 could lead to greater understanding of morphology and virulence differences between c-di-AMP
338 mutants.

339  Furthermore, the c-di-GMP biosensor was recently utilized to detect regulation of c-di-GMP
340 signaling during macrophage infection [*)]. Due to the avirulence of mutants which hyper- or
341 hypo- produce c-di-AMP, we hypothesize that similar, if not more profound, regulation is
342  occurring during infection of eukaryotic cells. Such investigations will help elucidate the role of c-
343  di-AMP during infection for a multitude of clinically important organisms including Streptococcus
344  pneumoniae, Listeria monocytogenes, and Mycobacteria tuberculosis [*361%721:56],

345  CDAS5, similarly to previous c-di-GMP biosensor studies [*°], will also facilitate the identification
346  of diverse environmental stimuli that regulate c-di-AMP at the population and subpopulation
347 level. In this study, we detected a unimodal c-di-AMP response to specific environmental
348  conditions but CDAS can elucidate a more thorough understanding of c-di-AMP regulation via
349 use of an arrayed media library containing a wide variety of nutrients and stress conditions. In
350 addition to advancing basic biology, such studies may also facilitate the development of clinical
351 interventions which alter intracellular c-di-AMP concentrations.
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352  CDAG5 is highly functional in its current form but future development will further improve utility.
353  One such improvement is the use and subsequent optimization of alternative fluorophores. For
354 example, a far-red shifted FRET pair could be utilized allowing for simultaneous non-
355 overlapping fluorescence with BFP-tagged proteins [*>°**"*8]. Similarly, a BRET pair could be
356 developed for c-di-AMP detection within mammalian tissue or biofilms [***°%°]. Another type of
357 improvement is modification of the nucleotide binding pocket to increase affinity or alter
358  specificity. For example, it may be possible to engineer additional hydrogen bonding interactions
359 toincrease the affinity for c-di-AMP allowing for detection of lower concentrations of nucleotides.
360 Such a sensor would be able to detect low levels of c-di-AMP found within a mammalian cytosol
361  during infection or within a non-c-di-AMP producing bacteria in a biofilm environment. Similarly,
362 the binding pocket of CDA5 may be able to be modified to detect the growing class of CBASS
363 cyclic di-nucleotides produced as part of the anti-bacteriophage response [*]. A final type of
364  improvement would be modification of the dimerization domain. It may be possible to reverse
365  polar interactions in the dimerization domain to avoid potentially obfuscating interactions with full
366 length Lmo0553. This would mainly be useful for investigations in Listeria monocytogenes or
367  Enterococcus faecalis which respectively encode Imo0553 or a homologue. Alternatively, unless
368 Lmo0553 is the protein of interest, such studies could also be done in a Imo0553 null
369  background as no phenotype has been identified for this protein to date.

370 CDAS is a powerful tool which makes a large class of investigations now feasible. In
371  addition to current capabilities, there are clear next steps to modify CDA5 and apply it to even
372  more diverse studies. Thus, CDAS5 holds exceptional promise for accelerating our understanding
373  of the essential bacterial signaling molecule, c-di-AMP.

374

375 METHODS
376

377  Cloning
378

379  Primers for CDA5 cloning are listed in Supplementary Table 2, plasmids in Supplementary
380 Table 3, and strains in Supplementary Table 4. CDA5 was generated by subcloning Imo0553
381 from the previously generated pET28a-Imo0553 vector[*] using Kapa HiFi polymerase (Kapa
382  Biosystems) using primers 1 and 2. The resulting product was ligated into pET15b-eCFP-12AA-
383 eYFP using Spel/Kpnl fast digest restriction endonuclease cloning (Thermo Fisher) and
384 transformed into XL1-Blue chemically competent E. coli. To generate pSLIK-CDA5, pET15b-
385 CDA5 was amplified using primers 3 and 4 and added to the BsiWl (Thermo Fisher) site of
386  pSLIK using InFusion (Takara) then transformed into Stbl3-OneShot competent cells (Thermo
387  Fisher). pET15b-CDA5-Y34A was made using site directed mutagenesis by amplifying the
388 generated pET15b-CDAS5 construct using primers 5 and 6 using Kapa HiFi polymerase. PCR
389  product was purified (Promega) and digested using Dpnl (NEB) and then transformed into XL1-
390 Blue chemically competent E. coli. To generate pHT264-Bs-CDAb5, a gBlock codon optimized
391  for Bacillus subtilis expression (IDT) was purchased and amplified using primers 7 and 8. The
392  resulting product was ligated into pET15b using Notl fast digest restriction endonuclease
393 cloning (Thermo Fisher) and transformed into XL1-Blue chemically competent E. coli generating
394 pET15b-Bs-CDA5. pET15b-Bs-CDA5-Y34A was generated as above using primers 9 and 10.
395  Finally, pHT264-Bs-CDA5 and pHT264-Bs-CDA5-Y34A were generated by amplifying pET15b-
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396 Bs vectors with primers 11 and 12. The resulting product was ligated into pHT264 using
397 BamH1/Smal fast digest restriction endonuclease cloning (Thermo Fisher) and transformed into
398  XL1-Blue chemically competent E. coli.

399

400 Protein expression

401

402  To obtain L. monocytogenes full-length Lmo0553, pET28a-Imo0553 vector with an N-terminal
403 hexa-histidine tag was transformed into BL21 Star (DE3) cells. The cells were cultured in LB
404  medium with 35 mg/L kanamycin and were induced for 14 h at 20 °C with 1 mM IPTG. A
405  selenomethionine-derivative of Lmo0553 was expressed using a methionine-auxotroph E. coli
406  BL21 strain, and the defined medium was supplemented with selenomethionine[®?]. The protein
407 was purified through nickel-agarose affinity chromatography followed by gel filtration
408 chromatography (S-300, GE Healthcare). The purified protein was concentrated to 30 mg/mL in
409 a buffer containing 20 mM Tris (pH 8.0), 250 mM NaCl, 5% (v/v) glycerol, and 5 mM
410  dithiothreitol, flash-frozen in liquid nitrogen and stored at —80 °C. The N-terminal hexa-histidine
411 tag was not removed for crystallization.

412 To obtain CDA5, pET15b plasmids encoding CDA5 and CDA5-Y34A were transformed into
413 BL21 Star (DE3) cells. An overnight culture of the transformed bacteria was inoculated into 1 L
414  of LB broth and grown and grown at 37°C until an ODgg between 0.5-0.7 at which point protein
415  expression was induced by the addition of 0.1 mM isopropyl B-D-1-thiogalactopyranoside
416 (IPTG) for 16-20 hours at 18°C. The protein was purified using nickel-agarose affinity
417  chromatography (Thermo Scientific). The protein was subsequently buffer exchanged (Cytiva)
418  into Buffer A (40 mM Tris pH 7.5, 100 mM NaCl, 20 mM MgCl,, 1ImM DTT). Protein samples
419  were tested for purity by SDS-PAGE followed by Coomassie Brilliant Blue staining. Samples
420  were then flash-frozen in liquid nitrogen and stored at -80°C until use in biochemical assays.
421 DisA, RECON, and PdeA were purified the same as above with the exception that they were
422  induced with 1 mM IPTG at 37°C for 4 hours.

423  Protein crystallization

424  Crystals of Lmo0553 in complex with c-di-AMP were grown by the sitting-drop vapor diffusion
425 method at 20 °C. The protein at 15 mg/mL was first incubated with 2.5 mM c-di-AMP for 30 min,
426  and then mixed with reservoir solution containing 23% (w/v) PEG3350, and 0.2 M calcium
427  acetate. The crystals were cryo-protected with the reservoir solution supplemented by 12% (v/v)
428  glycerol and flash-frozen in liquid nitrogen for data collection at 100 K. Crystals of free Lmo0553
429  were grown by the sitting-drop vapor diffusion method at 20 °C. The protein at 16 mg/mL was
430 mixed with a reservoir solution containing 1.4 M ammonium sulfate, and 0.1 M sodium citrate
431 (pH 5). The crystals were cryo-protected with 20% (v/v) glycerol and flash-frozen in liquid
432  nitrogen for data collection at 100 K.

433

434  Data collection, structure determination and refinement

435

436  X-ray diffraction data for Lmo0553 were collected on the X29A beamline at the National
437  Synchrotron Light Source. The diffraction images were processed using HKL2000[*®]. The
438  structure was solved using the single-wavelength anomalous dispersion (SAD) method with
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439  selenomethionine-derivatized crystals, using the program PHENIX[®*]. Manual rebuilding was
440  carried out in Coot[*] and refinement was done with the program Refmac[*®]. Data collection
441  and refinement statistics are summarized in Table 1.

442

443 Radioactive nucleotide binding assays

444 [**P] 3'3’-cyclic di-AMP was synthesized identically as previously described[**]. This nucleotide
445  was then used to perform DRaCALA assays >*. Briefly, binding assays were performed in Buffer
446 A at room temperature. To determine binding affinities, two-fold serial dilutions of proteins were
447  incubated with ~1 nM of radioactive 3'3’-cyclic di-AMP for 10 minutes then blotted onto
448  nitrocellulose membranes and allowed to air dry. To determine binding specificity, samples were
449  pre-incubated with 500 uM excess unlabeled nucleotides for 10 minutes followed by incubation
450  with ~1 nM of radioactive 3'3’-cyclic-di-AMP for 10 minutes then blotted onto nitrocellulose
451 membranes and allowed to dry. Finally, to determine the time frame of competition, ~1 nM of
452  radioactive 3'3’-cyclic di-AMP was preincubated with protein for 10 minutes at which point 500
453 MM of unlabeled 3’3’-cyclic-di-AMP was added, mixed, and blotted onto nitrocellulose
454  membranes every two seconds and allowed to dry. [*P] radioactivity was visualized by
455  exposure onto Phosphor-Imager screens, which were developed using a Typhoon FLA 9000
456  biomolecular imager (GE Healthcare).

457 In vitro FRET measurements

458 In all assays, 2 uM of CDA5 or CDA5-Y34A was incubated in black flat bottom half volume
459  opaque 96-well plates (Greiner Bio-One). For nucleotide response assays, two fold dilutions of
460 3'3-c-di-AMP (Invitrogen) were made in molecular grade water and added to the protein
461  solution. eCFP and FRET fluorescence was monitored at room temperature using a fluorimeter
462  (BioTek Synergy H1 Hybrid Reader, Biotek Instruments) at 425 nm excitation and read at
463  480nm and 535nm emission wavelengths for eCFP and FRET respectively. PdeA enzyme
464  activity assay was performed as above with the exception that: Buffer A was supplemented 20
465 mM MnCl,, two fold dilutions of PdeA rather than c-di-AMP were added to each well, samples
466  were spiked with 2 uM c-di-AMP at t=0 and t=90 minutes, and the assay was monitored every 5
467  minutes.

468 Eukaryotic CDAS specificity assays

469  Assays were performed similarly as previously described[*)]. Briefly, Human Embryonic Kidney

470  (HEK) 293T cells were grown in Glutamax Dulbecco’s Modified Eagle Medium (DMEM) (Gibco)
471  supplemented with 10% (v/v) heat-inactivated FBS (HyClone) and 100 U mL™ penicillin and 100
472 g mL™ streptomycin and maintained at 37°C and 5% CO2 in a humidified incubator. Self-
473 inactivating lentivirus was made via transfection of a semi-confluent 10 cm dish of HEK293T
474  cells with 4 ug of psPAX2, 2 ug of pCMV-VSV-G, and 4 ug of pSLIK lentiviral vector using
475  Poly(ethyleneimine) (PEI). Growth media was replaced 24 hours after transfection and
476  supernatants collected at 48 and 72 hours, pooled, and filtered through a 0.45 pum filter.
477  Lentivirus was then concentrated with a Lenti-X concentrator (Takara) and added to 4 million
478 HEK293T cells seeded on a 10 cm plate and spinfected for 1 hour at 500X g. After a 24 hour
479  recovery period, media was replaced and supplemented with 2 yg mL™ puromycin (Gibco).
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480 Transduced cells were continually passaged and maintained in selection media containing
481  puromycin. For FRET measurements, 750,000 HEK293T cells transduced with the doxycycline
482  inducible pSLIK-CDAS5 plasmid were plated in a 6-well culture dish. The subsequent day, cells
483 were transfected with indicated concentrations of cyclase-encoding plasmids using PEI
484  transfection reagent. One hour after transfection, biosensor expression was induced by the
485  addition of Doxycycline Hydrochloride (Sigma-Aldrich) at 2 ug mL™. The next day, cells were
486  harvested via resuspension in room temperature PBS and CDA5 FRET measurements were
487  collected by FACS analysis. Cells were analyzed using a LSR 1l flow cytometer (BD) with the
488 following voltages: FSC-350 SSC-240 V500-350 Pacific Blue-420 GFP-400. Data was analyzed
489  using FlowJo software (Tree Star)

490 Bacterial FRET measurements

491 E. coli FRET measurements were obtained by transforming BL21 Star (DE3) cells with pET15b-
492 CDA5 and pET15b-CDA5-Y34A in combination with either pBAVE-EV or pBAVE-DacA and
493  plated on LB Carb 100 yg mL™ Kan 50 pug mL™ plates. An overnight culture of the transformed
494  bacteria was inoculated into 1 L of LB broth and grown and grown at 37°C until an ODgg
495  Dbetween 0.5-0.7 at which point protein expression was induced by the addition of 0.1 mM
496  isopropyl B-D-1-thiogalactopyranoside (IPTG) for 16-20 hours at 18°C. At this point, cells were
497  spun down and resuspended in room temperature PBS and CDA5 FRET measurements
498 collected by FACS analysis. Cells were analyzed using a LSR 1l flow cytometer (BD) with the
499  following voltages: FSC-400 SSC-200 V500-500 Pacific Blue-600 GFP-400. Data was analyzed
500 using FlowJo software (Tree Star)

501 B. subtilis FRET measurements were obtained by transforming B. subtilis with pET264-CDA5
502 and pET264-CDA5-Y34A and plating cells on LB Carb 100 yg mL™ plates and incubated at
503  37°C. Single colonies were then struck onto LB Carb 100 yg mL™ IPTG 1 mM plates and
504 incubated overnight at 30°C. The resulting single colonies were harvested in 10% LB media
505 (FRET detectable up to 30% LB media) and clumps dissociated by passing cells 2-3 times
506 through a 27 gauge needle. Cells were then grown shaking at 37°C until desired time points at
507 which CDA5 FRET measurements were collected by FACS analysis. Cells were analyzed using
508 a LSR Il flow cytometer (BD) with the following voltages: FSC-400 SSC-200 V500-450 Pacific
509 Blue-550 GFP-375. Data was analyzed using FlowJo software (Tree Star).

510 Mass spectrometry

511 The ODggo Of B. subtilis samples was taken. Then, half of the sample was analyzed by FACS
512 analysis and the other half pelleted and frozen for c-di-AMP extraction. Cell pellets were
513  resuspended in 50 yL of 0.5 yM heavy-labeled (C13 N15) c-di-AMP, then mixed with 500 uL of
514 methanol and sonicated. The sample was pooled, centrifuged, and supernatant saved. The
515 resulting pellet was resuspended in 50 pL water then mixed with 500 pL methanol and
516  sonicated again. The solution was centrifuged and the second supernatant pooled with the first.
517 The extract was then dried using a speed vacuum concentrator. The resulting film was
518 resuspended in 50 pL of molecular grade water and measured by mass spectrometry as
519  described[*].

520 DATA AVAILABILITY
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521

522 The datasets generated and/or analyzed during the current study are available from the
523  corresponding author on reasonable request.

524

525 REFERENCES

526 1. Stilke, J. & Kriiger, L. Cyclic di-AMP Signaling in Bacteria. Annu. Rev. Microbiol. 74,
527 159-179 (2020).

528 2.  Gomelsky, M. cAMP, c-di-GMP, c-di-AMP and now cGMP: bacteria use them alll Mol.
529 Microbiol. 79, 562-565 (2011).

530 3. Krasteva, P. V. & Sondermann, H. Versatile modes of cellular regulation via cyclic
531 dinucleotides. Nat. Chem. Biol. 13, 350-359 (2017).

532 4. Commichau, F. M., Heidemann, J. L. & Ficner, R. Making and breaking of an essential
533 poison: the cyclases and phosphodiesterases that produce and degrade the essential
534 second messenger cyclic di-AMP in .... Journal of (2019).

535 5. Zaver, S. A. & Woodward, J. J. Cyclic dinucleotides at the forefront of innate
536 immunity. Curr. Opin. Cell Biol. 63, 49-56 (2020).

537 6. Bowman, L., Zeden, M. S., Schuster, C. F., Kaever, V. & Grundling, A. New insights
538 into the cyclic di-adenosine monophosphate (c-di-AMP) degradation pathway and the
539 requirement of the cyclic dinucleotide for acid stress resistance in Staphylococcus
540 aureus. J. Biol. Chem. 291, 26970-26986 (2016).

541 7. Zeden, M. S. et al. Cyclic di-adenosine monophosphate (c-di-AMP) is required for
542 osmoatic regulation in Staphylococcus aureus but dispensable for viability in anaerobic
543 conditions. J. Biol. Chem. 293, 3180-3200 (2018).

544 8. He, J, Yin, W,, Galperin, M. Y. & Chou, S.-H. Cyclic di-AMP, a second messenger of
545 primary importance: tertiary structures and binding mechanisms. Nucleic Acids Res.
546 48, 2807-2829 (2020).

547 9. Fahmi, T., Port, G. C. & Cho, K. H. c-di-AMP: An Essential Molecule in the Signaling
548 Pathways that Regulate the Viability and Virulence of Gram-Positive Bacteria. Genes
549 8, (2017).

550 10. Yin, W. et al. A decade of research on the second messenger c-di-AMP. FEMS
551 Microbiol. Rev. (2020).

552 11. Witte, C. E. et al. Cyclic di-AMP is critical for Listeria monocytogenes growth, cell wall
553 homeostasis, and establishment of infection. MBio 4, e00282-13 (2013).

554 12. Whiteley, A. T. et al. c-di-AMP modulates L isteria monocytogenes central metabolism
555 to regulate growth, antibiotic resistance and osmoregulation. Mol. Microbiol. 104, 212—
556 233 (2017).

557 13. Sureka, K. et al. The cyclic dinucleotide c-di-AMP is an allosteric regulator of metabolic
558 enzyme function. Cell 158, 1389-1401 (2014).

559 14. Pham, H. T. et al. Enhanced uptake of potassium or glycine betaine or export of cyclic-
560 di-AMP restores osmoresistance in a high cyclic-di-AMP Lactococcus lactis mutant.
561 PLoS Genet. 14, e1007574 (2018).

562 15. Massa, S. M. et al. c-di-AMP Accumulation Impairs Muropeptide Synthesis in Listeria

563 monocytogenes. J. Bacteriol. 202, (2020).


http://paperpile.com/b/S0pb15/Mt3Rs
http://paperpile.com/b/S0pb15/Mt3Rs
http://paperpile.com/b/S0pb15/Mt3Rs
http://paperpile.com/b/S0pb15/Mt3Rs
http://paperpile.com/b/S0pb15/Mt3Rs
http://paperpile.com/b/S0pb15/Mt3Rs
http://paperpile.com/b/S0pb15/n6Rhz
http://paperpile.com/b/S0pb15/n6Rhz
http://paperpile.com/b/S0pb15/n6Rhz
http://paperpile.com/b/S0pb15/n6Rhz
http://paperpile.com/b/S0pb15/n6Rhz
http://paperpile.com/b/S0pb15/n6Rhz
http://paperpile.com/b/S0pb15/ltgGr
http://paperpile.com/b/S0pb15/ltgGr
http://paperpile.com/b/S0pb15/ltgGr
http://paperpile.com/b/S0pb15/ltgGr
http://paperpile.com/b/S0pb15/ltgGr
http://paperpile.com/b/S0pb15/ltgGr
http://paperpile.com/b/S0pb15/WJ7No
http://paperpile.com/b/S0pb15/WJ7No
http://paperpile.com/b/S0pb15/WJ7No
http://paperpile.com/b/S0pb15/WJ7No
http://paperpile.com/b/S0pb15/WJ7No
http://paperpile.com/b/S0pb15/UQSKm
http://paperpile.com/b/S0pb15/UQSKm
http://paperpile.com/b/S0pb15/UQSKm
http://paperpile.com/b/S0pb15/UQSKm
http://paperpile.com/b/S0pb15/UQSKm
http://paperpile.com/b/S0pb15/UQSKm
http://paperpile.com/b/S0pb15/Bnjx9
http://paperpile.com/b/S0pb15/Bnjx9
http://paperpile.com/b/S0pb15/Bnjx9
http://paperpile.com/b/S0pb15/Bnjx9
http://paperpile.com/b/S0pb15/Bnjx9
http://paperpile.com/b/S0pb15/Bnjx9
http://paperpile.com/b/S0pb15/Bnjx9
http://paperpile.com/b/S0pb15/Bnjx9
http://paperpile.com/b/S0pb15/p93m9
http://paperpile.com/b/S0pb15/p93m9
http://paperpile.com/b/S0pb15/p93m9
http://paperpile.com/b/S0pb15/p93m9
http://paperpile.com/b/S0pb15/p93m9
http://paperpile.com/b/S0pb15/p93m9
http://paperpile.com/b/S0pb15/p93m9
http://paperpile.com/b/S0pb15/p93m9
http://paperpile.com/b/S0pb15/p93m9
http://paperpile.com/b/S0pb15/MqQr3
http://paperpile.com/b/S0pb15/MqQr3
http://paperpile.com/b/S0pb15/MqQr3
http://paperpile.com/b/S0pb15/MqQr3
http://paperpile.com/b/S0pb15/MqQr3
http://paperpile.com/b/S0pb15/MqQr3
http://paperpile.com/b/S0pb15/sojBU
http://paperpile.com/b/S0pb15/sojBU
http://paperpile.com/b/S0pb15/sojBU
http://paperpile.com/b/S0pb15/sojBU
http://paperpile.com/b/S0pb15/sojBU
http://paperpile.com/b/S0pb15/sojBU
http://paperpile.com/b/S0pb15/oVUbs
http://paperpile.com/b/S0pb15/oVUbs
http://paperpile.com/b/S0pb15/oVUbs
http://paperpile.com/b/S0pb15/oVUbs
http://paperpile.com/b/S0pb15/oVUbs
http://paperpile.com/b/S0pb15/oVUbs
http://paperpile.com/b/S0pb15/E3mAM
http://paperpile.com/b/S0pb15/E3mAM
http://paperpile.com/b/S0pb15/E3mAM
http://paperpile.com/b/S0pb15/E3mAM
http://paperpile.com/b/S0pb15/E3mAM
http://paperpile.com/b/S0pb15/E3mAM
http://paperpile.com/b/S0pb15/E3mAM
http://paperpile.com/b/S0pb15/E3mAM
http://paperpile.com/b/S0pb15/4QGhU
http://paperpile.com/b/S0pb15/4QGhU
http://paperpile.com/b/S0pb15/4QGhU
http://paperpile.com/b/S0pb15/4QGhU
http://paperpile.com/b/S0pb15/4QGhU
http://paperpile.com/b/S0pb15/4QGhU
http://paperpile.com/b/S0pb15/4QGhU
http://paperpile.com/b/S0pb15/4QGhU
http://paperpile.com/b/S0pb15/4QGhU
http://paperpile.com/b/S0pb15/Vjvt
http://paperpile.com/b/S0pb15/Vjvt
http://paperpile.com/b/S0pb15/Vjvt
http://paperpile.com/b/S0pb15/Vjvt
http://paperpile.com/b/S0pb15/Vjvt
http://paperpile.com/b/S0pb15/Vjvt
http://paperpile.com/b/S0pb15/Vjvt
http://paperpile.com/b/S0pb15/Vjvt
http://paperpile.com/b/S0pb15/EXT0Y
http://paperpile.com/b/S0pb15/EXT0Y
http://paperpile.com/b/S0pb15/EXT0Y
http://paperpile.com/b/S0pb15/EXT0Y
http://paperpile.com/b/S0pb15/EXT0Y
http://paperpile.com/b/S0pb15/EXT0Y
http://paperpile.com/b/S0pb15/EXT0Y
http://paperpile.com/b/S0pb15/EXT0Y
http://paperpile.com/b/S0pb15/2BVNT
http://paperpile.com/b/S0pb15/2BVNT
http://paperpile.com/b/S0pb15/2BVNT
http://paperpile.com/b/S0pb15/2BVNT
http://paperpile.com/b/S0pb15/2BVNT
http://paperpile.com/b/S0pb15/2BVNT
http://paperpile.com/b/S0pb15/2BVNT
http://paperpile.com/b/S0pb15/2BVNT
https://doi.org/10.1101/2021.02.10.430713
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430713; this version posted February 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

564 16. Huynh, T. N. et al. An HD-domain phosphodiesterase mediates cooperative hydrolysis
565 of c-di-AMP to affect bacterial growth and virulence. Proc. Natl. Acad. Sci. U. S. A.
566 112, E747-56 (2015).

567 17. Corrigan, R. M. et al. Systematic identification of conserved bacterial c-di-AMP
568 receptor proteins. Proceedings of the National Academy of Sciences vol. 110 9084—
569 9089 (2013).

570 18. Corrigan, R. M., Abbott, J. C., Burhenne, H., Kaever, V. & Griundling, A. c-di-AMP is a
571 new second messenger in Staphylococcus aureus with a role in controlling cell size
572 and envelope stress. PLoS Pathog. 7, €1002217 (2011).

573 19. Whiteley, A. T., Pollock, A. J. & Portnoy, D. A. The PAMP c-di-AMP |s Essential for
574 Listeria monocytogenes Growth in Rich but Not Minimal Media due to a Toxic
575 Increase in (p)ppGpp. Cell Host Microbe 17, 788—798 (2015).

576 20. Bai, Y. et al. Two DHH Subfamily 1 Proteins in Streptococcus pneumoniae Possess
577 Cyclic Di-AMP Phosphodiesterase Activity and Affect Bacterial Growth and Virulence.
578 Journal of Bacteriology vol. 195 5123-5132 (2013).

579 21. Bali, Y. et al. Cyclic DI-AMP Impairs Potassium Uptake Mediated by a Cyclic Di-AMP
580 Binding Protein in Streptococcus pneumoniae. Journal of Bacteriology vol. 196 614—
581 623 (2014).

582 22. Huynh, T. N. et al. Cyclic di-AMP targets the cystathionine beta-synthase domain of
583 the osmolyte transporter OpuC. Molecular Microbiology vol. 102 233—-243 (2016).

584 23. Townsley, L., Yannarell, S. M., Huynh, T. N., Woodward, J. J. & Shank, E. A. Cyclic di-
585 AMP Acts as an Extracellular Signal That ImpactsBacillus subtilisBiofilm Formation
586 and Plant Attachment. mBio vol. 9 (2018).

587 24. Gundlach, J. et al. Sustained sensing in potassium homeostasis: Cyclic di-AMP
588 controls potassium uptake by KimA at the levels of expression and activity. Journal of
589 Biological Chemistry vol. 294 9605-9614 (2019).

590 25. Kriger, L. et al. Two Ways To Convert a Low-Affinity Potassium Channel to High
591 Affinity: Control of Bacillus subtilis KirCD by Glutamate. Journal of Bacteriology vol.
592 202 (2020).

593 26. Rubin, B. E. et al. High-throughput interaction screens illuminate the role of c-di-AMP
594 in cyanobacterial nighttime survival. PLOS Genetics vol. 14 e1007301 (2018).

595 27. Tosi, T. et al. Inhibition of the Staphylococcus aureus c-di-AMP cyclase DacA by direct
596 interaction with the phosphoglucosamine mutase GImM. PLoS Pathog. 15, e1007537
597 (2019).

598 28. Zhu, Y. et al. Cyclic-di-AMP synthesis by the diadenylate cyclase CdaA is modulated
599 by the peptidoglycan biosynthesis enzyme GImM in Lactococcus lactis. Mol. Microbiol.
600 99, 1015-1027 (2016).

601 29. Pham, T. H., Liang, Z.-X., Marcellin, E. & Turner, M. S. Replenishing the cyclic-di-AMP
602 pool: regulation of diadenylate cyclase activity in bacteria. Curr. Genet. 62, 731-738
603 (2016).

604 30. Woodward, J. J., lavarone, A. T. & Portnoy, D. A. c-di-AMP secreted by intracellular
605 Listeria monocytogenes activates a host type | interferon response. Science 328,

606 1703-1705 (2010).


http://paperpile.com/b/S0pb15/3rwr
http://paperpile.com/b/S0pb15/3rwr
http://paperpile.com/b/S0pb15/3rwr
http://paperpile.com/b/S0pb15/3rwr
http://paperpile.com/b/S0pb15/3rwr
http://paperpile.com/b/S0pb15/3rwr
http://paperpile.com/b/S0pb15/3rwr
http://paperpile.com/b/S0pb15/3rwr
http://paperpile.com/b/S0pb15/VVnY1
http://paperpile.com/b/S0pb15/VVnY1
http://paperpile.com/b/S0pb15/VVnY1
http://paperpile.com/b/S0pb15/VVnY1
http://paperpile.com/b/S0pb15/VVnY1
http://paperpile.com/b/S0pb15/VVnY1
http://paperpile.com/b/S0pb15/VVnY1
http://paperpile.com/b/S0pb15/VIBmN
http://paperpile.com/b/S0pb15/VIBmN
http://paperpile.com/b/S0pb15/VIBmN
http://paperpile.com/b/S0pb15/VIBmN
http://paperpile.com/b/S0pb15/VIBmN
http://paperpile.com/b/S0pb15/VIBmN
http://paperpile.com/b/S0pb15/VIBmN
http://paperpile.com/b/S0pb15/oxHpc
http://paperpile.com/b/S0pb15/oxHpc
http://paperpile.com/b/S0pb15/oxHpc
http://paperpile.com/b/S0pb15/oxHpc
http://paperpile.com/b/S0pb15/oxHpc
http://paperpile.com/b/S0pb15/oxHpc
http://paperpile.com/b/S0pb15/oxHpc
http://paperpile.com/b/S0pb15/lr204
http://paperpile.com/b/S0pb15/lr204
http://paperpile.com/b/S0pb15/lr204
http://paperpile.com/b/S0pb15/lr204
http://paperpile.com/b/S0pb15/lr204
http://paperpile.com/b/S0pb15/lr204
http://paperpile.com/b/S0pb15/1JCHv
http://paperpile.com/b/S0pb15/1JCHv
http://paperpile.com/b/S0pb15/1JCHv
http://paperpile.com/b/S0pb15/1JCHv
http://paperpile.com/b/S0pb15/1JCHv
http://paperpile.com/b/S0pb15/1JCHv
http://paperpile.com/b/S0pb15/1JCHv
http://paperpile.com/b/S0pb15/hhfgR
http://paperpile.com/b/S0pb15/hhfgR
http://paperpile.com/b/S0pb15/hhfgR
http://paperpile.com/b/S0pb15/hhfgR
http://paperpile.com/b/S0pb15/hhfgR
http://paperpile.com/b/S0pb15/hhfgR
http://paperpile.com/b/S0pb15/wfoJt
http://paperpile.com/b/S0pb15/wfoJt
http://paperpile.com/b/S0pb15/wfoJt
http://paperpile.com/b/S0pb15/wfoJt
http://paperpile.com/b/S0pb15/wfoJt
http://paperpile.com/b/S0pb15/H8uLA
http://paperpile.com/b/S0pb15/H8uLA
http://paperpile.com/b/S0pb15/H8uLA
http://paperpile.com/b/S0pb15/H8uLA
http://paperpile.com/b/S0pb15/H8uLA
http://paperpile.com/b/S0pb15/H8uLA
http://paperpile.com/b/S0pb15/H8uLA
http://paperpile.com/b/S0pb15/J6KcG
http://paperpile.com/b/S0pb15/J6KcG
http://paperpile.com/b/S0pb15/J6KcG
http://paperpile.com/b/S0pb15/J6KcG
http://paperpile.com/b/S0pb15/J6KcG
http://paperpile.com/b/S0pb15/J6KcG
http://paperpile.com/b/S0pb15/J6KcG
http://paperpile.com/b/S0pb15/umr8l
http://paperpile.com/b/S0pb15/umr8l
http://paperpile.com/b/S0pb15/umr8l
http://paperpile.com/b/S0pb15/umr8l
http://paperpile.com/b/S0pb15/umr8l
http://paperpile.com/b/S0pb15/umr8l
http://paperpile.com/b/S0pb15/gGlx8
http://paperpile.com/b/S0pb15/gGlx8
http://paperpile.com/b/S0pb15/gGlx8
http://paperpile.com/b/S0pb15/gGlx8
http://paperpile.com/b/S0pb15/gGlx8
http://paperpile.com/b/S0pb15/gGlx8
http://paperpile.com/b/S0pb15/gGlx8
http://paperpile.com/b/S0pb15/gGlx8
http://paperpile.com/b/S0pb15/gGlx8
http://paperpile.com/b/S0pb15/7kfoK
http://paperpile.com/b/S0pb15/7kfoK
http://paperpile.com/b/S0pb15/7kfoK
http://paperpile.com/b/S0pb15/7kfoK
http://paperpile.com/b/S0pb15/7kfoK
http://paperpile.com/b/S0pb15/7kfoK
http://paperpile.com/b/S0pb15/7kfoK
http://paperpile.com/b/S0pb15/7kfoK
http://paperpile.com/b/S0pb15/EIIHz
http://paperpile.com/b/S0pb15/EIIHz
http://paperpile.com/b/S0pb15/EIIHz
http://paperpile.com/b/S0pb15/EIIHz
http://paperpile.com/b/S0pb15/EIIHz
http://paperpile.com/b/S0pb15/EIIHz
http://paperpile.com/b/S0pb15/EIIHz
http://paperpile.com/b/S0pb15/pZLQ
http://paperpile.com/b/S0pb15/pZLQ
http://paperpile.com/b/S0pb15/pZLQ
http://paperpile.com/b/S0pb15/pZLQ
http://paperpile.com/b/S0pb15/pZLQ
http://paperpile.com/b/S0pb15/pZLQ
http://paperpile.com/b/S0pb15/pZLQ
https://doi.org/10.1101/2021.02.10.430713
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430713; this version posted February 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

607 31. Underwood, A. J., Zhang, Y., Metzger, D. W. & Bai, G. Detection of cyclic di-AMP
608 using a competitive ELISA with a unique pneumococcal cyclic di-AMP binding protein.
609 J. Microbiol. Methods 107, 58—-62 (2014).

610 32. Kellenberger, C. A, Chen, C., Whiteley, A. T., Portnoy, D. A. & Hammond, M. C. RNA-
611 Based Fluorescent Biosensors for Live Cell Imaging of Second Messenger Cyclic di-
612 AMP. J. Am. Chem. Soc. 137, 6432—-6435 (2015).

613 33. Zaver, S., Pollock, A., Boradia, V. & Woodward, J. A luminescence based coupled
614 enzyme assay enables high throughput quantification of the bacterial second
615 messenger 3'3’-cyclic-di-AMP. Chembiochem (2020).

616 34. Surdo, N. C. et al. FRET biosensor uncovers cAMP nano-domains at (3-adrenergic
617 targets that dictate precise tuning of cardiac contractility. Nat. Commun. 8, 15031
618 (2017).

619 35. Murai, S. et al. A FRET biosensor for necroptosis uncovers two different modes of the
620 release of DAMPs. Nat. Commun. 9, 4457 (2018).

621 36. Bdrner, S. et al. FRET measurements of intracellular cAMP concentrations and cAMP
622 analog permeability in intact cells. Nat. Protoc. 6, 427-438 (2011).

623 37. Calamera, G. et al. FRET-based cyclic GMP biosensors measure low cGMP
624 concentrations in cardiomyocytes and neurons. Commun Biol 2, 394 (2019).

625 38. Christen, M. et al. Asymmetrical distribution of the second messenger c-di-GMP upon
626 bacterial cell division. Science 328, 1295-1297 (2010).

627 39. Kulasekara, B. R. et al. c-di-GMP heterogeneity is generated by the chemotaxis
628 machinery to regulate flagellar motility. Elife 2, e01402 (2013).

629 40. Mills, E., Petersen, E., Kulasekara, B. R. & Miller, S. I. A direct screen for c-di-GMP
630 modulators reveals a Salmonella Typhimurium periplasmic L-arginine—sensing
631 pathway. Sci. Signal. 8, ra57-ra57 (2015).

632 41. Christen, M. et al. Identification of Small-Molecule Modulators of Diguanylate Cyclase
633 by FRET-Based High-Throughput Screening. Chembiochem 20, 394-407 (2019).

634 42. Petersen, E., Mills, E. & Miller, S. I. Cyclic-di-GMP regulation promotes survival of a
635 slow-replicating subpopulation of intracellular Salmonella Typhimurium. Proc. Natl.
636 Acad. Sci. U. S. A. 116, 6335-6340 (2019).

637 43. Dippel, A. B., Anderson, W. A., Park, J. H., Yildiz, F. H. & Hammond, M. C.
638 Development of Ratiometric Bioluminescent Sensors for in Vivo Detection of Bacterial
639 Signaling. ACS Chem. Biol. 15, 904-914 (2020).

640 44. Pollock, A. J., Zaver, S. A. & Woodward, J. J. A STING-based biosensor affords broad
641 cyclic dinucleotide detection within single living eukaryotic cells. Nat. Commun. 11,
642 3533 (2020).

643 45. Calamera, G. et al. Construction of novel cGMP FRET-sensors based on PKG from
644 Plasmodium falciparum. BMC Pharmacology and Toxicology vol. 16 (2015).

645 46. Jalink, K. Spying on cGMP with FRET. Nature Methods vol. 3 11-12 (2006).

646 47. Roy, R., Hohng, S. & Ha, T. A practical guide to single-molecule FRET. Nat. Methods
647 5, 507-516 (2008).

648 48. Rowland, C. E., Brown, C. W., Medintz, I. L. & Delehanty, J. B. Intracellular FRET-

649 based probes: a review. Methods Appl Fluoresc 3, 042006 (2015).


http://paperpile.com/b/S0pb15/hlUUi
http://paperpile.com/b/S0pb15/hlUUi
http://paperpile.com/b/S0pb15/hlUUi
http://paperpile.com/b/S0pb15/hlUUi
http://paperpile.com/b/S0pb15/hlUUi
http://paperpile.com/b/S0pb15/hlUUi
http://paperpile.com/b/S0pb15/3vJ0k
http://paperpile.com/b/S0pb15/3vJ0k
http://paperpile.com/b/S0pb15/3vJ0k
http://paperpile.com/b/S0pb15/3vJ0k
http://paperpile.com/b/S0pb15/3vJ0k
http://paperpile.com/b/S0pb15/3vJ0k
http://paperpile.com/b/S0pb15/3vJ0k
http://paperpile.com/b/S0pb15/VOg9k
http://paperpile.com/b/S0pb15/VOg9k
http://paperpile.com/b/S0pb15/VOg9k
http://paperpile.com/b/S0pb15/VOg9k
http://paperpile.com/b/S0pb15/VOg9k
http://paperpile.com/b/S0pb15/33mwY
http://paperpile.com/b/S0pb15/33mwY
http://paperpile.com/b/S0pb15/33mwY
http://paperpile.com/b/S0pb15/33mwY
http://paperpile.com/b/S0pb15/33mwY
http://paperpile.com/b/S0pb15/33mwY
http://paperpile.com/b/S0pb15/33mwY
http://paperpile.com/b/S0pb15/33mwY
http://paperpile.com/b/S0pb15/33mwY
http://paperpile.com/b/S0pb15/EoiPb
http://paperpile.com/b/S0pb15/EoiPb
http://paperpile.com/b/S0pb15/EoiPb
http://paperpile.com/b/S0pb15/EoiPb
http://paperpile.com/b/S0pb15/EoiPb
http://paperpile.com/b/S0pb15/EoiPb
http://paperpile.com/b/S0pb15/EoiPb
http://paperpile.com/b/S0pb15/EoiPb
http://paperpile.com/b/S0pb15/kZVx4
http://paperpile.com/b/S0pb15/kZVx4
http://paperpile.com/b/S0pb15/kZVx4
http://paperpile.com/b/S0pb15/kZVx4
http://paperpile.com/b/S0pb15/kZVx4
http://paperpile.com/b/S0pb15/kZVx4
http://paperpile.com/b/S0pb15/kZVx4
http://paperpile.com/b/S0pb15/kZVx4
http://paperpile.com/b/S0pb15/GhwxD
http://paperpile.com/b/S0pb15/GhwxD
http://paperpile.com/b/S0pb15/GhwxD
http://paperpile.com/b/S0pb15/GhwxD
http://paperpile.com/b/S0pb15/GhwxD
http://paperpile.com/b/S0pb15/GhwxD
http://paperpile.com/b/S0pb15/GhwxD
http://paperpile.com/b/S0pb15/GhwxD
http://paperpile.com/b/S0pb15/uosr
http://paperpile.com/b/S0pb15/uosr
http://paperpile.com/b/S0pb15/uosr
http://paperpile.com/b/S0pb15/uosr
http://paperpile.com/b/S0pb15/uosr
http://paperpile.com/b/S0pb15/uosr
http://paperpile.com/b/S0pb15/uosr
http://paperpile.com/b/S0pb15/uosr
http://paperpile.com/b/S0pb15/4vDX
http://paperpile.com/b/S0pb15/4vDX
http://paperpile.com/b/S0pb15/4vDX
http://paperpile.com/b/S0pb15/4vDX
http://paperpile.com/b/S0pb15/4vDX
http://paperpile.com/b/S0pb15/4vDX
http://paperpile.com/b/S0pb15/4vDX
http://paperpile.com/b/S0pb15/4vDX
http://paperpile.com/b/S0pb15/LKGI
http://paperpile.com/b/S0pb15/LKGI
http://paperpile.com/b/S0pb15/LKGI
http://paperpile.com/b/S0pb15/LKGI
http://paperpile.com/b/S0pb15/LKGI
http://paperpile.com/b/S0pb15/LKGI
http://paperpile.com/b/S0pb15/LKGI
http://paperpile.com/b/S0pb15/Hoky2
http://paperpile.com/b/S0pb15/Hoky2
http://paperpile.com/b/S0pb15/Hoky2
http://paperpile.com/b/S0pb15/Hoky2
http://paperpile.com/b/S0pb15/Hoky2
http://paperpile.com/b/S0pb15/Hoky2
http://paperpile.com/b/S0pb15/Hoky2
http://paperpile.com/b/S0pb15/Hoky2
http://paperpile.com/b/S0pb15/mlKN
http://paperpile.com/b/S0pb15/mlKN
http://paperpile.com/b/S0pb15/mlKN
http://paperpile.com/b/S0pb15/mlKN
http://paperpile.com/b/S0pb15/mlKN
http://paperpile.com/b/S0pb15/mlKN
http://paperpile.com/b/S0pb15/mlKN
http://paperpile.com/b/S0pb15/sSBz2
http://paperpile.com/b/S0pb15/sSBz2
http://paperpile.com/b/S0pb15/sSBz2
http://paperpile.com/b/S0pb15/sSBz2
http://paperpile.com/b/S0pb15/sSBz2
http://paperpile.com/b/S0pb15/sSBz2
http://paperpile.com/b/S0pb15/sSBz2
http://paperpile.com/b/S0pb15/MdDn
http://paperpile.com/b/S0pb15/MdDn
http://paperpile.com/b/S0pb15/MdDn
http://paperpile.com/b/S0pb15/MdDn
http://paperpile.com/b/S0pb15/MdDn
http://paperpile.com/b/S0pb15/MdDn
http://paperpile.com/b/S0pb15/MdDn
http://paperpile.com/b/S0pb15/IV3bT
http://paperpile.com/b/S0pb15/IV3bT
http://paperpile.com/b/S0pb15/IV3bT
http://paperpile.com/b/S0pb15/IV3bT
http://paperpile.com/b/S0pb15/IV3bT
http://paperpile.com/b/S0pb15/IV3bT
http://paperpile.com/b/S0pb15/R7pVQ
http://paperpile.com/b/S0pb15/R7pVQ
http://paperpile.com/b/S0pb15/R7pVQ
http://paperpile.com/b/S0pb15/97F41
http://paperpile.com/b/S0pb15/97F41
http://paperpile.com/b/S0pb15/97F41
http://paperpile.com/b/S0pb15/97F41
http://paperpile.com/b/S0pb15/97F41
http://paperpile.com/b/S0pb15/97F41
http://paperpile.com/b/S0pb15/cTRqB
http://paperpile.com/b/S0pb15/cTRqB
http://paperpile.com/b/S0pb15/cTRqB
http://paperpile.com/b/S0pb15/cTRqB
http://paperpile.com/b/S0pb15/cTRqB
http://paperpile.com/b/S0pb15/cTRqB
https://doi.org/10.1101/2021.02.10.430713
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430713; this version posted February 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

650 49. Shrestha, D., Jenei, A., Nagy, P., Vereb, G. & Széll6si, J. Understanding FRET as a
651 research tool for cellular studies. Int. J. Mol. Sci. 16, 6718-6756 (2015).

652 50. Hochreiter, B., Garcia, A. P. & Schmid, J. A. Fluorescent proteins as genetically
653 encoded FRET biosensors in life sciences. Sensors 15, 26281-26314 (2015).

654 51. Algar, W. R., Russ Algar, W., Hildebrandt, N., Vogel, S. S. & Medintz, I. L. FRET as a
655 biomolecular research tool — understanding its potential while avoiding pitfalls.
656 Nature Methods vol. 16 815-829 (2019).

657 52. Bajar, B. T., Wang, E. S., Zhang, S., Lin, M. Z. & Chu, J. A Guide to Fluorescent
658 Protein FRET Pairs. Sensors 16, (2016).

659 53. Denay, G., Schultz, P., Hansch, S., Weidtkamp-Peters, S. & Simon, R. Over the
660 rainbow: A practical guide for fluorescent protein selection in plant FRET experiments.
661 Plant Direct 3, e00189 (2019).

662 54. Roelofs, K. G., Wang, J., Sintim, H. O. & Lee, V. T. Differential radial capillary action of
663 ligand assay for high-throughput detection of protein-metabolite interactions. Proc.
664 Natl. Acad. Sci. U. S. A. 108, 15528-15533 (2011).

665 55. Wang, F. et al. BrIR from Pseudomonas aeruginosa is a receptor for both cyclic di-
666 GMP and pyocyanin. Nat. Commun. 9, 2563 (2018).

667 56. Dey, B. et al. A bacterial cyclic dinucleotide activates the cytosolic surveillance
668 pathway and mediates innate resistance to tuberculosis. Nat. Med. 21, 401-406
669 (2015).

670 57. Nurunnabi, M., Khatun, Z., Reeck, G. R., Lee, D. Y. & Lee, Y.-K. Near infra-red
671 photoluminescent graphene nanoparticles greatly expand their use in noninvasive
672 biomedical imaging. Chem. Commun. 49, 5079-5081 (2013).

673 58. Chu, J. et al. Non-invasive intravital imaging of cellular differentiation with a bright red-
674 excitable fluorescent protein. Nat. Methods 11, 572-578 (2014).

675 59. Ozawa, T., Kaihara, A., Sato, M. & Tachihara, K. Split luciferase as an optical probe
676 for detecting protein— protein interactions in mammalian cells based on protein
677 splicing. Analytical (2001).

678 60. Littmann, T., Ozawa, T., Hoffmann, C., Buschauer, A. & Bernhardt, G. A split
679 luciferase-based probe for quantitative proximal determination of Gaq signalling in live
680 cells. Sci. Rep. 8, 17179 (2018).

681 61. Whiteley, A. T. et al. Bacterial cGAS-like enzymes synthesize diverse nucleotide
682 signals. Nature 567, 194-199 (2019).

683 62. Hendrickson, W. A., Horton, J. R. & LeMaster, D. M. Selenomethionyl proteins
684 produced for analysis by multiwavelength anomalous diffraction (MAD): a vehicle for
685 direct determination of three-dimensional structure. EMBO J. 9, 1665-1672 (1990).
686 63. Otwinowski, Z. & Minor, W. [20] Processing of X-ray diffraction data collected in
687 oscillation mode. in Methods in Enzymology vol. 276 307-326 (Academic Press,
688 1997).

689 64. Adams, P. D. et al. PHENIX: building new software for automated crystallographic
690 structure determination. Acta Crystallogr. D Biol. Crystallogr. 58, 1948-1954 (2002).
691 65. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta

692 Crystallogr. D Biol. Crystallogr. 60, 2126—2132 (2004).


http://paperpile.com/b/S0pb15/pmqLM
http://paperpile.com/b/S0pb15/pmqLM
http://paperpile.com/b/S0pb15/pmqLM
http://paperpile.com/b/S0pb15/pmqLM
http://paperpile.com/b/S0pb15/pmqLM
http://paperpile.com/b/S0pb15/pmqLM
http://paperpile.com/b/S0pb15/OR2gw
http://paperpile.com/b/S0pb15/OR2gw
http://paperpile.com/b/S0pb15/OR2gw
http://paperpile.com/b/S0pb15/OR2gw
http://paperpile.com/b/S0pb15/OR2gw
http://paperpile.com/b/S0pb15/OR2gw
http://paperpile.com/b/S0pb15/0f47u
http://paperpile.com/b/S0pb15/0f47u
http://paperpile.com/b/S0pb15/0f47u
http://paperpile.com/b/S0pb15/0f47u
http://paperpile.com/b/S0pb15/PXXJA
http://paperpile.com/b/S0pb15/PXXJA
http://paperpile.com/b/S0pb15/PXXJA
http://paperpile.com/b/S0pb15/PXXJA
http://paperpile.com/b/S0pb15/PXXJA
http://paperpile.com/b/S0pb15/PXXJA
http://paperpile.com/b/S0pb15/hZqS4
http://paperpile.com/b/S0pb15/hZqS4
http://paperpile.com/b/S0pb15/hZqS4
http://paperpile.com/b/S0pb15/hZqS4
http://paperpile.com/b/S0pb15/hZqS4
http://paperpile.com/b/S0pb15/hZqS4
http://paperpile.com/b/S0pb15/bCRQ
http://paperpile.com/b/S0pb15/bCRQ
http://paperpile.com/b/S0pb15/bCRQ
http://paperpile.com/b/S0pb15/bCRQ
http://paperpile.com/b/S0pb15/bCRQ
http://paperpile.com/b/S0pb15/bCRQ
http://paperpile.com/b/S0pb15/bCRQ
http://paperpile.com/b/S0pb15/ojqQA
http://paperpile.com/b/S0pb15/ojqQA
http://paperpile.com/b/S0pb15/ojqQA
http://paperpile.com/b/S0pb15/ojqQA
http://paperpile.com/b/S0pb15/ojqQA
http://paperpile.com/b/S0pb15/ojqQA
http://paperpile.com/b/S0pb15/ojqQA
http://paperpile.com/b/S0pb15/ojqQA
http://paperpile.com/b/S0pb15/CPJPy
http://paperpile.com/b/S0pb15/CPJPy
http://paperpile.com/b/S0pb15/CPJPy
http://paperpile.com/b/S0pb15/CPJPy
http://paperpile.com/b/S0pb15/CPJPy
http://paperpile.com/b/S0pb15/CPJPy
http://paperpile.com/b/S0pb15/CPJPy
http://paperpile.com/b/S0pb15/CPJPy
http://paperpile.com/b/S0pb15/CPJPy
http://paperpile.com/b/S0pb15/bcjZh
http://paperpile.com/b/S0pb15/bcjZh
http://paperpile.com/b/S0pb15/bcjZh
http://paperpile.com/b/S0pb15/bcjZh
http://paperpile.com/b/S0pb15/bcjZh
http://paperpile.com/b/S0pb15/bcjZh
http://paperpile.com/b/S0pb15/bcjZh
http://paperpile.com/b/S0pb15/ah7Cv
http://paperpile.com/b/S0pb15/ah7Cv
http://paperpile.com/b/S0pb15/ah7Cv
http://paperpile.com/b/S0pb15/ah7Cv
http://paperpile.com/b/S0pb15/ah7Cv
http://paperpile.com/b/S0pb15/ah7Cv
http://paperpile.com/b/S0pb15/ah7Cv
http://paperpile.com/b/S0pb15/ah7Cv
http://paperpile.com/b/S0pb15/UR0my
http://paperpile.com/b/S0pb15/UR0my
http://paperpile.com/b/S0pb15/UR0my
http://paperpile.com/b/S0pb15/UR0my
http://paperpile.com/b/S0pb15/UR0my
http://paperpile.com/b/S0pb15/JWSo3
http://paperpile.com/b/S0pb15/JWSo3
http://paperpile.com/b/S0pb15/JWSo3
http://paperpile.com/b/S0pb15/JWSo3
http://paperpile.com/b/S0pb15/JWSo3
http://paperpile.com/b/S0pb15/JWSo3
http://paperpile.com/b/S0pb15/JWSo3
http://paperpile.com/b/S0pb15/dlTEt
http://paperpile.com/b/S0pb15/dlTEt
http://paperpile.com/b/S0pb15/dlTEt
http://paperpile.com/b/S0pb15/dlTEt
http://paperpile.com/b/S0pb15/dlTEt
http://paperpile.com/b/S0pb15/dlTEt
http://paperpile.com/b/S0pb15/dlTEt
http://paperpile.com/b/S0pb15/dlTEt
http://paperpile.com/b/S0pb15/Zbtz
http://paperpile.com/b/S0pb15/Zbtz
http://paperpile.com/b/S0pb15/Zbtz
http://paperpile.com/b/S0pb15/Zbtz
http://paperpile.com/b/S0pb15/Zbtz
http://paperpile.com/b/S0pb15/Zbtz
http://paperpile.com/b/S0pb15/Zbtz
http://paperpile.com/b/S0pb15/GeUVr
http://paperpile.com/b/S0pb15/GeUVr
http://paperpile.com/b/S0pb15/GeUVr
http://paperpile.com/b/S0pb15/GeUVr
http://paperpile.com/b/S0pb15/GeUVr
http://paperpile.com/b/S0pb15/zjh1o
http://paperpile.com/b/S0pb15/zjh1o
http://paperpile.com/b/S0pb15/zjh1o
http://paperpile.com/b/S0pb15/zjh1o
http://paperpile.com/b/S0pb15/zjh1o
http://paperpile.com/b/S0pb15/zjh1o
http://paperpile.com/b/S0pb15/zjh1o
http://paperpile.com/b/S0pb15/zjh1o
http://paperpile.com/b/S0pb15/ILrZt
http://paperpile.com/b/S0pb15/ILrZt
http://paperpile.com/b/S0pb15/ILrZt
http://paperpile.com/b/S0pb15/ILrZt
http://paperpile.com/b/S0pb15/ILrZt
http://paperpile.com/b/S0pb15/ILrZt
https://doi.org/10.1101/2021.02.10.430713
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430713; this version posted February 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

693 66. Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of macromolecular
694 structures by the maximume-likelihood method. Acta Crystallogr. D Biol. Crystallogr.
695 53, 240-255 (1997).

696 ACKNOWLEDGEMENTS

697

698 We thank all of the members of the Woodard lab for constructive comments throughout the
699 course of this work. Graphics used in this work were generated using BioRender. A.J.P was
700 supported in part by a Public Health Service, National Research Service Award, T32GM007270,
701 from the National Institute of General Medical Sciences. Research in the Woodward lab was
702  supported by National Institutes of Health Grants 5R01AI139071-02, 1R21AI137758-01 and
703 1R21AI153820-01. Research in the Tong lab was supported by National Institutes of Health
704  grant AlI116669 (to J.J.W. and L.T.).

705

706 AUTHOR CONTRIBUTIONS

707 A.J.P. and J.J.W. conceived the study. A.J.P., P.H.C., and S.A.Z. designed and performed
708 experiments and analyzed data. A.J.P., P.H.C., L.T., and J.J.W. wrote the manuscript. All
709  authors edited the manuscript.

710 COMPETING INTERESTS
711  The authors declare no competing financial interests.
712

713

714

715

716

717

718

719

720

721

722

723

724

725 FIGURES AND LEGENDS
726

727

728

729

730

731

732

733

734


http://paperpile.com/b/S0pb15/eIj3w
http://paperpile.com/b/S0pb15/eIj3w
http://paperpile.com/b/S0pb15/eIj3w
http://paperpile.com/b/S0pb15/eIj3w
http://paperpile.com/b/S0pb15/eIj3w
http://paperpile.com/b/S0pb15/eIj3w
https://doi.org/10.1101/2021.02.10.430713
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430713; this version posted February 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

735
736
737
738
739
740
741
742
743
744

745
746

747
748
749
750
751

ABateman )—\J\ (\
»

CBS1 -
0
N

Bateman

Figure 1: Crystal structure of Lmo0553 in complex with c-di-AMP

(A) Schematic drawing of the Lmo0553 dimer bound to two c-di-AMP (cdA) molecules. The
CBS motifs and the ACT domain of one monomer are colored in cyan and dark blue,
respectively, and those of the other monomer in green and dark green. (B) Schematic drawing
of the Lmo0553 dimer bound to two c-di-AMP (cdA) molecules, viewed after a 90° rotation
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752  around the vertical axis. (C) Detailed interactions between Lmo0553 and c-di-AMP. The first and
753 second nucleotides of c-di-AMP are labeled 1 and 2, respectively. Hydrogen-bonding
754  interactions are shown as a dashed line (red). (D) Conformational changes in the c-di-AMP
755  Dbinding site. Overlay of the structure of Lmo0553 in complex with c-di-AMP (in color) with that of
756  free Lmo0553 (in gray). All structure figures were produced with PyMOL (www.pymol.org).
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Figure 2. Binding c-di-AMP induces a large structural change in Lmo0553 guiding development of CDA5
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761  Figure 2: Binding c-di-AMP induces a large structural change in Lmo0553 guiding
762  development of CDAS

763  (A) Overlay of the structure of Lmo0553 in complex with c-di-AMP (in color) with that of free
764  Lmo0553 (in gray). The Bateman domain of one monomer (cyan) is overlaid, in order to
765  visualize the changes in the position of the other domains in the dimer. The conformational
766  change in the ACT domain is indicated by the red arrow. (B) Same as panel A, but viewed after
767  a90° rotation around the vertical axis. The conformation change in the CBS domain is indicated
768 by the red arrow. (C) Model of the restructuring used to generate the CDA5 biosensor (D)
769 Recombinant CDA5 FRET response to increasing concentrations of c-di-AMP using 425nm
770  excitation and 480nm and 535nm emission wavelengths. Data presented as individual n=1 data
771  points. (E) Schematic of CDA5 FRET increase upon c-di-AMP binding. Panels A and B were
772  produced with PyMOL (www.pymol.org). Panels C and E were produced using RioRender
773  (www.biorender.com)
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Figure 3. CDAS retains native binding characteristics and detects c-di-AMP dynamics in vitro
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778
779  Figure 3: CDAS5 retains native and physiologically relevant binding characteristics

780 (A) DRaCALA radioactive nucleotide binding assay of CDA5 (blue) and full length Lmo0553
781  (black) using ~1nM [*?P] labeled 3'3’-c-di-AMP. Data fit to a nonlinear curve. Radioactive c-di-
782 AMP bound Lmo0553 and CDA5 at 4.83 uyM and 5.87 uM respectively. (B) DRaCALA
783  radioactive nucleotide binding assay of CDA5 using ~1nM [*P] labeled 3'3’-c-di-AMP in the
784  presence of excess (500 uM) unlabeled nucleotides. Corresponding full length Lmo0553
785  competition assay is Fig S3B. (C) HEK293T cells stably expressing CDA5 were transfected with
786 increasing concentrations of pPCDNA4-DisA and analyzed for FRET response by flow cytometry.
787 (D) HEK293T cells stably expressing CDA5 were transfected with 2000 ng of expression
788  vectors for DisA, cGAS, WspR*, or empty vector and analyzed for FRET response by flow
789  cytometry. (E) DRaCALA radioactive nucleotide binding assay time course of CDAS5 (blue) and
790  full length Lmo0553 (black) using ~1nM [**P] labeled 3'3’-c-di-AMP in the presence of excess
791 (500 pM) unlabeled c-di-AMP. (F) PdeA phosphodiesterase activity assay time course in the
792 presence of decreasing concentrations of recombinant PdeA (2 fold dilutions from 160uM)
793  monitored using CDA5. 2 uM c-di-AMP was re-spiked into the solution at 90 minutes. In panels
794  A-E data are presented as n=3 biological replicates. Panel F is presented as individual n=1 data
795  points connected by a line.
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Figure 4. CDA5 Y34A is an important c-di-AMP blind control
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801 Figure 4: CDA5 Y34A is an important c-di-AMP blind control

802 (A) DRaCALA radioactive nucleotide binding assay of CDA5 WT (black) and Y34A (blue) using
803 ~1nM [**P] labeled 3'3’-c-di-AMP. (B) Recombinant CDA5 WT (black) and Y34A (blue) FRET
804 response to increasing concentrations of c-di-AMP. (C) BL21 (DE3) E. coli transformed with
805 pET15b-CDAS5 (WT or Y34A) and pBAV-dacA or empty vector then analyzed by flow cytometry.
806 (D) Data in panel C converted into Y/A ratio. Data in panel A is presented as n=3 biological
807 replicates. Panel B is presented as individual n=1 data points. Data in panels C and D are
808 presented as n=2 biological replicates.
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Figure 5. CDAS allows for the detection of native c-di-AMP dynamics in single cells
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Figure 5: CDAS allows for the detection of native c-di-AMP dynamics in single cells

(A) B. subtilis expressing CDA5 WT (black) and Y34A (blue) back diluted into 10% LB media
and grown at 37°C and analyzed for FRET response by flow cytometry (B) CDA5 WT FRET
ratio in panel A plotted versus c-di-AMP quantitated by mass spectrometry. (C) CDA5 Y/A ratio
in panel A plotted versus c-di-AMP quantitated by mass spectrometry. (D-G) CDA5 WT FRET
ratio of single cells divided by the average CDA5 Y34A FRET ratio plotted as histograms at
indicated time points. Data in panels A-C are presented as mean and standard deviation of n=3
biological replicates. Data in panels D-G are presented as histograms consisting of individual
data points of n=2 replicates. Blue and orange histograms respectively represent CDA5 Y34A
and CDA5 WT.
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Figure 6. CDAS detects varied c-di-AMP dynamics in mutant B. subtilis
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Figure 6: CDAS detects varied c-di-AMP dynamics in B. subtilis mutant

(A) WT (yellow), ApgpH (red), and AdisA (blue) B. subtilis back diluted into 10% LB media and
grown at 37°C and analyzed for FRET response by flow cytometry presented as Y/A ratios (B-
C) CDAS5 WT FRET ratio of single cells divided by the average CDA5 Y34A FRET ratio plotted
as histograms at indicated time points. Data in all panels are presented as individual data points
of n=2 biological replicates.
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Supplemental Figure 1: CBS domain structural rearrangement upon c-di-AMP Binding

Figure S1: CBS domain structural rearrangement upon c-di-AMP binding
Movie models the rearrangement of Lmo0553 upon c-di-AMP binding. Yellow and Cyan denote
location of eYFP and eCFP fusion respectively. Made using PyMol (www.PyMol.com)
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Supplemental Figure 2: Lmo0553 DRaCALA specificity assay
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Supplemental Figure 2: Lmo0553 DRaCALA specificity assay

DRaCALA radioactive nucleotide binding assay of full length Lmo0553 using ~1nM [*?P] labeled
3’'3’-c-di-AMP in the presence of excess (500 pM) unlabeled nucleotides. Data are presented as
n=3 biological replicates.
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Supplemental Figure 3. Flow sort method for HEK 293T cells
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888  Supplemental Figure 3: Flow sort method for HEK 293T cells.

889  Cells were sorted using the following gating strategy. All cells in the 'Fluors On’ gate were
890 analyzed.
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Supplemental Figure 4: Flow sort method for E. coli
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894  Supplemental Figure 4: Flow sort method for E. coli.

895  Cells were sorted using the following gating strategy. All cells in the 'Fluors On’ gate were
896 analyzed.
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Supplemental Figure 5: Flow sort method for B. subtilis.
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Supplemental Figure 5: Flow sort method for B. subtilis.
Cells were sorted using the following gating strategy. All cells in the 'Fluors On’ gate were
analyzed.
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Supplemental Figure 6: CDAS WT and CDAS Y34A single cell data.
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Supplemental Figure 6: CDA5 WT and CDAS5 Y34A single cell data. (A-F)
CDA5 WT and CDA5 Y34A FRET ratios of single cells divided by the average CDA5 Y34A
FRET ratio plotted as histograms of indicated time points and B. subitilis strains

Table 1: Summary of Crystallographic Information
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928

929

Lmo0553-c-di-AMP

Free Lmo0553

complex
Space Group P3,21 P2,
Cell dimensions
a, b, c(A) 87.8, 87.8, 107.2 37.2,70.6, 88.7
a, B,y (°) 90, 90, 120 90, 99.8, 90
Resolution* 50-1.60 (1.66-1.60) 50-2.48 (2.57-2.48)
Rmerge (%) 5.5 (43.4) 9.7 (37.3)
I/ol 32.9 (5.2) 10.3 (2.6)
Redundancy 8.1(8.1) 2.9 (2.7)
Completeness 100 (100) 97 (97)
Ruwork (%) 16.7 (19.8) 24.1 (31.5)
Riree (%0) 20.2 (24.7) 28.1 (38.6)
Average B-factors
Protein 21.3 46.5
Ligand/ion 15.7 -
Water 28.7 —
R.m.s deviation bond lengths (A) 0.014 0.011
R.m.s deviation bond angles (°) 1.6 15

PDB Accession Code
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930
931 Table 2: Primers
Primer Sequence Name Description
GAGGAGactagtatgTTGATAAAAAACCTTTGT
. ATCCCTAAAATAAATTTAACAAC Imo0553 CBS F
Amplify the CDAS5
Lmo0553 scaffold
5 GAGGAGQggtaccATTCCAGCCATCTTGGAGC IMo0553 CBS R
AAAC
tgatcactagcgtacgaccCATGGTTAGCAAGGGAG
3 AGGAGC CDAS5 pSLIK F
Amplify CDAS for
lentiviral expression
tcttccaattcgtacgTTACTTATAAAGCTCATCCA
4 TTCCATGTGTAATTCC CDAS pSLIKR
GGCTATCCATTTACTTGAAGAATCTGGTGC
5 TCGCTGTGTTCCTGTATTAGACG CDAS Y34AF
Quickchange to make
Y34A
CGTCTAATACAGGAACACAGCGAGCACCA
6 GATTCTTCAAGTAAATGGATAGCC CDAS Y34AR
GAGGAGgQgcggccgcATGGTAAGTAAAGGAG
7 AGGAGTTGTTC Bs CDAS5 gBlock F
Amplify Bs-CDA5
gBlock for subcloning
GAGGAGgcggecgccTTTATACAGTTCGTCCA
8 TACCGTGTG Bs CDAS5 gBlock R
CTTCTGGAGGAGTCCGGGGCCAGATGCG
9 TCCCTGTGC Bs CDA5 Y34A F
Quickchange to make
Bs-CDA5-Y34A
GCACAGGGACGCATCTGGCCCCGGACTC
10 CTCCAGAAG BS CDA5 Y34A R
GAGGAGggatccATGGTAAGTAAAGGAGAG Amplify Bs-CDAS5 for
11 GAGTTGTTC pPHT264 BS CDAS F B. subtilis expression
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12

GAGGAGcccgggTTATTTATACAGTTCGTCC

pHT264 BS CDA5 R

ATACCGTGTG
Table 3: Plasmids
Pladsml Name Description Source
1 pPET28b-Imo0553 E. coli expression vector for Lmo0553 [1]
2 pet20b-DisA E. coli expression vector for DisA [1]
3 pSPEEDET-mRECON | E. coli expression vector for RECON [2]
E. coli expression vector for soluble
4 pPET28b-PdeA(84-657) [3]
PdeA
5 pcDNA3-empty vector | Control transient expression vector Gift fr%n;;znhong
6 pcDNA4-DisA Transient expression vector for DisA Gift from Philip
Kranzusch
Transient expression vector for Gift from Philip
_ *
! PCDNA4-WSpR WspR* Kranzusch
8 pcDNA3-cGAS Transient expression vector for cCGAS Gift fr%r?];znhong
9 pETlsb;ﬁ:I;P_]'ZAA_ Vector for FRET cloning Gift from Samuel Miller
10 pET15b-CDA5 E. coli expression vector for CDA5 This study
11 pSLIK-CDA5 Lentiviral expression vector for CDA5S This study
12 DET15b-CDA5-Y34A E. coli expression vector for CDA5- This study
Y34A
13 pPET15b-Bs-CDA5S Subcloning vector for Bs-CDAS This study
14 pPET15b-Bs-CDA5-Y34A [Subcloning vector for BS-CDAbL-Y34A This study
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15 pHT264 BS CDA5S B. subtilis expression vector for CDA5 This study

B. subtilis expression vector for

16 |pHT264 BS CDAS -Y34A This study

CDA5-Y34A
939
940 Table 3 references:
941 1) Sureka, K. et al. The cyclic dinucleotide c-di-AMP is an allosteric regulator of metabolic
942 enzyme function. Cell 158, 1389-1401 (2014).
943 2) McFarland, A. P. et al. Sensing of Bacterial Cyclic Dinucleotides by the Oxidoreductase
944 RECON Promotes NF-kB Activation and Shapes a Proinflammatory Antibacterial State.
945 Immunity 46, 433-445 (2017).
946 3) Witte, C. E. et al. Cyclic di-AMP is critical for Listeria monocytogenes growth, cell wall
947 homeostasis, and establishment of infection. MBio 4, e00282-13 (2013).
948
949
950
951 Table 4: Strains
Number Name Description Source
1 WT B. subtilis strain 168
Purchased from Bacillus
2 AdisA B. subtilis strain 168 AdisA Genetic Stock Center
3 ApgpH B. subtilis strain 168 ApgpH

952
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