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Figure S1 (related to Figure 1). Screen and mutagenesis analysis for GEMM-I11 riboswitch-based 2’, 3'-
CGAMP biosensors.

Interactions between (A) GEMM-I riboswitch (PDB code 3MXH) or (B) GEMM-II riboswitch (PDB code 3Q32)
with 2’-hydroxyls and phosphodiester oxygens of c-di-GMP. The interactions are shown in red dashes. (C)
Screening of different phylogenetic and stem varients of GEMM-II riboswitch for developing 2, 3'-cGAMP
biosensor. Error-bars represent the standard deviation of 3 independent replicates. (D) Analysis of biosensor hits
from screening in (C) for their response to different cylic dinucloetides. (E) Selectivity profiles of Bh P1-5 delC WT
and G103A biosensors, in vitro fluorescence activation and binding affinity measurements for Bh P1-5 delC variants
with bacterial cyclic dinucleotides, c-di-GMP and 3’,3'-cCGAMP. Error bars indicate standard deviations for three
independent replicates.
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Figure S2 (related to Figure 2, Figure 3). TLC-based cGAS activity assay and RNA biosensor-based cGAS
inhibition assay.

(A) TLC-based assay with radiolabeled substrates to assess CGAS activity. Calf intestinal alkaline phosphatase (CIP)
was used to remove free nucleotide triphosphate. Image is representative of multiple independent experiments. (B)
Initial analysis of cGAS inhibition by quinacrine (QC) via RNA-based fluorescent biosensor. The determined 1Cso
was later revealed to be artefactual due to the intercalating effect of QC to the RNA-based biosensor. Error bars
indicate standard deviations for three independent replicates.
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Figure S3 (related to Figure 4). Application of fluorescent biosensor to detect 3°,3’-cCGAMP and other cyclic
dinucleotides in bacterial cells expressing synthase enzymes.

(A) Representative flow cytometry analysis of live E. coli expressing plasmids encoding both biosensor and cyclic
dinucleotide synthases after incubation in media containing DFHBI-1T. Fluorescence values on x-axis are shown
using HyperLog scaling. The average mode fluorescence intensity (MFI) from two independent biological replicates
are shown in the bar graph, error bars depict standard deviations. (B) In vitro fluorescence biosensor-based analysis
of cyclic dinucleotide content of cell extracts from E. coli expressing the corresponding cyclic dinucleotide synthases.
Error bars depict standard deviations for two independent biological replicates. (C) LC-MS analysis of cell extract
from E. coli expressing a plasmid encoding cGAS. Mass trace corresponding to 2',3'-cCGAMP (m/z = 675, red) and c-
di-GMP (m/z = 691, blue) were shown. Signal peaks corresponding to 2',3-CGAMP production were boxed. (D, E)
Quantitation of 2', 3'-cGAMP in E. coli expressing a plasmid encoding cGAS. Cell extracts from E. coli expressing
an empty pCOLA vector plasmid was added with varied concentrations of 2', 3'-cGAMP and then assayed by LC-
MS, with 260 nm absorbance (D) and mass spec signal (E) shown. Standard curve for quantifying 2’, 3'-cGAMP based
on the integration of mass spec signal was shown in inset in (E). All the data were collected on an Agilent 1260 Infinity
LC-MS system equipped with a Poroshell 120 C-18 column. Error bars indicate standard deviations for three
independent replicates.

Measuring activity of expressed cGAS in live bacterial cells

Prior work in our lab has established riboswitch-based biosensors for metabolite detection in live E. coli (Hallberg et
al., 2016; Kellenberger et al., 2015a; Kellenberger et al., 2015c; Kellenberger et al., 2013; Su et al., 2016), so we were
interested to benchmark the performance of the 2’, 3'-cGAMP biosensor under similar in vivo conditions. In order to
test this, we inserted the biosensor construct into the tRNA scaffold (Kellenberger et al., 2015b; Ponchon and Dardel,
2007), then co-expressed the fluorescent biosensor along with empty vector or enzymes that synthesize different cyclic
dinucleotides in E. coli BL21-Star cells. WspR from Pseudomonas fluorescens produces c-di-GMP, DncV from Vibrio
cholerae produces 3’, 3'-cGAMP, and cGAS from Homo sapiens produces 2', 3’-cCGAMP. After incubating cells with
the profluorescent dye DFHBI-1T (Song et al., 2014), the cellular fluorescence was analyzed by flow cytometry,
which provides high-throughput, single-cell quantitation of metabolites as detected by the fluorescent biosensor. The
heterogeneity observed in the fluorescence values for a cell population is attributed to differences in multiple factors
in the experiment, such as plasmid copy number, enzyme expression level, RNA biosensor expression level, and cell
size in live, replicating E. coli. To address this issue, the mode fluorescence intensity (MFI, defined as the value with

S4



the most observations) of each population was analyzed since this value was consistent between independent
biological replicates.

As expected, significant fluorescence activation was observed upon co-expression of each enzyme (Fig. S3A),
because the Bh P1-6 G103A biosensor is capable of binding 3’, 3'-cCGAMP, ¢-di-GMP, and 2', 3'-cGAMP (listed in
order of affinity). However, the degree of fluorescence activation did not correspond to the relative affinity of the
biosensors for the different cyclic dinucleotides. Instead, it appears to correlate directly to the amount of each cyclic
dinucleotide produced by the enzymes in vivo, as the identical trend was observed when we performed an aqueous-
organic extraction of cell lysates and analyzed the extracts containing cyclic dinucleotides using the biosensor (Fig.
S3B). Notably, given that the biosensor has poorer affinity for 2’, 3'-cGAMP versus the two 3’, 3'-linked cyclic
dinucleotides, this result implies that cGAS is highly activated by binding to endogenous genomic DNA to produce
an extremely large amount of 2’, 3'-cCGAMP in E. coli. In addition, there is likely no endogenous phosphodiesterase
capable of efficiently hydrolyzing the compound. Accordingly, LCMS analysis showed that 2’, 3'-cCGAMP is highly
abundant in the cell extracts, building up to ~0.5 mM concentration based on our standard curve (Fig. S3C, D, E). It
should also be noted that E. coli has endogenous c-di-GMP (Weber et al., 2006), so basal activation is observed for
cells harboring the empty pCOLA vector, both in vivo and in extracts. Thus, the fluorescence activation of the
biosensor we observed is likely lower than the theoretical maximum fold activation if we compared to cells that have
no c-di-GMP. For example, to our knowledge mammalian cells do not produce c-di-GMP, except for those engineered
for synthetic biology applications (Folcher et al., 2014). In all, these live-cell flow cytometry results demonstrate that
our first-generation biosensors are capable of detecting 2’,3'-CGAMP in the complex setting of bacterial cells, which
lays the foundation for achieving 2',3'-cGAMP detection in live mammalian cells.
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Figure S4 (related to Figure 4). Source of fluorescence background in biosensor-based analysis of mammalian

cell extracts.

(A-C) SVPD degradation experiments to rule out basal 2’, 3'-cGAMP in L929 cells. (A) Fluorescence readings for
varied concentration of mock-transfected L929 cell extracts treated with active or denatured SVPD prior to biosensor
addition. (B) Fluorescence readings for Spinach2 aptamer treated with active or denatured SVPD. (C) Fluorescence
readings for 2',3'-CGAMP treated with active or denatured SVPD prior to biosensor addition. (D) The origin of
background fluorescence in mock-stimulated cell extract was investigated. (-, cell extract alone; +, cell extract +
DFHBI; ++, cell extract + biosensor + DFHBI.) Error bars indicate standard deviations for three independent

biological replicates.
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Table S1 (related to Figure 1). GEMM-II riboswitch-based biosensors sequences

Name Sequences

Ca-2 P1-6 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATGTTTGGAAACAATGAT
GAATTTCTTTAAATTGGGCACTTGAGAAATTTTGAGTTAGTAGTGCAACCGAC
CAACGITGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Ca-2 P1-5 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAGTTTGGAAACAATGATG
AATTTCTTTAAATTGGGCACTTGAGAAATTTTGAGTTAGTAGTGCAACCGACC
AACTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Ca-2 P1-4 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATTGGAAACAATGATGAA
TTTCTTTAAATTGGGCACTTGAGAAATTTTGAGTTAGTAGTGCAACCGACCAA
TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Ca-2 P1-3 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATGGAAACAATGATGAAT
TTCTTTAAATTGGGCACTTGAGAAATTTTGAGTTAGTAGTGCAACCGACCATT
GTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Cd1-1P1-5 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATATAGAAACTGTGAAGT
ATATCTTAAACCTGGGCACTTAAAAGATATATGGAGTTAGTAGTGCAACCTGC
TATATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Cd1-1P1-4 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAATAGAAACTGTGAAGTA
TATCTTAAACCTGGGCACTTAAAAGATATATGGAGTTAGTAGTGCAACCTGCT
ATTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Cd1-1P1-3 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATAGAAACTGTGAAGTAT
ATCTTAAACCTGGGCACTTAAAAGATATATGGAGTTAGTAGTGCAACCTGCT
ATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Cd2-1 P1-6 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATTTTAGAAACTGAGAAG
TATATCTTATTATTGGGCATCTGGAGATATATGGAGTTAGTGGTGCAACCGG
CTATGAATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Cd2-1P1-5 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATTTAGAAACTGAGAAGT
ATATCTTATTATTGGGCATCTGGAGATATATGGAGTTAGTGGTGCAACCGGC
TATGATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Cd2-1P1-4 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCTTAGAAACTGAGAAGTAT
ATCTTATTATTGGGCATCTGGAGATATATGGAGTTAGTGGTGCAACCGGCTA
TGITGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Cd2-1 P1-3 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCTAGAAACTGAGAAGTATA
TCTTATTATTGGGCATCTGGAGATATATGGAGTTAGTGGTGCAACCGGCTAT
TGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bh P1-6 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAATAGGGAAGCAACGAA
GCATAGCCTTTATATGGACACTTGGGTTATGTGGAGCTACTAGTGTAACCGG
CCCTCCTTTITGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bh P1-5 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATAGGGAAGCAACGAAG
CATAGCCTTTATATGGACACTTGGGTTATGTGGAGCTACTAGTGTAACCGGC
CCTCCTTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bh P1-4 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAGGGAAGCAACGAAGCA
TAGCCTTTATATGGACACTTGGGTTATGTGGAGCTACTAGTGTAACCGGCCC
TTITGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bh P1-3 GATGTAACTGAATGAAATGGTGAAGGACGGGTCCGGGAAGCAACGAAGCAT
AGCCTTTATATGGACACTTGGGTTATGTGGAGCTACTAGTGTAACCGGCCCT
TGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bh P1-5delC | GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATAGGGAAGCAACGAAG
CATAGCCTTTATATGGACACTTGGGTTATGTGGAGCTACTAGTGTAACCGGC
CCTCTITGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Ca: Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium acetobutylicum ATCC 824
Cd1: Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium difficile 630

Cd2: Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium difficile QCD- 32958

Bh: Bacteria Firmicutes Bacillales Bacillaceae Bacillus halodurans C-125
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Table S2 (related to Figure 1). GEMM-II biosensor binding affinities and fluorescent turn-on properties

Bh P1-5delC Bh P1-6 WT Bh P1-6 G103A
Fold turn-on Fold turn-on Fold turn-on
KA@M) 1 g ratioy | KIEM) 1 gip ratioy | KM | 9B ratio)
c-di-GMP® 0.021 £ 0.008 - 0.056 £ 0.012 13.1x >7 8.2x
3', 3'-cCGAMPP - - >11 10.8x 0.8+0.1 9.6Xx
2', 3'-cGAMP? 13.4+09 5.1x - - >65 10.3x

aFold turn-on (or signal-to-background ratio) measured with 200 nM RNA, 100 uM ligand in a 384-well plate
®Fold turn-on (or signal-to-background ratio) measured with 100 nM RNA, 100 pM ligand in a 384-well plate
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Supplemental Experimental Procedures

Analysis of biosensor binding affinities

To measure the apparent binding affinities of 2’, 3’-cCGAMP biosensors, fluorescence assays were performed with the
following conditions: 37 °C, 3 mM MgCl,, 200 nM RNA, and 10 uM DFHBI. The 2', 3'-cGAMP concentration
(cceamp) Was varied, and the fluorescence of the sample with DFHBI but no RNA was subtracted as background to
determine relative fluorescence units (RFU). The ratio between the fraction of biosensor that is bound by 2', 3'-cCGAMP

and the total 2’, 3'-cGAMP biosensor concentration is given as:

. [RNA-cGAMP-DFHBI| F—Fppj
ratio bound = = min
Ctotal RNA Fmax—Fmin

Thus, for each concentration of 2’, 3'-cGAMP, the fluorescence of its corresponding sample should be:
v [RNA - cGAMP - DFHBI]

X (Fmax - Fmin) + Fmin
_ Ctotal RNA o ) )
where Fmin is the fluorescence of the sample containing no 2', 3'-cGAMP, while Fnax is the fluorescence of the sample

containing highest concentration of 2', 3'-cCGAMP (100 uM).

The apparent dissociation constants Kq were determined by least squares fitting to the following equation in Graphpad
Prism software:

RNA-cGAMP-DFHBI]

L
F = c ><(F;nax_Fmin)'|'Fmin:
total RNA

Ctotal RNA+Ka+ccgamp— (Cotal RNAHK d+CcGAMP)? —4XCtotal RNAXCcGAMP % (F —F ) +F
2% max min min
Ctotal RNA

Determination of 2’, 3'-cGAMP concentration in E. coli cells overexpressing cGAS

E. coli harboring either empty pCOLA vector or pCOLA containing cGAS, DncV, or WspR genes were induced with
1 mM IPTG for 4 h at 37 °C in 3 mL LB media, then the cells were pelleted and dry weight was measured (0.68, 0.75,
0.53, and 0.62 g, respectively). Cyclic dinucleotides were extracted as described previously (Spangler et al., 2010),
with the following modifications. Pelleted cells were frozen at -80 °C overnight. Frozen cell pellets were thawed and
resuspended in 1.4 mL extraction buffer (40% acetonitrile, 40% methanol and 20% ddH»0). Resuspended cells were
incubated at room temperature with mild agitation for 20 min. After centrifugation for 5 min at 13,200 rpm, the
supernatant was carefully removed and stored on ice. The remaining pellet was extracted twice more as described,
with 700 pL extraction solvent each time. The combined supernatants were evaporated to dryness by rotary
evaporation and the dried material was resuspended in 300 pL ddH-O. The extract was filtered through a 3 kDa MW
cutoff Amicon Ultra-4 Protein Concentrator (Millipore) and used immediately or stored at -20 °C. To obtain a standard
curve for quantifying 2,3'-cGAMP, known concentrations of commercial 2',3’-cCGAMP were doped into extracts from
cells expressing empty pCOLA to a final volume of 20 uL. The samples were analyzed by LC-MS and the 675 m/z
ion traces (corresponding to 2’,3’-cGAMP) were determined. See Sl for details on calculation.

To initiate the fluorescent biosensor reaction, 3 pL of the bacterial cell extract was added to 27 pL of biosensor
assay solution containing renatured RNA, DFHBI-1T, and biosensor binding buffer. Final concentrations are 200 nM
RNA, 25 uM DFHBI-1T, 40 mM HEPES, pH 7.5, 125 mM KCI, and 10 mM MgCl,. Fluorescence measurements
were conducted as described above.

In vivo fluorescence assays by flow cytometry

Preparation of cell samples for flow cytometry was carried out by inoculating 3 mL of LB media (containing
carbenicillin and kanamycin) with 150 pL of an overnight culture of BL21 star cells harboring both a pET31b plasmid
encoding RNA-based biosensor and a pCOLA plasmid encoding cyclic-di-nucleotide synthetase. Cells were grown
aerobically to an ODggo ~ 0.3 - 0.5, then induced with 1 mM IPTG at 37 °C for 4 hrs. Cell density was measured by
ODgoo, and diluted in PBS media containing 100 uM DFHBI-1T to a concentration that gives a flow cytometer analysis
rate of around 1000 - 2000 events per second. Cellular fluorescence was measured for 30,000 cells using an Attune
NXT Acoustic Focusing Cytometer (Life Technologies).

Determination of 2', 3'-cGAMP concentration in E. coli cells overexpressing cGAS

From the linear regression of the standard curve, shown in Figure S3, fitting the standard curve to equation Y =
mX + CgaveY = 2.49X — 7.46 with an R? value of 0.99.
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The dry weight of the cGAS expressing cell pallet was 0.75 g. This was lysed, extracted and concentrated to give 250
uL cell extract, and 20 pL of the cell extract was loaded in LC-MS.

Thus, the concentration of 2,3'-cGAMP in the 20 uL measurement solution was calculated to be:
Y-C _ 3372+ 7.46

¢ (cGAMP) = = 2,49 x 1000

mM = 1.36 mM

The amount of 2',3'-cGAMP in the 250 pL cell extract was:
n(cGAMP) = c(cGAMP)X volume = 1.36 mM X 250 uL = 0.34 pmol

The dry weight of single E. coli cell is 1022 g, which gives:

cell pallet weight 0.75
number of cells = - : =——— =~ 0.75 x 1012
dry weight of single cell 10712

The amount of 2,3-cGAMP per cell was determined to be:
n(cGAMP per cell) = n(cGAMP) _ _ 034umol g 45 x 10718 mol = 0.45 attomol

number of cells  0.75 x 1012

The volume of E. coli cell is 1075 L. The concentration of 2',3'-cGAMP in cGAS expressing E. coli cells was
determined as:

n(cGAMP per cell) 045 x 107® mol

= 4 X 1 -3 M = 4 M
cell volume 10-15 [ 045 x 10 0.45m

[cGAMP per cell] =

Determination of 2’, 3'-cCGAMP concentration in L929 and HEK?293T cell extracts
From the linear regression of the standard curve, shown in Figure 4E, the standard curve fit the equation Y = mX +
Cgave1/m = 1.67 * 107> uM and C = 150517 + 22135 with an R? value of 0.98.

For measuring the average amount of 2',3'-cGAMP in each dsDNA-stimulated cell, 6 x 106 DNA-stimulated cells

were lysed, extracted and concentrated to give 20 pL cell extract, and 2 uL of the cell extract was added to a solution
with final volume of 25 pL for fluorescence measurement. The fluorescence of this solution was measured to be
239874 (figure 4E, average of two independent biological replicates).

Thus, the concentration of 2',3'-cGAMP in the 25 uL measurement solution was calculated to be:
Y-C
¢ (cGAMP) = —= (239874 — 150517)x (1.67x107%) uM = 1.5 uM
Then, the amount of 2',3'-cGAMP in the 2 L cell extract was:
n(cGAMP) = c(cGAMP) X volume = 1.5 uM x 25 pL. = 37 pmol

Lastly, the amount of 2',3'-cGAMP per cell was determined as:

(cGAMP 1y = "CGAMP) | 37pmolX 10 017 ol = 60 attomol

e percet) = number of cells 6 x 10° ~ ot = bUattomo
6.022 x 1022 molecules

n(cGAMP per cell) ~ 6 x 10717 mol X -~ = 3.6 x 107 molecules

In conclusion, DNA stimulation by transfection resulted in 60 attomoles of 2’, 3'-cCGAMP produced on average per
1929 cell, or 36 million molecules of 2', 3'-CGAMP per cell.
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Very recently, an LC-MS/MS method has been developed for quantitation of 2’, 3'-CGAMP (Paijo et al., 2016).
According to Figure 3 in this research article (Paijo et al., 2016), the amount of 2, 3'-cGAMP produced upon HCMV
virus infection was measured in the range of 1 to 3 fmol/10* cells.

(cGAMP iy = MCGAMP) _1fmol _ 6719 mol = 0.1 attomol

e per ceit) = number of cells ~ 10% ot = 5.5 attomo
6.022 x 1022 molecules

n(cGAMP per cell) = 1 X 1071% mol x — ~ 6 X 10* molecules

The current lower limit of detection of our fluorescent biosensor is ~1 UM or 40 attomoles per cell. Thus, improving
biosensor sensitivity by 133—(% = 133 ) t0 400-fold (222L0™2S — 400 ) would provide a high-throughput

method to analyze viral-induced 2', 3'-cGAMP levels.

0.1 attomoles
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