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Cyclic di-AMP (c-di-AMP) and cyclic di-GMP (c-di-GMP) are signaling molecules that play important roles in bacterial biology
and pathogenesis. However, these nucleotides have not been explored in Streptococcus pneumoniae, an important bacterial
pathogen. In this study, we characterized the c-di-AMP-associated genes of S. pneumoniae. The results showed that SPD_1392
(DacA) is a diadenylate cyclase that converts ATP to c-di-AMP. Both SPD_2032 (Pde1) and SPD_1153 (Pde2), which belong to
the DHH subfamily 1 proteins, displayed c-di-AMP phosphodiesterase activity. Pde1 cleaved c-di-AMP into phosphoadenylyl
adenosine (pApA), whereas Pde2 directly hydrolyzed c-di-AMP into AMP. Additionally, Pde2, but not Pde1, degraded pApA into
AMP. Our results also demonstrated that both Pde1 and Pde2 played roles in bacterial growth, resistance to UV treatment, and
virulence in a mouse pneumonia model. These results indicate that c-di-AMP homeostasis is essential for pneumococcal biology
and disease.

Streptococcus pneumoniae (the pneumococcus) is part of the
commensal flora of the human upper respiratory tract. It is

also a major cause of an array of infections, including pneumonia,
otitis media (OM), sinusitis, meningitis, and bacteremia. The
pathogenesis of the bacterium is still not fully understood. Adap-
tation to the host niche by the pneumococcus is essential for its
successful transition from a commensal to an invasive pathogen.
Thus, a better understanding of how the pathogen controls its
gene expression and interacts with the host is essential to more
effectively control pneumococcal infections.

Several cyclic nucleotides have been shown to play important
roles in bacterial gene regulation and pathogenesis. These nucle-
otides include cyclic AMP (cAMP), cyclic GMP (cGMP), cyclic
di-GMP (c-di-GMP), cyclic di-AMP (c-di-AMP), and cyclic
AMP-GMP (1, 2). Both c-di-GMP and c-di-AMP were discovered
recently and were recognized as second messengers utilized by
many bacteria, including bacterial pathogens during infection.

c-di-GMP regulates many biological cascades in bacteria (3, 4).
It is synthesized from two GTP molecules by diguanylate cyclase
through a highly conserved GGDEF domain and hydrolyzed into
phosphoguanylyl adenosine (pGpG) by phosphodiesterase en-
zymes containing a highly conserved EAL domain. Another c-di-
GMP phosphodiesterase that contains an HD-GYP domain
breaks down c-di-GMP directly into two GMPs (4). c-di-GMP
plays a role in the pathogenesis of many bacteria (5–14). Vibrio
cholerae vieA encodes a c-di-GMP phosphodiesterase, and dele-
tion of this gene led to attenuation in an infant mouse model of
cholera (13, 14). This is consistent with the overexpression of a
diguanylate cyclase, which resulted in the inhibition of cholera
toxin production. Salmonella enterica serovar Typhimurium ydiV
(or cdgR) encodes an EAL domain protein, which is essential for
bacterial survival during exposure to oxidase (15). In Pseudomo-
nas aeruginosa, the mutation of either c-di-GMP phosphodies-
terase gene, pvrR or rocR, also attenuated the virulence in a mouse
infection model (7). In addition, c-di-GMP regulates bacterial

pathogenesis through the control of motility or biofilm formation
in P. aeruginosa, Yersinia pestis, V. cholerae, and S. Typhimurium
(5, 10, 16–19).

Diadenylate cyclase was first identified in Bacillus subtilis and
Thermotoga maritima (20). The protein was originally named
DisA for DNA integrity scanning protein A and participates in a
DNA damage checkpoint (21). DisA consists of a diadenylate cy-
clase domain, a linker domain, and a DNA-binding helix-hairpin-
helix (HhH) domain and converts ATP to c-di-AMP but does not
use GTP, ITP, CTP, or UTP as its substrate (20). The diadenylate
cyclase domain exists across eubacteria and archaea (22, 23). Most
of these bacteria possess one diadenylate cyclase; however, three
diadenylate cyclases were identified in B. subtilis (23, 24). In B.
subtilis and Staphylococcus aureus, c-di-AMP can be cleaved into
phosphoadenylyl adenosine (pApA) by a phosphodiesterase,
which has a PAS domain, a GGDEF domain, a DHH domain, and
a DHHA1 domain. DHH and DHHA1 domains are essential for
the phosphodiesterase activity (25, 26). Bacterial DNA damage in
B. subtilis reduces the levels of c-di-AMP (27), which also serves as
an essential signal molecule required for cell wall peptidoglycan
architecture homeostasis of the bacterium (28). In S. aureus, c-di-
AMP controls cell size and envelope stress, biofilm formation,
drug resistance, and potassium uptake (25, 29–32). In addition,
several reports indicate that c-di-AMP represents a putative bac-
terial secondary signaling molecule that triggers a cytosolic
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pathway of innate immunity (27, 33–37). Such response is me-
diated via STING (stimulator of interferon [IFN] genes), a
transmembrane protein that functions as an essential signaling
adaptor (34, 38, 39). Recent reports have revealed that DDX41,
a pattern recognition receptor (PRR) with a DEAD (aspartate-
glutamate-alanine-aspartate) motif, plays a critical role in cy-
clic dinucleotide-mediated activation of type I interferon and
interferon-mediated signaling (33, 40).

The presence of c-di-AMP and a diadenylate cyclase in Strep-
tococcus pyogenes has been reported (41). However, cyclic dinucle-
otide production and homeostasis have not been explored in S.
pneumoniae, a Gram-positive pathogen. In the present study, we
identify genes associated with c-di-AMP production and degrada-
tion in S. pneumoniae and show that these proteins modulate bac-
terial growth, UV resistance, and pathogenesis. Based on our
findings, we named pneumococcal SPD_1392, SPD_2032, and
SPD_1153 dacA, pde1, and pde2 and their encoded proteins DacA,
Pde1, and Pde2, respectively. This is the first identification of an
enzyme (Pde2) that cleaves c-di-AMP directly into AMP.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in the
present study are listed in Table 1. ST581, a streptomycin-resistant D39
derivative equivalent to ST594 (42) that has a recessive rpsL allele, rpsL1,
was used as the parental strain. The rpsL1 allele confers streptomycin

resistance in the absence of the wild-type (WT) rpsL� allele (42). Pneu-
mococci were routinely grown in Todd-Hewitt broth containing 0.5%
(wt/vol) yeast extract (THY) or on tryptic soy agar (TSA) plates contain-
ing 3% (vol/vol) sheep blood. The media were supplemented with kana-
mycin (200 �g/ml) or streptomycin (150 �g/ml) for selection of mutants,
as specified. Escherichia coli DH5� was used for routine cloning, and
BL21(DE3) was used for expression of recombinant proteins. The E. coli
strains were grown in Luria-Bertani (LB) broth or LB agar plates, and all
strains harboring expression plasmids were grown with kanamycin at a
final concentration of 25 �g/ml.

Construction of mutants in S. pneumoniae. The mutants of S. pneu-
moniae were generated through homologous recombination in ST581
with a counterselectable Janus cassette, which consists of a kanamycin
resistance gene and a dominant WT rpsL� allele (43). To construct a single
mutant, the upstream and downstream sequences flanking the target gene
were amplified by PCR using D39 genomic DNA as the template. The
upstream fragment has an XbaI site, and the downstream fragment has an
XhoI site (Table 2). These fragments were digested and ligated with the
XbaI- and XhoI-digested Janus cassette. The ligation product was trans-
formed into ST581 to select a kanamycin-resistant and streptomycin-
sensitive mutant.

In-frame deletion of each gene was generated by homologous recom-
bination from a background of the kanamycin-resistant mutant. A new
reverse primer with an XhoI site (Table 2) was designed to amplify the
upstream sequence and ligated directly with the XhoI-digested down-
stream fragment. The ligation product was transformed into the kanamy-
cin-resistant mutant to select a streptomycin-resistant but kanamycin-
sensitive mutant due to loss of the Janus cassette. The in-frame deletion
mutants for pde1 and pde2 were designated ST2729 and ST2733, respec-
tively.

To construct a �pde1 �pde2 double mutant, pde2 was replaced with
the Janus cassette in the background of ST2729 to generate ST2730. The
same upstream and downstream sequences used for generating the pde2
in-frame deletion were ligated and transformed into ST2730 to obtain a
�pde1 �pde2 in-frame deletion mutant (ST2734).

Growth curve, morphology, and UV treatment. The S. pneumoniae
WT (ST581) and the �pde1 (ST2729), �pde2 (ST2733), and �pde1 �pde2

TABLE 1 Bacterial strains and plasmids used in this study

Strain or
plasmid Descriptiona

Source or
reference

S. pneumoniae
strains

D39 S. pneumoniae serotype 2 63
ST581 D39 with rpsL1 allele; Strepr 42
ST2718 �pde1::Janus cassette in ST581; Kanr This study
ST2719 �pde2::Janus cassette in ST581; Kanr This study
ST2729 In-frame deletion mutant of pde1 in ST581; Strepr This study
ST2730 In-frame deletion of pde1 and �pde2::Janus

cassette; Kanr
This study

ST2733 In-frame deletion mutant of pde2 in ST581; Strepr This study
ST2734 In-frame deletion mutant of pde1and pde2 in

ST581; Strepr
This study

ST2847 ST581(pVA838); Strepr Ermr This study
ST2848 ST2733(pST2846); Strepr Ermr This study
ST2849 ST2733(pVA838); Strepr Ermr This study
ST2850 ST2729(pST2846); Strepr Ermr This study
ST2851 ST2729(pVA838); Strepr Ermr This study

E. coli strains
DH5� E. coli strain used for cloning Laboratory stock
BL21(DE3) E. coli strain used for expression Novagen
ST2714 E. coli BL21(DE3)(pST2710); Kanr This study
ST2715 E. coli BL21(DE3)(pST2711); Kanr This study
ST2761 E. coli DH5�(pST2761); Apr This study
ST2762 E. coli DH5�(pST2762); Apr This study

Plasmids
pET28a(�) His tag expression vector; Kanr Novagen
pProEXHTb His tag expression vector; Apr Invitrogen
pVA838 E. coli-S. pneumoniae shuttle vector; Ermr 64
pST2710 pET28a(�) carrying S. pneumoniae dacA ORF;

Kanr
This study

pST2711 pET28a(�) carrying S. pneumoniae pde2 ORF;
Kanr

This study

pST2761 pProEX HTb carrying S. pneumoniae pde1 aa 51–
657 ORF; Apr

This study

pST2762 pProEX HTb carrying S. pneumoniae pde1 aa 109–
657 ORF; Apr

This study

pST2846 pVA838 carrying S. pneumoniae pde2 promoter
and ORF; Ermr

This study

a Strepr, streptomycin resistance; Kanr, kanamycin resistance; Ermr, erythromycin
resistance; Apr, ampicillin resistance.

TABLE 2 Primers used in this study

Primera Oligonucleotide sequence (5= to 3=)b Purposec

Mutagenesis
Pr1097 GAGATCTAGAACCGTTTGATTTTTAATGGAT

AATG
Janus cassette; For

Pr1098 GAGACTCGAGCCTTTCCTTATGCTTTTGGAC Janus cassette; Rev
Pr2874 TGACGATAATCTTGTGACGG dacA upstream; For
Pr2875 TTTTCTAGATTGATAGCTATCGTCC dacA upstream; Rev
Pr2876 TTTCTCGAGTTTTAAAGAACGATTGC dacA downstream; For
Pr2877 CCCTGAAATACGTGTGTCAC dacA downstream; rev
Pr2880 TTTTGATCCTGATAATCACG pde1 upstream; For
Pr2881 TTTTCTAGATGAATGATAATGGTGTCG pde1 upstream; Rev
Pr2882 TTTCTCGAGTGGTGCTAATTCCTATAGC pde1 downstream; For
Pr2883 GTGGTTCGTGACAATAGTAC pde1 downstream; Rev
Pr2900 TTTCTCGAGATGATAATGGTGTCGTATTC pde1 unmarked

mutant; Rev
Pr2901 CATTTTCCCTTGTAAGATGAGG pde2 upstream; For
Pr2902 TTTTCTAGACTTGTATAATGCACTCTCAG pde2 upstream; Rev
Pr2903 TTTCTCGAGATGTAACCTTGTCAGAAGC pde2 downstream; For
Pr2904 ACGCTTCGTAAGCTTGGTTG pde2 downstream; Rev
Pr2905 TTTCTCGAGAAGTGGATAAGACTCCAAACG pde2 unmarked

mutant; Rev

Overexpression
Pr2895 TTTCATATGTTGGGAAGAGCGACAGATTTC dacA 89-271 aa; For
Pr2879 TTTGGATCCACAAGCAAAAAAGAGTGAGG dacA 89-271 aa; Rev
Pr2884 TTTCCATGGAGATTTGCCAACAAATTTTAG pde2 ORF; For
Pr2885 TTTAAGCTTGTTTTTAAGCAAGTTTTTTAAC pde2 ORF; Rev
Pr2960 GCGGATCCAAGAAACTGAGAGTGCAT pde151-657; For
Pr2961 GCCTCGAGTCATTCTTCTTTCTCCTTTTC pde151-657; Rev
Pr2962 GCGGATCCACCAAGGAAGATGGTGATTTTG pde1109-657; For

a The reverse primer of pde1109-657 was identical to pde151-657 Rev.
b The restriction site is underlined if present in an oligonucleotide.
c For, forward primer; Rev, reverse primer.
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(ST2734) mutants were used to determine bacterial growth, morphology,
and survival after UV treatment. To generate the growth curves, approx-
imately 106 CFU of each bacterial stock was inoculated into 10 ml THY
broth and grown at 37°C with 5% CO2. The growth of each strain was
measured hourly by determining the optical density of the culture at 620
nm (OD620).

To determine bacterial morphology, bacteria were inoculated into 10
ml THY broth and grown to an OD620 of 0.3 or 0.8. Samples at each time
point were smeared on slides, heat fixed, and stained using a Gram-stain-
ing kit (Sigma). Bacterial morphology was then examined using a light
microscope (Olympus) at �400 magnification.

For UV treatment, 106 CFU of bacteria was inoculated into 10 ml THY
broth and grown to an OD620 of 0.4 or 0.8. Samples at each time point
were taken, and 10-fold serial dilutions were performed. Two microliters
of each dilution was spotted onto duplicate blood agar plates. One set of
plates was treated with 1 mJ/cm2 UV radiation using a UV cross-linker
(Stratagene). The other set of plates remained untreated as controls. All
the plates were then incubated at 37°C with 5% CO2 for 18 h to enumerate
the CFU. The survival rate of each strain was calculated as the number of
CFU detected from the UV-treated plates as a percentage of those quan-
tified from the untreated plates.

Protein expression and purification. Open reading frames (ORFs) of
S. pneumoniae dacA, pde2, and the truncated fragments encoding amino
acids (aa) 51 to 657 and 109 to 657 of Pde1 were PCR amplified using the
primers listed in Table 2. S. pneumoniae D39 genomic DNA was used as
the template. The PCR products for dacA and pde2 were individually
cloned into the pET28a(�) vector (Novagen) between the NcoI and Hin-
dIII sites to generate pST2710 and pST2711, respectively. These plasmids
were sequence verified and maintained in E. coli BL21(DE3) for expres-
sion. The PCR products for pde151-657 and pde1109-657 were cloned into
the pProEX HTb vector (Invitrogen) between the BamHI and XhoI sites
to generate pST2761 and pST2762, respectively. Both plasmids were se-
quence verified and maintained in E. coli DH5� for expression.

Expression of the proteins was induced with 0.05 mM isopropyl �-D-
1-thiogalactopyranoside (IPTG) at room temperature for 4 h for DacA
and Pde2 or overnight at 16°C for truncated Pde1 proteins. The recombi-
nant proteins were purified using an Ni-nitrilotriacetic acid (NTA) resin
(Qiagen) with buffers, as we previously reported (44, 45). The protein
concentrations were then determined using a BCA Protein Assay Kit
(Thermo Scientific). The purified protein aliquots were stored at �80°C
until use.

Gel filtration. Size exclusion chromatography experiments were per-
formed with either a HiLoad 16/60 Superdex 200-pg column (GE Health-
care) for Pde1109-657 or a Superdex 200 10/300 GL column (GE Health-
care) for Pde151-657 and Pde2 and connected to a Gradiphrac Automatic
Sampler (Amersham Biosciences). The columns were equilibrated and
eluted at a constant flow rate of 0.5 ml/min with running buffer contain-
ing 10% (vol/vol) glycerol in phosphate-buffered saline (PBS) at pH 7.4.
The molecular masses of the proteins were determined by using a Gel
Filtration Standard (Bio-Rad) according to the instructions for the Gel
Filtration Principles and Methods (GE Healthcare).

Cleavage of BNPP. Reaction mixtures (50 �l) consisted of 50 mM
Tris-HCl at a specified pH, 10 mM NaCl, 5 �M 2-mercaptoethanol, 0.1
mM specified metal cation, and 2 mM bis-p-nitrophenyl phosphate
(BNPP). The reaction was initiated by addition of 3 �M purified
Pde1109-657 or 70 nM purified Pde2, and the reaction mixture was incu-
bated at room temperature for 10 min for the samples with Pde2 or for 4
h for the samples with Pde1. Relative BNPP cleavage was determined by
measuring the OD410 using a microplate reader (Spectrum Max 340PC;
Molecular Devices). The assay mixtures used for metal ion screening con-
tained 0.1 mM CaCl2, CoCl2, FeCl2, Fe(NO3)3, MgCl2, MnCl2, or ZnSO4.
For pH analysis, reaction mixtures consisted of 50 mM Tris-HCl at pH
6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, or 9.5.

HPLC and mass spectrometry (MS). Determination of the enzymatic
activities of S. pneumoniae DacA using high-performance liquid chroma-

tography (HPLC) was performed as reported previously (46, 47) with
minor modification. Briefly, reaction mixtures (50 �l) contained 40 mM
Tris-HCl (pH 7.5), 10 mM MgCl2, 100 mM NaCl, and 0.1 mM ATP. The
reaction was initiated by adding 10 �M pneumococcal DacA protein,
incubated for 1 h at 37°C, and then terminated by adding 1 �l of 0.5 M
EDTA. Finally, 20 �l of each sample was injected and separated by reverse-
phase HPLC with a C18 column (250 by 4.6 mm; Vydac) using a Waters
625 LC system equipped with a 996 Photodiode Array Detector and a 717
Autosampler (Waters). Samples were eluted using the same buffers and
program as previously reported (48). Nucleotides were monitored at
254 nm.

The reaction mixtures (10 �l) to determine the activity of Pde1 and
Pde2 contained 50 mM Tris-HCl (pH 7.5), 1 mM MnCl2, and 0.5 mM the
indicated nucleotide. The reaction was initiated by adding Pde1 to 10 �M
and incubating for 4 h at 37°C or by adding Pde2 to 2.5 �M and incubat-
ing for 1 h at 37°C. Subsequently, each reaction was terminated by adding
1 �l of 0.5 M EDTA and diluting 1:5 with water. Finally, 20 �l of each
sample was injected and separated by reverse-phase HPLC. c-di-AMP and
pApA standards were purchased from Biolog. AMP was purchased from
Sigma. The reaction of Pde2 was further analyzed by LC-tandem MS
(MS-MS) using the same chromatography and mass spectrometry set-
tings previously described (49) and monitoring in negative-ion mode at
m/z 657 to 134 for c-di-AMP and m/z 346.18 to 78.69 for AMP. Chemi-
cally synthesized c-di-AMP and AMP ranging in concentration from 0.97
nM to 250 nM were used to generate a standard curve.

Kinetic measurement of enzymatic activities of Pde1 and Pde2. The
kinetic parameters were determined by monitoring the hydrolysis of c-di-
AMP by Pde1 and Pde2 and the hydrolysis of pApA by Pde2 using HPLC.
The assay conditions were the same as described above, except that Pde2
was incubated with pApA for 10 min. The kinetic parameters were ob-
tained by fitting the enzymatic activities at various substrate concentra-
tions to a Michaelis-Menten equation using Prism 5 version 5.0a (Graph-
Pad Software).

Preparation and detection of bacterial c-di-AMP. Bacteria were
grown in 10 ml THY to an OD620 of 0.3 or 0.8. One milliliter of culture was
harvested and resuspended in 500 �l of 50 mM Tris-HCl (pH 8.0). The
suspension was sonicated for 20 s (10 s on with a 15-s interval) followed by
boiling for 5 min, and the bacterial debris was removed by centrifugation
for 5 min at 13,000 rpm. The supernatant was then used to detect c-di-
AMP using an enzyme-linked immunosorbent assay (ELISA) that we de-
veloped at Albany Medical College (patent pending). This method was
developed based on the identification of a c-di-AMP binding protein
(CabP) in S. pneumoniae with high affinity and specificity in interaction
with c-di-AMP (Y. Bai, J. Yang, T. Zarrella, Y. Zhang, D. W. Metzger, and
G. Bai, unpublished data). Briefly, a 96-well plate was coated with CabP at
10 �g/ml at 4°C for at least 14 h. The plate was then washed and blocked
with 1% bovine serum albumin (BSA) for 1 h. Samples and purified c-di-
AMP (Biolog) standards were mixed with 25 nM biotin-labeled c-di-AMP
(Biolog) and incubated for 2 h. After thorough washing, the plate was
incubated with horseradish peroxidase-conjugated streptavidin (Thermo
Scientific) for 1 h. The peroxidase was finally detected with o-phenylene-
diamine dihydrochloride (OPD) (Sigma) as a substrate and measured at
OD492. The c-di-AMP levels in the samples were calculated based on the
standard curve and were normalized by actual OD620 readings of each
culture.

Preparation of polyclonal antibodies and Western blot analysis. An-
tibodies were generated similarly to our previous description (46). Briefly,
five female BALB/c mice (Taconic) were immunized subcutaneously with
50 �g of either Pde151-657 or Pde2 emulsified 1:1 with alum (Thermo
Scientific) in 100 �l and boosted twice biweekly with the same amount of
protein and adjuvant. The specificity of sera was confirmed by Western
blotting with purified His-Pde151-657 and His-Pde2, respectively.

For Western blot analysis, purified proteins or bacterial lysates were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), transferred onto polyvinylidene difluoride (PVDF) mem-
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branes, and sequentially probed with antisera and with a peroxidase-con-
jugated goat anti-mouse IgG secondary antibody (Thermo Scientific).
Peroxidase detection was carried out with the ECL Western blotting de-
tection reagent and analysis system (Thermo Scientific).

Infection of mice. This study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Research Council. The protocol was approved by
the Institutional Animal Care and Use Committee of Albany Medical
College. The S. pneumoniae WT (ST581), �pde1 (ST2729), �pde2
(ST2733), and �pde1 �pde2 (ST2734) strains were grown to an OD620 of
0.4 in THY broth, washed, and diluted to 108 CFU/ml using PBS. Six- to
8-week old female BALB/c mice (Taconic) were inoculated intranasally
with 50 �l (5 � 106 CFU) of bacteria (n � 8 per group). The mice were
subsequently monitored for 9 days.

RESULTS
S. pneumoniae SPD_1392 is a diadenylate cyclase. c-di-AMP
and c-di-GMP are signaling molecules that have been recognized
in a number of bacteria. However, these nucleotides and their
associated genes have not been explored in S. pneumoniae. In this
study, we analyzed the genome of the S. pneumoniae D39 strain
(50) and were unable to identify a protein with a typical diguany-
late cyclase GGDEF domain in the bacterium. It is likely that either
S. pneumoniae cannot produce c-di-GMP or the nucleotide is pro-
duced by an atypical diguanylate cyclase. In contrast, SPD_1392
encodes a protein with a DisA_N domain (50) (Fig. 1A), suggest-
ing that this protein might have diadenylate cyclase activity, sim-

ilar to DisA, DacA (also referred to as CdaA or YbbP), and DacB
(also referred to as CdaS or YoiJ) of B. subtilis. Therefore, we
designated SPD_1392 DacA, for diadenylate cyclase. The amino
acid sequence of S. pneumoniae DacA shares 46.8% identity with
the DacA proteins of Listeria monocytogenes (36) and B. subtilis
(23, 24) but shares only 15.6% and 13.3% identity with the DisA
proteins of B. subtilis (20) and Mycobacterium tuberculosis (previ-
ously named DacA) (46), respectively. Genetically, S. pneumoniae
dacA is the first gene of the dacA-cdaR-glmM locus, similar to the
dacA genes of B. subtilis, S. aureus, and L. monocytogenes. Three
transmembrane helices were identified at the N terminus in S.
pneumoniae DacA by using the TMHMM server (http://www.cbs
.dtu.dk/services/TMHMM-2.0/). We were unable to express full-
length DacA in E. coli; thus, we expressed its C-terminal domain
(Fig. 1A), purified it to homogeneity, and analyzed its activity
using HPLC. Our results showed that the protein converted ATP
to c-di-AMP, similar to B. subtilis DisA (Fig. 1B), indicating that it
functions as a diadenylate cyclase.

We tried five times to delete S. pneumoniae dacA by homolo-
gous recombination but failed to generate a �dacA mutant. This is
consistent with the report that dacA is an essential gene in the
pathogen (51).

S. pneumoniae SPD_2032 and SPD_1153 are c-di-AMP
phosphodiesterases. B. subtilis GdpP (formerly YybT) and S. au-
reus GdpP have been identified as c-di-AMP phosphodiesterases
(25, 26, 53). Both proteins possess two transmembrane helices, a
PAS domain, an atypical GGDEF domain, a DHH domain, and a
DHHA1 domain. Experimental evidence showed that the C-ter-
minal DHH and DHHA1 region is essential for c-di-AMP phos-
phodiesterase activity (25, 26). We analyzed the D39 genome and
found that a protein encoded by SPD_2032 (pde1) has the same
domain structures as GdpP (Fig. 2A). In addition, another protein
encoded by SPD_1153 (pde2) also possesses DHH and DHHA1
domains (Fig. 2B), but not the other domains of Pde1, suggesting
that this protein may also have c-di-AMP phosphodiesterase ac-
tivity.

We engineered two truncated Pde1 proteins to remove either
the transmembrane domain (Pde151-657) or both the transmem-
brane and PAS domains (Pde1109-657). The proteins Pde151-657,
Pde1109-657, and Pde2 were then purified to homogeneity. Both the
Pde151-657 and Pde1109-657 proteins showed uniformly high-order
oligomerization (not shown). A similar result has also been re-
ported with B. subtilis GdpP (26). In contrast, Pde2 displayed a
molecular mass of 	70 kDa in solution (not shown), which is
consistent with Pde2 existing as a dimer.

In order to optimize the catalytic activities of these proteins, we
first used BNPP, a nonspecific substrate of phosphatase and phos-
phodiesterase, to determine the enzymatic activities of Pde109-657

and Pde2 under different conditions. Our results showed that
both proteins preferred Mn2� from the metal cations that we
tested (Fig. 2C and D). In terms of pH, both Pde1109-657 and
Pde2 proteins exhibited the highest enzymatic activity at pH 8.5
(Fig. 2E and F). The preference of Pde51-657 was similar to that of
Pde1109-657 in all these assays (not shown).

We determined the phosphodiesterase activities of the pneu-
mococcal Pde1 and Pde2 proteins toward cleavage of c-di-AMP.
Our results showed that Pde151-657 cleaved c-di-AMP exclusively
into pApA (Fig. 3A). This result is consistent with the activity of B.
subtilis GdpP (26). In contrast, Pde2 hydrolyzed c-di-AMP solely
into AMP (Fig. 3A), which differs from the result with Pde1. Using

FIG 1 Domain architecture and activity of S. pneumoniae DacA. (A) Domain
architecture of DacA. The numbers indicate the positions of amino acids in the
full-length protein. TM, transmembrane domain. (B) Enzymatic activity of
DacA. ATP was incubated with purified S. pneumoniae DacA, and the reaction
mixture was separated using HPLC. ATP and c-di-AMP standards, as well as
the reaction with purified B. subtilis DisA, were used as controls.
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LC–MS-MS, we confirmed that c-di-AMP was degraded to AMP
by Pde2 (Fig. 3B). Additionally, Pde2 was also capable of convert-
ing pApA to AMP, whereas Pde1 showed no activity toward pApA
(Fig. 3A). The activity of Pde1109-657 was similar to that of
Pde151-657 in all the assays (not shown), suggesting that the PAS
domain does not affect the enzymatic specificity against the tested
nucleotides. These results indicate that both Pde1 and Pde2 pos-
sess c-di-AMP phosphodiesterase activity, but their cleavage
products are different (Fig. 3C). Our kinetics result showed that
c-di-AMP was cleaved comparably by Pde151-657 (Vmax � 101.6 

31.32 nmol mg�1 min�1; Km � 36.40 
 17.43 �M) and Pde2
(Vmax � 48.92 
 12.71 nmol mg�1 min�1; Km � 16.75 
 8.70
�M) (Fig. 4A), whereas Pde2 preferred pApA (Vmax � 333.5 

61.21 �mol mg�1 min�1; Km � 23.96 
 7.78 �M) (Fig. 4B) to
c-di-AMP. Therefore, the cleavage product of c-di-AMP by Pde1
might be rapidly hydrolyzed into AMP by Pde2 (Fig. 3C).

Both Pde1 and Pde2 play a role in controlling bacterial c-di-
AMP levels. In order to explore the biological functions of both
Pde1 and Pde2 in S. pneumoniae, we generated mutant strains,
including �pde1 (ST2729), �pde2 (ST2733), and �pde1 �pde2
(ST2734). From the genetic analysis, pde1 is the first gene in a
putative operon of 4 or 5 genes (Fig. 5A), and pde2 may also be in
an operon with SPD_1154 (Fig. 5B). Deletion of either pde1 or
pde2 simply by replacement with a drug resistance marker may
result in polar effects. Therefore, we constructed all these mutants

with in-frame deletions to avoid polar effects on downstream
genes (Fig. 5A and B). All three mutants were verified by PCR (not
shown) and Western blot analysis using specific antibodies against
Pde1 and Pde2, respectively (Fig. 5C).

The c-di-AMP levels in all three mutants were compared to
those in the parental strains. Deletion of either pde1 or pde2 re-
sulted in only a moderate increase of the c-di-AMP levels com-
pared to the parental strain (Fig. 5D). However, deletion of both
genes exhibited up to a 4-fold increase in c-di-AMP levels com-
pared to that of the parental strain (Fig. 5D). This result suggests
that c-di-AMP is a biological substrate of both Pde1 and Pde2 and
that the two enzymes both contribute to pneumococcal c-di-AMP
homeostasis.

Both Pde1 and Pde2 play a role in pneumococcal growth. It
has been reported that S. aureus GdpP plays a role in controlling
bacterial cell size and envelope stress (25). In this study, we deter-
mined the roles of Pde1 and Pde2 in pneumococcal growth. All
three mutants and the parental strain were grown to early and
mid-log phases and were stained to determine their morpholo-
gies. Our results showed that in early log phase, the bacterial
chains of both �pde1 and �pde2 strains were slightly shorter than
that of the WT, and the change in the �pde1 �pde2 double mutant
was more dramatic (Fig. 6A). In mid-log phase, the lengths of the
chains of all three mutants were significantly shorter than that of
the WT (Fig. 6A), indicating that both Pde1 and Pde2 play a role in

FIG 2 Cleavage of BNPP by S. pneumoniae Pde1 and Pde2. (A and B) Domain architectures of Pde1 (A) and Pde2 (B). Two different constructs of Pde1,
Pde151-657 and Pde1109-657 as indicated by the amino acid positions, were expressed and purified. (C and D) Cleavage of BNPP by Pde1109-657 (C) and Pde2 (D)
in the presence of different metal cations (no cation was present in the control reaction). (E and F) Cleavage of BNPP by Pde1109-657 (E) and Pde2 (F) under
different pH conditions. The data shown in panels C to F are the means of three independent experiments. The error bars denote the standard error of the mean
(SEM).
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pneumococcal chain formation. This result is consistent with the
reports that increased c-di-AMP reduces the cell size of S. aureus
and promotes sporulation of B. subtilis (25, 27).

The growth curves of the WT and the three mutants were de-
termined at OD620. The results showed that both �pde1 and �pde2
reduced the growth rate slightly, and the double mutant syner-
gized the reduction (Fig. 6B). This result differs from a previous
report that no difference between the WT and the mutants was
observed when they were grown in vitro (52). The difference be-
tween the two studies may have been produced by the methodol-
ogy used to generate the mutants.

Pde1orthologs inB. subtilisandLactococcus lactishavebeenshownto
play a role in stress response (26, 54). Additionally, it is also well estab-
lished that both DisA and GdpP in B. subtilis are responsive to DNA
damage (20, 27). In this study, we determined the pneumococcal re-
sponse to UV treatment using S. pneumoniae WT (ST581), �pde1
(ST2729), �pde2 (ST2733), and �pde1 �pde2 (ST2734) strains. Our re-
sults showed that 	30% of the WT bacteria survived after UV radi-
ation at 1 mJ/cm2. However, approximately 8 to 9% of �pde1
bacteria survived after the same UV treatment. The survival
rates of both �pde2 and �pde1 �pde2 bacteria were less than
0.5% (Fig. 6C). These results indicate that both Pde1 and Pde2

FIG 3 Phosphodiesterase activities of S. pneumoniae Pde1 and Pde2. (A) Pde151-657 or Pde2 protein was incubated with c-di-AMP or pApA, as indicated. Each
sample was separated by HPLC and monitored at 254 nm. c-di-AMP, pApA, and AMP were used as standards. (B) Verification that AMP is the sole degradation
product from c-di-AMP catalyzed by Pde2 using LC–MS-MS. AMP and c-di-AMP were eluted at 3.11 min and 5.72 min, respectively, which were identical to
their standards (not shown). The m/z of each nucleotide is indicated. (C) Summary of the catalytic activities of pneumococcal DacA, Pde1, and Pde2 in
homeostasis of c-di-AMP.

FIG 4 Cleavage of c-di-AMP and pApA by S. pneumoniae Pde1 and Pde2. (A) c-di-AMP at indicated concentrations was cleaved by Pde1 or Pde2 for 1 h. The enzymatic
activity was determined as nmol c-di-AMP cleaved per mg protein per min. (B) pApA was cleaved by Pde2 for 10 min. Enzymatic activity was determined as �mol pApA
cleaved by per mg protein per min. Note that different units are displayed for cleaved c-di-AMP (A) and pApA (B). The error bars indicate the SEM.
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play a role in response to UV radiation, and Pde2 contributes
more to response against UV damage than Pde1.

Both Pde1 and Pde2 are essential in pneumococcal patho-
genesis. The roles of Pde1 and Pde2 in pneumococcal pathogen-

esis have been well characterized, including adherence to human
epithelial cells, as well as colonizing and causing OM, pneumonia,
and bacteremia in various mouse infection models (52). In the
mouse pneumonia competitive-infection model, bacterial loads

FIG 5 Construction of in-frame deletion mutants of pde1 and pde2 in S. pneumoniae. (A and B) The in-frame deletion mutants of S. pneumoniae pde1 (A) and
pde2 (B) were generated using homologous recombination. The size (in bp) of each ORF is indicated above the gene. The length (in bp) of each intergenic region
is also marked between adjacent genes. (C) Western blot analysis to verify the deletion of pde1 and pde2 using antibodies against Pde1 and Pde2, respectively.
Subsequent blotting with a mouse anti-PdxS antibody (62) served as a loading control. (D) Detection of bacterial c-di-AMP levels. Bacteria were grown in THY
broth to an OD620 of 0.3 or 0.8. Each sample was then harvested, resuspended in 50 mM Tris-HCl (pH 8.0), and sonicated. The bacterial debris was removed, and
the supernatant was taken to detect c-di-AMP levels using ELISA. The concentration of each sample was normalized with the actual OD620. The data shown are
the means of three independent experiments. The error bars denote the SEM. *, P � 0.05; **, P � 0.01 in a two-tailed t test using Prism 5.0a (GraphPad Software).

FIG 6 Growth phenotypes of the S. pneumoniae �pde1 and �pde2 mutants. (A) Morphology of the WT, �pde1, �pde2, and �pde1 �pde2 strains after Gram staining.
The images were taken at a magnification of �400. The insets are enlarged an additional 4-fold. The results shown are representative of three independent experiments.
(B) Growth curves of the WT, �pde1, �pde2, and �pde1 �pde2 strains in THY broth. The same CFU from the bacterial stocks were inoculated, and bacterial growth was
monitored hourly. The data shown are the means of three independent experiments. The error bars denote the SEM. (C) Response of WT, �pde1, �pde2, and �pde1
�pde2 strains to UV treatment. Bacterial serial dilutions were spotted onto TSA plates either with or without treatment with UV radiation. The plates were then incubated
overnight, and the CFU were enumerated to determine the survival percentage of each bacterial strain. The data shown are the means of three independent experiments.
The error bars denote the SEM. *, P � 0.05 in a two-tailed t test using Prism 5.0a (GraphPad Software).
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in both the lung homogenate and the bronchoalveolar lavage fluid
(BALF) of mice were numerated 48 h postinfection. Both Pde1
and Pde2 are essential for virulence (52).

In this study, we also determined the roles of Pde1 and Pde2 in
pneumococcal virulence using a mouse pneumonia model. We
compared the survival rates of mice infected with the WT, �pde1,
�pde2, or �pde1 �pde2 strain. Our results showed that the median
survival time of the WT-infected mice was 4.5 days, while the mice
infected with the mutant strains, with the exception of one mouse
infected with �pde1, all survived until the end time point (Fig. 7).
This result indicates that the virulence of all the three mutants was
significantly attenuated compared to the parental strain, which is
consistent with the observation of the bacterial loads (52). There-
fore, both Pde1 and Pde2 are required during pneumococcal in-
fection.

DISCUSSION

In this study, S. pneumoniae dacA was identified as an ortholog of
B. subtilis dacA (24). In B. subtilis, three diadenylate cyclases have
been reported, DisA, DacA, and DacB (23, 24). Analysis using the
TMHMM server revealed that the DacA proteins of B. subtilis, S.
pneumoniae, L. monocytogenes, and S. aureus all possess three
transmembrane helices, whereas B. subtilis DisA and DacB, as well
as M. tuberculosis DisA, are cytoplasmic. Recent studies showed
that disA, dacA, or dacB alone could be disrupted in B. subtilis, but
a triple mutant of these genes could not be generated in the bac-
terium unless one of these cyclases was provided (24, 28). These
observations clearly indicate that c-di-AMP, rather than any one
particular diadenylate cyclase, is required for the viability of B.
subtilis (24). Interestingly, dacA is an essential gene in S. pneu-
moniae (51), similar to those in L. monocytogenes and S. aureus
(25, 36). Moreover, dacA encodes the only diadenylate cyclase
identified in the three bacterial species. Therefore, the essentiality
of dacA in these bacteria is very likely due to the need for c-di-
AMP for bacterial viability.

It is interesting that the presence of c-di-AMP or c-di-GMP is
relatively distinct between Gram-positive and Gram-negative bac-
teria (23). The majority of diguanylate cyclases have been identi-
fied in Gram-negative bacteria, whereas diadenylate cyclases have
been reported mostly in Gram-positive bacteria. The presence of
c-di-GMP signaling in Gram-positive bacteria has been directly
demonstrated only in B. subtilis (55, 56) and the spore-forming,

obligate anaerobe Clostridium difficile (57). We were unable to
find any GGDEF motif in S. pneumoniae proteins. The Pde1 or-
tholog in Streptococcus mutans, AAN59731, has been implicated as
a diguanylate cyclase and plays a role in biofilm formation (58).
However, a typical GGDEF motif is absent in the protein, and its
ortholog in B. subtilis is unable to generate c-di-GMP from GTP
(26). Moreover, we showed that pneumococcal Pde1 functions as
a phosphodiesterase, similar to its ortholog in B. subtilis (26).
Therefore, there is no evidence that c-di-GMP is present in Strep-
tococcus spp.

In a previous study, an ortholog of S. pneumoniae Pde2 in S.
mutans was characterized as 3=-phosphoadenosine-5=-phosphate
(pAp) phosphatase, which dephosphorylates pAp to AMP (59).
Additionally, both Pde1 and Pde2 have been reported to contrib-
ute to pneumococcal virulence and to confer protection against
pneumococcal disease (52). In this study, we explored whether
these pneumococcal proteins were able to hydrolyze c-di-AMP
and other nucleotides. Both of the DHH domain proteins in S.
pneumoniae were shown to function as c-di-AMP phosphodies-
terases. However, the cleavage products of Pde1 and Pde2 differ.
Pde1 orthologs and similar enzymatic activities have been dem-
onstrated in B. subtilis, S. aureus, and L. monocytogenes (25–27, 54,
60). However, cleavage of c-di-AMP by Pde2 has not been re-
ported, but its orthologs can be found in all these bacteria, indi-
cating that the bacteria all likely have more than one enzyme that
cleaves c-di-AMP. Pde2 is an ortholog of B. subtilis YtqI (also
named NrnA), which has been shown to degrade nanoRNA (RNA
oligonucleotides of �5 nucleotides) and dephosphorylates pAp to
AMP (61). In addition, the Pde2 ortholog in S. mutans degrades
pAp (59), while B. subtilis GdpP is unable to hydrolyze pAp (26).
Thus, the activities of these enzymes differ substantially in sub-
strate preferences and catalytic products. Interestingly, in the c-di-
GMP networks, when high initial levels of c-di-GMP were pro-
vided as the substrate, pGpG was detected as an intermediate
degradation product by the HD_GYP domain protein. In con-
trast, we could not detect pApA in reactions with c-di-AMP and
Pde2.

All the reported Pde1-like proteins have two transmembrane
helices. In contrast, the Pde2-like proteins in these bacteria are all
cytoplasmic, based on analysis using the TMHMM server (http:
//www.cbs.dtu.dk/services/TMHMM-2.0/). The presence of more
than one c-di-AMP phosphodiesterase in a bacterium raises the
following possibilities: (i) the two enzymes are responsible for
local c-di-AMP pools within the bacterium due to their different
distributions; (ii) their hydrolyzed products, pApA and AMP,
have different biological roles; and (iii) these proteins may have
other biological functions, in addition to cleaving c-di-AMP.

S. pneumoniae c-di-AMP homeostasis needs to be well main-
tained, since pneumococcal dacA is an essential gene and deletion
of either pde1 or pde2 in the pathogen resulted in defective bacte-
rial growth. Our observations are consistent with the report that
both lack and high-level accumulation of c-di-AMP in B. subtilis
are detrimental to bacterial growth (24). Surprisingly, deletion of
pde1 and pde2 showed similar defects in bacterial growth but dif-
ferent levels of resistance to UV treatment, as the �pde2 strain is
more sensitive to UV than the �pde1 strain. These observations
further support the possibility that c-di-AMP microenvironments
are generated by these phosphodiesterases.

Both Pde1 and Pde2 have been shown to be essential in differ-
ent pneumococcal infection models, suggesting that c-di-AMP

FIG 7 Infection of mice with the pneumococcal phosphodiesterase mutants.
Approximately 5 � 106 CFU of the WT, �pde1, �pde2, or �pde1 �pde2 strain
was inoculated intranasally in 50 �l PBS, and the mice were subsequently
monitored for 9 days. The indicated P values are the statistical results for each
mutant compared to the WT and analyzed by the log-rank (Mantel-Cox) test
using Prism 5.0a (GraphPad Software).
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plays an important role during infections. It is likely that elevated
bacterial c-di-AMP reduces the virulence of the pathogen. None-
theless, it is important to understand what effector proteins and
signal transduction pathways are involved in this response. Un-
derstanding the molecular basis of c-di-AMP signaling pathways
will possibly provide new insights into controlling infections
caused by S. pneumoniae.
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