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Abstract 

Cyclic di-AMP (c-di-AMP) is a second signaling molecule involved in the regulation of bacterial 
physiological processes and interaction between pathogen and host. However, the regulatory 
network mediated by c-di-AMP in Mycobacterium remains obscure. In M. smegmatis, a diadenylate 
cyclase (DAC) was reported recently, but there is still no investigation on c-di-AMP phos-
phodiesterase (PDE). Here, we provide a systematic study on signaling mechanism of c-di-AMP 
PDE in M. smegmatis. Based on our enzymatic analysis, MsPDE (MSMEG_2630), which contained a 
DHH-DHHA1 domain, displayed a 200-fold higher hydrolytic efficiency (kcat/Km) to c-di-AMP than 
to c-di-GMP. MsPDE was capable of converting c-di-AMP to pApA and AMP, and hydrolyzing 
pApA to AMP. Site-directed mutations in DHH and DHHA1 revealed that DHH domain was 
critical for the phosphodiesterase activity. To explore the regulatory role of c-di-AMP in vivo, we 
constructed the mspde mutant (Δmspde) and found that deficiency of MsPDE significantly enhanced 
intracellular C12-C20 fatty acid accumulation. Deficiency of DAC in many bacteria results in cell 
death. However, we acquired the M. smegmatis strain with DAC gene disrupted (ΔmsdisA) by 
homologous recombination approach. Deletion of msdisA reduced bacterial C12-C20 fatty acids 
production but scarcely affected bacterial survival. We also provided evidences that superfluous 
c-di-AMP in M. smegmatis could lead to abnormal colonial morphology. Collectively, our results 
indicate that MsPDE is a functional c-di-AMP-specific phosphodiesterase both in vitro and in vivo. 
Our study also expands the regulatory network mediated by c-di-AMP in M. smegmatis. 
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INTRODUCTION 
Bacterial cyclic nucleotide second messenger 

molecules regulate various cellular processes includ-
ing carbon/nitrogen metabolism, cell cycle, motility, 
quorum sensing, biofilm formation, and even viru-
lence [1, 2]. Cyclic di-AMP (c-di-AMP) is a recently 
discovered second messenger molecule in bacteria [3]. 
An upsurge in c-di-AMP research has appeared, with 
many important cellular pathways mediated by 
c-di-AMP being revealed. However, these findings 

are only a tip of the iceberg on account of the broad 
distribution of c-di-AMP among bacteria and archaea. 
Bacterial intracellular c-di-AMP levels are maintained 
by two functionally opposite enzymes: diadenylate 
cyclases (DACs) and phosphodiesterases (PDEs). 
However, endogenous or environmental stimuli can 
disturb this mutual balance of enzymes. Further, the 
fluctuation in c-di-AMP level is a direct trigger for the 
signal transduction pathways which regulate differ-
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ent bacterial physiological processes. 
The first DAC was indentified during the struc-

tural study on Thermotoga maritima DNA integrity 
scanning protein (DisA), which condensed two ATP 
molecules to form one c-di-AMP molecule [4]. Genes 
coding for functional DAC were identified in a wide 
range of bacteria, including Listeria monocytogenes [5], 
Staphylococcus aureus [6], and Streptococcus pyogenes 
[7]. These bacteria only possess one functional DAC, 
and disruption of any of these cyclases results in cell 
death [7]. The bacteria from Bacillus species, such as B. 
subtilis [8] and B. thuringiensis [9], have more than one 
gene coding for DAC. These genes are also essential 
for bacteria survival: bacteria with all the DACs de-
leted cannot survive [10]. 

Most of the reported PDEs belong to GdpP pro-
tein family (GGDEF domain protein-containing 
phosphodiesterase) which consists of an N-terminal 
signal regulatory module linked to a degenerate 
GGDEF domain and a C-terminal DHH-DHHA1 
domain module [11, 12]. The DHH-DHHA1 domain is 
essential for PDE activity. Yybt in B. subtilis, GdpP in 
S. aureus, and PdeA in L. monocytogenes etc., all belong 
to GdpP protein family and perform a PDE function 
to maintain the intracellular c-di-AMP level [5, 6, 9, 
11]. DhhP in Borrelia burgdorferi and MtPDE (also re-
ferred as CnpB) in M. tuberculosis are also functional 
c-di-AMP-specific PDE which only contain a core 
DHH-DHHA1 domain, and both are soluble proteins 
and essential for virulence [13, 14] (Fig. 1). Recently, 
Huynh and co-workers identified L. monocytogenes 
protein PgpH as a novel PDE which specifically hy-
drolyzed c-di-AMP to 5’-pApA via a catalytic His-Asp 
(HD) domain [15]. PgpH homologs are conserved in 
many c-di-AMP synthesizing microorganisms [15]. 

PDEs from different families might exhibit coopera-
tive activities in regulating c-di-AMP level. 

c-di-AMP regulates various cellular pathways by 
binding with specific receptor proteins or RNAs [3]. 
This binding allosterically alters the activity or con-
formation of receptors and thus triggers signal cas-
cades related to various cellular processes. Unlike 
c-di-GMP receptors, c-di-AMP receptors are more 
diverse.  

Even though the potassium transport component 
KtrA, cation proton antiporter A (CpaA), as well as 
the histidine kinase protein KdpD of S. aureus, are all 
c-di-AMP receptor proteins involved in potassium 
homeostasis regulation, these proteins have different 
binding domains for c-di-AMP [16]. M. smegmatis 
TetR family transcription factor DarR and S. aureus 
cytoplasmic protein PstA are also reported to be 
c-di-AMP receptor proteins but these are different 
from each other in terms of structure and function [3, 
16, 17]. A riboswitch class called ydaO was recently 
discovered to sense c-di-AMP [18-20]. ydaO selectively 
responds to c-di-AMP with sub-nanomolar affinity 
and controls numerous genes in a wide variety of 
bacteria [18, 20]. c-di-AMP also controls important 
signaling cascades of host during infection. For ex-
ample, c-di-AMP secreted by L. monocytogenes 
through multidrug efflux pumps (MDRs) was able to 
induce cytosolic host response [21], and this response 
was likely to be mediated by STING and DDX41 [22, 
23]. Moreover, c-di-AMP secreted by M. tuberculosis 
directly targeted macrophages and led to host in-
flammation response [24]. The elevated c-di-AMP 
levels in macrophage induced host to produce much 
higher level of IFN-β and resulted in attenuated viru-
lence of M. tuberculosis [24].  

 

 
FIGURE 1. Domain architecture of c-di-AMP PDEs. The reported PDEs belong to three different families, one is GdpP protein family (GGDEF domain protein-containing 
phosphodiesterase) which consists of an N-terminal signal regulatory module linked to a degenerate GGDEF domain and a C-terminal DHH-DHHA1 domain module, an other 
family only contains a DHH-DHHA1 domain, and the third is 7TMR family which contains a HD domian [7, 11, 15, 33, 38-40]. Accession numbers: PgpH-L. monocytogenes: 
4S1B_A; GdpP-L. lactis: CAL98387; GdpP-S. aureus: YP_498622; GdpP-S. pyogenes: NP_270093; GdpP-S. suis: ABP93318; PdeA-L. monocytogenes: CAC98267; YybT-B. subtilis: 
NP_391931; Pde1-S. pneumonia: ABJ55207; PDE-M. smegmatis: YP_886967; PDE-M. tuberculosis: P71615; Dhhp-B. burgdorferi: NP_212753; Pde2-S. pneumonia: SPD_1153. 
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In M. tuberculosis, which causes human tubercu-
losis, both DAC and c-di-AMP-specific PDE were 
identified. MtdisA (also referred as DacA) is able to 
utilize both ATP and ADP to synthesize c-di-AMP 
[25]. Moreover, the DAC activity of MtdisA is allo-
sterically regulated by high concentration of ATP [13]. 
These findings provide new insights into the sub-
strates and the catalytic mechanism of DACs. On the 
other hand, MtPDE was demonstrated to possess 
c-di-AMP PDE activity. It was capable of hydrolyzing 
c-di-AMP exclusively to AMP, and deletion of mtpde 
led to reduced virulence in mouse [24].  

Being a "fast grower" and non-pathogenic, M. 
smegmatis is used as a research model for M. tubercu-
losis. In M. smegmatis, c-di-AMP is synthesized by a 
sole DAC MsDisA [26]. Overexpression of msdisA 
induces cell expansion and aggregation, as well as 
inhibits bacterial motility [26]. A c-di-AMP receptor 
DarR has been recently identified, and it acts as a re-
pressor of fatty acid synthesis genes [17]. However, 
there is no report on c-di-AMP-specific PDE in M. 
smegmatis. In addition, the way M. smegmatis main-
tains its c-di-AMP homeostasis is also obscure. 

MsPDE (MSMEG_2630) is a DHH-DHHA1 do-
main protein which lacks any other regulatory do-
mains conserved in GdpP protein family. MsPDE has 
affinity for wide substrates in vitro because of its 
unique subunit packing and large domain interface 
[27]. In this research, we explored the enzyme kinetic 
parameters of MsPDE and confirmed that MsPDE is a 
c-di-AMP-specific PDE and the DHH domain is criti-
cal for PDE activity in vitro. To understand the physi-
ological function of c-di-AMP in M. smegmatis, we 
constructed the deletion mutants of msdisA and mspde 
and found that disruption of these genes affected the 
intracellular concentration of C12-C20 fatty acids. Our 
results also provided new evidences that M. smegmatis 
tended to maintain the intracellular c-di-AMP con-
centration at low level, and superfluous c-di-AMP 
would lead to abnormal cellular processes. 

EXPERIMENTAL PROCEDURES 
Bacterial strains and growth conditions  

E. coli DH5α and E. coli BL21(DE3) were used for 
gene cloning and protein expression respectively 
(Table 1). Both strains were grown in lysogeny broth 
(LB) at 37 °C. M. smegmatis MC2 155 (NC_008596) was 
grown at 37 °C in 7H9 Middlebrook broth or on 7H10 
agar plates. Where required, antibiotics were added as 
follows: kanamycin, 50 μg/ml; ampicillin, 100 μg/ml 
and hygromycin, 100 μg/ml. 

DNA manipulations 
Overlap PCR was performed for site-directed 

mutation of mspde gene and the primers are shown in 

Supplementary Table S1. The corresponding genes 
(mspde, mtpde, msdisA, mspdeDHH-AAA, mspdeGGGH-AAAA, 
btyybT320-657, btytqI, btrecJ) were cloned into pET28b 
and transformed into E. coli BL21(DE3) (Table 1). All 
the constructs were verified by DNA sequencing. 

Protein expression and purification  
E. coli BL21(DE3) cells harboring recombinant 

plasmids were grown up to OD600 0.8 at 37 °C and 
then induced by adding 0.5 mM isopro-
pyl-β-D-1-thiogalactopyranoside (IPTG) at 28 °C for 8 
h. Harvested cells were re-suspended in binding 
buffer (25 mM Tris, 500 mM NaCl, pH 8.0) before 
sonication. The cell extracts were further clarified by 
centrifugation and hexahistidine-tagged protein was 
purified from the supernatant using Ni-NTA affinity 
column at room temperature. Fractions were dialyzed 
overnight to remove the residual imidazole. The pu-
rified protein was analyzed by 12% SDS-PAGE and 
quantified by Coomassie brilliant blue assay. 

Construction of mspde and msdisA mutant 
strains 

The mutant Δmspde with mspde (msmeg_2630) 
deletion and mutant △mspde with msdisA 
(msmeg_6080) deletion were constructed using the 
method of homologous recombination [28]. The 
pMind-derived suicide plasmid, which carried hy-
gromycin resistance gene (hyg) and a sacB-lacZ cas-
sette as selection markers, was constructed and elec-
troporated into M. smegmatis. The allelic-exchange 
mutant strain was selected on 7H10 agar containing 
50 μg/ml hygromycin, 2% sucrose, and 200 μg/ml 
X-gal. Selected mutants were verified by PCR and 
sequencing.  

Construction of mspde and msdisA overexpres-
sion strains 

The mspde and msdisA genes were amplified by 
PCR (Supplementary Table S1) and cloned into 
pMV261 plasmid at the NcoI and XhoI sites, respec-
tively [29]. The expression plasmids pMV261-mspde 
and pMV261-msdisA were then electroporated into M. 
smegmatis to create the overexpression strains 
OEmspde and OEdisA, respectively (Table 1).  

Phosphodiesterase assays 
The purified protein was incubated with 10 nM 

nucleotide substrate (cAMP, cGMP, c-di-AMP, 
c-di-GMP, pApA or pGpG) at 25 °C. The assay was 
performed in initial reaction mixture, which con-
tained 100 mM Tris (pH 7.8), 100 mM NaCl, and 10 
mM MgCl2. The reaction was terminated by boiling 
for 10 min and then centrifuged at 16,000 g for 15 min 
to remove the denatured protein. Subsequently, the 
supernatant was loaded onto an Agilent 1200 series 
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HPLC system (Agilent Technologies, USA) to monitor 
the degradation products. The samples were sepa-
rated by an Elite Hypersil BDS C18 column (4.6 ×200 
mm, 5 μm particle sizes) with the mobile phase con-
taining 90% phosphate buffer (30 mM K2HPO4 and 20 
mM KH2PO4, pH 6.0) and 10% methanol. The column 
temperature was controlled at 25 °C and the flow rate 
was set at 1 mL/min. 

The optimum reaction temperature was deter-
mined by testing PDE activity of MsPDE at various 
temperatures (4 to 65 °C) in the initial reaction mix-
ture. 100 mM MES (pH 5.5-6.5) or Tris (pH 7.0-9.5) 
buffer was added to explore the optimum reaction pH 
of MsPDE. The metal dependence of MsPDE was as-
sayed by replacing Mn2+ with other divalent metal 
cations (Ca2+, Zn2+, Co2+, Mg2+, Fe2+, Ni2+, and Cu2+) in 
the initial condition. For optimization of Mn2+ and 
Mg2+ concentration, experiments were conducted by 
adding MnCl2 or MgCl2 to the reaction mixture at 
various final concentrations (0-100 mM). The effect of 
salt concentration on the PDE activity was evaluated 
by changing the NaCl concentrations from 0 to 500 
mM. 

Identification of the reaction product by 
LC/Q-TOF  

The products of MsPDE were identified by 
LC/Q-TOF analysis, which was performed on Agilent 

1260 LC system (Agilent Technologies, USA) coupled 
to an ultra high definition quadrupole time-of-flight 
mass spectrometer Model 6540 (Agilent Technologies, 
USA) equipped with a dual source electrospray ioni-
zation ion source.  

The reaction products were separated on Agilent 
C18 reverse-phase column, with the binary mobile 
phase composed of 2% methanol and 98% water 
(containing 0.2% ammonium acetate and 0.1% acetic 
acid) being set at a constant flow rate of 300 μL/min 
and column temperature of 30 °C. 

Q-TOF parameters were as follows: ionization 
mode, positive mode; capillary voltage: 4,000 V; dry-
ing gas: 9 L/min; nebulizer pressure: 40 psig; gas 
temperature: 350 °C; skimmer voltage: 65 V; octopole 
RF Peak voltage: 750 V, fragmentor voltage: 150 V. 
LC/MS accurate mass spectra were recorded across a 
range of 100-1000 m/z at the MS scan rate 1.5 spec-
tra/s. Accurate mass measurements of each peak 
from the total ion chromatograms were obtained by 
an automated calibrant delivery system using a low 
flow of a calibrating solution (calibrant solution A, 
Agilent Technologies), which contains the internal 
reference masses purine (C5H4N4) at m/z 121.0509 
and HP-921 [hexakis-(1H, 1H, 3H-tetrafluoro- 
pentoxy) phosphazene] (C18H18O6N3P3F24) at m/z 
922.0098.

Table 1. Strains and plasmids used in this study 

Strain and plasmid  Description Reference 
Strains   
E. coli DH5α  A cloning host Novagen 
E. coli BL21(DE3) Protein expression host Novagen 
BL21/pET28-mspde BL21(DE3) with pET28-mspde, used for protein purification, This work 
BL21/pET28-mtpde BL21(DE3) with pET28-mtpde, used for protein purification This work 
BL21/pET28-msdisA BL21(DE3) with pET28-msdisA, used for protein purification This work 
BL21/pET28-mspdeDHH-AAA BL21(DE3) with pET28-mspdeDHH-AAA, used for protein purification This work 
BL21/pET28-mspdeGGGH-AAAA BL21(DE3) with pET28-mspdeGGGH-AAAA, used for protein purification This work 
pET28-btyybT320-657 BL21(DE3) with pET28- yybT320-657, used for protein purification This work 
BL21/pET28-btytqI BL21(DE3) with pET28- ytqI, used for protein purification This work 
BL21/pET28-btrecJ BL21(DE3) with pET28- recJ, used for protein purification This work 
M. smegmatis Wild type of M. smegmatis MC2155 strain (NC_008596) [28] 
Δmspde mspde deleted strain of M. smegmatis MC2155 This work 
ΔmsdisA msdisA deleted strain of M. smegmatis MC2155 This work 
Msm/pMV261 M. smegmatis MC2 155 with pMV261 This work 
OEmspde M. smegmatis MC2 155 with pMV261-mspde, mspde overexpression strain  This work 
OEdisA M. smegmatis MC2 155 with pMV261-disA, msdisA overexpression strain This work 
Plasmids   
pET28b (+) T7-driven expression vector, KmR  Novagen 
pET28-mspde mspde in NcoI and XhoI sites of pET28b  This work 
pET28-mtpde mtpde in NcoI and XhoI sites of pET28b  This work 
pET28-msdisA msdisA in NcoI and NotI sites of pET28b  This work 
pET28-mspdeDHH-AAA mspde-(D134A-H135A-H136A) in NcoI and XhoI sites of pET28b  This work 
pET28-mspdeGGGH-AAAA mspde-(G312A-G313A-G314A-H315A) in NcoI and XhoI sites of pET28b  This work 
pET28-btyybT320-657 yybT320-657 in NcoI and XhoI sites of pET28b This work 
pET28- btytqI ytqI in NcoI and XhoI sites of pET28b This work 
pET28- btrecJ recJ in NcoI and XhoI sites of pET28b This work 
pMV261 KanR, pAL5000 replicon, colE1 replicon, hsp60 promoter, expression vector [28] 
pMV261-mspde mspde in EcoRI and HindIII sites of pMV261, mspde overexpression vector  This work 
pMV261-msdisA msdisA in EcoRI and HindIII sites of pMV261, msdisA overexpression vector  This work 
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Determination of intracellular c-di-AMP con-
centration of M. smegmatis by LC-MS/MS 

M. smegmatis strains were grown to logarithmic 
phase (16 h) at 37 °C in 7H9 broth. The cells were 
immediately harvested at 4 °C and washed twice by 
distilled water. Nucleotide was extracted from the cell 
pellets using the method reported by Burhenne and 
Kaever [30]. Detection of c-di-AMP was performed on 
a Finnigan Surveyor Plus liquid chromatography 
system followed by a Thermo Scientic TSQ Quantum 
Ultra EMR tandem mass spectrum system (San Jose, 
CA, USA). Intracellular c-di-AMP level was normal-
ized by the corresponding wet cell weight. 

Measurements of intracellular fatty acids by 
gas chromatography (GC) 

M. smegmatis strains were grown to logarithmic 
phase at 37 °C in 7H9 broth medium, and the cells 
were harvested and lyophilized immediately. Four 
basic steps (saponification, methylation, extraction, 
and base wash) were performed in the preparation of 
GC-ready extracts from the harvested cells according 
to the standard method [31]. The test samples, as well 
as calibration standard samples were loaded on Ag-
ilent 6890 gas chromatograph for fatty acids analysis. 
When the run was complete, the retention time and 
response of each peak were calculated by the Chem-
Station. Each peak from the chromatographic analysis 
was listed by retention time, response, Equivalent 
Chain Length (ECL) value and name. If response of 
fatty acids in test strain was more than 120% when 
compared with that of wild type strain, the fatty acid 
was thought to be up-regulated, and vise versa. 

RESULTS 
MsPDE is a functional PDE 

MsPDE shares 73% identity to MtPDE in M. tu-
berculosis and 25% identity to YybT333-659 in B. subtilis 
(Supplementary Fig. S1). To investigate whether 
MsPDE has the PDE activity, a C-terminal His-tagged 
recombinant protein was expressed and purified. 
MsPDE was then incubated with several naturally 
occurring nucleotide substrates (cAMP, c-di-AMP, 
cGMP, c-di-GMP, pApA and pGpG) in standard re-
action mixture following by HPLC analysis. No deg-
radation products were detected when MsPDE was 
incubated with cAMP and cGMP (data not shown). 
However, new product peaks appeared when MsPDE 
was incubated with c-di-AMP, c-di-GMP, pApA and 
pGpG (Fig. 2). MsPDE hydrolyzed c-di-AMP to pApA 
and AMP (Fig. 2A), and was also capable of convert-
ing pApA to AMP (Fig. 2B). LC/Q-TOF analysis fur-
ther confirmed the hydrolysis products (Supplemen-
tary Fig. S2). These results indicated that pApA was 
the intermediate product when MsPDE hydrolyzed 
c-di-AMP to AMP, which was consistent with the 
observation on MtPDE [24]. Furthermore, MsPDE 
showed much higher PDE activity than MtPDE in 
vitro. When incubated with MsPDE, most of c-di-AMP 
was hydrolyzed into AMP, with trace amount of sub-
strate and intermediate product remained, however, 
the PDE activity of MtPDE was much lower than that 
of MsPDE under the same condition (Supplementary 
Fig. S3). MsPDE also exhibited PDE activity toward 
c-di-GMP and pGpG, hydrolyzing them to GMP (Fig. 
2C and 2D). MsPDE might hydrolyze c-di-GMP di-
rectly into GMP as we failed to identify pGpG when 
c-di-GMP was incubated with MsPDE. 

 
FIGURE 2. PDE activity of MsPDE in vitro. MsPDE (0.7 μM) was incubated at 37 °C overnight in standard reaction mixture with 10 μM of c-di-AMP (A), pApA (B), c-di-GMP 
(C) and pGpG (D). Enzymatic reaction products were determined by HPLC. The standard reaction mixture contains 100 mM Tris (pH 7.5), 100 mM NaCl and 10 mM MnCl2. 
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FIGURE 3. Optimization of MsPDE reaction conditions. (A) Temperature tolerance of MsPDE-catalyzed c-di-AMP hydrolysis. (B) pH dependence of MsPDE-catalyzed 
c-di-AMP hydrolysis. (C) Hydrolysis of c-di-AMP by MsPDE in the presence of indicated divalent metal cations. (D) Hydrolysis of c-di-AMP by MsPDE in the presence of Mn2+ or 
Mg2+. (E) PDE activity of MsPDE was inhibited by Ca2+ or Zn2+. (F) The effect of ionic strength on PDE activity of MsPDE. The error bars indicates the SD of triplicated 
experiments. 

 

Optimization of enzyme reaction conditions 
A series of experiments were carried out to ex-

plore the tolerance to extreme temperature and pH of 
MsPDE. MsPDE exhibited enzyme activity over a 
broad range of temperatures from 4 to 65 °C and its 
optimal temperature range was found to be 37-50 °C. 
On the other hand, both, low (4 °C) and high (65 °C) 
temperature greatly inhibited its activity (Fig. 3A). As 
a result, we performed all the following experiments 
at 37 °C. M. smegmatis is a rapidly growing environ-
mental strain and it is also considered to be an op-
portunistic human pathogen [32]. Hence, its tolerance 
to broad range of temperature may contribute to its 
resilience to the changing environments. However, 
MsPDE was sensitive to pH change with the optimal 
pH around 7.5 according to our experiments (Fig. 3B). 

We examined metal-ion dependence to identify 
the physiological metal-ion cofactor for MsPDE. The 
results indicated that MsPDE was strictly dependent 

on Co2+, Mn2+, Mg2+ or Fe2+, and showed a maximum 
activity with Mn2+ as a cofactor (Fig. 3C). Generally, 
Mg2+ acts as an effective metal cofactor in many PDEs 
[11, 33], whereas our result showed MsPDE had a 
strong preference for Mn2+ rather than Mg2+ (Fig. 3D), 
and this observation is similar to that of YybT [11]. 
The activity of YybT was strongly inhibited when the 
concentration of Mn2+ was higher than 1 mM, albeit 
Mn2+ was found to be its optimum cofactor [11]. By 
contrast, the activity of MsPDE was enhanced with 
increasing concentration of Mn2+, and remained stable 
even at 100 mM Mn2+ (Fig. 3D). In addition, the activ-
ity of MsPDE remained relatively low when incubat-
ed with Mg2+ and exhibited a maximum activity at 100 
mM of Mg2+. We also observed that the activity of 
MsPDE was inhibited when the reaction mixture 
contained Ca2+ or Zn2+ (Fig. 3E). The binding site of 
Mn2+ might be occupied when the reaction mixture 
contain Ca2+ or Zn2+. In addition, MsPDE was insen-
sitive to ionic strength as its activity re-
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mained unchanged with increasing concentration of 
NaCl (Fig. 3F).  

Hence, we formulated “standard reaction mix-
ture” which was composed of 100 mM Tris (pH 7.5), 
100 mM NaCl and 10 mM MnCl2. 

MsPDE Exhibits Specific PDE Activity toward 
c-di-AMP 

A steady-state kinetic measurement was con-
ducted to explore the substrate specificity of MsPDE 
(Fig. 4). MsPDE yielded a kcat of 0.52 ± 0.03s-1 and 
Michaelis-Menten constant (Km) of 6.80 ± 0.84 μM for 
c-di-AMP and kcat of 0.03 ± 0.00 s-1 and Km of 80.89 ± 
29.50 μM for c-di-GMP. Therefore, MsPDE had a 
200-fold higher hydrolytic efficiency (kcat/Km) to 
c-di-AMP than to c-di-GMP, indicating that MsPDE 
prefers c-di-AMP over c-di-GMP as substrate. The 
preference of MsPDE for c-di-AMP did not change 
when incubated with the mixed substrates containing 
the same amount of c-di-AMP and c-di-GMP (Fig. 5). 
These observations further confirm that MsPDE is a 
c-di-AMP- specific PDE. 

DHH domain is essential for enzymatic activity  
Unlike DHH-DHHA1 domain protein of YybT 

which only converts c-di-AMP to pApA, MsPDE can 
hydrolyze c-di-AMP to pApA and further to AMP. It 
means that DHH-DHHA1 domain of MsPDE may 
contain a special catalytic site to convert pApA to 

AMP. The proteins of DHH family are predicted to 
perform a phosphoesterase function, including 
5’-3’exonucleases (RecJ) involved in DNA repair, 
nanoRNases (NrnA) related to RNA processing, cyclic 
nucleotide PDEs and pyrophosphatases [11, 27, 34, 
35]. It is reported that the DHH residues in DHH 
domain and GGGH residues in DHHA1 domain are 
highly conserved and responsible for c-di-AMP PDE 
activity [11, 24]. These key amino acid residues were 
also conserved in MsPDE (Supplementary Fig. S1). 
To verify the hypothesis, His-tagged MsPDE with the 
D134H135H136 residues replaced by AAA, and 
G313G314G315H316 replaced with AAAA, were ex-
pressed and purified, and termed as MsPDEDHH-AAA 

and MsPDEGGGH-AAAA respectively. Both of the mutant 
proteins were incubated with c-di-AMP in standard 
reaction mixture, followed by HPLC analysis of sub-
strate and products. The mutation in DHH domain 
completely abolished PDE activity of MsPDE, show-
ing that DHH domain was essential for hydrolyzing 
c-di-AMP (Fig. 6A and 6B). In comparison, the pro-
tein harboring the mutant DHHA1 domain still 
showed a residual PDE activity, partially converting 
c-di-AMP and pApA to AMP (Fig. 6C and 6D), which 
suggested that the DHHA1 domain only contributed 
to fractional activity and its genuine function re-
mained obscure. 

 

 
FIGURE 4. Steady-state kinetic analysis of the hydrolysis of c-di-AMP and c-di-GMP catalyzed by MsPDE. The assay conditions used for kinetic analysis were: 0.7 
μM MsPDE incubated at 37 °C with 10 μM of c-di-AMP (A) or c-di-GMP (B) in standard reaction mixture. Reactions were stopped at appropriate time intervals and analyzed by 
HPLC. The errorbars indicates the SD of triplicated experiments. 

 
FIGURE 5. MsPDE exhibits substrates preference toward c-di-AMP rather than c-di-GMP. (A) and (B) MsPDE was incubated at 37 °C with the same amount of 
c-di-AMP and c-di-GMP respectively, and then the reaction products were subjected to HPLC analysis. (C) MsPDE was incubated with mixed substrates containing both c-di-AMP 
and c-di-GMP at the same amount, and the reaction products were analyzed by HPLC. All the reactions were performed in the standard reaction mixture. 
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FIGURE 6. Enzymatic activity of MsPDE mutants in hydrolyzing c-di-AMP and pApA. The same amount of MsPDEDHH-AAA (A and B) and MsPDEGGGH-AAAA (C and D) 
were incubated at 37 °C with 10 μM of c-di-AMP (A and C) or pApA (B and D) in standard reaction mixture. 

 
FIGURE 7. MsPDE and MsdisA altered intracellular c-di-AMP levels of M. smegmatis. (A) Determination of intracellular c-di-AMP concentrations of wild type, 
Δmspde and ΔmsdisA strains by LC-MS/MS. (B) Determination of intracellular c-di-AMP concentrations of wild type, OEmspde and OEmsdisA strains by LC-MS/MS. 20 μg/ml of 
kanamycin was added to Msm/pMV261, OEmspde and OEmsdisA cultures to stabilize the overexpression plasmids. 

 

MsPDE exhibits PDE activity toward c-di-AMP 
in M. smegmatis 

To explore the c-di-AMP phosphodiesterase ac-
tivity of MsPDE in M. smegmatis, intracellular 
c-di-AMP levels of wild type (WT), Δmspde, ΔmsdisA, 
OEmspde and OEmsdisA strain were determined by 
LC-MS/MS. According to our results, intracellular 
c-di-AMP concentration declined significantly 
(~2-fold) in OEmspde strain (Fig. 7). Moreover, MsPDE 
exhibited high c-di-AMP-specific phosphodiesterase 
activity according to our biochemical studies (Figs. 2, 
4 and 5). These results indicated that MsPDE was a 
functional c-di-AMP-specific phosphodiesterase both 
in vivo and in vitro. As c-di-AMP levels remained al-
most unchanged when mspde was deleted (Fig. 7A), 
but decreased drastically when mspde was overex-

pressed (Fig. 7B), another un-identified PDE might 
present in M. smegmatis. 

Superfluous c-di-AMP boosts the morphologic 
change of M. smegmatis 

To construct the overexpression strains of msdisA 
and mspde, pMV261, pMV261-mspde and 
pMV261-msdisA plasmids were separately transferred 
into M. smegmatis competent cells by electroporation 
and cloned cells were plated on 7H10 agar. After three 
days incubation, an unexpected phenomenon was 
observed: the OEmsdisA formed small colonies with a 
convex and smooth appearance, while OEmspde was 
normal as the control strain (Msm/pMV261) (Fig. 8). 
The colonial morphology difference in OEmsdisA 
strain disappeared after continuous culture. This 
phenomenon was repeatable: after electrotransfor-



Int. J. Biol. Sci. 2015, Vol. 11 
 

 
http://www.ijbs.com 

821 

mation, small colonies appeared in the first generation 
of OEmsdisA strain and disappeared in continuous 
culture.  

 Overexpression of msdisA in M. smegmatis led to 
a series of abnormal phenotypes including cell ex-
pansion, bacterial aggregation and loss of motility 
[26]. In our study, we also observed the similar cell 
bulge phenotype through scanning electron micros-
copy analysis when msdisA was overexpressed (Sup-
plementary Fig. S4). Moreover, the intracellular 
c-di-AMP level in OEmsdisA strain was sharply in-
creased (~7-fold) (Fig. 7B). These tests indicated that 
superfluous c-di-AMP could lead to dysfunction of M. 
smegmatis, resulting in abnormal bacterial morpholo-
gy.  

MsPDE deficiency affects the intracellular 
concentrations of fatty acids in M. smegmatis 

Fatty acids are the essential cellular components 
of mycobacteria and play an important role in bacte-
rial survival and virulence [36, 37]. Zhang and his 
co-workers reported that c-di-AMP could regulate 

metabolism and transport of fatty acids through 
c-di-AMP-responsive repressor DarR in M. smegmatis 
[17]. We identified intracellular C7-C20 fatty acids of 
wild type (WT), △mspde, △msdisA, OEmspde and 
OEmsdisA strain by GC. Almost half of the identified 
fatty acids were up-regulated in Δmspde and 
OEmsdisA strain (Fig. 9A and Supplementary Table 
S2), while down-regulated in both △msdisA and 
OEmspde strains (Fig. 9A and Supplementary Table 
S3). The two group of strains, △mspde/OEmsdisA and 
△msdisA/OEmspde, exhibited a same tendency in fatty 
acid changes (Fig. 8 and Supplementary Tables 
S1-S2), indicating that mspde and msdisA played op-
posite function in regulating fatty acid concentrations. 
Among the fatty acids which exhibited significant 
change, the concentration of C12-C20 fatty acids, in-
cluding saturated and unsaturated, were more likely 
to fluctuate in Δmspde and ΔmsdisA strain (Supple-
mentary Tables S2-S3). These results further pro-
vided evidences that MsPDE and MsdisA play a co-
operative role in controlling fatty acid levels. 

 

 
FIGURE 8. c-di-AMP levels affect the colonial morphology of M. smegmatis. The first generation of OEmsdisA strain formed minute colonies with a convex and smooth 
appearance on 7H9 agar plates, while OEmspde strain was normal as the control strain. 

 

 
FIGURE 9. Both mspde and msdisA affect the concentrations of intracellular fatty acids in M. smegmatis. (A) Determination of intracellular fatty acid concentrations 
of wild type, △mspde and OEmsdisA strains by GC. (B) Determination of intracellular fatty acid concentrations of wild type, △msdisA and OEmspde strains by GC. 
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DISCUSSION 
MsPDE is a genuine c-di-AMP-specific PDE in 
M. smegmatis 

In this study, we identified MsPDE as a genuine 
c-di-AMP specific-PDE in M. smegmatis. MsPDE is an 
ortholog of B. subtilis YybT. Comparing with YybT, 
which contains an extra transmembrane domain and a 
modified GGDEF domain involved in signal sensing, 
MsPDE only contains DHH-DHHA1 domain which is 
conserved in all the reported c-di-AMP specific-PDEs 
[7, 11, 33, 38-40]. Recently, a structural study on PDE 
revealed the molecular mechanism of its flexibility on 
substrates recognition [27]. Our study suggested that 
MsPDE could degrade c-di-AMP, pApA, c-di-GMP 
and pGpG, but not cAMP or cGMP. Moreover, 
c-di-AMP appears to be the preferred substrates as the 
MsPDE has a 200-fold higher hydrolytic efficiency 
(kcat/Km) to c-di-AMP than to c-di-GMP. We also pro-
vided evidences that overexpession of mspde in M. 
smegmatis resulted in direct modulation of c-di-AMP 
levels (Fig. 7B). Our results showed that in M. smeg-
matis, deletion of msdisA partially abolished bacterial 
C12-C20 fatty acid production, whereas deletion of 
mspde significantly enhanced C12-C20 fatty acid accu-
mulation. Moreover, the fatty acid profile of Δmspde 
strain was similar to OEmsdisA strain, which was sig-
nificantly up-regulated. It suggested that MsPDE and 
MsdisA had inverse function in fatty acid regulation. 

Collectively, MsPDE is likely to function as the 
c-di-AMP PDE in vivo, albeit the substrates of MsPDE 
are various in vitro. 

The function of DHH family proteins are ver-
satile and various 

All the reported c-di-AMP-specific PDEs belong 
to DHH family [7, 11, 33, 38-40], and the function of 
DHH family proteins is versatile and various. B. sub-
tilis possesses four DHH family proteins: BsYybT, 
BsYtqI, BsRecJ and BsPPase. Only BsYybT was cyclic 
nucleotide PDE, hydrolyzing both c-di-AMP and 
c-di-GMP, and DHH domain was responsible for the 
catalytic activity [11]. BsYtqI and BsRecJ have both 
oligoribonuclease and pAp-phosphatase activities [41, 
42], and BsPPase is a pyrophosphatase which pro-
vides thermal energy for many biosynthetic reactions 
[43]. B. thuringiensis, one of the relatives of B. subtilis, 
possesses three DHH family proteins (BtYybT, BtYtqI 
and BtRecJ). According to our research, both BtYybT 
and BtYtqI exhibited a c-di-AMP PDE activity (Sup-
plementary Fig. S5A and B), but RecJ could not hy-
drolyze c-di-AMP (Supplementary Fig. S5C). More-
over, the hydrolysis products of BtYybT and BtYtqI 
were different when they were incubated with 
c-di-AMP. BtYybT hydrolyzed c-di-AMP into pApA 

(Supplementary Fig. S5A), but BtYtqI converted 
c-di-AMP directly into AMP (Supplementary Fig. 
S5B). Other than Bacillus, Mycobacterium species usu-
ally contain one DHH family protein. As a result, 
mycobacterial DHH proteins tend to be potential 
multifunctional proteins. DHH family proteins also 
function differently among Mycobacterium species. 
Although MsPDE shares significant identity with M. 
tuberculosis PDE, and both have cyclic nucleotide PDE 
activity, MsPDE appeared to be much more active 
(Supplementary Fig. S3). The wide substrates and 
functional diversity of DHH proteins contribute to 
rapid environmental adaptability of bacteria, and the 
overwhelming cyclic nucleotide PDE activity is likely 
to play a predominant role. 

The regulatory mechanism of c-di-AMP in M. 
smegmatis is quite different from other bacte-
ria 

Our study also demonstrated that the regulatory 
mechanism of c-di-AMP in M. smegmatis is quite dif-
ferent from other bacteria. c-di-AMP is dominated in 
the regulation of various physiological processes in 
bacteria. So c-di-AMP is essential for many bacteria, 
and bacteria having DAC deletion cannot survive 
[11]. Like most bacteria, M. smegmatis contains only 
one DAC. MsdisA was reported to be the only func-
tional DAC in M. smegmatis, sharing 84% identity to 
M. tuberculosis DAC MtdisA [13]. We further con-
firmed its DAC activity through HPLC analysis. 
MsDisA could synthesize c-di-AMP from two mole-
cules of ATP or ADP in vitro (Supplementary Fig. S6). 
Interestingly, we successfully knocked-out msdisA 
from M. smegmatis genome using homologous re-
combination strategy. The msdisA mutant showed 
normal growth trend, as well as the same cell mor-
phology with wild type (Supplementary Figs. S4 and 
S7). This indicated that msdisA deficiency only had a 
weak effect on survival of M. smegmatis.  

In M. smegmatis, msdisA and the adjacent gene 
radA are in the same operon. RadA physically inter-
acts with MsDisA and inhibits c-di-AMP synthesis 
activity of MsDisA [26]. The expression of radA was 
relatively high at logarithmic and stationary phases 
but down-regulated in death phase according to our 
RNA-seq data (data not shown). Furthermore, the 
activity of MtDisA, the homolog of M. tuberculosis 
MsDisA, is strongly inhibited by 1 mM ATP [13]. The 
intracellular concentration of ATP in mycobacteria is 
about 1 mM [44]. All the evidences suggest that the 
activity of MsDisA is suppressed to guarantee the 
normal growth of M. smegmatis. On the contrary, the 
high concentration of c-di-AMP will induce abnormal 
morphological phenotypes. However, what induces 
the re-activation of MsDisA, is still unknown.  
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A summary of the regulatory network medi-
ated by c-di-AMP in M. smegmatis 

Based on previous and present studies, we de-
lineate the regulatory network mediated by c-di-AMP 
in M. smegmatis (Fig. 10) [17, 24]. c-di-AMP is an im-
portant regulator which maintains normal growth of 
M. smegmatis and regulates the metabolism and 
transportation of fatty acids through DarR or some 
other undiscovered pathways. The predicted ydaO 
riboswitch, a newly identified c-di-AMP receptor [18, 
20], is located in the 5’-UTR of rpfA gene coding for 
resuscitation-promoting factor A (RpfA) [45]. How-
ever, the link between c-di-AMP and ydaO, as well as 
the function of mycobacterial ydaO, is also obscure. 
The regulatory mechanism mediated by c-di-AMP 
should be further expanded in the future research. 
Moreover, tetrameric c-di-GMP was identified and 
reported to regulate Streptomyces development by 
controlling the dimerization of transcription factor 
BldD [46]. In a study of DAC in M. tuberculosis, mul-
timeric c-di-AMP was identified by LC-ESI-MS in 
assay mixture [13], however, its presence and function 
within cell is still not reported. Moreover, a crystal 
structure of LmPC tetramer in complex with two 
c-di-AMP molecules was reported, and another 
c-di-AMP that bridged two c-di-AMP molecules 
bound to neighboring LmPC in crystal was observed 
[47]. If the bridging c-di-AMP is an artifact in that 
crystal form or naturally exists in cells is unknown. So 
it is worth to re-examine the binding strategy of 
c-di-AMP to its receptors in the future study.  

 

 
FIGURE 10. Signaling network mediated by c-di-AMP in M. smegmatis. 
c-di-AMP is synthetized by DAC and hydrolyzed by PDE. It binds to its responsive 
proteins or RNAs and regulates various physiological processes in M. smegmatis. 
MsDisA, M. smegmatis DAC [26]; MsPDE, M. smegmatis c-di-AMP PDE; DarR, cyclic 
di-AMP receptor regulator [17]; ydaO, predicted c-di-AMP riboswitch [18, 20]. 
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