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Background: 5�-Nucleotidases are important virulence factors found in several bacterial pathogens.
Results: Streptococcal 5�-nucleotidase A (S5nA) generated immunomodulatory molecules adenosine and deoxyadenosine and
rescued Lactococcus lactis in a blood killing assay.
Conclusion: S5nA is a novel Streptococcus pyogenes virulence factor that facilitates immune evasion from the host.
Significance: S5nA might be a target for developing new therapeutics or vaccines.

Streptococcus pyogenes is an important human pathogen that
causes a wide range of diseases. Using bioinformatics analysis of
the complete S. pyogenes strain SF370 genome, we have identi-
fied a novel S. pyogenes virulence factor, which we termed strep-
tococcal 5�-nucleotidase A (S5nA). A recombinant form of S5nA
hydrolyzed AMP and ADP, but not ATP, to generate the immu-
nomodulatory molecule adenosine. Michaelis-Menten kinetics
revealed a Km of 169 �M and a Vmax of 7550 nmol/mg/min for the
substrate AMP. Furthermore, recombinant S5nA acted syner-
gistically with S. pyogenes nuclease A to generate macrophage-
toxic deoxyadenosine from DNA. The enzyme showed optimal
activity between pH 5 and pH 6.5 and between 37 and 47 °C. Like
other 5�-nucleotidases, S5nA requires divalent cations and was
active in the presence of Mg2�, Ca2�, or Mn2�. However, Zn2�

inhibited the enzymatic activity. Structural modeling combined
with mutational analysis revealed a highly conserved catalytic
dyad as well as conserved substrate and cation-binding sites.
Recombinant S5nA significantly increased the survival of the
non-pathogenic bacterium Lactococcus lactis during a human
whole blood killing assay in a dose-dependent manner, suggest-
ing a role as an S. pyogenes virulence factor. In conclusion, we
have identified a novel S. pyogenes enzyme with 5�-nucleotidase
activity and immune evasion properties.

Streptococcus pyogenes (also known as group A Streptococ-
cus) is a human opportunistic pathogen that is responsible for a
number of diseases, ranging from skin and soft tissue infections,

such as pharyngitis and impetigo, to severe invasive diseases,
such as necrotizing fasciitis and streptococcal toxic shock syn-
drome (1, 2). Untreated pharyngitis can develop into acute
rheumatic fever and rheumatic heart disease (1). Acute rheu-
matic fever and rheumatic heart disease are a major cause of
acquired heart disease in the developing world, particular in
school age children (3). Strikingly, the rates of acute rheumatic
fever in New Zealand are among the highest in the world, with
reported incidences of 150 –380/100,000 for Maori and Pacific
children 5–14 years old (4, 5).

Pathogenic bacteria have developed a variety of mechanisms
to evade the host immune response. One evasive strategy is to
interfere with the balance between pro- and anti-inflammatory
immune responses by targeting the purinergic signaling path-
way of the host (6, 7). Mammals express two nucleotidases that
sequentially convert extracellular ATP into adenosine (Ado).4
NTPDase/CD39 is an ecto-nucleoside triphosphate diphos-
phohydrolase that converts NTPs and NDPs to NMPs, whereas
ecto-5�-nucleotidase/CD73 hydrolyzes NMPs to generate
nucleosides (8). In response to infection or cell damage, the host
cells produce the “danger signal” ATP, which results in the acti-
vation of the innate immune response and the secretion of pro-
inflammatory cytokines after stimulation of the purinergic PY
receptors (9). As a control mechanism to prevent overstimula-
tion of this response, Ado antagonizes the effect of ATP by
stimulation of adenosine receptors suppressing the pro-inflam-
matory response (10 –13). Ado decreases the phagocytic activ-
ity of macrophages by suppressing the generation of nitric
oxide (14), superoxide (15, 16), and pro-inflammatory cyto-
kines (17). In addition, Ado inhibits neutrophil degranulation
(18).

Over recent years, several extracellular nucleotidases have
been identified in pathogenic bacteria and shown to play an
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important role in human disease, in particular evasion of the
host immune response. Staphylococcus aureus, a Gram-posi-
tive pathogen and a major cause of hospital-acquired blood,
skin, and soft tissue infections (19), produces adenosine syn-
thase A (AdsA). AdsA is a cell wall-anchored enzyme that
hydrolyzes AMP, ADP, and ATP to produce Ado. In addition,
AdsA hydrolyzes the guanosine derivatives GMP, GDP, and
GTP, although at a reduced rate, but not cytosine nucleotides
(20, 21). AdsA was shown to be responsible for staphylococcal
synthesis of adenosine in blood, escape from phagocytic clear-
ance, and the formation of abscesses in organs of infected mice
(20). Importantly, AdsA also converts deoxyadenosine mono-
phosphate (dAMP) into deoxyadenosine (dAdo), which is capa-
ble of inducing caspase-3-mediated apoptosis in macrophages
and monocytes (22). Another cell wall-anchored nucleotidase,
ecto-5�-nucleotidase A, was identified in Streptococcus sangui-
nis. Ecto-5�-nucleotidase A was shown to hydrolyze ATP, ADP,
and AMP and was able to inhibit platelet aggregation and con-
tributed to experimental endocarditis in a rabbit model (23). A
similar bacterial nucleotidase has also been described in Strep-
tococcus agalactiae (group B Streptococcus), a leading cause of
invasive infections in neonates (24). Ecto-5�-nucleoside diphos-
phate phosphohydrolase (NudP) is able to hydrolyze nucleoside
mono- and diphosphates but not nucleoside triphosphates.
Increased bacterial survival in mouse blood was reported in a
process dependent on extracellular Ado (25). Streptococcus suis
adenosine synthase (Ssads) is yet another recently identified
bacterial nucleotidase (26). S. suis causes a range of invasive
diseases in pigs (27) but has also been reported to infect humans
(28). Ssads is a cell wall-anchored enzyme that is most closely
related to AdsA from S. aureus. It was reported that Ssads
impairs polymorphonuclear cell-mediated innate immunity
and was important for virulence in a piglet infection model (26).

Here we report the identification of a novel extracellular
nucleotidase in Streptococcus pyogenes. Streptococcal 5�-nucle-
otidase A (S5nA) hydrolyzes AMP and ADP, but not ATP, to
generate Ado. In addition, we show conversion of dAMP into
dAdo, a powerful inhibitor of macrophages and monocytes.
Our results suggest a role of S5nA as a novel S. pyogenes viru-
lence factor that deregulates the host immune response.

Experimental Procedures

Bacterial Strains and Growth Conditions—Escherichia coli
BL21 cells (Novagen) were grown in LB medium (Oxoid) at
37 °C with aeration. S. pyogenes SF370 (serotype M1, ATCC
700294) was grown in Todd Hewitt medium (BD Biosciences)
at 37 °C without aeration. Lactococcus lactis MG1363 (a kind
gift from Nicholas Heng, Otago University, New Zealand) was
grown in M17 medium (BD Biosciences) supplemented with
0.5% glucose (GM17) at 30 °C without aeration. Whenever
appropriate, 50 �g/ml ampicillin or 30 �g/ml chloramphenicol
was added to the medium for E. coli, and 100 �g/ml kanamycin
was added for L. lactis.

Bioinformatic Analysis—The s5nA (spy0872) open reading
frame was sequenced at Oklahoma University as part of
the S. pyogenes SF370 genome project and deposited at
GenBankTM.

The Signal P 4.0 server at was used to predict the presence
and length of the N-terminal signal peptide. For functional pre-
dictions of Spy0872/S5nA, we searched the InterProScan soft-
ware at EMBL-EBI. BLAST searches were performed using the
tblastn program. Sequence alignments and the phylogenetic
tree were generated using the ClustalW server.

The structural model of S5nA was generated using the Swiss
PDB modeling server at the Swiss Institute of Bioinformatics
with automatic template search (29). The structural images
were created with the PDB Swiss Viewer version 4.1.0.

The protein structure coordinates for the mammalian nucle-
otidase CD73 (4H1S) were downloaded from the Protein Data
Bank.

Cloning of s5nA and s5nA Mutants—The spy0872/s5nA open
reading frame (ORF) without the regions encoding for the pre-
dicted N-terminal signal sequence and the C-terminal sortase
domain (nucleotide positions 82–1909) was amplified from 50
ng of genomic DNA of S. pyogenes SF370 (ATCC 700294) by 30
cycles of PCR with iproof polymerase (Bio-Rad) at an annealing
temperature of 53 °C using primers S5nA.fw and S5nA.rev (see
Table 1). A TAG stop codon was introduced with the reverse
primer at nucleotide position 1909.

The PCR products were enriched using the Wizard PCR
DNA purification system (Promega) and cloned into the
BamHI/EcoRI restriction sites of pBlueScript SKII vectors
(Stratagene) followed by transformation into Escherichia coli
DH5� (Sigma). The s5nA mutants were generated by overlap
PCR using primers listed in Table 1.

The cloned DNA fragments were analyzed by the dideoxy
chain termination method using the DNA sequencing service
at the School of Biological Science, University of Auckland. The
spy0872/s5nA fragments were transferred from pBlueScript
into the BamHI/EcoRI cloning site of pPROEX-Htb expression
vector (Life Technologies).

Expression and Purification of Recombinant S5nA and S5nA
Mutants—The recombinant pPROEX-Htb plasmids were
introduced into E. coli BL21 (Novagen) by heat-shock transfor-
mation. Cultures were grown at 30 °C, and protein expression
was induced for 3– 4 h after adding 0.1 mM isopropyl-�-D-thio-
galactopyranoside (Sigma). The His6-tagged proteins were
purified on Ni2�-iminodiacetic acid Sepharose (Sigma). The
eluates containing the recombinant proteins were collected and
analyzed on 12.5% SDS-polyacrylamide gels according to the

TABLE 1
PCR primers used in this study
Restriction sites are shown in bold.

Primer DNA sequence (5�–3�)

S5nA.fw GCGGATCCGATCAAGTTGATGTGCAATTC
S5nA.rev GGGAATTCCTAAGTGGAACTAGAGATAG
S5nA_D66A.fw GCTGGAGCTATGGTCGGAGCCAGTCC
S5nA_D66A.rev GACCATAGCTCCAGCTTGAACACG
S5nA_N99A.fw CTTGGTGCTCATGAATTTGACGAAGGAC
S5nA_N99A.rev TCATGAGCACCAAGAGTGCCATATTC
S5nA_H100A.fw CTCTTGGTAATGCTGAATTTGACGAAGGACTAG
S5nA_H100A.rev CAGCATTACCAAGAGTGCCATATTC
S5nA_R392A.fw GGTATTGCAAGTGACCTAGTTGTC
S5nA_R392A.rev CACTTGCAATACCACCATTATTGGTC
S5nA_F414A.fw GTACAACCAGCTGGTAATATCCTTCAAGTC
S5nA_F414A.rev CCAGCTGGTTGTACAGCCTGTGC
S5nA_F491A.fw CGACGCTCTTTATGGTGGTGGTGATG
S5nA_F491A.rev CCATAAAGAGCGTCGTTGACAACAACGGTG
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procedure of Laemmli. The eluates with the highest protein
amounts were pooled and further purified by anion exchange
chromatography using a Mono Q 4.6/100 PE column (GE
Healthcare). The column was equilibrated with 5 ml of 10 mM

Tris-HCl (pH 7.0), and the proteins were eluted using a gradient
of 0 –50% of 10 mM Tris-HCl (pH 7.0), 1 M NaCl at a flow rate of
2 ml/min. Finally, rS5nA was subjected to size exclusion chro-
matography using a Superdex 200 10/300 GL column (GE
Healthcare) equilibrated with 50 mM phosphate buffer (pH 7.0)
and 150 mM NaCl. Recombinant S. pyogenes nuclease A (SpnA)
was produced as described previously (30).

Enzymatic Activity Assays—The generation of nucleosides
was determined by reverse-phase fast protein liquid chroma-
tography using a Waters C18 Spherisorb� reverse-phase col-
umn (250 mm � 4.6 mm, 5-�m particle size) and an AKTA
Explorer system (Amersham Biosciences). Reactions were car-
ried out in 50 mM Tris-HCl, 2 mM MgCl2, 2 mM CaCl2 with 1
mM nucleotides (Sigma-Aldrich) and 0.1 �M recombinant
S5nA in a total volume of 1 ml at 37 °C for 45 min. The enzy-
matic reaction was stopped by adding EDTA to a final concen-
tration of 50 mM. Reaction samples (40 �l) were loaded in 20
mM KH2PO4 (pH 5.65), and compounds were eluted in a linear
solvent gradient with 60% methanol running from 0 to 22.5% at
a flow rate of 1 ml/min. Nucleosides were detected at an absor-
bance of 254 nm. Commercial nucleosides (Sigma-Aldrich)
were used as standards.

For the quantification of inorganic phosphate (Pi) release,
reactions were carried out in 50 mM Tris-HCl adjusted to dif-
ferent pH values with selected metal cations, 1 mM nucleotides
(Sigma-Aldrich), and 0.1 �M recombinant S5nA in a total vol-
ume of 20 �l and incubated at various temperatures. The enzy-
matic reaction was stopped by adding EDTA to a final concen-
tration of 50 mM.

The enzyme kinetics were analyzed by incubation of increas-
ing amounts of AMP with a fixed concentration of 0.1 �M S5nA
WT or mutant at 37 °C in a total volume of 50 �l. Reactions
were stopped as described above. The release of inorganic
phosphate was measured using a malachite green phosphate
colorimetric assay kit (Sigma-Aldrich) according to the man-
ufacturer’s instructions. Release of Pi was measured at 650 nm
against a standard Pi curve. Michaelis-Menten curve fitting
using nonlinear regression was performed using GraphPad
Prism version 6 software.

To test the synergistic activity of S5nA and SpnA on DNA, a
200 �l reaction mix containing 50 �g of UltraPureTM salmon
sperm DNA (Invitrogen), 12.5 �M SpnA, 50 mM Tris-HCl (pH
7.0), 150 mM NaCl, 2 mM MgCl2, and 2 mM CaCl2 was incubated
at 37 °C for 1 h, before 0.1 �M S5nA and 10 mM MgCl2 were
added, and the reaction was incubated for a further 2 h. Gener-
ation of dAdo and inorganic phosphate was analyzed as
described above.

Whole Blood Killing Assay—L. lactis MG1363 was cultured
until reaching A600 � 0.7– 0.8. Bacterial culture was centrifuged
at 4415 � g for 5 min and suspended in Hanks’ balanced salt
solution (137 mM NaCl, 5.4 mM KCl, 4.2 mM NaHCO3, 1.3 mM

CaCl2, 1 mM MgSO4, 0.44 KH2PO4, 0.25 mM Na2PO4, 0.01 mM

glucose) at a final concentration of 1 � 107 cfu/ml. A dilution
series of the L. lactis inoculate was drop-plated in triplicate on

GM17 agar to confirm the inoculation cfu. Blood was taken
from healthy volunteers after informed consent. Heparinized
blood (350 �l) was combined with 1 � 105 cfu of L. lactis and
the indicated concentrations of rS5nA and made up to a final
volume of 500 �l with Hanks’ balanced salt solution. Following
incubation for 3 h at 37 °C with slow rotation, samples were
serially diluted and drop-plated in triplicates on GM17 agar,
and bacterial survival was enumerated by colony count the fol-
lowing day. Purified recombinant staphylococcal superantigen-
like protein 7 (SSL7; a kind gift from Fiona Clow, University of
Auckland) was used as a positive control, and rS5nA N99A was
used as a negative control. Statistical significance was calcu-
lated using a two-way analysis of variance and Dunns’s multiple
comparison test.

Seroconversion—Recombinant S5nA (2 �g/lane) was run on a
12.5% SDS-polyacrylamide gel and blotted onto a nitrocellulose
membrane (Pall Life Sciences) using a Semi Phor Western blot
chamber (Hoefer Scientific Instruments). The membrane was
blocked with 5% skimmed milk powder in TBST (10 mM Tris/
HCl, pH 8, 150 mM NaCl, 0.05% Tween 20) for 1 h at room
temperature and incubated with human serum samples (1:500
in TBST) for 1 h. After washing with TBS, the membranes were
incubated with goat anti-human Fc/HRP antibody (Serotec) for
1 h. The Western blots were developed using an ECL Western
blotting detection kit (Amersham Biosciences), and bands were
visualized with a Fujifilm LAS-3000 Intelligent Dark Box scan-
ner (Alphatech). Serum samples were collected at Middlemore
Hospital (Auckland, New Zealand) between July 2001 and Jan-
uary 2003 with approval by the Auckland Human Ethics
Committee.

Results

Identification of S5nA—All previously reported bacterial
nucleotidases produced by Gram-positive bacteria are cell wall-
anchored proteins with a characteristic C-terminal cell wall
anchoring domain and a LPXTG sorting motif that is recog-
nized by the housekeeping sortase A enzyme (21, 23, 25). Using
the S. pyogenes SF370 (serotype M1) genome sequence (31), we
searched for all proteins with typical Gram-positive cell wall
anchor domains and found an open reading frame (spy0872)
that was annotated as putative secreted 5�-nucleotidase
(AAK33792). Bioinformatic analysis of the translated 670-
amino acid sequence showed significant homologies to
members of the 5�-nucleotidase/apyrase protein family
(IPRO006179) with two distinct domains: a metallophospha-
tase-like protein domain (IPRO29052) between position 26 and
363 and a 5�-nucleotidase C-terminal domain (IPRO008334)
between positions 366 and 564. In addition, the protein
sequence contains a predicted signal peptide sequence (posi-
tions 1–27) and a LPITG cell wall anchor domain
(IPRO019931) between positions 637 and 670) (Fig. 1A). A
BLAST search against the NCBI database revealed related puta-
tive nucleotidases in other pathogenic streptococcal species,
like Streptococcus dysgalactiae UshA (75% amino acid identity)
and Streptococcus equi SEQ1278 (71% amino acid identity) and
the S. agalactiae nucleotidase NudP (64%). Only limited
sequence identity was found with S. sanguinis ecto-5�-nucleo-
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tidase A (17%), S. suis Ssads (20%), S. aureus AdsA (17%), E. coli
5�-nucleotidase (22%), and human CD73 (15%) (Fig. 1B).

Substrate Specificity of S5nA—Because S5nA is predicted to
be anchored to the bacterial cell wall, we expressed a truncated
version of the protein that lacks the N-terminal signal peptide
sequence and the C-terminal sortase domain, which is respon-
sible for cell wall anchoring. The protein was generated in
E. coli with an N-terminal histidine tag for affinity chromatog-
raphy and was further purified by anion exchange chromatog-
raphy to yield rS5nA with a purity of �95%, as estimated from
an SDS-polyacrylamide gel (Fig. 1C). rS5nA migrated at �70
kDa, which is in agreement with its calculated molecular mass
of 69,869.88 Da (including N-terminal histidine tag).

To analyze the enzymatic activity of S5nA, we initially
focused on AMP as substrate, because the predicted reaction
product adenosine has been shown to modulate the host
immune response (8, 11, 13, 15, 17, 18). Adenosine production
was analyzed by separating the compounds on a reverse-phase
column after 45 min at standard reaction conditions (1 mM of
AMP, 0.1 �M rS5nA, 37 °C, pH 7.4, in the presence of 2 mM

MgCl2 and 2 mM CaCl2). Adenosine eluted from the column at
45 ml, equivalent to the elution profile of commercial adeno-
sine, which was used as a control (Fig. 2A). In addition, we used
a commercial kit to measure the release of Pi during the enzy-
matic reaction. A time course showed that the reaction reached
equilibrium after about 25 min when 1 mM AMP and 0.1 �M

rS5nA were incubated at 37 °C (Fig. 2B). The initial release of Pi
varied with the AMP concentration, and the reaction kinetics
followed the Michaelis-Menten model for a single substrate
with a Km of 168.3 � 38 �M and a Vmax of 7550 � 326 nmol of
Pi/mg of S5nA/min (Fig. 2C). Because other Gram-positive

nucleotidases, such as AdsA, NudP, and Ssads, are also able to
hydrolyze ADP and ATP, we additionally tested these two sub-
strates. We found that ADP was also hydrolyzed by S5nA but
not ATP (Fig. 2D). However, Pi release from 1 mM ADP was
�3.5 times lower than from 1 mM AMP (Fig. 2E).

Other nucleotide monophosphates (TMP, GMP, and CMP)
were also hydrolyzed by rS5nA and eluted at 30, 25, and 10 ml,
respectively (Fig. 3A). At equal substrate molarities (1 mM), the
release of Pi from CMP was comparable with that of AMP,
whereas GMP and TMP were inferior substrates, generating
�2–3 times less Pi (Fig. 3B).

S5nA Works with SpnA to Generate dAdo from DNA—
Schneewind and colleagues (22) have recently shown that
S. aureus AdsA is capable of converting dAMP into dAdo,
which can induce caspase-3-mediated apoptosis in macro-
phages and monocytes. We therefore analyzed whether S5nA
can also generate dAdo from dAMP. As shown in Fig. 4, S5nA
indeed hydrolyzes dAMP. Under the same reaction conditions,
equivalent amounts of Pi were generated from 1 mM dAMP and
AMP (Fig. 4B). Equilibrium of the reaction was reached after
about 20 min (Fig. 4C) compared with 25 min with AMP (Fig.
2B). Schneewind and colleagues (22) also reported that AdsA
works together with a nuclease, Nuc, to produce dAdo from
neutrophil extracellular traps (NETs). Nuc first degrades the
DNA backbone of the NET structure to generate dNMPs,
including dAMP, which then serves as a substrate for AdsA
(22). We have recently demonstrated that SpnA, an S. pyogenes
cell wall-anchored nuclease, is capable of degrading NETs (30).
We were therefore interested in whether SpnA and S5nA could
form an enzyme combination with similar function. Indeed,
when rSpnA and rS5nA were incubated with salmon sperm

FIGURE 1. A, schematic presentation of S5nA based on predictions with InterProScan software at EMBL-EBI. The numbers on top indicate amino acid positions.
SP, signal peptide sequence; CWA, cell wall anchor domain. The arrow below indicates the region that was generated as recombinant protein in E. coli. B, rooted
phylogenetic tree (UPGMA (UPGMA (unweighted pair group method with arithmetic mean)) of 5�-nucleotidases. The tree was generated with ClustalW using
complete protein sequences of S5nA (S. pyogenes, AAK33792), AdsA (S. aureus, ESR29110), ecto-5�-nucleotidase A (S. sanguinis, AFK32764), Ssads (S. suis,
YP001197640), NudP (S. agalactiae, CDN66659), UshA (S. dysgalactiae, ADX24386), SEQ1278 (S. equi, CAW94038), 5�-nucleotidase (5�NT) (E. coli, AJM76137),
and CD73 (Homo sapiens, AAH65937). The numbers in parentheses show amino acid identities with S5nA. UshA and SEQ1278 are putative 5�-nucleotidases that
have not yet been characterized. C, recombinant S5nA was expressed and purified from E. coli by immobilized metal chelate chromatography (Ni2�-iminodi-
acetic acid Sepharose), anion exchange chromatography (Mono Q 4.6/100 PE), and size exclusion chromatography (Superdex 200 10/300 GL). Protein purity
was �95%, as estimated from a 12.5% SDS-polyacrylamide gel. L, molecular weight marker.
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DNA, Pi production was observed (Fig. 5). Minimal Pi release
was observed when DNA was incubated with rSpnA alone, but
the amount was �20 times less than from the reaction with
both enzymes. Similarly, incubation of DNA with rS5nA alone
or a combination of rSpnA with inactive rS5nA mutants did not
result in significant amounts of Pi.

Effect of pH, Temperature, and Metal Co-factors on rS5nA
Activity—The enzymatic activity of rS5nA was analyzed for a
range of different conditions by measuring the release of Pi
from AMP. The optimal enzymatic activity was found to be
between pH 5 and pH 6.5. The activity decreased at higher pH
but was still at �25% at pH 9 (Fig. 6A). We observed that rS5nA
functioned at a broad temperature range with optimal activity
between 32 and 47 °C. No Pi was released in the absence of
rS5nA, indicating that AMP did not spontaneously hydrolyze at
higher temperatures (data not shown).

Nucleotidases require divalent cations as co-factors for enzy-
matic activity. We analyzed the activity of rS5nA at 37 °C and
pH 7 with either Mg2�, Mn2�, Ca2�, or Zn2� (Fig. 6, C and D).
S5nA activity was slightly higher with Mg2� compared with
Ca2� at concentrations of 0.1, 1, or 10 mM in a dose-dependent
manner. The enzyme was also fully active with Mn2� at 0.1 mM

and 1 mM but less active at 10 mM. In contrast, S5nA activity in
the presence of Zn2� strongly depended on the cation concen-

tration. Only about 30% enzymatic activity was achieved at 0.05
mM, and the activity dropped further to �15% for 0.5 mM or
higher concentrations of Zn2� (Fig. 6D). The inhibitory effect
of 1 mM Zn2� on S5nA activity could only slightly be compen-
sated for by the addition of Mg2� (�20% activity at 1 mM and
30% activity at 10 mM Mg2�) (Fig. 6E).

Computer-generated Model of S5nA and Mutation
Analysis—To gain insight into the S5nA protein structure, a
computer-generated model was generated using the PDB Swiss
modeler with automatic template search. Surprisingly, the opti-
mal template was identified as the zinc-dependent mammalian
nucleotidase CD73 (32), followed by the zinc-dependent E. coli
nucleotidase (33). S5nA is predicted to consist of two domains
connected by an �-helix. The N-terminal domain binds two
divalent cations, and the C-terminal domain is responsible for
substrate binding. The active site is located at the interface
between the two domains (Fig. 7A). Although the quality of the
model must be regarded as below average (QMEAN4 �
�10.11), the important core residues are highly conserved and
superimpose well with CD73 and also with the structure of the
E. coli 5�-nucleotidase (Fig. 7B and Table 2). Structure superpo-
sition (Fig. 7C) shows alignment of Phe-414 and Phe-491 with
the CD73 residues Phe-417 and Phe-500, respectively (Phe-429
and Phe-498 in E. coli nucleotidase). These two residues build a

FIGURE 2. S5nA hydrolyzes AMP and ADP but not ATP. A, reaction mixes with 1 mM AMP and 0.1 �M rS5nA were separated by reverse-phase HPLC after 0 min
(top) and 45 min (middle) incubation at 37 °C. Commercial adenosine was used as a control to determine the elution volume (bottom). B, reaction mixes with 1
mM AMP and 0.1 �M rS5nA were incubated at various time points, and the release of Pi was measured using a malachite green phosphate colorimetric assay kit.
C, the Vmax and Km values for hydrolysis of AMP were obtained by velocity measurements with different concentrations of substrate using GraphPad Prism
version 6 software. D, reaction mixes with 1 mM ADP (top) or 1 mM ATP (bottom) and 0.1 �M rS5nA were separated by reverse-phase HPLC after a 45-min
incubation at 37 °C. E, reaction mixes with 1 mM AMP, 1 mM ADP, or 1 mM ATP and 0.1 �M rS5nA were incubated at 37 °C for 15 min, and the release of Pi was
measured. In B and E, error bars represent the S.D. from two individual experiments.
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pocket that stacks the aromatic purine moiety of the substrate.
Asn-99, His-100, and Arg-392 superimpose with CD73 phos-
phate-binding residues Asn-117, His-118, and Arg-395, respec-
tively (Asn-116, His-117, and Arg-410 in E. coli nucleotidase).
The putative catalytic dyad is formed by His-100 and Asp-103,
which superimpose well with His-118 and Asp-121 in CD73
and His-117 and Asp-120 in E. coli nucleotidase. The zinc-
binding sites are also highly conserved in S5nA. Residues Asp-
12, His-14, Asp-66, His-225, and His-262 superimpose with
CD73 zinc-binding residues Asp-36, His-38, Asp-85, His-220,
and His-243, respectively (Asp-41, His-43, Asp-84, His-217,
and His-252 in E. coli nucleotidase). Only one core residue is
not conserved; the CD73 zinc-binding residue Asn-245 is
replaced by His-264 in S5nA and Gln-245 in E. coli
nucleotidase.

To experimentally confirm the predicted function of the
identified residues in S5nA, we generated alanine conversion
mutants of four selected S5nA residues: one nucleoside-bind-
ing residue (F414A), two phosphate-binding residues (N99A
and R392A), and one catalytic dyad residue (H100A). Recom-
binant S5nA mutants were purified, and the enzymatic activity
was measured by the release of Pi from AMP. The enzymatic
activity was significantly reduced with S5nA F414A (Km � 275
�M and Vmax � 3461 nmol Pi/mg/min). Very weak activity was
seen with S5nA R392A (Km 	 800 �M), and no enzymatic activ-
ity was detected with S5nA N99A and S5nA H100A (Km	2000
�M) (Fig. 7D).

Recombinant S5nA Increases the Survival of L. lactis in
Human Whole Blood—To evaluate a potential role of S5nA in
immune evasion, we examined the effect of S5nA on L. lactis
survival in human whole blood. L. lactis is a non-pathogenic,
food grade bacterium that is rapidly killed when incubated with

whole blood. Increased survival of the bacteria in blood has
been used to analyze potential virulence factors (30, 34). The
addition of rS5nA to L. lactis in human whole blood signifi-
cantly increased bacterial survival in a dose-dependent manner
(Fig. 8). L. lactis was almost completely killed after 3 h (2.8 � 1%
survival). However, the addition of 1 �M rS5nA almost com-
pletely rescued the bacteria (83.4 � 24.5% survival rate, p 

0.001). A significantly increased survival rate (63%, p 
 0.001)
was also observed with equimolar amounts of the control pro-
tein SSL7. SSL7 is an S. aureus immune evasion factor previ-
ously shown to increase the survival of L. lactis in human blood
(34). The addition of 0.01 and 0.1 �M rS5nA also increased
bacterial survival in a concentration-dependent manner (8.9
and 18.1%, respectively), but this was not statistically significant
(p 	 0.1). The addition of the catalytic site mutant rS5nA N99A
had no significant effect on bacterial survival, suggesting that
survival can be attributed to the enzymatic activity of S5nA.

Because the production of the immunomodulatory com-
ponents Ado and dAdo depends on the availability of their
respective precursors, we repeated the experiments but this
time preincubated the rS5nA with AMP or dAMP. There
were no significant differences in bacterial survival with or
without the addition of substrate (data not shown), suggest-
ing that there are sufficient amounts of substrate in human
blood.

S5nA Is Expressed during S. pyogenes Infection—The pres-
ence of specific antibodies against a protein produced by a
pathogen is a useful indicator of protein expression during
infection. Using Western blot analysis, we tested activity
against rS5nA in convalescent serum samples from 21 patients
with invasive S. pyogenes disease (Fig. 9A) and 20 control sera
from healthy blood donors (Fig. 9B). Antibodies against S5nA

FIGURE 3. S5nA also hydrolyzes other NMPs. A, reaction mixes with 1 mM CMP (left), 1 mM GMP (middle), or 1 mM TMP (right) and 0. 1 �M rS5nA were separated
by reverse-phase HPLC after 0-min (top) and 45-min (middle) incubation at 37 °C at pH 7.4 in the presence of 2 mM MgCl2 and 2 mM CaCl2. Individual nucleosides
were used as controls to determine the elution volume (bottom). B, reaction mixes with various 1 mM NMPs and 0.1 �M rS5nA were incubated as above, and the
release of Pi was measured using a malachite green phosphate colorimetric assay kit. Error bars, S.D. from two individual experiments.
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were more frequently found in serum from patients and in
higher titers compared with serum from healthy donors. Of the
21 disease patients, five had strong titers (3� or 4�), nine had
moderate titers (2�), and three patients had weak titers (�).
Only one patient did not have detectable antibodies against
S5nA. In contrast, the healthy cohort included only two mod-
erate titers (2�) and 10 weak titers (�), whereas eight donors
had no detectable antibodies against S5nA.

We also analyzed three serum samples from a patient with
streptococcal toxic shock syndrome (35) taken over a period of
2 weeks (Fig. 9C). The first sample was taken during the acute
phase of the disease, 2 days after hospital admission, and lacked
any detectable anti-S5nA antibodies. During convalescence,
the patient seroconverted and had a weak but detectable anti-
S5nA antibody titer after 6 days and a strong titer after 16 days
after admission. These results strongly indicate that S5nA is
produced during S. pyogenes disease.

Discussion

Over the last 4 years, several cell wall-anchored enzymes with
nucleotidase activity have been discovered in pathogenic
Gram-positive cocci. Each of these enzymes was shown to con-
vert AMP into the immunomodulator adenosine, facilitating
the evasion of the bacteria from the host immune response
(20 –23, 25, 26). In addition, the S. aureus AdsA and NudP from
S. agalactiae are also able to convert dAMP into deoxyadeno-
sine, which has cytotoxic effects on macrophages and mono-
cytes (22, 25). Here, we report the discovery of a novel nucleo-
tidase from the human pathogen S. pyogenes, which we name
S5nA. S5nA was discovered by bioinformatic analysis of pre-
dicted cell wall-anchored proteins (proteins that contain a

FIGURE 4. dAMP is a better substrate for S5nA than AMP. A, reaction mixes with 1 mM AMP (top) or 1 mM dAMP (middle) and 0. 1 �M rS5nA were separated
by reverse-phase HPLC after 0-min (top) and 30-min (middle) incubation at 37 °C. Commercial dAdo was used as a control to determine the elution volume
(bottom). B, reaction mixes with 1 mM AMP or 1 mM dAMP and 0.1 �M rS5nA were incubated at 37 °C at pH 7.4 in the presence of 2 mM MgCl2 and 2 mM CaCl2,
and the release of Pi was measured using a malachite green phosphate colorimetric assay kit. C, reaction mixes with 1 mM dAMP and 0.1 �M rS5nA were
incubated at various time points, and the release of Pi was measured. For B and C, error bars represent the S.D. from two individual experiments.

FIGURE 5. SpnA and S5nA work together to generate dAdo from DNA.
Salmon sperm DNA was incubated with rSpnA for 1 h at 37 °C at pH 7.0,
followed by a 2-h incubation with or without rS5nA WT or mutants. Pi release
was measured using a malachite green phosphate colorimetric assay kit. Error
bars, S.D. from two individual experiments.
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C-terminal cell wall anchor domain including an LPXTG-sort-
ing motif). S5nA belongs to the family of ecto-5�-nucleotidases
but shows only low sequence homology to previously charac-
terized nucleotidases. Analysis of recombinant S5nA produced
in E. coli confirmed the predicted nucleosidase activity and
showed both similarities and differences compared with the
nucleotidases found in other Gram-positive cocci. S5nA hydro-
lyzes AMP and, with reduced efficiency, ADP but not ATP.
NudP from S. agalactiae shows similar substrate specificity,
whereas ecto-5�-nucleotidase A from S. sanguinis, Ssads from
S. suis, and AdsA from S. aureus also hydrolyze ATP. In fact,
ADP and ATP were found to be better substrates than AMP for
both Ssads and AdsA (21, 26). Michaelis-Menten kinetics
revealed a Km value of 168 �M for AMP as substrate, which is
comparable with that of NudP (35 �M) (25) but higher than for
Ssads (117.8 nM) (26) and lower than AdsA (Km � 930 �M) (21).

There were also differences in substrate preference com-
pared with other NMPs. S5nA hydrolyzes AMP and CMP with
similar efficiency but shows lower efficiency for hydrolyzing
GMP and TMP. In contrast, CMP was shown to be a poor
substrate for NudP (23) and was not hydrolyzed by AdsA (20,
21). AdsA also hydrolyzed GMP and TMP with low efficiency
(20, 21).

Structural modeling of S5nA using automated template
search resulted in a protein structure model based on the mam-
malian CD73 protein crystal structure. CD73 is one of two

mammalian enzymes that sequentially convert ATP to adeno-
sine. First, ATP and ADP are hydrolyzed by the ecto-NTPDase
CD39 (NTPDase 1), followed by cleavage of AMP by the 5�-nu-
cleotidase CD73. It is believed that structural differences in the
substrate binding pockets are responsible for substrate speci-
ficity (36). Superposition of the S5nA protein model with the
CD73 structure revealed strong conservation of core residues
involved in substrate and metal ion binding, which might
explain the preference for AMP seen in S5nA. The catalytic
Asp-His dyad is also fully conserved. The role of the predicted
residues was confirmed by mutation analysis. Identified resi-
dues for phosphate binding (Asn-99 and Arg-392) and the pre-
dicted catalytic dyad residue His-100 were found to be critical
for AMP hydrolysis. This suggests that the enzymatic mecha-
nism is similar to what has been described for CD73 and E. coli
5�-nucleotidase (32, 33).

S5nA is also capable to convert dAMP into dAdo. This has
also been described for AdsA and NudP, and in all three cases,
the efficiency is higher for dAMP as substrate compared with
AMP (21, 25). The ability to hydrolyze dAMP has not been
analyzed yet for Ssads or Nt5A and might be a common feature
of all nucleotidases from pathogenic Gram-positive cocci. As
shown recently, dAdo triggers the caspase-3-mediated death of
macrophages and monocytes restricting macrophage influx
into staphylococcal abscesses. Furthermore, it was shown that
AdsA works in combination with the staphylococcal nuclease

FIGURE 6. Kinetic activity of rS5nA. Hydrolysis of 1 mM AMP by 0.1 �M rS5nA over 15 min was analyzed at varying conditions. A, AMP hydrolysis at a pH range
of 5–9 at 37 °C in the presence of 2 mM MgCl2 and 2 mM CaCl2. B, AMP hydrolysis at temperatures ranging from 23 to 52 °C at pH 7.0 in the presence of 2 mM

MgCl2 and 2 mM CaCl2. C, AMP hydrolysis in the presence of different metal cations at 37 °C and pH 7.0. D, Zn2� showed an inhibitory effect on rS5nA activity
at concentrations 	0.05 mM, which could only partially be restored with an excess of Mg2� (E). The enzymatic activity was quantified by measuring the release
of Pi using a malachite green phosphate colorimetric assay kit. Error bars, S.D. from two individual experiments.
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Nuc, which degrades the DNA backbone of NETs to provide
the dAMP substrate for AdsA (22). NETs are molecular struc-
tures comprising neutrophil DNA spiked with antimicrobial
peptides that can trap and kill bacteria, including S. pyogenes
(37). We have recently characterized SpnA as a cell wall-an-

chored nuclease in S. pyogenes that is also capable of degrading
NETs (30). We show here that a combination of rS5nA and
rSpnA generates inorganic phosphate from DNA, suggesting
that, as in S. aureus, these two enzymes cause a “double-hit” to

FIGURE 7. S5nA has a conserved 5�-nucleotidase protein structure. A, protein structure of the mammalian nucleotidase CD73 (Protein Data Bank code
4H1S). B, computer-generated protein structure of S5nA. The model was created using the Swiss PDB modeler with automated template search. The protein
structure images were produced with the PDB Swiss Viewer version 4.1.0. C, superposition of the S5nA model structure with the CD73 protein structure
revealed highly conserved key residues, which include amino acids involved in substrate binding, the catalytic triad, and metal binding. S5nA residues are
shown in red, and CD73 residues are shown in blue. D, four selected key residues were targeted for alanine substitutions, and the recombinant mutant proteins
were compared with WT S5nA under standard reaction conditions. The enzymatic activity was quantified by measuring the release of Pi using a malachite
green phosphate colorimetric assay kit. Error bars, S.D. from two individual experiments. Statistical significance when compared with WT S5nA was calculated
using one-way analysis of variance with Tukey’s multiple comparison test. ***, p 
 0.001. The Vmax (nmol of Pi/mg/min) and Km (�M) values for hydrolysis of AMP
were obtained by velocity measurements with different concentrations of substrate using GraphPad Prism version 6 software.

TABLE 2
Conserved core residues among S5nA, mammalian CD73, and E. coli
5�-NT

CD73
E. coli

5�-nucleotidase S5nA

Nucleoside binding pocket
Phe-417 Phe-429 Phe-414
Phe-500 Phe-498 Phe-491

Phosphate binding
Asn-117 Asn-116 Asn-99
His-118 His-117 His-100
Arg-395 Arg-410 Arg-392

Zinc binding
Asp-36 Asp-41 Asp-12
His-38 His-43 His-14
Asp-85 Asp-84 Asp-66
Asn-117 Asn-116 Asn-99
His-220 His-217 His-225
His-243 His-252 His-262

FIGURE 8. Whole blood killing assay with L. lactis and recombinant s5nA.
L. lactis was grown to mid-logarithmic growth phase and mixed with fresh
human whole blood taken from healthy volunteers and incubated at stan-
dard enzymatic assay conditions. Recombinant S5nA was added at various
concentrations and increased bacterial survival in a dose-dependent manner.
In contrast, the catalytic site mutant rS5nA N99A had no significant effect on
bacterial survival. Recombinant SSL7 was used as a positive control. Statistical
significance was calculated using a two-way analysis of variance with Dunn’s
multiple comparison test. ***, p 
 0.001. Error bars, S.D. from two individual
experiments.
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the host’s innate immune response by destroying NETs and
killing macrophages via generation of dAdo. In fact, this might
be a common strategy because NET-cleaving nucleases in addi-
tion to 5�-nucleotidases are also found in other pathogenic bac-
teria (e.g. in S. sanguinis) (23, 38). However, NudP from S. aga-
lactiae is unable to hydrolyze dAMP, and, although this
pathogen expresses a NET-cleaving nuclease, production of
dAdo from NETs therefore appears unlikely (25, 39).

The enzymatic activity of S5nA was analyzed for a range of
conditions, showing a good adaptation to the environment in
the host, such as blood, extracellular fluids, and abscesses. S5nA
is active at blood pH (pH 7.3–7.4) and shows optimal activity
under acidic conditions found (e.g. in the purulent material of
abscesses) (pH 6). In contrast to AdsA, S5nA is less active in
alkaline environments. The pH range of NudP activity was
reported to be even more restricted (between pH 6.5 and 7.7)
(25). S5nA is active over a broad temperature range with a max-
imum activity at 42 °C. This might also reflect an adaptation to
the environmental conditions in abscesses and inflamed tissue.

S5nA is also active with several different metal cofactors.
Optimal activity was observed with Mg2� and Mn2� at concen-
trations between 0.1 and 10 mM and a slightly lower activity
with Ca2�. S5nA is also active in the presence of Zn2� but only
at low concentrations. Nucleotidases appear to vary in their
cation requirements. Whereas AdsA shows a similar profile
(active with Mg2�, Mn2�, or low concentrations of Zn2�) (21),
NudP specifically requires Mn2� (25).

Although several 5�-nucleotidases have been crystalized in
the presence of Zn2� (e.g. CD73 (32), E. coli nucleotidase (33),
and Hemophilus influenza NAD nucleotidase (40)), the biolog-
ical role of Zn2� appears to vary. The bacterial enzymes are only
active at very low Zn2� concentrations and inhibited at higher
concentrations (21, 25, 41). In contrast, CD73 has been
described as a zinc-dependent 5�-nucleosidase due to the fact
that after stripping metal ions by EDTA treatment, Zn2� recon-
stitution resulted in the highest enzymatic activity when com-
pared with other divalent cations. Furthermore, it was shown
that CD73 is inactive with Mg2� as metal cofactor (32). Nota-
bly, the Zn2� concentration in human blood is �6.2 mg/liter
(�0.1 mM) (42), which would allow optimal S5nA activity.

Extracellular nucleotides regulate the balance between pro-
and anti-inflammatory responses in the blood (7, 12). A human
whole blood killing assay with non-pathogenic L. lactis showed
a dose-dependent increase in bacterial survival when rS5nA
was added. Significantly reduced killing was observed with 1
and 0.1 �M recombinant enzyme, and this was due to the enzy-
matic activity of S5nA because the catalytic site mutant S5nA
N99A had no detectable effect on bacterial cell survival. This is
in line with a study by Firon et al. (25), who showed decreased
survival of a S. agalactiae mutant with a nudP gene deletion.
They also demonstrated that the mutant could be rescued by
the addition of adenosine, further highlighting the role of extra-
cellular nucleotides in the modulation of the host response to
pathogens (25).

Serum antibodies to virulence factors in blood samples from
convalescent disease patients can be used as a diagnostic tool to
identify the infectious agent, and this also provides experimen-
tal proof that the virulence factor was expressed during the
infection. We found moderate to strong antibody responses
against S5nA in 14 of 19 serum samples from patients with
invasive S. pyogenes disease but only in 2 of 20 serum samples
from healthy donors. In addition, acute and convalescent serum
samples obtained from a patient with streptococcal toxic shock
syndrome (35) indicated significant seroconversion. Notably,
we have previously shown seroconversion to the cell wall-an-
chored nuclease SpnA using the same panel of serum samples
from this patient (30). This strongly suggests co-expression of
SpnA and S5nA during disease and provides further evidence
for a synergistic action to generate dAdo from NET DNA.
Therefore, SpnA and S5nA might be suitable targets for vaccine
development. Alternatively, a drug designed to inhibit SpnA
and S5nA activity to maintain NET integrity and prevent the
production of dAdo might be useful as an adjunctive therapy to
conventional antibiotic treatment.

In summary, this study demonstrates that S. pyogenes pro-
duces an extracellular enzyme with 5�-nucleotidase activity,
which is able to hydrolyze AMP, ADP, and dAMP to generate
the immunomodulatory substrates adenosine and deoxyade-
nosine. S5nA shares some common features with other bacte-
rial 5�-nucleotidases that have been shown to facilitate immune
evasion in the host. Future research using isogenic s5nA gene
deletion mutants in animal infection models might shed further
light onto the physiological function of this novel S. pyogenes
virulence factor.

FIGURE 9. Western blot analysis of rS5nA with human serum samples.
rS5nA (2 �g/lane) was run on SDS-PAGE and blotted onto a nitrocellulose
membrane. Human serum samples were used (1:500). Western blots were
developed using an ECL Western blotting detection kit, and bands were visu-
alized with a Fujifilm LAS-3000 Intelligent Dark Box scanner. A, serum samples
from patients with invasive S. pyogenes disease submitted to Middlemore
Hospital, Auckland. B, serum samples from healthy blood donors. Serum reac-
tivity was scored from � to 4�. C, serum samples from a single patient with
streptococcal toxic shock syndrome taken 2, 6, and 16 days after hospital
admission. The same patient has previously also shown seroconversion to
SpnA (30).
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39. Derré-Bobillot, A., Cortes-Perez, N. G., Yamamoto, Y., Kharrat, P., Couvé,
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