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Spr1479 fromStreptococcus pneumoniaeR6 is a 33-kDahypo-
thetical protein of unknown function. Here, we determined the
crystal structures of its apo-form at 1.90 Å and complex forms
with inorganic phosphate and AMP at 2.30 and 2.20 Å, respec-
tively. The core structure of Spr1479 adopts a four-layer ����-
sandwich fold,with Fe3� andMn2� coordinated at the binuclear
center of the active site (similar to metallophosphoesterases).
Enzymatic assays showed that, in addition to phosphodiesterase
activity for bis(p-nitrophenyl) phosphate, Spr1479 has hydro-
lase activity for diadenosine polyphosphate (ApnA) and ATP.
Residues that coordinate with the two metals are indispensable
for both activities. By contrast, the streptococcus-specific resi-
dueTrp-67, which binds to phosphate in the two complex struc-
tures, is indispensable for the ATP/ApnA hydrolase activity
only. Moreover, the AMP-binding pocket is conserved exclu-
sively in all streptococci. Therefore, we named the protein SapH
for streptococcal ATP/ApnA and phosphodiester hydrolase.

The commensal Gram-positive bacterium Streptococcus
pneumoniae is a major human pathogen that is responsible for
many infectious diseases such as pneumoniae, sepsis, otitis
media, and meningitis (1). Beyond its capsule, the virulence
factors of this pathogen are not fully understood. Since the
release of the complete genome sequences of virulent (TIGR4)
and non-virulent (R6) isolates of S. pneumoniae, the identifica-
tion of virulence factors and their characterization as new
potential antibiotic and/or vaccine targets have been in pro-
gress (2–4). In addition to the surface-exposed proteins, a large
array of hypothetical proteins have been proposed to contrib-
ute to the streptococcal pathogenesis (4, 5).

The 33-kDa hypothetical protein Spr1479 from S. pneu-
moniae R6 was predicted to be a virulence factor. It belongs to
the core genome, and its orthologs have also been found in
other streptococci (5). Recently, theMycobacterium tuberculo-
sis cyclic nucleotide phosphodiesterase Rv0805, a distant hom-
olog of Spr1479, was reported to play a key role in the pathoge-
nicity of mycobacteria not only by hydrolyzing bacterial cAMP
but also by moonlighting as a protein that can alter cell wall
functioning (6). A sequence homology search against the Pfam
Database (7) indicated that Spr1479 belongs to the calcineurin-
like phosphoesterase (also referred to as metallophosphoes-
terase (MPP)4) superfamily. Members of this superfamily,
which are widespread in all organisms, include protein phos-
phoserine phosphatases, nucleotidases, sphingomyelin phos-
phodiesterases, 2�,3�-cAMP phosphodiesterases, and
nucleases, as well as human VPS29 (vacuolar protein-sorting
protein 29). Previous structures have shown that these mem-
bers share a common ����-sandwich fold, with an active site
composed of twometal ions (typicallymanganese, iron, or zinc)
that are coordinated in an octahedral geometry with the resi-
dues His, Asp, and Asn. This highly conserved active site
involves a common catalytic mechanism: a hydroxide anion,
activated by the binuclear metals, attacks the phosphorus atom
of the substrate (8–12).
A sequence homology search (blast.ncbi.nlm.nih.gov/

Blast.cgi) of Spr1479 against the Swiss-Prot Database (ExPASy)
gave only hits of low identity. The top hit is an uncharacterized
protein, MJ0912 (accession number Q58322) from Methano-
coccus jannaschii, which has a 27% sequence identity of over
253 residues with Spr1479. Because the next closest hits are
ApaH-related symmetric diadenosine 5�,5�-P1,P4-tetraphos-
phate (Ap4A) hydrolases (EC 3.6.1.41; 21% sequence identity),
which hydrolyze one Ap4A into two ADP molecules (13), we
analyzed the in vitro hydrolase activity of Spr1479 for Ap4A, as
well as Ap3A and Ap5A. Against our expectation, Spr1479 cat-
alyzed cleavage of thesemolecules asymmetrically withAMP as
the common product. This resembles the activity of Nudix
(nucleoside diphosphate linked to X) proteins, which catalyze
the hydrolysis of NDP linked to another moiety such as NTP,
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ApnA, NDP-sugar, NADH, and coenzyme A, etc. (14). Mem-
bers of this superfamily have an ���-sandwich fold (15–19)
and the Nudix signature motif GX5EX7REUXEEXGU (where X
stands for any residues, and U is a bulky aliphatic residue, usu-
ally Ile, Leu, or Val) (20). This motif forms a loop-helix-loop
structure that is involved in substrate binding and catalysis (21).
It has been proposed that the physiological function of Nudix
proteins is “housecleaning” to eliminate potentially toxic nucle-
otide metabolites from cells and to regulate the concentrations
of NDP derivatives (20).
To decipher themolecular function of Spr1479, we solved its

crystal structures in the apo-form at 1.90 Å and complex forms
with inorganic phosphate and AMP at 2.30 and 2.20 Å, respec-
tively. The core structure and binuclear active site of Spr1479
resemble those of the MPP superfamily. In addition to phos-
phodiesterase activity for the generic substrate bis(p-nitrophe-
nyl) phosphate (bis-pNPP), Spr1479 has hydrolase activity for
ApnA and ATP. Thus, Spr1479 might function not only as a
phosphodiesterase but also as a housecleaning protein to keep
the homeostasis of intracellular nucleotides.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of SapH and Its
Mutants—The coding regions of Spr1479/SapH (residues
1–262) and full-length SapH (SapH-FL; residues 1–282) were
amplified fromgenomicDNAof S. pneumoniaeR6 and individ-
ually cloned into a pET28a-derived vector and overexpressed in
the Escherichia coli Rosetta(DE3) strain (Novagen, Madison,
WI) using 2�YT culture medium (5 g of NaCl, 16 g of Bacto-
Tryptone, and 10 g of yeast extract per liter). A hexahistidine
tag was added to the N terminus of each of the recombinant
proteins. The cells were grown at 37 °C to an A600 nm of 0.6.
Expression of the recombinant protein was induced with 0.2
mM isopropyl �-D-thiogalactoside for another 20 h at 16 °C
before harvesting. Cells were collected by centrifugation at
4000� g for 20min and resuspended in 40ml of lysis buffer (20
mM Tris-Cl (pH 8.0) and 200 mM NaCl). After 2.5 min of soni-
cation and centrifugation at 12,000 � g for 25 min, the super-
natant containing the target protein was collected and loaded
onto a nickel-nitrilotriacetic acid column (GE Healthcare)
equilibrated with the binding buffer (20 mM Tris-Cl (pH 8.0)
and 200 mM NaCl). The target protein was eluted with 300 mM

imidazole and loaded onto a Superdex 200 column (GEHealth-
care) in 20 mM Tris-Cl (pH 8.0) and 100 mM NaCl. Fractions
containing the target protein were combined and concentrated
to 10 mg/ml for crystallization. Samples for enzymatic activity
assays were collected at the highest peak fractions without con-
centration. The purity of protein was assessed by electrophore-
sis, and the protein sample was stored at �80 °C.
Site-directed mutagenesis was performed using the

QuikChange site-directedmutagenesis kit (Stratagene, La Jolla,
CA)with the plasmid encodingwild-type SapH as the template.
Themutant proteinswere expressed, purified, and stored in the
same manner as used for the wild-type protein.
Crystallization, Data Collection, and Processing—Crystals of

SapH were grown at 16 °C using hanging drop vapor-diffusion
techniques by mixing 2 �l of 10 mg/ml protein sample with an
equal volume of reservoir solution (25% isopropyl alcohol, 0.1 M

HEPES (pH 7.5), and 0.2 M NH4Ac). Crystals appeared in 1
week. Before data collection, crystals were soaked in cryopro-
tectant solution (reservoir solution supplemented with 25%
glycerol). The iodine derivative crystals were obtained by soak-
ing SapHcrystals in cryoprotectant solution containing 300mM

KI for �15 s. The crystals of SapH-PO4 and SapH-AMP were
obtained by soaking the SapH crystals in 500 mMNaH2PO4 for
�5 s and in 30 mM AMP for �2 min, respectively. All diffrac-
tion data were collected at 100 K in a liquid nitrogen stream
using beamline 17U with an MX-225 CCD detector (Marre-
search GmbH, Norderstedt, Germany) at the Shanghai Syn-
chrotron Radiation Facility. All diffraction data were integrated
and scaled with the program HKL2000 (22).
Structure Determination and Refinement—The structure of

SapH was determined by the single wavelength anomalous dis-
persion phasing technique (23) with the iodine anomalous sig-
nal using the program phenix.solve implemented in PHENIX
(24). The initial model was built automatically with the pro-
gram AutoBuild in PHENIX. The resultant model was subse-
quently used as a searchmodel against the 1.90 Å data of SapH.
Using the SapH structure as the searchmodel, the structures of
SapH-PO4 and SapH-AMP were determined by the molecular
replacement method with the program MOLREP (25) imple-
mented in CCP4i (26). All initial models were refined using the
maximum likelihood method implemented in REFMAC5 (27)
as part of the CCP4i program suite and rebuilt interactively
using the program COOT (28). The final models were evalu-
ated with the programs MOLPROBITY (29) and PROCHECK
(30). Crystallographic parameters are listed in Table 1. All
structure figures were prepared with PyMOL (31).
Determination of Active-site Metals—Atomic absorption

spectroscopy (Atomscan Advantage, Thermo Ash Jarrell
Corp.) was performed to determine the metal content. Prior to
analysis, purified SapH-FL in 20 mM Tris-Cl (pH 8.5) and 150
mM NaCl was concentrated to �8 mg/ml.
Enzymatic Assays—All enzymatic assays were performed at

37 °C in buffer containing 100 mM Tris-Cl (pH 7.0), 0.2 mM

FeCl3, and 0.2 mM MnCl2. Using a DU800 spectrophotometer
(Beckman Coulter), phosphatase and phosphodiesterase activ-
ities were measured with pNPP and bis-pNPP (Sigma) as sub-
strates, respectively, by following the absorption increase at 405
nm. The kinetic parameters of wild-type SapH and its mutants
were measured using bis-pNPP as the substrate to a standard
curve of 4-nitrophenol. Reactionswere initiated by the addition
of SapH or its mutants.
The hydrolysis of nucleotides/derivatives (Sigma) was meas-

ured byHPLC (Agilent 1200 series). SapH and itsmutants were
incubated with a range of substrate concentrations in a volume
of 25 �l. The reaction was terminated after 15 min of incuba-
tion by the addition of 50 �l of 20 mM NH4H2PO4 (pH 6.2). As
a control, an assaymixturewithout any protein addedwas used.
NMP standardswere quantified byHPLC analysis using a series
of concentrations ranging from 0.1 to 5mM. 20mMNH4H2PO4
was used for equilibration of the column (Eclipse XDB-C18
column (4.6� 150mm), Agilent) and separation of the compo-
nents at a flow rate of 1 ml/min. Samples were injected in a
volume of 10�l. The parametersKm and kcat were calculated by
nonlinear fitting to the Michaelis-Menten equation using the
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programOrigin 7.5. Three independent assays were performed
to calculate the means � S.D. for all Km and kcat values.

RESULTS

Overall Structure of Spr1479/SapH—We initially found crys-
tals of full-length Spr1479 (SapH-FL) but could not optimize
them to a high diffraction quality. Limited proteolysis com-
binedwith LC-MS enabled us to define a relatively stable region
of residues 1–262 (termedSapH).Weoverexpressed this region
and subjected it to crystallization, and the resulting crystals
were diffracted to a resolution of 1.90 Å.
An asymmetric unit contains a dimer of SapH with an inter-

face area of �1700 Å2. Met-3–Leu-260 in subunit A and Met-
3–His-252 in subunit B are well fitted in the final model. The
two subunits are very similar, with an overall root mean square
deviation (r.m.s.d.) of 0.15 Å over 210 C� atoms (Fig. 1A). Size-
exclusion chromatography also confirmed the existence of
SapH-FL and SapHas a dimer in solution (data not shown). The
two five-stranded �-sheets of subunit A are aligned antiparallel
to their counterparts in subunit B, forming two continuous
10-stranded mixed �-sheets, which are perpendicular to the
dimer-related non-crystallographic 2-fold axis (Fig. 1A). Each
subunit adopts a compact core structure with a four-layer
����-sandwich fold: two five-stranded �-sheets sandwiched
by helices �1 and �2 on one side and helix �6 on the opposite
side (Fig. 1B). One �-sheet is composed of strands �4–�8,
whereas the facing �-sheet consists of strands �1–�3, �9, and
�10 (Fig. 1B). Beyond the core structure, SapH has a cap of five
�-helices (�3–�5, �7, and �8) packing against the active site.
Among these five �-helices, �3–�5 (Asn-66–His-109) form
one side wall of the active site, whereas the other two �-helices
�7 and�8 (Val-225–Asn-249) at theC terminusmight function
as a scaffold. A Dali search using the five-helix subdomain

revealed no hit of a similar domain. Compared with the core
domain, the secondary structural elements of this additional
subdomain appear to be more variable in length and structure,
which may be responsible for the versatile substrate specifici-
ties among the MPP superfamily members.
The core structures of subunits A and B are packed against

each other to form a dimer interface, which consists mainly of
the backbones of strands �7 and �10 from both subunits. Spe-
cifically, the interface is composed of hydrogen bonds between
Val-214 O� and Arg-220� N�, Met-216 N� and Phe-218� O�,
Met-216 O� and Phe-218� N�, Phe-218 N� and Met-216� O�,
Phe-218 O� and Met-216� N�, and Arg-220 N� and Val-214�
O� from strand�10 andbetweenLeu-170N� andLeu-170�O�
and Leu-170O� and Leu-170�N� from strand �7 (the residues
in subunit B are labeled with a prime) (Fig. 1C). In addition to
these backbone hydrogen bonds, the carboxyl group ofAsp-209
(Asp-209�) forms two hydrogen bonds with N�1 and N�2 of
Arg-200� (Arg-200), further stabilizing the dimer.
BinuclearMetals at the Active Site—During themodel build-

ing and refinement process, two electron density peaks were
outstanding in the Fo � Fc Fourier difference map (at the 30�
level), indicating the presence of metals. The brown color of
concentrated protein in solution indicated the presence of iron.
Atomic absorption spectroscopy showed that iron and manga-
nesewere present atmolarity ratios to the protein of 0.7 and 0.8,
respectively. X-ray diffraction experiments at various wave-
lengths were done to confirm the chemical identity of these
metals. We collected data at a wavelength of 1.74 Å and found
two strong anomalous peaks of 31.0 and 30.7 in the structure
model-phased anomalous Fourier difference maps. This result
excluded the presence of zinc, copper, nickel, and cobalt, which
have a theoretical absorption K-edge below 1.61 Å. To further

TABLE 1
Crystal parameters, data collection, and structure refinement

SapH-KI SapH SapH-PO4 SapH-AMP

Data collection
Space group P212121 P212121 P212121 P212121
Unit cell (a, b, c (Å); �, �, �) 57.98, 75.11, 149.51; 90.00° 56.56, 75.10, 148.80; 90.00° 58.88, 74.94, 149.33; 90.00° 57.65, 74.94, 149.13; 90.00°
Resolution range (Å) 50.00–2.90 (3.00–2.90)a 30.00–1.90 (1.97–1.90) 30.00–2.30 (2.38–2.30) 50.00–2.20 (2.24–2.20)
Unique reflections 15,110 (1456) 50,589 (4756) 28,781 (2920) 33,388 (1572)
Completeness (%) 99.9 (99.1) 99.4 (94.9) 95.0 (98.5) 99.3 (95.8)
�I/�(I)� 29.7 (15.6) 21.8 (3.8) 22.2 (3.6) 26.1 (4.3)
Rmerge (%)b 9.0 (17.2) 8.2 (39.5) 7.4 (51.7) 6.9 (28.4)
Average redundancy 11.4 (9.8) 6.7 (5.6) 7.0 (6.8) 6.7 (5.8)

Structure refinement

Resolution range (Å) 30.00–1.90 30.00–2.30 50.00–2.20
R-factor/Rfree (%)c,d 19.5/22.9 19.7/25.4 18.5/24.4
No. of protein atoms 4140 4046 4066
No. of water atoms 284 211 275
r.m.s.d. bond lengths (Å)e 0.013 0.012 0.010
r.m.s.d. bond angles 1.309° 1.324° 1.235°
Mean B-factors (Å2) 25.4 35.4 30.5
Ramachandran plot (residues, %)f
Most favored 96.2 96.4 96.6
Additionally allowed 3.4 3.2 3.0
Outliers 0.4 0.4 0.4

Protein Data Bank code 3QFM 3QFN 3QFO
a The values in parentheses refer to statistics in the highest bin.
b Rmerge 	 �hkl�i�Ii(hkl) � �I(hkl)��/�hkl�iIi(hkl), where Ii(hkl) is the intensity of an observation and �I(hkl)� is the mean value for its unique reflection. Summations are over
all reflections.

c R-factor 	 �h Fo(h) � Fc(h)�/�hFo(h), where Fo and Fc are the observed and calculated structure factor amplitudes, respectively.
d Rfree was calculated with 5% of the data excluded from the refinement.
e r.m.s.d. from ideal values.
f Categories were defined by MOLPROBITY.
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distinguish iron from manganese, we collected data at a wave-
length of 1.80 Å and assigned peaks of 16.9 to iron and 25.0 to
manganese. (The theoretical absorption K-edges for iron and
manganese are 1.74 and 1.90 Å, respectively.) A significant
anomalous signal of the iron site indicates that this sitemight be
also mixed with manganese. Thus, the two sites should have
mixed occupancies of Fe3
 and Mn2
, respectively (Fig. 2A).
The following activity assays also confirmed that the binuclear
metals are Fe3
 and Mn2
.

The two metals are 3.4 and 3.3 Å away from each other in
subunits A and B, respectively. Fe3
 and coordinating residues
Asp-11, His-13, Asp-39, and His-166, together with Mn2
 and
coordinating residues Asp-39, Asn-66, His-128, and His-164,
constitute an octahedral structure of the active site (Fig. 2A). A
planar water molecule (designated Wat1) forms coordination
bonds with Fe3
 and Mn2
 and a hydrogen bond with the car-
bonyl oxygen of His-164. This binuclear active site is located at
the interface between the core structure and the cap of
�-helices.
Comparative Structure Analysis—Overall structure compar-

ison of SapHwith structures in the Protein Data Bank using the

Dali server gave 188 hits for 41 unique proteins with a Z-score
higher than 10.0; these proteins were all members of the MPP
superfamily. The top hit was a hypothetical protein from Pyro-
coccus furiosus (Protein Data Bank code 1NNW; Z-score of
25.7, r.m.s.d. of 2.6 Å over 234 C� atoms), followed by E. coli
phosphodiesterase YfcE (code 1SU1) (32) and M. jannaschii
phosphodiesterase MJ0936 (code 1S3M) (33). The other hits
included human VPS29 (code 1W24) (34) and Ser/Thr phos-
phatase 2B (code 1AUI) (35), symmetric Ap4A hydrolases from
Trypanosoma brucei (code 2QJC) and Shigella flexneri (code
2DFJ) (36), and cyclic nucleotide phosphodiesterase Rv0805
fromM. tuberculosis (code 2HY1) (37). Most of these proteins
have similar molecular functions (phosphodiesterase, phos-
phatase, nuclease, or nucleotidase), although two are symmet-
ric Ap4A hydrolases. Moreover, the binuclear active site of
SapH can be closely superimposed onto that ofM. tuberculosis
cyclic nucleotide phosphodiesterase Rv0805 (Fig. 2B) (37),
despite the fact that SapH and Rv0805 have a sequence identity
of only 17% and markedly different structures, with an r.m.s.d.
of 3.3 Å over 149 C� atoms. The highly conserved ����-sand-
wich core structure and binuclear active site strongly implied
that SapH might act as a phosphodiesterase, phosphatase, or
Ap4A hydrolase.
Phosphodiesterase Activity—We first tested the enzymatic

activity of SapH for generic phosphomonoesterase or phospho-
diesterase substrates (pNPP or bis-pNPP) in the presence of
0.2 mM Fe3
 and 0.2 mM Mn2
. No activity for pNPP was
detected (data not shown). By contrast, both SapH-FL and
SapH showed considerable activity for bis-pNPP. The Km and
kcat values were 1.76 � 0.02 mM and 5.70 � 0.12 s�1, respec-
tively, for SapH-FL and 2.46 � 0.15 mM and 5.51 � 0.22 s�1,
respectively, for SapH (supplemental Table S1). These results
suggested that SapH is a phosphodiesterase.
We further systematically screened all of the reported

physiological substrates of metallophosphodiesterase. These
substrates fall into three groups: cyclic nucleotides, nucleic
acids, and phospholipids. We tested the following represent-
ative substrates of phospholipases: 2�,3�-cAMP (Sigma),
3�,5�-cAMP (Sigma), double- or single-stranded DNA and
RNA, and the generic substrate p-nitrophenylphosphoryl-
choline (Sigma). However, SapH-FL showed no catalytic
activity for any of the above substrates. This indicates that
SapH-FL most likely performs a novel phosphodiesterase
activity for a unique physiological substrate, or the activity of
SapH-FL for the above-listed substrates needs the assistance
of an unknown partner. Similar cases of phosphodiesterases
with unknown physiological substrate have also been
reported previously (32, 33).
The metal-coordinating residues have a crucial role in SapH

activity. Mutation of Asp-39, His-13, or His-128 to Ala com-
pletely abolished the phosphodiesterase activity. Activity was
elevated by the addition of 0.2 mM Fe3
 and/or Mn2
 and
somewhat inhibited by the addition of Mg2
, Ni2
, Ca2
,
Co2
, Zn2
, or Fe2
 individually (supplemental Fig. S1).More-
over, the addition of 5 mM EDTA did not change the activity
(supplemental Fig. S1), indicating that the co-purified metals
have a very high affinity for SapH.

FIGURE 1. Overall structure of SapH. A and B, schematic representations of
the dimer and monomer, respectively. Subunits A and B are shown in cyan
and orange, respectively. The secondary structural elements are labeled
sequentially. The metal ions at the active site are shown in purple for Mn2


and orange for Fe3
. C, dimer interface. The residues are shown as cyan and
orange sticks for subunits A and B, respectively. The hydrogen bonds are
denoted as dashed lines. Residues and strands from subunit B are labeled with
a prime.

Streptococcal Nucleotide and Phosphodiester Hydrolase SapH

OCTOBER 14, 2011 • VOLUME 286 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 35909

 at U
N

IV
E

R
S

IT
Y

 O
F

 A
D

E
LA

ID
E

 LIB
R

A
R

Y
, on F

ebruary 9, 2012
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full/M111.228585/DC1
http://www.jbc.org/cgi/content/full/M111.228585/DC1
http://www.jbc.org/cgi/content/full/M111.228585/DC1
http://www.jbc.org/


Nucleotide/Derivative Hydrolase Activity—In addition to
phosphodiesterases, theDali search returned two hits of ApaH-
related symmetric Ap4A hydrolases from T. brucei and S. flex-
neri (r.m.s.d. of 3.1 Å over 177 C� atoms and 3.0 Å over 184 C�
atoms and sequence identities of 21 and 20%, respectively).
Thus, we tested the hydrolase activity of SapH-FL for Ap4A,
as well as Ap3A and Ap5A (Sigma). The results showed that
SapH hydrolyzed all three molecules asymmetrically, pro-
ducing ADP and AMP from Ap3A, ATP and AMP from
Ap4A, and Ap4 and AMP from Ap5A. The kcat values of
SapH-FL for the three substrates are comparable, whereas
the Km values are 0.28 mM for Ap3A, 2.09 mM for Ap4A, and
1.04 mM for Ap5A (Table 2). It is worth noting that the Km
value for Ap3A is comparable with that of T4 bacteriophage
NudE.1 (0.41 mM) and E. coli Orf186 (0.15 mM), both of
which are Nudix proteins (38, 39).
However, the molarity ratio of the product AMP is obviously

higher than that of ATP in the reaction with Ap4A, suggesting
that ATP might be further hydrolyzed to AMP. Assays showed
that both SapH-FL and SapH had relatively low activity of
hydrolyzing ATP to AMP (supplemental Fig. S2). This gave us
the idea that SapH-FL should have a broad spectrum of sub-
strate specificity. In consequence, several nucleotides and
derivatives (Sigma), including ADP, ATP, ADP-ribose,
NAD(H), and NADP(H), were tested. SapH-FL could some-
what hydrolyzeATP,NAD(H), andADP-ribose but notADPor
NADP(H). The relative activities are 24% (ATP), 13% (ADP-
ribose), 10% (NADH), and 2% (NAD
) of that of the activity
for Ap3A (supplemental Table S2). Furthermore, nucleotides
GTP, CTP, and UTP were also tested. SapH-FL could hydro-
lyze GTP and CTP at a comparable rate to ATP, whereas
little activity for UTP was detected (Table 2 and supplemen-
tal Table S2). Despite the relatively lower activity of SapH-FL
for these substrates, the Km value for ATP is �2.37 mM,
which is in the range of intracellular ATP concentrations
(1–5 mM) (40). Thus, SapH might function as an ATP pyro-
phosphatase in vivo.

AMP-binding Pocket—The electrostatic potential surface of
SapH revealed an extended pocket of two clefts perpendicular
to each other, with binuclearmetals at the corner. To reveal the
substrate-binding mode, we attempted to prepare crystals of
SapH in the presence of inorganic phosphate, AMP, and ATP
by either crystal soaking or co-crystallization. We also tried
crystallizing the inactive W67H mutant of SapH in complex
with Ap4A. At the end, we obtained only the phosphate- and
AMP-complexed structures (termed SapH-PO4 and SapH-
AMP, respectively) by soaking SapH crystals with 500 mM

NaH2PO4 or 30 mM AMP. In SapH-PO4, the inorganic phos-
phate bridges the twometals at the active site andmakes hydro-
gen bonds with the metal-coordinating residues Asn-66, His-
164, His-13, and His-166, in addition to Trp-67 and the planar
water molecule Wat1 (Fig. 3A). The binding mode is very sim-
ilar to that of other enzymes in theMPP superfamily, suggesting
that SapH also adopts the common catalytic mechanism (9, 12,
41).
In SapH-AMP, one molecule of AMP is deeply buried in the

active-site pocket, with the adenine moiety in an anti-confor-
mation and the ribose ring in a C4 exo-conformation (Fig. 3B).
The adenine and ribose ring are frozen in the inner cleft
between loop 10 (between �5 and �6) and loop 14 (between �8
and�1) via hydrogen bonds and hydrophobic interactions. The
O4� of ribose forms a hydrogen bond with Arg-137 N�2,
whereas O3� and O2� form two hydrogen bonds with His-252
N�1. The adenine is stabilized in an anti-conformation via a

FIGURE 2. Binuclear active site. A, Mn2
- and Fe3
-coordinating residues. The residues are shown as sticks, and the planar water molecule Wat1 is shown as
a red sphere. B, superposition of the active sites of SapH (cyan) and cyclic nucleotide phosphodiesterase Rv0805 (yellow).

TABLE 2
Kinetic parameters of SapH-FL

Substrate Km kcat kcat/Km

mM s�1 s�1 mM�1

bis-pNPP 1.76 � 0.02 5.70 � 0.12 3.24 � 0.10
Ap3A 0.28 � 0.02 15.95 � 0.90 57.94 � 2.48
Ap4A 2.09 � 0.10 14.89 � 0.35 7.14 � 0.24
Ap5A 1.04 � 0.10 11.29 � 0.27 10.96 � 1.05
ATP 2.37 � 0.17 9.91 � 0.24 4.21 � 0.28
GTP 2.42 � 0.32 7.58 � 0.47 3.17 � 0.25
CTP 3.00 � 0.18 23.74 � 1.28 7.92 � 0.07
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�-� stacking interaction against Phe-189 and a hydrogen bond
with His-141 N�1. The phosphate group is bound to the active
site in the same manner as the inorganic phosphate in SapH
(Fig. 3B).
To reveal the Ap3A-binding mode, we docked Ap3A onto

SapH using the RosettaDock program (42). Restraints were
used to fix the AMPmoiety of Ap3A in a position similar to that
in the complex of SapH-AMP. In themodel, the inner and outer
clefts accommodate the AMP (the first adenine nucleotide and
P1-phosphate group) and ADP (the second adenine nucleotide
and P2- and P3-phosphate groups) moieties of Ap3A, respec-
tively (Fig. 3C). TheAMPmoiety in the inner cleft could be well
superimposed with that of SapH-AMP. The ADPmoiety is sta-

bilized in the outer cleft via two hydrogen bonds between the
P2-phosphate group and Arg-137. The adenosine moiety is sta-
bilized by �-� stacking against Trp-135 and two hydrogen
bonds with Asn-134 O�1 and Ser-70 O�, respectively (Fig. 3C).
Multiple-sequence alignment revealed that Ser-70, Asn-134,
Trp-135, and Arg-137 at the outer cleft are highly conserved in
streptococci. It is worth noticing that the active-site residues
Asn-66, Trp-67, and Ser-70 are all from helix �3 of the five-
helix cap.
The phosphate in SapH-PO4 and SapH-AMP could be

closely superimposed with the P1-phosphate group of the
SapH-Ap3A model. Moreover, this phosphate could be super-
imposed with that of protein analogs such as dAMP in nuclease

FIGURE 3. AMP-binding pocket of SapH. A, inorganic phosphate-binding site in SapH-PO4. The residues are shown as sticks. The hydrogen bonds are shown
as dashed lines. B, AMP-binding site. The binding pocket is between loops 10 and 14. The binding residues are shown as cyan sticks and AMP as green sticks. The
metals and Wat1 are rendered as spheres. C, docking model of Ap3A (yellow for its C atoms) in the active-site pocket.
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Mre11 from P. furiosus (9) and AMP in cyclic nucleotide phos-
phodiesterase Rv0805 (6), despite the bindingmodes being very
different. These results suggest that the metal-bound phos-
phate group is under attack from the planar water molecule,
driven by the binuclear metals. As for SapH, the inner cleft is
complementary to anAMP (but not ADP or ATP)moiety, leav-
ing the P1-phosphate group at the elbow exposed to the nucleo-
philic watermolecule. Furthermore, protein fluorescence spec-
trometry assays revealed that the addition of GTP and CTP to
the apo-form SapH could trigger a comparable decrease in flu-

FIGURE 4. Multiple-sequence alignment. A, the binuclear active site is conserved in Gram-positive bacteria. B, the AMP-binding residues are conserved
in streptococci. The metal-coordinating residues are indicated by blue triangles, whereas the AMP- and Ap3A-binding residues are indicated by red
triangles.

TABLE 3
Kinetic parameters of SapH-FL mutants for bis-pNPP, ATP, Ap3A, and
Ap4A

Enzyme
bis-pNPP ATP/Ap3A/Ap4A

Km kcat kcat/Km Km kcat kcat/Km

mM s�1 s�1 mM�1 mM s�1 s�1 mM�1

W67A 0.53 � 0.05 1.08 � 0.04 2.06 � 0.13 NDa ND ND
W67H 11.79 � 1.15 2.56 � 0.20 0.22 � 0.01 ND ND ND

a ND, not detectable.
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orescence intensity to that of ATP. The equilibrium dissocia-
tion constants (Kd) for these three substrates are 443 � 12 �M

(ATP), 198 � 64 �M (GTP), and 283 � 10 �M (CTP). These
results indicate that CTP and GTP could also bind to the AMP
pocket.

DISCUSSION

SapH Is a Novel Member of the MPP Superfamily—To date,
all nucleotide/derivative hydrolases of known structure belong
to the Nudix hydrolase superfamily (43). However, the core
structure of SapH adopts an ����-sandwich fold rather than
an���-sandwich foldwith aNudix signaturemotif (17, 19, 43).
The ����-sandwich fold and binuclear active site of SapH are
highly conserved in members of the MPP superfamily, which
share a low sequence identity (�20%) with SapH. Among these
MPP superfamilymembers, onlyBacillus subtilis PrpE (44) and
E. coli ApaH (13) were found to hydrolyze Ap4A. However,
PrpE is a Tyr-specific phosphatase and an asymmetric Ap4A
hydrolase of unknown three-dimensional structure. E. coli
ApaH was proved to be a symmetric Ap4A hydrolase. The
structure of its 100% sequence-identical homolog from S. flex-
neri (ProteinData Bank code 2DFJ) also has an����-sandwich
fold with two layers of five-stranded �-sheets sandwiched by
�-helices on the two sides, respectively (36). Superposition of
SapH onto S. flexneri ApaH revealed an r.m.s.d. of 3.0 Å over
184 C� atoms. The core ����-sandwich structure of SapH is
quite similar to that of ApaH. Among the helices of the addi-
tional subdomain, three helices (�3–�5) of SapH exhibit struc-
tural similarity to the counterparts of ApaH, despite that helix
�4 (Pro-84–Glu-99) of SapH is 10 residues longer (supplemen-
tal Fig. S3). By contrast, the other two �-helices (�7 and �8) at
the C terminus of SapH are not found in ApaH. Alternatively,
ApaH has an insertion of three additional �-helices (�7–�9,
Asp-128–Arg-182) located at the opposite side of the active site
(supplemental Fig. S3). Moreover, the active site of ApaH is
coordinated by twoMn2
 ions. Therefore, SapH represents the
first structure of a novel nucleotide/derivative hydrolase in the
MPP superfamily.
SapH Is a Bifunctional Enzyme Conserved Exclusively in

Streptococci—In addition to its phosphodiesterase activity,
SapHdemonstrates nucleotide/derivative hydrolase activity for
ATP and ApnA. This dual function of SapH might be a gain of
function due to subtle substitutions at the active site that were
proposed to explain the diverse substrate specificity of theMPP
superfamily. For instance, the metal and substrate specificities
of Clostridium thermocellum polynucleotide kinase/phospha-
tase can be dramatically altered by substitution of the active-
site residues (45–49). Based on the analysis of the phosphate-
binding residue His-98 in Rv0805, mutation of the
corresponding Cys-74 to His in E. coli phosphodiesterase YfcE
results in a gained 2�,3�-cAMP phosphodiesterase activity (48).
In SapH, the corresponding residue Trp-67 also forms a hydro-
gen bond with the phosphate in SapH-PO4 and SapH-AMP.
Compared with wild-type SapH-FL, the W67A mutant has a
lower Km and kcat and comparable activity (kcat/Km) for bis-
pNPP. By contrast, the W67H mutation increases the Km for
bis-pNPP by �7-fold, resulting in activity that is about one-
fifteenth that of the wild-type protein (Table 3). However, both

the W67A and W67H mutants have no detectable activity for
ATP, Ap3A, or Ap4A (Table 3). These results indicate that
Trp-67 of SapH-FL is indispensable for hydrolysis of ATP,
Ap3A, and Ap4A.
To find the evolutionary hints of the bifunctionality of

SapH, we performed a multiple-sequence alignment. The
binuclear active-site residues Asp-11, His-13, Asp-39, Asn-
66, His-128, His-164, and His-166 are highly conserved in
Gram-positive bacteria (Fig. 4A). However, in addition to
Trp-67, the other AMP-binding residues Arg-137, His-141,
Phe-189, and His-252 are conserved exclusively in strepto-
cocci (Fig. 4B). Thus, we propose that the emergence of Trp-
67, together with substitutions of residues at the substrate-
binding pocket, resulted in a gain of nucleotide/derivative
hydrolase function for streptococcal SapH, in addition to its
phosphodiesterase activity.
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