












complexation significance score of 0.977 indicating that
this observation is not a crystallographic artefact. To
observe the multimeric nature of Spd1 in solution, we per-
formed a series of SEC-MALLS experiments over a
range of Mg2+ ion concentrations and in EDTA (see
Supplementary Data).

These results indicated that the WT Spd1 protein is
monomeric in solution irrespective of the presence of
EDTA or Mg2+ ions. We have shown the WT Spd1 to
be active in solution (Figure 3), and this activity to be
dependent on the presence of Mg2+. Our Spd1 WT
dimeric structure is devoid of metal ions and so cannot
be the active species we observe in our activity assays. This
does not rule out the possibility of Spd1 dimerizing in
another way, perhaps on association with DNA. We
have observed that Spd1 is able to cleave plasmid DNA
through relaxed and linear intermediates (Figure 4) similar
to DNaseI (43). Production of the linear form could
involve either the sequential presentation of each strand
of DNA to a monomeric enzyme or a dimeric enzyme
orientated to cleave both DNA strands simultaneously.
Our cross-linking studies are consistent with a monomeric
enzyme, but proved inconclusive as we were unable to
cross-link WT Spd1 under the conditions tested. This
does not prove that Spd1 is active as a monomer, given
that a dimer that is unable to cross-link would also give
this result.

The structure of the Asn145Ala mutant shows an active
site free from symmetry-related molecules. The effect of
mutation appears to have disrupted metal ion coordin-
ation, leaving this structure again devoid of an active
site metal ion. This is consistent with the proposed role
of the active site Asn in other characterized DNases (47).
Our activity assays have indicated this residue is required
for the maintenance of activity.

Comparison with other nucleases

The closest structural homologues related to Spd1 are
EndA from S. pneumoniae, with a Z-score of 7.8 and

rmsd of 1.8 Å, based on SSM server search (48) (PDB
code 3OWV), followed by NucA from Anabaena sp.
(Z-score 6.4, rmsd of 2.1 Å, PDB code 1ZM8), Sm endo-
nuclease from S. marcenscens (Z-score of 5.8 and rmsd of
1.9 Å, PDB code 1QL0) and EndoG endonuclease
(Z-score of 5.6, rmsd of 2.3 Å, PDB code 3ISM).
Despite a low sequence similarity between these proteins,
there is strong conservation of the DRGH (Figure 7)
sequence motif; in the Spd1 sequence there is an
Asparagine (Asn119) instead of Aspartic acid (Figure 7).
The structural similarity between these nucleases is mostly
pronounced in the b-strands forming the central sheet and
in the bba-Me motif comprised of two short b-strands and
a long a-helix running along the central b-sheet. Further
away from the catalytic centre Spd1 and EndA share the
highest resemblance in their secondary architectures
(Figure 6). They both contain a small C-terminal b-sheet
composed of two anti-parallel strands, which are situated
on the top of the central core of the structure. The dis-
ordered loop of Spd1 (from Asn94 to Ser114) corresponds
to the missing region in EndA (Tyr124 to Ser136). The
proximity of this loop to the putative DNA binding site
and mutagenesis studies in EndA suggest the residues
located in this region may synergistically bind the DNA.
Another feature characteristic to Spd1 and EndA is the
‘finger-loop’ interruption of the long a-helix that is not
observed in any other described nuclease structure. The
active site architecture of all bba-Me nucleases is very
similar. Bound metal ions identified in described structures
are Mg2+ in EndoA, Serratia, I-PpoI, Vvn and nucleases,
Ca2+ in T4 endo VII and Mn2+ in NucA and I-HmuI
nucleases. In all of these structures, the metal ion is
hydrated by a cluster of neighbouring water molecules.
In the Spd1 structure, there are only two water molecules
in the proximity of Mg2+. The side chain oxygen of
Asn145 is a direct ligand for the metal ion and is highly
conserved among bba-Me nucleases. A strong resem-
blance is also seen for the catalytic Histidine (His121 in
Spd1, His160 in EndA, His124 in NucA, His89 in Serratia,
His98 in I-PpoI, His80 in Vvn nuclease, His41 in T4 Endo
VII and H143 in mitochondrial EndoG). Glu164 that is
facing the magnesium ion, corresponds to Glu127 and
Glu163 in Serratia endonuclease and NucA, respectively,
and to Glu205 in EndA. These Glutamate residues are
involved in positioning two water molecules to interact
with the metal ion and form a metal cluster. This may
explain why mutating Glu164 in Spd1 has a detrimental
effect on nuclease activity, even though in the crystal
structure it is > 6 Å away from the magnesium ion.
Arg61 in the I-PpoI structure interacts with the nucleotide
phosphate backbone. The same has been observed for the
corresponding Arg99 in Vvn nuclease. Equivalent residues
in NucA and Serratia are Arg93 and Arg57, respectively.
In the Spd1 structure, the corresponding Arg90 is flipped
180� and points outside. Gln150 in NucA positions the
neighbouring water molecule to interact with Mn2+. It
corresponds to Gln114 in Serratia nuclease, Gln186 in
EndA, Glu114 in I-PpoI and 79 in Vvn nuclease. Spd1 is
the only structure with a Methionine in this position
(Met140).

Figure 5. The Spd1 WT protein shown in dimeric form, a series of
interactions made by Lys 87–Lys 92, which protrudes blocking the
active site cleft. Arg90 (ball and stick representation) has displaced
the active site metal ion. The A molecule is shown in teal blue and
the B molecule in salmon pink.
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Active site architecture

DNA Binding. The crystal structure of Spd1 reveals a
bba-metal finger motif, which is comprised of b-sheets 4
and 5 (green, Figure 1a), which lie adjacent to the smaller
a1 helix. These motifs harbour residues involved in metal
ion coordination and catalysis. Mutagenic studies and
structure comparisons with other published nucleases
allowed us to identify catalytically important residues. It
has been shown before that an active site His (His121
equivalent) is crucial for S. pyogenes nuclease activity
(49). Mutations His121Ala and His121Asp abrogate
Spd1 activity (Figure 2). In the Spd1 structure, His121 is
located at the C-terminus of strand b5 (Figure 8). The
main-chain oxygen of Leu130 makes a hydrogen bond
with the other imidazole nitrogen of His121 (2.9 Å
distance), suggesting this residue is deprotonated in the
structure. On the opposite side, in the helical motif,
there is Asn145 that is likely to coordinate the active site
metal ion directly through its side-chain oxygen atom.
Mutations of this residue to Ala and Gln curtailed Spd1
activity (Figure 2). Glu164 is crucial for activity, even
though it is 6.7 Å away from active centre and does not
make direct contacts in the active site environment.

Proposed reaction mechanism. Similarities between the
active sites of the discussed nucleases and high conserva-
tion of the bba-Me motif suggest that Spd1 may use the
same mechanism for DNA hydrolysis. We propose that
His121 would act as a general base, removing a proton

Figure 7. Protein sequence alignment showing Spd1 in comparison to its closest known structural homologues: S. pyogenes nuclease (Spd1), pdb
code 2xgr; S. pneumoniae nuclease (EndA), pdb code 3owv; Anabaena sp. nuclease (NucA), pdb code 1zm8; Drosophila melanogaster nuclease
(EndoG), pdb code 3ism; Serratia marcescens nuclease (smn), pdb code 1smn. Secondary structure elements are taken from the Spd1 structure
and indicated by the following, b-beta strand; a-alpha helix; TT-beta-turn; Z-310 helix; grey star-residues modelled with an alternate conformation.
Conserved residues are shown highlighted in red; areas of high homology are boxed in blue. Note Spd1 shows a variant asparagine residue at
position 118, resulting in a NRGH catalytic motif, which was previously considered to be a conserved DRGH motif.

Figure 6. WT Spd1 overlaid with EndA from S. pneumoniae (PDB
code 3OWV) showing the structural similarity between the nucleases.
Notable structures are the b-strands forming the central sheet, the
bba-Me motif comprised of two short b-strands and a long a-helix
running along the central b-sheet.
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from a neighbouring water molecule that would then
attack the scissile phosphodiester bond (Figure 9). The
divalent magnesium ion would act as a Lewis acid pos-
itioning the water molecule to donate a proton to a de-
parting 30-oxygen. Arg90 would change its position and
orient in the direction of cleaved 50-phosphate to make a
hydrogen bond, as has been shown to occur in the Vvn–
DNA complex and in the I-PpoI structures. This would
stabilize the product in order to prevent the reverse
reaction (20). The role of Asn145 and Glu164 in
coordinating the essential metal ion (Glu164 indirectly
through a water molecule) agrees with the mutagenesis
experiments that prove the crucial role of these residues,
as Asn145Ala, Asn145Gln and Glu164Ala mutants
appear to diminish Spd1 activity.

The biological role of Spd1. The precise biological role of
Spd1 in S. pyogenes SF370 and the SF370.1 prophage/
phage is not fully understood. At the point of prophage
induction, there exists a three way interplay between the
phage, the bacterium and the human host. The
phage-mediated acquisition of both toxin and DNase
genes as a factor enhancing virulence appears to be a
common theme, and it is tempting to speculate that their
co-expression is evolutionarily advantageous by synergis-
tically acting against the immune system to promote
survival of the phage and bacterium. It has been suggested
that phage-encoded streptococcal DNases may promote
the survival of the phage by liquefying pus and cellular
material to reduce viscosity and aid bacterial and phage
particle dissemination (8). This idea may be extended and
it is proposed that the occurrence of the toxin and DNase
genes may give the phage and bacterium (prophage) a se-
lective advantage by avoiding clearance by the NETs.
There is some evidence that the expression of
phage-encoded DNase extends beyond the Streptococcus
genus. A BLAST search using Spd1 (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) reveals that Pro-phage homologues can
be found in the lactobacillus genus exemplified by a homo-
logue from Lactococcus lactis sharing a 46.25% identity to

Spd1 (8,9). This indicates that phage-encoded DNases
enhance the survival of the phage in an environment
that is not normally associated with the human immune
system and so points to broader evolutionary mechanism
beyond the host pathogen interaction.
In this study, we have described a method for the

cloning, expression and purification of a DNase from
S. pyogenes in WT and mutant forms. We have gone on
to present its X-ray structure, shown the location of key
active site residues and that His121, Asn45 and Glu164,
are essential in maintaining activity. Our work has shown
two crystal forms, a WT catalytically blocked dimer and a
monomeric Asn145Ala mutant. The results from the SEC-
MALLS experiments show that Spd1 behaves as a
monomer in solution in the presence and absence of the
divalent metal ion Mg2+. The digestion of plasmid DNA

Figure 8. Stereo representation of the WT Spd1 active site showing the positions of the key active site constituents (the Arg90 from the symmetry
molecule has been removed for clarity): Waters 2074, 2076, 2076 and polyethylene glycol and residues Asn118, Arg119, His121, Val123, Leu130,
Met140 and Asn145.

Figure 9. Schematic diagram of the proposed mechanism of Spd1.
His121 acts as a general base, removing a proton from a neighbouring
water molecule; this attacks the scissile nucleotide phosphate. The
divalent metal ion acts as a Lewis acid stabilizing the negative charge
on the nucleotide phosphate transition state and the leaving group. The
metal ion is coordinated by the side-chain oxygen of a conserved
Asparagine (Asn145) and a Glutamic acid (Glu164). Arginine 90 is
involved in positioning the substrate around the cleavage point.
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shows three distinct phases, (i) relaxation (ii), partial lin-
earization and (iii) plasmid degradation. This triphasic di-
gestion pattern points to an underlying complex substrate
interaction at a molecular level. Due to the role of strepto-
coccal DNases in disease progression, these proteins rep-
resent a target for inhibition. The provision of these
structures and data will be of interest to those wishing
to perform future mechanistic studies and epitope
mapping to aid vaccination design.
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