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Summary

Non-specific, extracellular nucleases have received enhanced attention recently as a consequence of
the critical role that these enzymes can play in infectivity by overcoming the host neutrophil defense
system. The activity of the cyanobacterial nuclease NucA, a member of the ppa Me superfamily, is
controlled by the specific nuclease inhibitor NuiA. Here we report the 2.3 A resolution crystal
structure of the NucA:NuiA complex, showing that NucA inhibition by NuiA involves an unusual
divalent metal ion bridge that connects the nuclease with its inhibitor. The C-terminal Thr135yia
hydroxyl oxygen is directly coordinated with the catalytic Mg2* of the nuclease active site, and
Glu24p,ia also extends into the active site, mimicking the charge of a scissile phosphate. NuiA
residues Asp75 and Trp76 form a second interaction site, contributing to the strength and specificity
of the interaction. The crystallographically-defined interface is shown to be consistent with results
of studies using site-directed NuiA mutants. This mode of inhibition differs dramatically from the
exosite mechanism of inhibition seen with the DNase colicins E7/E9 and from other nuclease-
inhibitor complexes that have been studied. The structure of this complex provides valuable insights
for the development of inhibitors for related non-specific nucleases that share the DRGH active site
motif such as the Streptococcus pneumoniae nuclease EndA, which mediates infectivity of this
pathogen, and mitochondrial EndoG, which is involved in recombination and apoptosis.
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Introduction

Non-specific nucleases are involved in a broad range of functions that includes extra- and
intracellular digestion, programmed cell death, defense, replication, recombination, and repair
(1-3). They also have proven useful for the determination of nucleic acid structures, mapping
mutations, studying the interaction of DNA and RNA with various ligands (4), and for RNA
sequencing (5). Most recently, an important role for these nucleases in microbial infectivity
has been demonstrated, based on their ability to digest the DNA component of host neutrophil
extracellular traps (NETSs) (6-8). Consequently, these nucleases are now recognized as
significant drug targets, and information related to the inhibition of these enzymes is of
potential use for inhibitor development. As a result of their ability to degrade nucleic acids
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non-specifically, they also represent an endogenous toxic challenge. Therefore, regulation of
their activity is critical for the cells that produce them.

The Bpa Me superfamily of nucleases (9) comprises non-specific, structure-specific and
sequence-specific enzymes that share a structurally-conserved active site scaffold and utilize
a divalent metal ion. They can be grouped according to sequence motifs into three families:
His-Cys box nucleases (e.g., I-Ppol, (10)), HNH nucleases (e.g., colicins E7 and E9 (11,12)
and I-Hmul, (13)) and DRGH nucleases (e.g. the extracellular nuclease from Serratia
marcescens (14), the DNA entry nuclease EndA from Streptococcus pneumoniae (15),
Syncephalastrum racemosum nuclease(16), nuclease C1 from Cunninghamella echinulata
(17), yeast Nucl (18), mitochondrial EndoG (19), and the Anabaena nuclease NucA (20)).
Whereas the eukaryotic nucleases of the DRGH family represent the major mitochondrial
nuclease activity, the prokaryotic members of this family are responsible for extracellular DNA
degradation. Notably the DNA-entry nucleases EndA from Streptococcus pneumoniae and the
related Streptodornase (Sdal) from Streptococcus sp. allow their host organisms to escape from
neutrophil extracellular traps by digesting the DNA-scaffold of these structures thereby
evading the first line of defense against microbial infection in mammals (6-8).

NucA, a member of the DRGH family, is one of the most potent nucleases known, and degrades
both single and double-stranded DNA and RNA. Its activity is regulated by a potent and specific
protein inhibitor, NuiA, that forms a tight 1:1 complex, K; = 1 x 10712 M(21). The structure
of the active site is closely analogous to that of the Serratia nuclease (22,23), while the activity
of the Serratia enzyme is dependent on the presence of cystine bonds and hence is determined
by the redox level of the medium (24). A deletion analysis had shown that N- and C-terminal
residues, directly or indirectly, are involved in the NucA-NuiA interaction (21). Nevertheless,
the molecular basis for the strong inhibitory interaction has not yet been determined.

In comparison with the vast literature on proteinase inhibitors, nuclease inhibitors have
received relatively little study. The most detailed investigations have focused on the Bacillus
amyloliquefaciens RNase (barnase) inhibitor (barstar) (25), the RNaseA inhibitor (RI) (26),
and the immunity proteins that protect E. coli from the colicin DNase activity (27), (28).
Consideration of the structures of these nuclease-inhibitor complexes as well as the structure
of the NucA-NuiA complex determined in the present study suggests few common modes of
inhibition. As result of the recently recognized role of the non-specific nucleases in the
infectivity process via their action on neutrophil extracellular traps, they have emerged as
attractive targets for drug development (7,8).

Here we present the crystal structure of NucA (28 kDa) in complex with NuiA (15 kDa) at a
resolution of 2.3 A. Many of the features of the NucA-NuiA complex are unique. NuiA interacts
directly with residues in the active enzyme site, displaying target site mimicry, and interacting
directly with the active site Mg2* ion through coordination with the C-terminal Thr135y;
residue. Binding of NuiA results in no significant change of the backbone atoms of NucA
(22) but in several minor sidechain rearrangements. The structure of NucA-complexed NuiA
shows some differences relative to the previously determined solution structure (29) of the
uncomplexed inhibitor, primarily in the loop regions.

Protein Expression and Purification

The recombinant NucA construct, containing a D121A mutation to reduce activity and related
cellular toxicity, lacking the N-terminal export signal peptide, and containing an N-terminal
His-tag to facilitate purification, was produced as described previously (22). Recombinant
NUuiA, also containing an N-terminal His-tag, was similarly produced as described previously
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(29). E. coli cells containing the required plasmid were grown to mid-log phase (Aggg ~ 0.6)
at 37 °C in LB medium containing 30 ug/ml kanamycin. NuiA protein expression was induced
with 0.4 mM isopropyl-B-D-thiogalactopyranoside (IPTG) at 37 °C for 6 hrs. Cells were
harvested by centrifugation (at 7000 g), resuspended in 20 mM Tris/HCI, pH 8.0, 100 mM
NaCl and lysed by sonication with a Branson Sonifier 200 using a microtip probe. The lysate
was centrifuged at 30,000 g for 40 minutes. The supernatant was applied to a NiZ*-NTA resin
(Qiagen) equilibrated with extraction buffer and eluted with 20 mM Tris/HCI, pH 8.0, 200 mM
NaCl, 200 mM imidazole. The eluted fractions containing NuiA protein were then concentrated
using a Millipore concentrator to a desired volume of 10 ml (~10 mg/ml concentration) and
applied to the Superdex-75 gel filtration 2.6 x 60 cm column equilibrated with 20 mM Tris—
HCI pH 8.0, 100 mM NaCl. The protein corresponding to the major absorbance peak at 280
nm was found to be pure NuiA, as judged by SDS/polyacrylamide gel electrophoresis.

The N-terminal His-tags on both proteins were cleaved by overnight incubation of the protein
samples with thrombin (Novagen) at a concentration of 50 U/100 ml at 4°C. The preparations
were then once again passed through Ni2*-NTA resin (Qiagen) equilibrated with 50 mM Tris/
HCI, pH 8.0, 200 mM NacCl to remove any residual His-tagged protein as well as the cleaved
N-terminal His-tag. The two proteins were then mixed together and applied to a Superdex-200
gel filtration 2.6 x 60 cm column previously equilibrated with 50 mM Tris-HCI pH 7.5, 200
mM NaCl and 2 mM DTT. The peak corresponding to the NucA-NuiA complex was identified
by SDS/polyacrylamide gel electrophoresis.

Inhibition of NucA by NuiA-variants

The DNA-cleavage activity of NucA in the absence and presence of NuiA-variants was
measured with a plasmid DNA cleavage assay. NucA at a final concentration of 5 nM was
incubated alone or in the presence of a 5-fold molar excess of GST-tagged NuiA-variants with
24 ng/pl plasmid DNA (pBSK-VDEX, New England Biolabs) in a total volume of 80 pl at 37°
C in a buffer consisting of 50 mM Tris-HCI, pH 8.2 and 5 mM MgCl,. After 0.5, 1, 2, 4, and
8 min, aliquots of 8 ul were taken from the reaction mixture and immediatedly mixed with gel
loading buffer to quench the cleavage reaction. As a control, plasmid DNA was incubated
under the same conditions for 8 min but without nuclease. DNA cleavage reactions were then
analysed by electrophoresis on 0.8 % agaorse gels in Tris-borate-EDTA-buffer followed by
ethidium bromide staining. In addition, we used GST-pull down assays to assess the structural
integrity of the NuiA variants in order to easily distinguish between desired localized structural
effects that should still allow complex formation and more global structural rearrangements
introduced by the amino acid exchange that might prevent complex formation. To this end
NucA and GST-NuiA were mixed at a final concentration of 6 uM in a total volume of 60 pl
in a buffer consisting of 10 mM Tris-HCI, pH 8.2, 100 mM NaCl and 0.01 % Triton-X100.

Crystallization and data collection

The NucA-NuiA complex purified by gel filtration chromatography was concentrated to 9 mg/
ml and exchanged into 25 mM Tris pH 7.5, 100 mM NacCl, 2 mM DTT buffer. Crystals of the
protein complex were obtained using the hanging drop vapor diffusion technique at 4 °C by
mixing 2 pl of the protein solution with 2 pl of the reservoir solution consisting of 100 mM
MES pH 5.5 and (17-21) % PEG 6000. The crystals were transferred to 100 mM MES pH 5.5,
100 mM NaCl and 20 % PEG 6000 buffer and soaked in 100 mM MES pH 5.5, 100 mM NacCl,
20% PEG 6000 and 20% ethylene glycol as cryoprotectant.

For data collection, crystals were flash cooled by submersion in liquid nitrogen and placed on
the goniometer in a stream of nitrogen gas cooled to —180 °C. A lower resolution data set was
collected at 2.9 A using a Rigaku 007HF X-ray generator equipped with a Saturn 92 CCD. A
higher resolution data set was then collected at 2.3 A at the Southeast Regional Collaborative
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Access Team (SER-CAT) 22-1D beamline at the Advanced Photon Source, Argonne National
Laboratory. Crystals of the NucA:NuiA complex belong to space group P 432,2 and contain
one molecule each of NucA and NuiA in the asymmetric unit.

Structure determination and refinement

Results

The crystal structure of NucA (pdb id code: 1ZM8 (22) was used as the model for molecular
replacement using the 2.9 A resolution data set. The program Molrep (30) from CCP4 (31)
was used to calculate phases by molecular replacement. The model for NuiA was built into the
electron density following the trace of the NMR structure for NuiA (pdb id code 1J57 (29) that
had been placed manually into the electron density. The model was then refined against the
2.3 A data set by iterative cycles of model building using the program O(32) and refinement
using the program CNS (33). The quality of the final structure was assessed using the programs
Procheck (34) and Molprobity (35). The final model includes residues 34-274 of NucA and
5-135 of NuiA. The statistics for the data collection and results from refinement are reported
in Table I. The structure of the NucA:NuiA enzyme complex has been submitted to the Protein
Data Bank (accession number:ABCD).

Crystal structure of the NucA-NuiA complex

The crystal structure of the NucA-NuiA complex was determined at 2.3 A resolution using
recombinant NucA and NuiA expressed in E. coli (Table I). A ribbon model representing the
secondary structure of the complex is shown in Figure 1A. As seen in the previously determined
structure of NucA (22), the secondary structure is composed of 13 a helices and two [ sheets.
The root mean square deviation between the complexed and free NucA structure is 0.34 A for
all Ca atoms. A divalent metal ion is located in the active site of NucA and two additional
divalent metal ions were observed in the secondary metal ion binding site previously identified
in the NucA structure (22). The coordination geometry of the active site metal ion is consistent
with Mg?*, the endogenous catalytic metal. Alternatively, the identities of the two metal ions
at the secondary site were found to be most consistent with Ni2* ions. These were presumably
acquired or exchanged into the NucA molecule as a result of passage through the Ni2*-NTA
column (36). Consistent with the previously determined solution structure (29), NuiA consists
of four helices and a central six-stranded (3-sheet, arranged as an oo sandwich. Helices A, C,
and D are positioned on one side of the central B sheet, and the distorted helix B is positioned
on the other side. The three central strands of the 3 sheet are located at the C-terminus of the
protein, and all six of the strands are antiparallel.

In the previously determined structure of NucA, the secondary metal ion binding site was found
to constitute a lattice contact, with two carboxyl oxygen atoms of a Glu136y,. residue on a
symmetry-related NucA molecule making contact with both metal ions in the secondary metal
ion binding site (22). In the structure of the NucA-NuiA complex, there is also a lattice contact
involving the secondary metal ion binding site on NucA, and the Asp87y,i residue of a second,
symmetry-related NuiA molecule.

The NucA-NuiA interface

The structure of NuiA can be described as an ‘open jaw’ biting into one side of the NucA
molecule in the complex (Figure 1B & 1C). The Thrl135 and Glu24 residues of the upper jaw
enter the NucA active site, while Asp75 and Trp76 residues of the lower jaw engulf a protruding
section of the nuclease that includes a long loop of NucA running from Arg93y,c into the
beginning of B-strand 4 (Arg122y,c) (Figure 2A). Close contact is also made with several
residues on coaxial helices H (Thr151yyc-Asn155yyc) and | (Thr158y,c-GInl72,c) of NucA,
including Asn155y,c and Glul63y,c (Figure 2B & 2C). The major hydrogen bonding and salt
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bridge interactions between NucA and NuiA are summarized in Table 11 and illustrated in
Figure 2A. These include salt bridge interactions between Arg93pyyc and Glu24y;,
Arg93yyc and the C-terminal Thrl135yy; carboxyl oxygen, and Lys101pyc and Asp75yyi, in
addition to a network of direct and water-mediated hydrogen bonding interactions. The solvent
accessible surface areas calculated individually are 10200 A2 for NucA and 7488 A2 for NuiA.
After complex formation, the buried solvent accessible surface area at the interface is calculated
to be 1391 A2,

The substantial electrostatic contribution to the NucA-NuiA interaction is illustrated by the
GRASP-generated surfaces in Figure 3A & 3B. In order to reveal the electrostatic potential of
the interface, NucA (NuiA) is represented by its electrostatic surface, while NuiA (NucA) is
represented using a ribbon diagram. The electrostatic representations in Figure 3 are consistent
with the entries in Table I, which include one acidic and five basic residues for NucA, and
one basic and seven acidic residues for NuiA. This electrostatic pattern is consistent with the
proposal that to a significant extent, NuiA binds to NucA as a substrate mimic. The principal
hydrophobic contributions to the interface include: Phe97pc -Glu24p,i (methylenes),
Pro99y,c -Trp76nyi, and several other sidechain interactions, however, there is no
concentration of hydrophobic residues in the interface. The structure of the complex also
contains two bound MES molecules, one of which contacts both NucA and NuiA. Its primary
contacts include Glu92y,,c and Arg106p;.

Effect of NuiA interface mutations

Previous deletion mutants of NuiA demonstrated the importance of residues Glu134 and
Thr135 for tight binding to NucA(21). Based on NMR data indicating the involvement of
residues in the loop immediately preceding helix D of NuiA in the NucA-NuiA interface(29),
we investigated the contributions of this second interaction site by mutating residues
GIn74Nyi, ASP75Nui, and Trp76p,i (Figure 4). Replacement of GIn74y,; with alanine did not
significantly impair the inhibition and the W76A mutation exerted a modest, although
significant effect. A double mutant combining amino acid replacements Q74A and W76A was
found to result in a more significant loss of inhibitory potency. However, replacement of
Asp75yi With asparagine or glutamic acid significantly reduced the level of inhibition. These
results are consistent with a significant contribution of the Asp75yyj — Lys101pn,c salt bridge
to the stability of the complex. Hydrophobic interactions between Trp76pyi and the
Pro99pnc and Thrllly,c residues of NucA presumably form the basis for the contribution of
Trp76pnyi to NuiA inhibition. Although the Q74A mutation by itself did not appear to
significantly interfere with NuiA inhibition, the greater effect of the Q74A/W76A double
mutant could result from an additional structural destabilization of this region of NuiA.

Active site of NucA in the complex

The structure of the NucA active site observed in the NucA-NuiA complex is essentially
identical to that previously determined for isolated NucA (Figures 2B) (22). It is characterized
by similar divalent metal ion coordination geometry and hydrogen bonding network. The only
significant conformational change within the NucA molecule upon binding NuiA to the active
site were rearrangements of the side chains of residues Arg93yc and Asp95y,c. The catalytic
divalent metal ion coordinates with both Asn155y,c of NucA and with the OG1 atom of the
C-terminal Thr135yy; (Figure 2B), as well as with 4 water molecules. The Thr135y,; OG1
ligand thus substitutes for the coordinated sulfate oxygen ligand that was present in the structure
of uncomplexed NucA determined previously and has been suggested to be the 5’ phosphate
binding site of the substrate (Figure 2C) (22). The catalytically important Arg93y, residue,
which is positioned by an extensive secondary hydrogen bonding network, now forms salt
bridges with the Thr135y,,; terminal carboxylate and with Glu24y,; OE2. The other important
active site residue of NucA, Asn155yy, which is the only NucA residue directly coordinating
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the active site Mg2*, also forms a hydrogen bond with the Glu24y,; OE1 in the NucA-NuiA
complex. The W1 water molecule that is coordinated to the catalytic metal and has been
previously suggested to function as the catalytic nucleophile required to break the
phosphodiester bond, forms hydrogen bonds with Glu24y,; and Thr135yy;. In summary,
Glu24y,i and Thr135y,; apparently play a significant role in forming the inhibitory complex
by interacting with critical active site residues.

Other active site residues, particularly His124y,,c and Glul63y,c, do not make direct contact
with NuiA. Replacement of the mutated Alal21p, residue with a modeled Asp121 residue
increases the computed NucA-NuiA interface area, indicating that this residue may also
contribute to complex formation but is apparently not an absolute requirement. The side chain
of Asp121 was modeled by adding the preferred rotamer. In this position there are no steric
conflicts and the OD1 atom is 3.3 A from OG1 of Ser25yyi, 3.7 A from NE of Arg156p,c, and
3.8 A from ND2 of Asn155p,c. Thus, an Asp121yyc— Ser25yyj interaction may also contribute
to the stability of the complex.

Discussion

The structure of the NucA-NuiA complex presented here is the first example of an inhibitor
complex for a DNA/RNA-non-specific nuclease and it reveals fundamental differences in the
mechanism of inhibition when compared to the related DNase-colicin:immunoprotein
complexes. In the DNase colicins the active site itself is not part of the enzyme:inhibitor
interface and prevention of DNA cleavage is achieved by blocking the DNA-binding site
adjacent to the catalytic center (Figure 5). In the present structure, the C-terminal threonine
residue of NUiA inserts directly into the active site, binds to the catalytic metal ion and
functionally replaces a coordinated sulfate molecule previously observed in the structure of
uncomplexed NucA (22) which has been suggested to mimic the 5’-phosphate group of the
cleaved product. The structure of the NucA-NuiA complex is, to the best of our knowledge, is
the first structure in which the catalytic divalent metal ion interacts directly with both a nuclease
and an inhibitor protein. Furthermore, one of the Glu24y,; OG oxygen atoms of NuiA occupies
a position close to that of a second sulfate oxygen in the uncomplexed NucA structure (22).
Thus, the Glu24y,; sidechain very likely mimics the charge of a DNA phosphate oxygen. The
role of the C-terminal structural elements of NuiA for NucA inhibition as discovered in this
structural analysis is consistent with mutagenesis studies indicating that the C-terminal deletion
of Glul34y,i and Thr135y,; dramatically reduces the K; of NuiA and requires a 50- to 100-
fold molar excess of NuiA over NucA at nanomolar concentrations to achieve efficient
suppression of nuclease activity (21).

Although nucleases have often been suggested as drug targets (8,37,38) there is considerably
less information on nuclease-inhibitor complexes than is available for proteinase-inhibitor
complexes. Comparisons among these diverse structures reveal limited homologies, with the
present structure probably most similar to the barnase-barstar complex, although the latter
nuclease lacks a catalytic metal ion. Interestingly, in the barnase-barstar complex an aspartic
acid residue of barstar (Asp39) mimics the charge of the scissile phosphate group and substrate
mimicry is further achieved by aromatic amino acid residues (Tyr29, Trp38) occupying the
positions of the bases of an RNA-substrate. While the barnase and ribonuclease A inhibitor
complexes involve direct insertion of the inhibitor protein into the active site, as stated above,
inactivation of the colicin DNase domains by the immunity proteins is more indirect, blocking
critical binding interactions without directly filling the active site (39).

In general, the active sites of the nucleases are matched to the hydrophilic properties of the
nucleic acids substrates. As in the NucA-NuiA structure described here, the barstar-barnase
interaction is also based primarily on hydrophilic hydrogen bonding and salt bridge
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interactions, and contains relatively few hydrophobic contacts (Table I1). In contrast, Im9,
which interacts near but not directly in the active site of the colicin E9 DNase, forms a more
hydrophobic interface that includes Tyr54 (Im9) — Phe86 (E9), Tyr55 (Im9) — Pro88 (E9), and
Im9 peptide backbone — Tyr83 (E9) interactions, in addition to several salt bridges. The
ribonuclease A-inhibitor complex studied by Kobe and Deisenhofer (1996) (26) is
characterized by a largely hydrophilic interface which relies primarily on electrostatic
interactions. Although the inhibitor occupies most of the active site, it only partially mimics
the RNase-RNA interaction and does not utilize the p1 phosphate-binding pocket of
ribonuclease A, where a sulfate ion remains bound. In this example, the inhibitor forms a large,
concave surface which surrounds the ribonuclease so that a large contact area compensates for
more modest shape complementarity (26). Based on this fairly limited set of examples,
inhibitors which block the active site directly appear to rely more heavily on hydrophilic/
electrostatic interactions and probably function more as substrate analogs. An excellent
example for molecular mimicry of an inhibitor interacting with an enzyme acting on DNA is
provided by the uracil DNA glycosylase: inhibitor complex, UDG-Ugi (40). The interacting
surfaces display near perfect electrostatic and shape complementarity. A negatively charged
ridge of the Ugi B-sheet binds to the positively charged DNA binding site of UDG, thereby
preventing access of the DNA substrate to the enzyme. Mimicry of the phosphate backbone of
DNA has been discovered in a range of other proteins interacting with DNA (41).

The insertion of the C-terminal Thr135 into the active site and its direct interaction with the
active site metal ion is a particularly interesting feature of the complex described here. One of
the more widely used nuclease inhibitors, aurintricarboxylic acid (ATA) can form bidentate
chelate structures involving carboxyl and hydroxyl groups, and is believed to act via chelation
of the active site metal ion (42). This molecule has been shown to inhibit EndoG, a structural
analog of NucA (43). Though Thr135 does not form a bidentate interaction with the active site
Mg?2* ion, as would be expected for Mg2*-ATA binding, complexation of the catalytic metal
ion apparently is a useful structural approach for effecting nuclease inhibition.

As noted previously, NucA contains a second metal ion binding site remote from the active
site, which is capable of binding two divalent metal ions (22). Based on the structural
parameters observed for this site, it appears to have picked up two Ni2* ions from the nickel
column used to purify the enzyme. In the previous study of NucA, this site contained either
two Zn2* ions, when the enzyme was crystallized in the presence of 10 mM ZnCl,, or two
Mn2* ions, after incubation of the enzyme with Mn2*. Interestingly, in both the previous
structure of NucA as well as the present NucA-NuiA complex, the second metal binding site
is positioned at a lattice contact — although with a different molecule in each case. In both cases,
a carboxylate ligand from a symmetry related molecule interacts such that each carboxylate
oxygen atom binds to a different metal ion. Although the role of the second divalent ion binding
site is unknown, its ability to support intermolecular complex formation suggests that metals
may play a role in regulating NucA interactions with other proteins, possibly by anchoring
NucA to the periplasm. Since, as noted previously, this second metal site does not appear to
be shared by other nucleases in the Bpa Me nuclease family, it may represent a unique
mechanism for cellular localization of NucA.

Comparison with chemical shift mapping results

The identification of the NuiA interface on the basis of the crystal structure of the NucA-NuiA
complex is in reasonable agreement with the previous identification using chemical shift
mapping (29). In that study, the NuiA residues Leu20pyi, Met22pi, Ser68nyi, GIn74nui,
Trp76Nyi, Leul07nyi, Gly108nyi, Glul09nyi, Vall33nyi, and Glul34y,i had been identified
as being near the interface on the basis of the amide shift differences observed between
uncomplexed and NucA-complexed NuiA, although the NuiA resonances corresponding to
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the complex were not fully assigned. Examination of the structure of the NucA-NuiA complex
indicates that most of these residues are positioned in or near the interface. In several instances,
residues adjacent to interacting residues are identified, probably due to the use of the amide
shift as the reporter group rather than the resonances of the interacting sidechain. For example,
the GIn74y; and Trp76y,; amides were identified, while the Asp75y,; side chain carboxyl
forms a salt bridge with NucA. Similarly, the amides of Val133yy; and Glu134yy, were
identified as part of the interface, although Thr135y,; interacts most directly with the active
site. Despite these limitations, the chemical shift mapping approach appears to have done a
reasonable job of identifying the NuiA interface.

of DNA and NuiA binding by NucA

We have previously obtained a useful model for the complex formed with cleaved or uncleaved
DNA by superposition of our NucA structure (22) with the reported structures for DNA-
complexed Vvn nuclease (LOUP) (44). This superposition places the DNA chain inareasonable
position relative to the catalytic groups of NucA. The 5'-terminal phosphate group of a
hydrolyzed DNA substrate was found to superpose closely with the sulfate anion observed in
the NucA structure (22). The superposition shown in Figure 6 compares the NucA-DNA
complex modeled as described previously with the NucA-NuiA complex obtained in the
present study. Based on this comparison, oxygen atoms of Glu24y,,; and Thr135y; in NuiA
occupy the position of the scissile phosphate of the Vvn DNA product complex. Note in
particular the similar relative positions of the 5'-phosphate from the DNA in Figure 6 and the
sulfate from the superposition shown in Figure 2C. Additionally, the Thr135y,; carboxyl group
appears to be positioned near a bridging phosphate from the 3'-terminus of the cleaved DNA.
The carbonyl oxygen of Glu24y,i is also positioned fairly close to an oxygen atom in a bridging
phosphate group at the 5'-side of the cleaved DNA. Thus, there is a more general mimicry of
cleaved DNA by the NuiA inhibitor.

The structure of the NucA-NuiA complex presented here provides unique insights into the
basis for inhibition of sugar non-specific nucleases of the Bpa Me nuclease superfamily.
Despite the significant cellular toxicity that expression of this class of enzymes can pose, little
is known about how their activity is controlled, and structure of the complex differs
dramatically from that of the complexes formed between the colicins and their immunity
proteins (39). Based on the recently discovered role of similar nucleases as mediators of
infectivity resulting from their ability to destroy the DNA scaffold of neutrophil extracellular
traps (NETS), they have emerged as potential drug targets (6-8). Hence, an understanding of
the structural basis for their inhibition will be of increasing importance for the development of
strategies to deal with infective microorganisms.
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Figure 1. Overall fold of the NucA-NuiA complex

A) Ribbon diagram showing the crystal structure of NucA-NuiA complex. The two-stranded
and six-stranded B-sheets (navy) and 13 a-helices (lavender) form the framework of NucA,
and the 6 stranded B-sheet (dark green) and 4 helices (brick red) constitute the framework of
the NuiA molecule. The active site metal in NucA is a magnesium ion (yellow) and the
secondary divalent metal ion binding site contains two proposed nickel ions, shown in green.
Structure of the NucA-NuiA complex, B) using a GRASP (semi transparent) surface for NucA
(lavender), and ribbon diagram for NuiA (dark green) and C) semi transparent GRASP surfaces
for both molecules depicting the “open jaw” structure of NuiA.
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Figure 2. Interface and active site of the NucA-NuiA complex

A) A stereoview showing the interface residues involved in salt bridge, hydrogen bonding or
stacking interactions in the NucA (lavender) —NuiA (dark green) complex. The residues shown
explicitly correspond to some of those identified as contributing to the interface as summarized
in Table 1. NucA residues are in lavender. B) A stereoview of the active site of NucA-NuiA
complex showing divalent metal ion (in green) and the six coordinating ligands showing its
octahedral coordination to N155y, (lavender), four water molecules (W1-W4), and to the
T135y,i residue of NuiA (dark green), illustrated by orange lines. C) Stereo view of the active
site residues of NucA-NuiA complex (lavender & dark green) and NucA (cyan), including their
respective metal ions Mg2* in complexed NucA (green) and Mn2* in uncomplexed NucA
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(cyan). The OE1 and OE2 atoms of E24 and OG1 atom of T135y; (darkgreen) occupy the

same positions of the oxygen atoms of the sulfate ion of uncomplexed NucA (cyan). The dotted
lines shown in navy represent the network of hydrogen bonds in all the panels.

J Biol Chem. Author manuscript; available in PMC 2007 November 9.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Ghosh et al. Page 14

Figure 3. Electrostatic surfaces of NucA and NuiA in the complex

Electrostatic surface rendering of: (A) NucA, and (B) NuiA generated using GRASP. The
protein:protein interface is revealed by using a coiled (yellow) representation of NuiA in panel
(A) and NucA in panel (B), respectively.
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Figure 4. Mutational data corresponding to the NucA-NuiA complex

Inhibition of NucA wild type by NuiA-variants (Q74A, D75N, D75E, W76A and the double
mutant Q74A/WT74A) at a 5-fold molar excess over NucA. The data from three independently
performed cleavage experiments are shown with relative inhibition (% inhibition) on the y-
axis.
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Figure 5. Structural comparison of nuclease inhibitor complexes

Although both NucA and the E7 DNase domain are members of the BBa. Me nuclease family,
the inhibition modes differ dramatically. (A) NuiA (dark green) binds directly to NucA
(lavender) in the active site containing the metal ion (magnesium shown in yellow). (B) Im7
(navy) binds to the E7 DNase domain (brick red) but neither interferes with the active site of
the DNase nor directly blocks the catalytic metal ion (zinc shown in yellow) in the active site
(dashed red circle).
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Figure 6. Modeled DNA interaction positioned in the NuiA-NucA complex

The extent to which NuiA mimics the substrate is illustrated by this stereoview of a docked
model of a cleaved DNA octamer in the active site of NucA. Selected residues from NucA and
NUuiA are indicated in lavender and green, respectively. The model is based on the alignment
of active site residues in the NucA structure (Arg122-11e125 and Met147-Arg156) with active
site residues in the structure of Vvn in complex with DNA (Trp78-Val81 and Leul19-Gly128;
PDB ID 10UP). The coordination of the active site Mg?* (green) to four water molecules as
well as to Asn155 (lavender) and to a phosphate oxygen of the cleaved DNA strand (yellow)
are indicated. The active site residues are shown in grey and the complementary strand of the
DNA is shown in blue.
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Crystallographic data statistics
data set NucA-NuiA
unit cell a=b=87.23 c=138.98 o= = y=90°
Space Group PA(3)2(1)2
Resolution (A) 50-2.3
# of observations 283,171
unique reflections 24,604
Rsym(%6)(last shell) 10.0 (57.3)
1/sl (last shell) 9.4 (3.0
mosaicity 0.23-0.77
completeness(%) (last shell) 99.7 (97.5)
Refinement statistics
Reryst(%) 201
Rfree(%)° 241
# of waters 229
Mean B value (A) 46.9
r.m.s. deviation from ideal values|
bond length (A) 0.008
bond angle (°) 1.3
dihedral angle (°) 24.0
improper angle (°) 0.82
Ramachandran Statistics
residues in:
favored (98%) regions (%) 95.8
allowed (>99.8%) regions (%) 100

Rsym =X (| Ij — < I>[)/Z(lj) where j is the intensity of the ith observation and <I> is the mean intensity of the reflection.

2 .
Rceryst = X|| Fo| — | Fc ||/Z| Fo calculated from working data set.

3 . . )
Rfree was calculated from 5% of data randomly chosen not to be included in refinement.

4 . .
Ramachandran results were determined by MolProbity.
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Hydrogen bonding interaction” between NucA and NuiA

Page 19

NucA residues Distance (A) Water Distance (A) NuiA residues
Arg 93 NH2 3.0 Glu24 OE2
Arg93 NH1 3.1 Thri35 0
GIn94 O 33 Arg69 NE
Lys101 NZ 31 Asp75 OD2
Ser113 OG 33 Glu80 OE1
Ser113 OG 3.4 Glu81 OE2
Gly117 N 3.2 Glu26 OE1
Argl122 NH1 3.0 Ser23 0
Argl122 N 2.8 Glu24 0
Asn155 ND1 2.8 Glu24 OE1
Asn155 OD1 2.9 Thrl35 OG1
Glul63 OE1 3.4 Thr135 OXT
MG 2.0 Thr135 OG1
Argl22 O 3.0 W1 3.0 Thr135 OG1
His124 ND1 2.8 w1
Asn155 OD1 3.0 w1

W1 3.0 Glu24 OE1
Ser128 N 3.0 W38 2.6 Thr135 0
Glul63 OE1 2.6 W86 2.9 Thr135 OG1
Asn155 O 2.8 W38
Glul63 OE2 2.7 w87 33 Thr135 OG1
Mc# 23 ws7
Alal29 N 2.9 W165 2.7 Thr135 OXT

2.8 Thr135 0O

Argl67 NE2 3.0 W166 2.4 Thr135 OXT
Glul63 OE1 25 W166
Arg122 NH1 3.2 W196 2.7 Glu26 OE1

#Metal ion at the active site

*
Acceptor-donor distances based on < 3.4 A
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