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Abstract: A family of phospholipase D (PLD) proteins has re- 
cently been identified (Koonin, 1996; Ponting & Kerr, 1996) based 
upon amino acid sequence identity. This family includes human 
and plant PLDs, proteins encoded by open reading frames in patho- 
genic viruses and bacteria, as well as an endonuclease. The endo- 
nuclease, known as Nuc, is encoded by the IncN plasmid, pKMIOI, 
present in Salmonella typhirnurium. The recombinant Nuc protein 
has been expressed and purified from Escherichia coli. The amino- 
terminal sequencing of the purified protein indicated that the ma- 
ture protein started from the 23rd residue of the predicted sequence, 
suggesting that the protein is proteolytically processed during ex- 
port to the periplasmic space.  The recombinant enzyme was able to 
hydrolyze both double and single-strand DNA and  an artificial 
substrate, bis(4-nitrophenyl) phosphate, which contains a phospho- 
diester bond. The  enzyme activity was not inhibited in the presence 
of  EDTA and was not regulated by divalent cations. The purified 
protein has been crystallized by hanging drop vapor diffusion meth- 
ods, and those crystals diffract to 1.9 A resolution. 
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Until recently phospholipase D (PLD) proteins were thought to be 
a restricted family of enzymes; however, with the emergence of 
new analysis programs, PLDs were found to have sequence iden- 
tities to a variety of proteins, including two classes of phospholipid- 
specific enzymes (cardiolipin synthases and phosphatidylserine 
synthases), poxvirus envelope proteins, a murine toxin from Yer- 
sinia pestis (Cherepanov et al., 1991), a bacterial endonuclease 
(Nuc) (Pohlman  et al., 1993), and an E. coli protein (YjhR) con- 
taining an N-terminal domain showing similarities with helicase 
(Burland  et  al., 1995). This sequence identity shared by this group 
of proteins indicates that they form a superfamily of enzymes 
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(Koonin, 1996; Ponting & Ken; 1996), that are capable of cata- 
lyzing the hydrolysis or formation of phosphodiester bonds. An 
alignment of the protein family demonstrates an invariant motif 
consisting of  HxK(x)dD(x),G (Fig. IA, B). 

Interestingly nearly all the members of the superfamily have a 
duplication of the HxK(x),D(x),G sequence motif, as  is seen in the 
l! pestis murine toxin and human PLD sequence shown in Fig- 
ure IA and B. The only known proteins that contain a single copy 
of the motif are a plasmid-encoded endonuclease Nuc (Pohlman 
et al., 1993) and the uncharacterized E. coli protein YjhR (Burland 
et al., 1995). Nuc is encoded by a 35.4 kilobase IncN plasmid 
pKMlOl present in Salmonella typhimurium (Lackey et  al., 1977). 

There are no structures available for any member of the  PLD 
superfamily, and there is also a limited understanding of the cat- 
alytic mechanism employed by this family of enzymes. This paper 
provides the first structural information for a member of the PLD 
family of proteins, and it is likely to serve as a model for the 
bacterial, viral, and human enzymes. 

Results  and  discussion: The Nuc gene was inserted downstream 
of the T7 polymerase promoter and ribosomal binding site in the 
pT7-7 expression vector (Tabor & Richardson, 1985). The IFTG- 
induced recombinant protein was localized to the bacterial peri- 
plasmic space. One liter of bacterial culture produced approximately 
10 mg of recombinant protein. After two chromatography steps (a 
Mono-S Sepharose ion exchange column and a Sephadex G-100 
gel filtration column) the resulting protein was judged to be greater 
than 99% pure by Coomassie brilliant blue staining of a reducing 
SDS-PAGE gel (Fig. IC, left panel). Sequencing of the amino 
terminus confirmed that the mature recombinant protein starts at 
residue 23 of the predicted protein sequence, suggesting that the 
signal peptide was efficiently cleaved when the protein was se- 
creted into the periplasmic space. 

The recombinant Nuc eluted from the gel filtration column as a 
monomer and is capable of hydrolyzing double-stranded DNA 
(Fig. lC, middle panel) and single-stranded deoxy-oligonucleotides 
with an optimal pH range of  5.5-6.0 (data not shown). To obtain 
the catalytic constants of Nuc, a continuous spectrophotometric 
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Fig. 1. Characterization of the Nuc gene product. (A) The schematic structure of Nuc/pKMIOl (Pohlman  et al.. 1993). Yersinin murine 
toxin (Cherepanov et al.,  1991 ). and human phospholipase Dl  (PLD. Hammond et al.. 1995). The open boxes represent PLD  domains. 
The solid portions represent the highly conserved regions containing the HXK(X)~D(X)& motif sequence. The shaded b o x  at the 
heginning of Nuc represents a signal sequence of 22 amino acids. The  amino acids are numhered as shown. (B) Alignment of the amino 
acid sequences containing the HxK(x)4D(x)& motif in  Nuc. Yer.srinin murine toxin. human PLDI. and rice PLD (Ueki et al.. 1995). 
N and C PLD domains in Yersiplicr murine toxin and PLDs are designated. The highly conserved His.  Lys. Asp, and Gly residues are 
hoxed. The numbers at the heginning of each sequence indicate the number of amino acid residues from the N-terminus. (C) Expression 
and purification of Nuc (left panel). Cell extracts containing the pT7-7 vector only (lane I )  or with  an inserted Nuc gene (lane  2) were 
separated on a 15% SDS-PAGE along with the purified Nuc product (lane 3). Protein standards are shown to the left  of gel. Nuc activity 
is depicted in the middle and right panels. The middle panel shows nuclease activity using double-stranded calf thymus DNA as the 
substrate. Calf thymus DNA (7.5 pg) was incubated with varied amounts of  Nuc for IO min  at 37°C and then applied to a 1% agarose 
gel for separation. The DNA was visualized under UV light. 0 = no enzyme added as control: 1 = 4.0 pg: 2 = 0.8  pg: 3 = 0.16 pg: 
4 = 0.032 pg: 5 = 0.0064 pg purified enzyme. The molecular size of DNA  is shown on the left. Hydrolysis of his(4-nitrophenyl) 
phosphate by  Nuc  is shown in the right panel. The hydrolyzed product. 4-nitrophenol. was detected by its absorbance at 405 nm. The 
final concentration of purified enzymes in the reaction mixtures was 0.017 mg/mL. 
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assay was developed using bis(4-nitrophenyl) phosphate. When 
the phosphodiester bond of bis(4-nitrophenyl) phosphate is cleaved, 
p-nitrophenol is released, and the increase in absorbance can be 
measured at 405 nm. Nuc hydrolyzes this substrate with a K,,, of 
8.5 mM and a ka, of 0.12 S - I  at pH 5.9. Unlike most other 
nucleases, Nuc activity is not inhibited in the presence of  EDTA 
(concentrations up to 1 mM) and is not influenced by the presence 
of divalent metals such as Mg",  Zn", Ca?", and Mn?+ (data not 
shown). 

Analysis of the X-ray structure of Nuc should provide the first 
three-dimensional information about the structure of any PLD fam- 
ily member as well as offer insights into the specific roles of the 
conserved Asp. His, and Lys residues (Fig. !A). Large well- 
formed crystals of Nuc (Fig. 2) can be grown in eight days using 
the hanging drop method of crystallization. The  crystals form in 
the tetragonal space  group P4?2,2 with unit cell dimensions of a = 
59.2 A, h = 59.2 8,. c = 1 1  1.3 A, and a = p = y = 90.0'. The 
crystals have a calculated molecular volume of 2.86 that consti- 
tutes a 55% solvent content when assuming one monomer per 
asymmetric unit. A 1.9 A resolution native data set (94% complete 

in the 2.0-1.9 8, resolution shell) with an Rsym = 3.5% has been 
collected on a Rigaku RU-200 CuKa rotating anode X-ray gen- 
erator equipped with a San Diego Multiwire dual detector sys- 
tem and processed with the accompanying software. Structure 
determination of the native protein is proceeding by incorporat- 
ing multiple isomorphous replacement methods with multiple 
wavelength anomalous diffraction techniques (Hendrickson, 1991). 
Initial phases calculated from heavy atom derivatives have pro- 
duced an interpretable electron density map of the protein, and 
tracing of the protein backbone is in progress. The structure of 
Nuc will serve  as the architectural basis for the catalytic domain 
of the superfamily of phospholipases. The structural determina- 
tions of the native enzyme and catalytically inactive mutants 
complexed with substrate should suggest roles for the key resi- 
dues involved in catalysis and serve as a mechanistic paradigm 
for this family of phosphodiesterases. 

Materials and methods: Expression  and purification of the 
plasmid-encoded  endonuclease NUC: The coding region of  Nuc 
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water to a final concentration of  1.5 mg/mL. Endonuclease activity 
of the purified  Nuc  was  assayed by incubating varied  amounts of 
enzyme with 7.5 pg  of calf thymus DNA in 50 mM Tris-HC1, 
50 mM Bis-Tris,  and 100 mM acetate (pH 5.9) for 10 min at 37  "C 
in  a final volume of 20 pL. The resulting assay  mixtures were mn 
on  a 1% agarose gel and  stained with ethidium bromide to deter- 
mine the extent of  DNA cleavage. The artificial substrate bis(4- 
nitrophenyl) phosphate was also used for the  activity assays. The 
reactions were performed in  50 mM Tris-HC1, 50 mM Bis-Tris, 
and 100 mM acetate (pH 5.9)  with 25 mM bis(4-nitrophenyl) 
phosphate at 37 "C  in a  volume of  0.3 mL, then  stopped  by addition 
of  0.7 mL of  0.25 M  sodium  hydroxide. The enzyme activity  was 
measured as an increase in absorbance at 405 nm (Zhang & Van 
Etten, 1991). 

Crystallization of NUC: A  purified  sample of Nuc  in 150 mM 
NaCl, 30 mM Tris-HC1 (pH 7.5)  was concentrated to 10 mg/mL 
and  buffer exchanged to 10 mM NaCl, 5 mM Tris-HC1 (pH 7.5) 

Fig. 2. Crystals of  Nuc. Tetragonal crystals of Nuc exhibiting a character- using a Centriprep-10 (Amicon). Initial crysta~zation conditions 
istic bipyramidal shape. Crystals are shown at 75X magnification under 
polarized light that produces the color variations. Actual size of the largest were determined using the sparse matrix sampling kit (Hampton 
crystal is 0.4  X  0.4  X 0.6 m m 2 .  Research, La Jolla, CA)  (Jancarik & Kim, 1991) employing the 

vapor  diffusion hanging drop technique. The best crystals were 
grown from drops containing 5 p L  of a 10 mg/mL protein solution 
mixed  with 5 g L  of the precipitating solution (2 M  ammonium 

was amplified by polymerase chain  reaction (PCR) from the bac- 
terial plasmid  pKM101.  PCR primers introduced Ndel (with the o,4 x o.6 m3 within eight days. 
initiation codon ATG) and Bam H1 restriction sites at the begin- 

sulfate, 100 mM Tris-HC1, pH 7.5).  The crystals nucleated  in four 
days at room temperature (-22  "C)  and  grew to a size of 0.4 X 

ning and  the  end of the coding region. The PCR amplified frag- 
ment was inserted into Nde ]/Barn H1 sites of the bacterial 
expression vector  pT7-7  and  the  resultant construct transformed 
into E. coli BL21(DE3) cells. One liter of 2xYT  media containing 
100 pg/mL ampicillin was  inoculated  with  a freshly grown over- 
night  colony,  and  the culture was  grown  at 37 "C to an 0.D.6m of 
0.6-0.7. Expression of the recombinant Nuc was  induced  with 
0.4 mM isopropyl-thio-/3-galactosidase (IPTG) for four hours at 
room temperature. The harvested cells were  resuspended  in 20 mL 
of cold buffer containing 20% sucrose, 30 mM Tris-HC1 (pH 8.0), 
and  1 mM EDTA, incubated on ice for 10 min,  then centrifuged at 

Diffraction analysis of  Nuc crystals: Nuc crystals were character- 
ized  on  a  Rigaku  RU-200  rotating  anode  equipped  with  the  San 
Diego multiwire dual detector system.  Before  mounting, the crys- 
tals were soaked for five minutes in a stabilizing solution contain- 
ing 5% glycerol, 2  M ammonium sulfate, 100 mM Tris-HC1 
(pH 7.5) then  soaked for 30 to 60 min  in  a stabilizing solution 
containing 20% glycerol. The crystals were  mounted  in  a  0.3 mm 
loop and flash frozen to - 150 "C in  a liquid nitrogen stream to 
prolong the life of the crystals during data collection. 
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to  a Mono-S Sepharose (Sigma) column that was  pre-equilibrated 
with  30 mM Tris-HC1 (pH 8.0). The column  was  extensively  washed References 
with buffer and the bound proteins were eluted  with  a linear gra- 
dient of 0 to 1 M NaCl. The collected fractions containing Nuc 
were pooled, and the pH was  adjusted to 7.5. The protein  was 
concentrated to 10 mg/mL, and  then applied to a Sephadex G-100 
gel permeation chromatography column equilibrated with 30 mM 
Tris-HC1 (pH 7.5)  and 150 mM NaCl. 

Enzymatic activity  assay: For the endonuclease assay,  calf thymus 
DNA (Sigma) was  used as the substrate. Ten milligrams of the 
purchased calf thymus DNA  was dissolved in 10 mL of 10 mM 
Tris-HC1 (pH 8.0) and 5 mM EDTA, extracted six  times  with 
phenol/chloroform, and  then precipitated with ethanol. The DNA 
pellet  was extensively washed  with 70% ethanol and dissolved in 
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