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Abstract: Staphylococcus aureus nuclease (SNase) homologues, 
previously thought to be restricted to bacteria and archaea, are 
demonstrated by sequence analysis to be present also in eukary- 
otes. The human cellular coactivator pl00 is shown to contain four 
repeats, each of which is a SNase homologue. Surprisingly, these 
repeats are unlikely to possess SNase-like activities as each lacks 
equivalent SNase catalytic residues, yet they may mediate ~ 1 0 0 ’ s  
single-stranded DNA-binding function. Products of Corydalis  sem- 
pervirens and Saccharomyces cerevisiae open reading frames are 
predicted to adopt the same fold and possess similar functions as 
SNase. Five additional hypothetical proteins of bacterial origin are 
also predicted to be active SNase-like nucleases, including one that 
appears to be C-terminally truncated in a manner analogous to an 
engineered active SNase variant. Conservation of Asp-  19 and Asp-83 
among these homologues suggests a re-evaluation of the roles of 
these residues in Cazf-binding and/or catalysis. 

Keywords: Ca2+-binding; DNA-binding; homology; tandem re- 
peats 

Staphylococcus aureus nuclease (SNase; or “nuclease A”) is a 
small (= 150 amino acids) globular enzyme that catalyzes the Ca2+- 
dependent hydrolyses of single- or double-stranded DNA and RNA 
at the 5’  position of phosphodiester bonds (Cuatrecasas et al., 1967a; 
Tuckeret al., 1978). X-ray crystallographic (Cotton et al., 1978; Loll 
& Lattman, 1989; Hynes & Fox, 1991; Judice et al., 1993; Libson 
et al., 1994) and NMR (Torchia et al., 1989; Wang et al., 1990) struc- 
tures of wild-type and variant SNases have implicated several res- 
idues in this  enzymatic  process. The side-chain  carboxylates of 
Asp-2 1 and Asp-40, and the backbone carbonyl oxygen of Thr-41 
ligate a single Ca2+, as do two water molecules that are hydrogen- 
bonded to Glu-43. In crystal structures, the 5”phosphate of a pre- 
sumed substrate analogue (deoxythymidine 3’,5’-bisphosphate) is 
almost completely buried and binds Arg-35, Arg-87, and Ca2+ (Cot- 
ton et al., 1978; Loll & Lattman, 1989). Cotton  et al. (1978) orig- 
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inally proposed Glu-43 as acting as  a general base in the reaction 
mechanism, yet more recent evidence (Wang et al., 1990; Judice 
et al., 1993; Libson et al., 1994) indicates otherwise. Clearly the cat- 
alytic mechanism for this enzyme is more complex than previously 
proposed (Cotton et al., 1978; Loll & Lattman, 1989), particularly 
given the requirement of  not one but two equivalents of Ca2+ for 
maximal activity (Cuatrecasas et al., 1967b; Tucker et al., 1979a, 
Tucker et al., 1979b). 

To date, homologues of S. aureus SNase have been found to be 
encoded only in bacteria (Gerlitz et al., 1990; Yoshioka et al., 
1990; Chesneau & El Solh, 1992; Close & Kado, 1992; Chesneau 
& El Solh, 1994) and archaea (Bult et al., 1996). Importantly, those 
residues in S. aureus SNase that are thought to be involved in 
substrate-binding and catalysis (Asp-21, Arg-35, Asp-40, Glu-43, 
and Arg-87) are conserved in these homologues (Chesneau & El 
Solh, 1994). 

Repeats in PlOO as candidate SNase homologues: Interest was 
aroused in human transcriptional coactivator pl00 (Tong et al., 
1995) as a result of its identification as a member of a novel family 
containing “tudor” domains (Ponting, 1997). PlOO is a nuclear 
protein that binds single-stranded DNA, the Epstein-Barr virus 
nuclear antigen 2  (EBNA 2), and both subunits of transcription 
factor TFIIE (Tong et al., 1995). It appears to be essential for 
normal cell growth and may act as a bridge between EBNA 2-type 
acidic domains and the basal transcription machinery during Epstein- 
Barr virus infection of B lymphocytes (Tong et al., 1995). Self- 
comparisons of the pl00 sequence using dot plots (Thompson 
et al., 1994a) and REPRO, an algorithm that detects distant repeat 
sequences (Heringa & Argos, 1993), indicated the presence of four 
repeats each containing approximately 150 residues. Analysis using 
MACAW (Schuler et al., 1991) indicated that the four repeats in 
human pl00 are homologues, as multiple alignments generated by 
Gibbs sampling (Lawrence et al., 1993) revealed the probabilities 
(p-values) of four separate blocks aligning by chance of 3.4 X 
IO”’, 2.3 X 4.2 X and 9.7 X IO”  (here  a maximal 
searchspace N was chosen as N = 8854; human pl00 contains 885 
residues). Similar results (not shown) were obtained for a second 
pl00 sequence (FIOg7.2), known as  a result of the Caenorhabdiris 
elegans genome project (Wilson et al., 1994). 
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In order to investigate  whether  these  repeats  are  homologues  of 
any other  proteins, an alignment of human  and C. elegans pl00 re- 
peats was  generated  using  ClustalW  (Thompson  et al., 1994b)  and 
used  to  generate  profiles  that  were  compared  with  current  protein 
sequence  databases  (Gribskov et al.,  1987;  Birney et al.,  1996). Sur- 
prisingly,  in two types of searches  seven of the  nine  highest  scoring 
sequences  were  known  SNase  homologues;  the  remaining two se- 
quences  were  later  shown to be previously-unknown  SNase  homo- 
logues  (below).  Using  PROFILESEARCH  (Gribskov et al., 1987) 
these  sequences  yielded  Z-scores  of  greater  than  6.5,  suggesting  that 
the pl00 repeats and  nuclease  family  are  diverged  from  a  common 
ancestor. This is consistent with the results of Blastp (Altschul 
et al., 1994)  searches. A search of databases  with  the  human pl00 
sequence  yielded  p-values of  8.8 X low3 and  1.3 X lo-' when 
aligned  with S. aureus and Methanococcus  jannaschii SNases, 
whereas  a C. elegans pl00 search  yielded ap-value of 9.4 X lop6 
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with Staphylococcus hyicur SNase.  Reciprocal  searches  using  SNase 
sequences  provided  similar  results  (not  shown). 

These  results  immediately  suggest  that  the pl00 repeats are 
homologues of the  nuclease  family.  However, a multiple  alignment 
of  all  these  sequences reveals  that  absolutely  conserved  amino 
acids in  known SNases  thought  to be involved  either  in  binding 
Ca2+ (Asp-21  and  Asp-40; S. aureus SNase  numbering) or in 
catalysis or in substrate-binding (kg-35,  kg-87, and  Glu-43)  are 
not  conserved  in  any  of  the  human  and C. elegans pl00 re- 
peats  (Fig.  1). Two possible  interpretations of this were  consid- 
ered:  either  the pl00 repeats  are  not  SNase  homologues  and  their 
sequence  similarities  to  them  arise by  chance, or the  repeats  are 
SNase  homologues  that  have  dispensed  with  their  catalytic  activities. 

To address this question,  profile  and  motif  searching  algorithms 
were  employed to complement  previous  results.  Results  indicate 
that pl00 repeats  are,  indeed,  homologues  of  SNase  that  lack  cat- 
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Fig. 1. Multiple alignment of SNase homologues,  including O R n l  that appears to be  a  C-terminally  truncated SNase homologue,  and 
plOO SNase-like  repeats. The latter include  partial  sequences  encoded by A. thulium ESTs. PlOO repeats are denoted by numbers, 
except the putative  C-terminal  truncated  repeat,  denoted by  "C." The  known secondary structure of S. aureus  SNase (Hynes Kc Fox, 
1991) is shown above the  alignment (E = @-strand, H = a-helix). Numbers in parentheses  represent numbers of amino acids excised 
from  the  alignment,  and dots and dashes represent insertionddeletions and  incomplete  sequences,  respectively. EMBL and/or  SwissprOt 
accession codes and  domain limits are given following the alignment. The proposed initiating Met in  human  plOO (Tong et al., 1995) 
may be in error as there is substantial  similarity  to the C. elegans plOO sequence  in  a  preceding  region. The alignment  was  produced 
using BOXSHADE (K. Hofmann & M.D. Baron,  unpublished)  using default parameters.  Numbering follows the S. aureus sequence. 
Species:  Metja,  Methanococcus  jannaschii; Shifl, Shigella  jlexnen';  Ecoli,  Escherichia  coli;  Haein,  Haemophilus  influenme;  Corse, 
Corydalis  sempervirens; Staau, Staphylococcus  aureus;  Stahy,  Staphylococcus  hyicus;  Stain,  Staphylococcus  intermedius; Bacsu, 
Bacillus  subtilis;  Rhime,  Rhizobium  meliloii;  Yeast,  Saccharomyces cerevisiae; Mycge,  Mycoplasma  genitalium; Agrtu, Agrobacterium 
tumefaciens;  Caeel,  Caenorhabditis  elegans;  and  Arath,  Arabidopsis  thaliana. 



Fig. 2. Schematic representation of the domain organizations of selected 
SNase  homologues (approximately to scale). Rectangles represent SNase 
homologous domains; the shaded domain in pl00 is a tudor domain. The 
possibility of a pl00 repeat-like domain fragment  in the C-terminal region 
of  pl00 is indicated by a question mark. Abbreviations as in Figure 1 
legend. 

alytic residues. Comparison of a profile, prepared from an align- 
ment of the eight SNase homologues known from the literature, 
with databases (Gribskov et al., 1987; Birney et a!., 1996) revealed 
that both human and C. elegans pl00 sequences scored above 
perceived “false-positives” at levels comparable to four additional 
candidate SNases.  These  candidate homologues are: the exol gene 
product from Rhizobium  melilori (Becker  et a!., 1993). a Bacillus 
subrilis gene (yhcR) encoding an hypothetical protein that is ho- 
mologous to 5’-nucleotidases and UDP-sugar hydrolases in its 
C-terminal portion (M.A. Noback, P. Terpstra, S .  Holsappel, G. 
Venema, S .  Bron, unpublished, EMBL  code X96983). and putative 
ORFs from S. cerevisiae (Yg1085w) (M. Rieger. S .  Mueller-Auer. 
M. Brueckner, M. Schaefer, unpublished, EMBL  code 272607) 
and  pink corydalis (Corydalis sempervirens). The latter ORF had 
been previously noted to be similar to the plasmid RP4 parB gene 
but not Staphylococcal nucleases (Schaller et al., 1992). S. cere- 
visiae Yg1085w and C. sempervirens ORF represent the first known 
eukaryotic homologues of SNase. One subsequent iteration of this 
procedure and Tblastn (Altschul et al., 1994)  searches revealed two 
further SNase homologues: a previously unidentified ORF in plas- 
mid pRmeGR4a of R. meliloti ( Mercado-Blanco & Olivares, 1994) 
and an hypothetical protein MG 186 from Mycoplasma  geniralium. 
Each of these six additional SNase homologues conserve putative 
calcium-binding and/or active site residues Asp-21, Arg-35, Asp-40, 
Glu-43, and Arg-87, with the exception of an Arg-35 + Gln sub- 
stitution in C. sempervirens ORF (Fig. I ) .  This  suggests that these 
six sequences represent active Ca2+-dependent nucleases. 

Profile-independent searches  for  SNase homologues employed 
the MoST algorithm (Tatusov et al., 1994). which iteratively gen- 
erates conserved blocks (ungapped alignments) of sequences that 
are significantly similar to user-supplied blocks. Separate align- 
ments of the 8 previously-known SNase homologues encompass- 
ing six secondary structure regions p 1 -p2, p3, a I ,  p5,  a2,  and a3 
were constructed as initial alignment blocks and scanned against 
protein databases. Repeats 1 and  2 in human p100, and repeats I ,  
2, and 4 in C. elegans pl00 were identified in one  or more of these 
scans  as significantly similar ( p  < 0.02) to the 8 SNase homo- 
logues, as were the C. sempervirens ORF, B. subrilis  ychR gene 
product, S. cerevisiae Yg1085w and M .  genitalium hypothetical 
protein MG186. ORFLI from Agrobacterium rumefaciens was 
also identified with p < 0.02; this sequence conserves each of 
the putative active  site residues, yet interestingly appears to be 
C-terminally truncated (Fig. 1). 

SNase-homologous  domains in p100: The SNase-homologous do- 
mains in pl00 appear to lack residues essential for nuclease ac- 
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tivity. However, the relatively high level of conservation among 
pl00 sequences from diverse eukaryotes (Fig. 1) suggests that 
these domains mediate one or more conserved functions. These 
may include the known single-stranded DNA-binding function of 
pl00 (Tong et al., 1995) via a site(s) analogous to the DNA- 
binding site of SNase homologues. Alternatively these repeats may 
harbor binding sites for TFlIE subunits or EBNA 2. 

Surprisingly, a  MoST search for  sequences similar to the SNase 
C-terminal (a3) helix identified such a sequence in human p100, 
C-terminal to its tudor domain, with  high significance ( p  = 5 X 
lO-3 ;  this value is considered to underestimate the significance given 
that four  other SNase-homologous domains  occur in the same se- 
quence and no “false-positive” sequences were identified). More- 
over, similarity to SNase a2- and a3-helices is apparent for human, 
C. elegans, and Arabidopsis rhaliana p IO0 C-terminal sequences, 
including conservation of Gly- 107, Ala- 132, and Trp-140, residues 
that are characteristic of SNase homologues (Fig. 1). However, se- 
quences similar to the N-terminal P-barrel of SNase homologues are 
not apparent,  suggesting that the C-terminal region of pl00 con- 
tains an N-terminally truncated fifth  SNase homologous domain 
(Fig.  2). If so, this bi-helical region might rely on other structural 
elements of the pl00 sequence as contributors to its stability. 

Conservation of catalytic and Ca2 +-binding residues in active SNase 
homologues: Identification of SNase homologues in eukaryotes, 
as well as archaea  (Bult  et al., 1996), demonstrates that this nu- 
clease is represented in each of the three domains from which all 
extant life forms have evolved  (Woese et al., 1990). A multiple 
alignment of SNase homologues (Fig. 1 )  now allows a re-evaluation 
of the participation of particular residues in nuclease function. 
Although Ca”-dependent hydrolysis of single- or double-stranded 
DNA and RNA has been demonstrated only for S. aureus, Sraph- 
ylococcus intermedius, and S. hyicus SNases  (Tucker  et al., 1978; 
Chesneau & El Solh, 1992; Chesneau & El Solh, 1994). conser- 
vation of Ca”-binding residues (Asp-21 and Asp-40) and a puta- 
tive catalytic residue ((3111-43)  in the newly-identified sequences 
(not including those in p100) suggests that each of these possesses 
a  Ca”-dependent nuclease activity. SNase residues Arg-35 and 
Arg-87 that bind the 5”phosphate of a presumed substrate ana- 
logue (Cotton et al., 1978; Loll & Lattman, 1989) are also con- 
served in these sequences,  except  for an Arg-35 + Gln substitution 
in the C. sempervirens ORF (Fig. I ) .  The proposed interaction of 
SNase lysine-49 with the 3“phosphate of substrates (Weber et al., 
1993) appears not to be conserved for  other homologues. 

Several other residues are conserved in non-PI00  SNase homo- 
logues, implying that these too are essential for nuclease activity 
and/or fold. Asp- 19 is absolutely conserved and  may, as suggested 
elsewhere (Hynes & Fox, 1991). contribute to the binding of a 
second Ca?+ that is known to be required for maximal activity 
(Cuatrecasas  et  al., 1967b; Tucker et al.,  1979a. Tucker et al., 
1979b). Asp-83 also is absolutely conserved, except for Asp + Tyr 
in MG 186, and may contribute to a trinucleotide-binding site (We- 
ber et al., 1992). Conserved hydrophobic and/or small residues 
(Fig. I )  are known to contribute to S. aureus SNase protein sta- 
bility (Shortle et al., 1990; Green et a!., 1992). Variants containing 
substitutions of Gly-107 or  Ala-I32 are  among the most unstable 
of SNase mutants (Green et a!., 1992), and it is notable that these 
are  among the most conserved residues of SNase homologues, 
including those in pl00 orthologues (Fig. I ) .  The SNase fold ap- 
pears to readily accommodate relatively large insertions between 
p 3  and al,  but more particularly between p 2  and p3 (Fig. I ) .  
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A. tumefaciens ORFLl: A C-terminally truncated SNase?: The 
SNase structure contains an N-terminal OB-fold (Murzin, 1993) 
and C-terminal helices. Database searches demonstrated sequence 
similarity between ORFLl from A. tumefaciens plasmid Ti (Alt- 
Morbe et al., 1996) and SNase homologues, including conserva- 
tion of catalytic and Ca2+-binding site residues (Fig. 1). However, 
ORFLl appears to contain only the OB-fold region and lacks 
residues contributing to two C-terminal a-helixes, a 2  and a3. This 
appears to be a result of neither frame-shift nor stop codon se- 
quencing errors, although a more substantial sequencing error can 
not be discounted. A more exotic explanation is that ORFLl may 
represent a truncated SNase homologue lacking most of these 
C-terminal helices. As supporting evidence for this unusual prop- 
osition, it is noted that an OB-fold SNase variant similarly lacking 
residues from a 2  and all of a3, and containing two amino acid 
substitutions (Val-66 -+ Leu and Gly-88 4 Val), has been found 
to be structurally stable and active, albeit at a level IO’-fold lower 
than that of the wild-type enzyme (Alexandrescu et al., 1995). In 
addition, substitution of  Val-66 with Leu, which has little or no 
effect on the stability of intact SNase yet stabilizes the truncated 
variant (Alexandrescu et al., 1995), occurs naturally in the ORFLl 
sequence (Fig. 1). 

Note  added in proof 

Callebut and Mornon (Callebut I, Mornon JP, 1997. The human 
EBNA-2 coactivator p100: Multidomain organization and relation- 
ship to the staphylococcal nuclease fold and to the tudor protein 
involved in Drosophila melanogaster development. Biochem J 
321: 125-1 32) have independently reported the SNase- and tudor- 
homologous domains of p100. 
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