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ABSTRACT Proteins of the metallo-B-lactamase family with either demon-
strated or predicted nuclease activity have been identified in a number of or-
ganisms ranging from bacteria to humans and has been shown to be important
constituents of cellular metabolism. Nucleases of this family are believed to
utilize a zinc-dependent mechanism in catalysis and function as 5’ to 3’ exonu-
cleases and/or endonucleases in such processes as 3’ end processing of RNA
precursors, DNA repair, V(D)J recombination, and telomere maintenance. Ex-
amples of metallo-B-lactamase nucleases include CPSF-73, a known component
of the cleavage/polyadenylation machinery, which functions as the endonu-
clease in 3’ end formation of both polyadenylated and histone mRNAs, and
Artemis that opens DNA hairpins during V(D)J recombination. Mutations in
two metallo-B-lactamase nucleases have been implicated in human diseases:
tRNase Z required for 3" processing of tRNA precursors has been linked to
the familial form of prostate cancer, whereas inactivation of Artemis causes
severe combined immunodeficiency (SCID). There is also a group of as yet
uncharacterized proteins of this family in bacteria and archaea that based on
sequence similarity to CPSF-73 are predicted to function as nucleases in RNA
metabolism. This article reviews the cellular roles of nucleases of the metallo-
B-lactamase family and the recent advances in studying these proteins.

KEYWORDS 3’ end processing, tRNase Z, CPSF-73, RC-68, Integrator, Snm1A, Apollo,
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1. INTRODUCTION

The metallo-B-lactamase family consists of a large number of prokaryotic and
eukaryotic enzymes that vary in biological functions and substrate specificities
but fold into a common 3-dimensional structure, referred to as the af/Ba
sandwich, consisting of two S-sheets at the core and a number of external a-
helices (Aravind, 1999; Daiyasu ez al., 2001). The name of this family is derived
from class B B-lactamases, the bacterial proteins in which the af/B« fold was
identified for the first time (Carfi et al., 1995). Class B B-lactamases utilize zinc
ions to hydrolyze and thus inactivate B-lactams, a group of powerful antibiotics
that inhibit bacterial growth by affecting cell wall biosynthesis (Wang ez 4/., 1999;
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Heinz and Adolph, 2004). B-lactamases of the other
three classes (A, C, and D) utilize a serine-containing ac-
tive site in hydrolyzing B-lactam antibiotics and belong
to a different group of enzymes. In addition to adopt-
ing the same fold, proteins of the metallo-B-lactamase
family share a conserved pattern of histidines and as-
partates located in five separate sequence motifs, I-V
(Aravind, 1999; Daiyasu et al., 2001). Motif II, which
has the consensus sequence HxHxDH (where x indi-
cates any amino acid), is referred to as the histidine mo-
tif and is the signature sequence of the entire metallo-
B-lactamase family (Aravind, 1999). As determined by
crystallographic studies, the conserved histidine and as-
partate residues of all five motifs form a catalytic center
containing typically two metal ions and located at the
bottom of a wide shallow groove between the two -
sheets. The broad substrate specificity of the metallo-8-
lactamase family can be explained by the accessibility
of the active site to a number of different molecules.

Most metallo-B-lactamase proteins are hydrolases
that utilize zinc ions in catalysis. In addition to class B 8-
lactamases, other family members include glyoxylase II,
arylsulfatase, alkylsulfatase, and 3/, 5'-cyclic-nucleotide
phosphodiesterase (Daiyasu et al., 2001). Most sub-
strates hydrolyzed by the family members are character-
ized by the presence of an ester linkage and at least one
positive charge (Aravind, 1999). Although hydrolytic
enzymes are the most common, the family also includes
proteins with redox activity that utilize iron instead of
zinc during catalysis (Silva et al., 2001).

A small number of hydrolases of the metallo-8-
lactamase family have been implicated in metabolism
of nucleic acids as nucleases. The best characterized
among them is tRNase Z, an endonuclease required
for 3’ end processing of tRNA precursors, a group of
transcripts generated by RNA polymerase III (Vogel
et al., 2005). Another member of the family, CPSF-
73, was isolated 15 years ago as a component of the
cleavage/polyadenylation machinery (Bienroth et al.,
1991; Murthy and Manley, 1992) but was only recently
shown to be the endonuclease that cleaves mRNA pre-
cursors downstream of the AAUAAA sequence (Ryan
et al., 2004; Mandel et al., 2006). The same protein is
also likely responsible for the generation of the un-
polyadenylated 3’ end of histone mRNAs using a dis-
tinct 3’ end processing machinery (Dominski et al.,
2005a). Identification of CPSF-73 as the 3’ endonucle-
ase in formation of both polyadenylated mRNAs and
histone mRNAs filled an important gap in our knowl-
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edge of RNA metabolism (Wickens and Gonzalez,
2004; Weiner, 2005) and provided the first indication
that the two 3’ processing machineries are evolution-
arily related (Gilmartin, 2005; Dominski e al., 2005a).
A protein highly similar to CPSF-73, designated RC-68
(Dominski et al., 2005b) or Intl1, is in turn part of a
large complex called “Integrator” and may function as
an endonuclease in 3’ end processing of precursors to
snRNAs, a separate class of RNA polymerase II tran-
scripts (Baillat ez al.,, 2005). Artemis is involved in repair
of DNA double strand breaks and V(D)] recombination
(Moshous et al., 2001; Ma et al., 2002), whereas a pro-
tein named “Apollo,” which only recently joined the
family performs essential functions at telomeres and
also plays a role in repair of DNA interstrand cross-
links (van Overbeek and De Lange, 2006; Lenain ez 4l.,
2006; Freibaum and Counter, 2006). Repair of DNA
cross-links is the main but likely not the only task of
a similar protein, Snm1A (Dronkert ez al., 2000; Ishiai
et al., 2004). The genomes of prokaryotes encode other
predicted nucleases of the metallo--lactamase family
that await functional characterization.

2. tRNase Z: 3’ END PROCESSING OF
tRNA PRECURSORS

Transfer RNAs (tRNAs) are generated from longer
precursors (pre-tRNAs), which contain additional se-
quences on both the 5 and 3’ ends referred to as a
5" leader and a 3’ trailer (Figure 1). Removal of these
terminal sequences occurs during the process of tRNA
maturation and is necessary to form functional tRNA
molecules. A number of pre-tRNAs also contain in-
trons, which are removed through splicing. All mature
tRNAs are terminated at the 3’ end with the CCA triplet
that is essential for both aminoacylation and recogni-
tion of the tRNA by the ribosome (Green and Noller,
1997). For many bacterial and some archaeal tRNAs, the
CCA is encoded by their respective genes and therefore
is already present in the precursor (Marck and Grosjean,
2002). In other cases, including all eukaryotic tRNAs,
the CCA is added post-transcriptionally as a part of the
maturation process (Deutscher, 1990; Weiner, 2004).

Two major Pathways for tRNA 3’
End Formation

In virtually all organisms with only a few exceptions
(Willkomm ez al., 2002; Marszalkowski et al., 2006), the
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FIGURE 1 Two major pathways for 3’ end processing of tRNA precursors. A. 3’ end processing of tRNA precursors lacking CCA. The
3’ trailer is removed by tRNase Z, which cleaves immediately after the discriminator nucleotide (D), as indicated with an arrow. RNase
P removes the 5’ leader. B. 3’ end processing of tRNA precursors containing CCA. The 3’ trailer is first cleaved by RNase E and then
trimmed by a number of redundant 3’ exonucleases to expose the CCA. RNase P removes the 5’ leader.

5’ leader in pre-tRNAs is removed by a ubiquitous en-
donuclease, RNase P, which consists of the RNA cat-
alytic subunit and one or more protein components
(Walker and Engelke, 2006). RNase P cleaves the pre-
tRNA between the 5 trailer and the first nucleotide
of the mature tRNA (Figure 1). 3’ end processing of
tRNA precursors is more variable and occurs through
one of two major pathways. Which of the two path-
ways is involved largely depends on the presence or ab-
sence of the CCA sequence in pre-tRNA. The 3’ trailer
of pre-tRNA lacking the CCA is removed by an en-
donucleolytic cleavage catalyzed by tRNase Z, the first
studied and so far best characterized nuclease of the
metallo-B-lactamase family (Vogel et al., 2005). tRNase
Z, also known as RNase Z, 3’ tRNase or ELAC, cleaves
pre-tRNAs immediately after the discriminator, i.e., the
first unpaired nucleotide located 3’ of the acceptor stem
(Figure 1A). The CCA sequence is subsequently added
to the discriminator nucleotide by tRNA nucleotidyl-
transferase. Removal of the 3’ trailer by tRNase Z fol-
lowed by the CCA addition is the most common mech-
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anism leading to generation of the mature 3’ end of
tRNAs.

In E. coli, the CCA is encoded by all tRNA genes
and hence is present in all pre-tRNAs. In these pre-
tRNAs, the 3’ trailer is removed by a combined ac-
tion of an endonuclease, RNase E, which cleaves within
the 3’ trailer, followed by exonucleolytic trimming of
the remaining nucleotides to expose the CCA (Fig-
ure 1B) (Li and Deutscher, 2002). The trimming is car-
ried out by a number of redundant bacterial 3’ exonu-
cleases with the most pronounced being RNase T and
RNase PH (Zuo and Deutscher, 2001; Deutscher and
Li, 2001). Surprisingly, given the lack of the CCA-less
tRNA genes in E. coli, the genome of this bacterial
species contains a gene for tRNase Z. The E. coli tRNase
Z was initially designated ElaC and recently renamed
ZiPD (for zinc phosphodiesterase) based on its abil-
ity to catalyze a zinc-dependent hydrolysis of bpNPP
and TpNPP, two small artificial substrates containing
one phosphodiester bond (Vogel ef al., 2002). Recent
studies have demonstrated that E. coli tRNase Z is in
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fact identical to RNase BN, previously shown to be
required for propagation of bacteriophage T4 (Ezraty
et al., 2005). In contrast to its host cells, T4 bacterio-
phage encodes CCA-less tRNAs and therefore vitally
depends on the bacterially encoded tRNase Z. Dele-
tion of the tRNase Z gene does not have any effects
on cell viability and causes no changes the intracellular
concentration of mature tRNA species, demonstrating
that in E. coli tRNase Z is nonessential and as expected
does not play a role in 3" end processing of endogenous
pre-tRNAs (Schilling ez al., 2004; Perwez and Kushner,
2006). Interestingly, the lack of tRNase Z activity in E.
coli results in a significant increase in the steady-state
levels of a subset of cellular mRNAs and this effect is
greatly enhanced by concurrent inactivation of RNase
E (Perwez and Kushner, 2006). Thus, in E. coli tRNase Z
likely supports the endonucleolytic activity of RNase E
in mRNA decay instead of participating in 3’ end pro-
cessing of pre-tRNAs, raising an interesting possibility
that tRNase Z in other organisms may perform more
general functions in RNA metabolism than initially an-
ticipated (Perwez and Kushner, 2006).

In Bacillus subtilis, approximately one third of the
tRNA genes do not encode CCA and the tRNA tran-
scripts generated from these genes are processed at the
3’ end by tRNase Z (Pellegrini et al., 2003). As expected
from the presence of the CCA-less tRNA genes, the
Bacillus tRNase Z gene is essential. The remaining two
thirds of pre-tRNAs in B. subtilis are processed using
the 3’ exonuclease pathway (Wen ¢t al., 2005). A unique
pathway of 3’ end processing of pre-tRNAs has been
identified in Thermotoga maritima where nearly all pre-
tRNAs contain the CCA sequence. Surprisingly, 3’ end
processing of these pre-tRNAs depends on tRNase Z,
which cleaves immediately after the CCA rather than
after the discriminator, leading in one step to the gen-
eration of the mature 3’ end of tRNA (Minagawa ez al.,
2004).

Two Forms of tRNase Z and Substrate
Requirements

tRNase Z exists in two different forms, short and
long, referred to as tRNase Z5 (or ELAC1) and tRNase
ZL (or ELAC2), respectively. The short form, exempli-
fied by the enzymes from E. coli, B. subtilis and T. mar-
itima, usually consists of 300 to 400 amino acids, while
the longer form is approximately 2 to 3 times that size.
The intact metallo-B-lactamase domain with strong sim-
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ilarity to tRNase Z5 is located in the C-terminal por-
tion of tRNase ZL, indicating that this portion is in-
volved in catalysis (Tavtigian ez al., 2001). Interestingly,
the N-terminal portion also shows a limited similar-
ity to tRNase Z°, suggesting that the gene encoding
tRNase Zl has evolved from tandem duplication of
the gene encoding the short form. However, the key
catalytic residues of the N-terminal portion, including
those present in the histidine motif, have been altered
during evolution.

Bacteria and archaea contain only tRNase Z°,
whereas eukaryotes contain either only tRNase ZL or
both forms. Human cells contain one long and one
short form of tRNase Z. There is only the long form of
the enzyme in S. cerevisiae, C. elegans, and D. melanogaster
and two short and two long forms in Arabidopsis thaliana
(Vogel et al., 2005). The reasons for this variable distri-
bution of tRNase Z in different eukaryotes are not fully
understood. At least in some organisms different ver-
sions of the enzyme may be specialized to function
in different cellular compartments and/or may be regu-
lated developmentally. Interestingly, human tRNase Z&
contains a strong mitochondrial transport signal, sug-
gesting that it may also function in this compartment,
and in vitro processes nuclear and mitochondrial pre-
tRNAs much more efficiently than tRNase ZS (Yan ez al,
2006). Therefore, the short version of tRNase Z in hu-
man cells may represent a biochemical relic, or might
have gained during evolution additional functions, pos-
sibly in processing of other RNA precursors (Yan ez al.,
2006), as supported by the role of E. coli tRNase Z in
mRNA degradation (Perwez and Kushner, 2006).

tRNase Z purified from a broad range of organ-
isms either as an endogenous protein or recombinant
variants has been shown to efficiently and accurately
cleave tRNA precursors iz vitro (Vogel et al., 2005). 3’
end processing activity has been shown for tRNase Z°
from a number of species, including Haloferax volcanii
(Schierling ez al., 2002), Methanococcus janaschii and Ara-
bidopsis thaliana (Schifter et al., 2002), B. subtilis (Pelle-
grini etal., 2003) and T. maritima (Minagawa et al., 2004).
Finally, the accurate processing activity was shown for
tRNase Z5 from E. coli (Takaku et al., 2004; Minagawa
et al., 2004; Perwez and Kushner, 2006), which, besides
cleaving pre-tRNAs encoded by T4 phage has no ap-
parent endogenous pre-tRNA substrates. The ability to
faithfully process tRNA precursors in vitro was also
demonstrated for the long form of tRNase Z from
cells of S. cerevisiae (Takaku et al., 2003), Drosophila
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melanogaster (Dubrovsky et al., 2004), pig, and human
(Takaku ez al., 2003). The C-terminal half of human tR-
Nase Z' containing the intact metallo-8-lactamase do-
main retains a partial processing activity, whereas the
N-terminal half is inactive, consistent with the lack of
the key catalytic residues in this portion of the protein
(Takaku et al., 2003 ; Takaku et al., 2004).

Short tRNase Z enzymes from archaea (Schierling
et al., 2002), bacteria (Minagawa et al., 2004), and plant
mitochondria (Schiffer ez al., 2001) require the entire
structure of pre-tRNA substrates for optimal activity.
In contrast, the long form from a variety of organisms
has relatively relaxed structural requirements and, in
addition to complete pre-tRNAs, can cleave a number
of artificial substrates that only partially resemble pre-
tRNA although the efficiency of processing for some
of them is drastically reduced (Levinger et al, 1998;
Nashimoto et al., 1999; Schiffer et al., 2001). The mini-
mal substrate for tRNase Z encompasses the 3’ portion
of pre-tRNA, consisting of the 3 trailer followed by the
7-base-pair acceptor stem and the T arm containing a
5-base-pair stem and a 7-nucleotide loop (Figure 1). The
efficiency of processing of this minimal substrate de-
pending on the source of tRNase Z! varies between 10
and 60% of the efficiency for the full length pre-tRNA
(Takaku et al., 2004). Both tRNase Z5 and tRNase Z-
have relaxed sequence requirements for their substrates
consistent with the variability of pre-tRNA sequences
processed by the enzyme. The only known restriction
is that tRNase Z from many organisms strongly disfa-
vors a cytidine immediately following the discrimina-
tor (Nashimoto, 1997; Mohan et al., 1999; Pellegrini
et al., 2003). Drosophila tRNase Z' expressed in the
baculovirus system processes mature tRNA with CCA
at the 3’ end almost 100-fold less efficiently than a
pre-tRNA containing the natural trailer (Zareen et al.,
2006). This feature ensures that the mature tRNA is not
cleaved by tRNase Z as the precursor and can progress
to aminoacylation instead of taking part in repeating
cycles of removing and adding the CCA. Consistently,
the discriminator is usually not followed by a cytosine
(Mohan et al., 1999).

Structural Features of tRNase Z

A unique feature of tRNase Z from many organisms
that distinguishes this enzyme from other members of
the metallo-B-lactamase family is the presence of an in-
sertion within the metallo-B-lactamase domain, referred
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to as exosite (Schilling ez al., 2005) or external binding
domain (EBD) (Zareen et al., 2006). The exosite is pro-
posed to function as a clamp to stabilize binding of the
pre-tRNA substrate to the enzyme and properly orient
the cleavage site near the catalytic center. At least three
different types of exosite have been identified in the
short and long forms of tRNase Z (Schilling ez 4/, 2005).
The exosite in the E. coli tRNase Z° consists of about 50
amino acids. Deletion of the entire region abolishes the
ability of E. coli tRNase ZS to cleave pre-tRNA in vitro
but does not affect hydrolysis of a small artificial sub-
strate bpNPP containing one phosphodiester bond, in-
dicating that the mutated enzyme is catalytically active.
A similar exosite also exists in tRNase Z% from many
other organisms but is absent from the C-terminal por-
tion of tRNase Z'. This portion retains all key residues
required for metal binding and catalysis and therefore
is considered a functional equivalent of tRNase Z°. In-
terestingly, the exosite similar to that present in E. coli
tRNase Z° can be found in the N-terminal portion of
tRNase ZL containing a degenerate and enzymatically
inactive metallo-B-lactamase domain (Schilling ez al.,
2005).

Recently solved crystal structures of the short form of
tRNase Z from three bacterial species—B. subtilis (de la
Sierra-Gallay ez al., 2005), T maritima (Ishii et al., 2005)
and E. coli (Kostelecky et al., 2006)—provided important
insight into the mechanism of catalysis and substrate
recognition by this endonuclease. All three enzymes
are homodimers with monomers exhibiting the typical
metallo-B-lactamase a8/Ba fold and a head-to-head ori-
entation within each homodimer. In addition to striking
similarities, the structural analysis also demonstrates sig-
nificant conformational differences between the three
enzymes. The E. coli homodimer consists of two func-
tionally identical subunits, each containing the zinc-
loaded active site and the exosite that protrudes from
the protein core as a long flexible arm (Kostelecky ez al.,
2006). The active site of one subunit faces the flexible
arm of the other subunit. This configuration suggests
a model of action in which the pre-tRNA substrate is
bound by one subunit and cleaved by the other. It is
predicted that the E. coli enzyme due to its symmetri-
cal structure is capable of simultaneously cleaving two
pre-tRNA molecules (Kostelecky ez al., 2006). In B. sub-
tilis tRNase Z5, the two subunits of the homodimer are
not equivalent in the crystallographic structure (de la
Sierra-Gallay et al., 2005). Only one subunit referred
to as the A subunit contains two zinc ions and thus
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represents an active conformation of the enzyme. The
B subunit lacks zinc ions due to a distortion of the active
site, indicating that it is catalytically inactive. Interest-
ingly, the crystal structure of the complex between the
B. subtilis tRNase Z5 and tRNA suggests that binding of
the pre-tRNA substrate to the enzyme triggers a cascade
of structural rearrangements that relieve the distortion
of the active site resulting in zinc binding and capabil-
ity of cleaving pre-tRNA also by the B subunit (de la
Sierra-Gallay ez al., 2006). As a result of adopting the ac-
tive conformation by this subunit, the homodimer of B.
subtilis tRNase Z° is predicted to cleave two molecules
of pre-tRNA at the same time thus resembling in the
mode of action tRNase Z° from E. coli.

The structural studies of B. subtilis tRNase Z5 led to a
model of how its conserved residues participate in zinc
binding (de la Sierra-Gallay ez 4l., 2005). The two zinc
ions are coordinated by five conserved histidines and
two conserved aspartates distributed in the five con-
served motifs of the metallo-B-lactamase domain (Fig-
ure 2). Additional points of coordination are provided
by a water molecule and a phosphate ion. The same
coordination sphere has been identified in the crystal
structure of tRNase Z5 from E. coli (Kostelecky et al.,
2006). As predicted, the critical role in catalysis is played
by the highly conserved HxHxDH cluster (motif 2),
which in the B. subtilis protein occupies positions 63 to
68 (de la Sierra-Gallay ez al., 2005). The first two his-
tidines of this motif (positions 63 and 65) together with
histidine at position 140 (motif 3) coordinate one zinc
ion, whereas the two remaining residues of the motif 2

| ] 1] v Vv
37 63-68 140 211 269

(s

FIGURE 2 Zinc coordination in B. subtilis tRNase ZS.
Schematic representation of the metallo-3-lactamase domain in
B. subtilis tRNase Z° depicting positions of the five conserved
sequence motifs (I-V). Amino acids involved in coordination of
the two zinc ions in the catalytic center are shown below.
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(aspartate 67 and histidine 68) and histidine at position
269 (motif V) coordinate the other zinc ion (Figure 2).
An additional aspartate located at position 211 (motif
4) bridges the two zinc ions. Histidine 68 is stabilized by
hydrogen bonds with aspartate 37 (motif 1), which plays
a key role in maintaining the correct conformation of
the catalytic center.

Other Functions for tRNase Z-?

Surprisingly, the gene encoding human tRNase ZL,
referred to as ELAC2, has been linked to familial form
of prostate cancer (Tavtigian ez al., 2001). Subsequent
studies demonstrated that one mutation identified in
high risk pedigrees resulted in a truncated form of the
protein that lacked the ability to process pre-tRNAs i
vitro (Takaku ef al., 2003). Remaining amino acid al-
terations associated with the familial form of prostate
cancer did not detectably affect the catalytic activity of
the protein iz vitro. It is unclear at present how these
mutations can result in increased occurrence of prostate
cancer. One possibility is that tRNase Z' performs other
functions in the cell that are unrelated to RNA process-
ing. In support of this possibility, human tRNase Z-
was shown to interact with the y-tubulin complex and
when overexpressed leads to delay in cell cycle pro-
gression (Korver et al., 2003). In C. elegans, tRNase Z
is required for germline proliferation and reduced ex-
pression of this protein results in sterility (Smith and
Levitan, 2004).

3. CPSF-73: 3’ END PROCESSING OF
mRNA PRECURSORS

3’ end processing of mRNA precursors (pre-mRNAs)
results in the formation of the mature 3’ end in mR-
NAs, which affects all downstream processes in mRNA
metabolism, including mRNA export, stability, and
translation (Wickens ez al., 1997; Mangus et al., 2003;
Kuhn and Wahle, 2004; Marzluff, 2005). The vast ma-
jority of eukaryotic pre-mRNAs are processed at the 3’
end by a two-step reaction in which cleavage within
the 3’ untranslated region is followed by addition of a
poly(A) tail to the newly formed 3’ end (Colgan and
Manley, 1997; Zhao et al., 1999a). The only exceptions
to this rule are metazoan replication dependent histone
pre-mRNAs, which are cleaved by a distinct processing
machinery and the resulting histone mRNAs are not
polyadenylated (Dominski and Marzluff, 1999).
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Cleavage Coupled to Polyadenylation

3’ end processing of pre-mRNAs that occurs through
cleavage and polyadenylation has been extensively
studied in a number of eukaryotes using both bio-
chemical and genetic approaches and was a subject
of a number of detailed reviews (Colgan and Manley,
1997; Minvielle-Sebastia and Keller, 1999; Wahle and
Ruegsegger, 1999; Zhao et al., 1999a). In mammalian
cells, cleavage coupled to polyadenylation depends on
the presence of a highly conserved polyadenylation
signal, AAUAAA, and a loosely defined downstream
G/U-rich sequence. Cleavage occurs between the two
sequence elements, usually 10 to 30 nucleotides down-
stream of the AAUAAA and is followed by addition of
the poly(A) tail to the newly generated 3’ end.

Although cleavage and polyadenylation are inti-
mately associated 7z vivo, these two steps can be un-
coupled iz witro by a number of reagents, including
EDTA, which at low concentrations inhibits polyadeny-
lation but has no major effect on cleavage. The cleav-
age reaction iz vitro requires assembly of a large com-
plex consisting of at least 12 protein components
(Figure 3). The AAUAAA is recognized by cleav-
age/polyadenylation specificity factor (CPSF), whereas
the downstream G/U-rich sequence is recognized by
cleavage stimulation factor (CstF). CPSF consists of
five subunits: CPSF-160, CPSF-100, CPSF-73, CPSE-
30 and Fipl (Kaufmann ez al., 2004). CPSF-160 makes
direct contacts with the AAUAAA element (Murthy and
Manley, 1995) although the binding of this protein to
pre-mRNA may be assisted by two additional CPSF
subunits, CPSF-30 and Fip1 that preferentially bind U-
rich sequences (Kaufmann ez al., 2004). CstF contains

three subunits of 77, 64, and 50 kDa, with the CstF-
64 subunit binding the G/U-rich downstream element
(MacDonald ez al., 1994). Fractionation of nuclear ex-
tracts initially indicated that CPSF and CstF exist as
separate entities that sequentially bind to pre-mRNA
substrate during 3’ end processing. However, more re-
cent purification studies suggest that these two factors
may in fact form a larger complex that also includes
symplekin (Takagaki and Manley, 2000). Symplekin is
a protein of unknown function that was initially iden-
tified as a component of intercellular junctions called
tight junctions, but is also present in the nucleus of all
tested cell types (Keon ez al., 1996). Symplekin displays
low but significant similarity to the yeast protein PTA1
shown to be an essential component of the yeast cleav-
age/polyadenylation machinery (Zhao ez al., 1999b). It
is unclear whether symplekin is directly required for
cleavage/polyadenylation in the mammalian system or
whether it only plays the role of a scaffold, facilitating
the assembly of the processing complex (Takagaki and
Manley, 2000). The mammalian processing machinery
includes two other factors required only for the cleavage
step; mammalian cleavage factor I (CF I,,) consisting of
at least two subunits (Ruegsegger ez al., 1996; Ruegsegger
et al., 1998), and the poorly characterized mammalian
cleavage factor II (CF II,,) (De Vries et al., 2000). CF L,
binds to sequences upstream of the AAUAAA element
and stimulates binding of CPSF to pre-mRNA (Brown
and Gilmartin, 2003; Venkataraman ez /., 2005). Finally,
under some 7z vitro conditions cleavage depends on the
C-terminal domain (CTD) of the large subunit of RNA
polymerase II (Hirose and Manley, 1998), and for most
pre-mRNAs, on poly(A) polymerase (PAP) (Takagaki
et al., 1988; Christofori and Keller, 1989; Terns and

FIGURE 3 Known components of the cleavage complex assembled on a pre-mRNA containing the AAUAAA. The locations of only
some proteins within the complex are supported experimentally. The arrow indicates the site of cleavage by CPSF-73 that is preferentially
located after a CA. The C-terminal domain of the large subunit of RNA polymerase Il is not shown.
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Jacob, 1989). Following cleavage, the newly formed 3’
end is extended by synthesis of a poly(A) tail. This step
of 3’ end processing is catalyzed by PAP and also re-
quires CPSF, which stabilizes PAP on the upstream
cleavage product, and poly(A)-binding protein II, which
associates with the poly(A) sequence (Wahle, 1995).

Individual components of the cleavage/polyadeny-
lation machinery engage in a network of interactions
spanning the cleavage site (Colgan and Manley, 1997;
Zhao et al., 1999a). Among them, CPSF-160 interacts
with CstF-77 resulting in the cooperative binding of
CPSF and CstF to preemRNA (Murthy and Manley,
1995). CPSF-160 also interacts with PAP (Murthy and
Manley, 1995) and both proteins form a ternary com-
plex with Fipl (Kaufmann et al., 2004), whereas the
CTD interacts with CstF-50 (McCracken ez al., 1997).
The main function of these interactions is to form a
stable processing complex on pre-mRNA and to prop-
erly juxtapose catalytic components of the complex, the
3’ endonuclease and PAP, with the site of cleavage and
polyadenylation.

Despite the identification of numerous proteins in-
volved in the cleavage reaction, the nature of the nucle-
ase responsible for cleaving pre-mRNAs downstream of
the AAUAAA sequence remained elusive until recently
(Wickens and Gonzalez, 2004). In 1999, this function
was tentatively assigned to CPSF-73, owing to its pre-
dicted structure typical of hydrolytic enzymes of the
metallo-B-lactamase family (Aravind, 1999). However,
a few years elapsed before this hypothesis was tested ex-
perimentally. Strong support for the role of CPSF-73 as
an endonuclease in 3’ end processing came from studies
of the yeast CPSF-73 homologue, Ysh1p. Mutations in
the key residues of the metallo-B-lactamase domain of
this protein resulted in lethality, thus confirming that
the predicted catalytic activity of the protein is essential
for its function (Ryan et al., 2004). In addition, a pro-
tein of molecular size consistent with that of CPSF-73
was cross-linked in an AAUAAA-dependent manner to
the vicinity of the cleavage site (Ryan ez al., 2004). Al-
though immunoprecipitation experiments did not con-
clusively prove that the cross-linked protein was CPSF-
73, these studies left little doubt that CPSF-73 is indeed
the endonuclease in formation of polyadenylated mR-
NAs (Figure 3).

Interestingly, CPSF-73 is related to CPSF-100 (Jenny
et al., 1994), suggesting that their genes have evolved
through duplication of a common ancestral gene.
CPSF-100 shares typical features of the metallo-g-
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lactamase fold with other members of the family but
contains alterations within the histidine motif and other
conserved residues and therefore is most likely catalyt-
ically inactive (Aravind, 1999; Callebaut ez /., 2002).

Cleavage of Histone Pre-mRNAs

Metazoan replication-dependent  histone pre-
mRNAs are processed at the 3’ end by a unique
processing machinery that until recently appeared to
be entirely distinct from the cleavage/polyadenylation
machinery (Dominski and Marzluff, 1999; Jaeger et al.,
2005). Replication dependent histone pre-mRNAs con-
tain two sequence elements required for processing; a
highly conserved stem-loop structure located less than
50 nucleotides 3’ to the stop codon, and a purine-rich
sequence referred to as the histone downstream element
(HDE) that begins 15 to 20 nucleotides downstream of
the stem-loop (Marzluff et al., 2002). Cleavage occurs
between the two sequence elements, usually four to
five nucleotides after the stem, and is not followed by
polyadenylation (Figure 4). The stem-loop consists of
a six-base-pair stem and a four-nucleotide loop and is a
binding site for a protein termed the stem-loop binding
protein (SLBP) (Wang et al, 1996) or the hairpin
binding factor (HBF) (Martin ez al., 1997). The HDE
interacts with the U7 small nuclear ribonucleoprotein
(snRNP) that contains an approximately 60-nucleotide
U7 snRNA (Galli ez al., 1983; Mowry and Steitz, 1987).
The interaction involves the formation of a duplex
between the 5" end of the U7 snRNA and the HDE.
In the in vitro system based on mammalian nuclear
extracts, the cleavage site is located at a fixed distance
from the HDE suggesting that the U7 snRNP plays a
key role in specifying the site of cleavage, most likely
by directly recruiting the processing endonuclease
(Scharl and Steitz, 1994). Preventing the interaction
between the U7 snRNP and the pre-mRNA by using
oligonucleotides complementary to either HDE or the
5 end of U7 snRNA leads to complete inhibition of
cleavage (Cotten ez al., 1991).

The central part of the U7 snRNA contains a unique
Sm binding site that interacts with a heteroheptameric
Sm complex (Grimm ez al., 1993). The Sm complex in
the U7 snRNP differs from that found in the spliceo-
somal snRNPs as it lacks D1 and D2 Sm proteins
and instead contains two Sm-like proteins, Lsm10, and
Lsm11 (Pillai et al, 2001; Pillai et al., 2003). The cleav-
age reaction also requires a 100 kDa zinc finger protein
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FIGURE 4 Known components of the cleavage complex assembled on a histone pre-mRNA. The arrow indicates the site of cleavage by
CPSF-73 that is preferentially located after a CA. The presented model does not include CPSF-100 and other polyadenylation factors, which
together with symplekin may constitute an integral part of the heat labile factor. The location of symplekin in the complex is hypothetical.

(ZFP100), which interacts both with SLBP bound to
the stem-loop (Dominski ez a/., 2002) and with Lsm11
(Azzouz et al., 2005). This bridging interaction is be-
lieved to stabilize the U7 snRNP on the pre-mRNA
and is particularly important in processing substrates
unable to efficiently recruit U7 snRNP solely by base
pairing (Streit e al., 1993; Dominski ez al., 1999). Pre-
mRNAs that form strong duplexes with the HDE are
cleaved in nuclear extracts from mammalian cells in the
absence of SLBP, indicating that at least under iz vitro
conditions SLBP is an auxiliary factor required for max-
imum efficiency rather than an essential component of
the processing machinery.

A distinct component of nuclear extracts required for
3’ end processing of histone pre-mRNAs, referred to as
heat labile factor (HLF), was defined based on its sen-
sitivity to mild heat treatment (Gick e al., 1987). This
factor has been recently identified as symplekin (Kolev
and Steitz, 2005). Interestingly, chromatographic frac-
tions of a HeLa nuclear extract capable of restoring pro-
cessing activity to a heat treated extract in addition to
symplekin contained all five CPSF subunits and two
out of three CstF subunits, CstF-77 and CstF-64 (Kolev
and Steitz, 2005). However, it has not been yet deter-
mined whether these proteins are essential for 3’ end
processing of histone pre-mRNAs.

Following cleavage of histone pre-mRNA by an en-
donuclease, the upstream product terminated with the

Nucleases of the Metallo-3-lactamase Family

stem-loop corresponds to the mature histone mRNA,
whereas the downstream product is degraded in the 5'-
3’ orientation by an exonuclease that is also dependent
on the U7 snRNP (Walther ez al., 1998). The degrada-
tion is believed to release the U7 snRNA from its as-
sociation with the HDE, hence allowing recycling of
the U7snRNP for another round of processing. It re-
mains to be determined whether the U7-dependent 5’
exonuclease additionally functions in termination of
transcription of histone genes through the “torpedo”
mechanism (Rosonina et al., 2006; Luo et al., 2006).
Until recently the endonuclease remained unknown,
although a number of observations suggested that it
may be related to the enzyme involved in formation
of polyadenylated mRNAs (Dominski ef al., 2005b). In
support of this notion, both 7z vitro cleavage reactions
share an unusual combination of features, 7.¢.,the abil-
ity to proceed in the presence of EDTA and to gen-
erate a 3’ hydroxyl and a 5" phosphate, the termini
typical of metal-dependent catalysis. In addition, both
processing reactions have a strong preference for cleav-
ing after a CA, although this is not an absolute re-
quirement and other sites can be selected with lower
efficiency.

An important clue to the identity of the endonu-
clease was provided by UV cross-linking studies with
a site-specifically labeled histone pre-mRNA contain-
ing a phosphorothioate modification at the cleavage
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site (Dominski ez al., 2005a). These studies identified a
protein of approximately 85 kDa that forms a UV-
induced cross-link with the RNA in the vicinity of the
cleavage site in a U7-dependent manner. Changes to the
in vitro processing reaction that resulted in either partial
or complete inhibition of cleavage had a comparable ef-
fect on the efficiency of cross-linking, strongly suggest-
ing that the 85 kDa protein is the endonuclease. Indeed,
UV cross-linking of this protein absolutely required the
presence of the phosphorothioate modification at the
cleavage site, which likely slowed down catalysis thus ex-
tending the time window when the protein was in con-
tact with the RNA (Dominski ez al., 2005a). A protein
of the same molecular mass was also cross-linked to the
downstream cleavage product during its degradation by
aU7-dependent 5" exonuclease (Dominski e al., 2005a).
Surprisingly, immunoprecipitation experiments identi-
fied the 85 kDa cross-link formed on each substrate as
CPSF-73, thus suggesting that the same protein func-
tions as both the endonuclease and 5" exonuclease in 3’
end processing of histone pre-mRNAs (Dominski ez 4.,
2005a). This finding provided additional support for
the notion that CPSF-73 is the endonuclease in cleav-
age/polyadenylation, and together with the demonstra-
tion that symplekin is involved in 3’ end formation
of both histone mRNAs and polyadenylated mRNAs
also revealed an unanticipated evolutionary link be-
tween the two types of 3’ end processing (Gilmartin,
2005).

CPSF-73 is an Endonuclease In Vitro

While a number of studies supported the notion that
CPSF-73 is the key catalytic component that cleaves
mRNA precursors at the 3" end, direct evidence for its
endonuclease activity was missing. This ultimate proof
has been recently provided by the demonstration that
the bacterially expressed N-terminal portion of human
CPSF-73 (amino acids 1 to 460) can endonucleolytically
cleave single stranded RNA substrates iz vitro (Mandel
et al., 2006). Interestingly, the detection of the endonu-
clease activity requires pre-incubation of the recombi-
nant CPSF-73 with calcium ions. Calcium ions per se
are not required for catalysis but they most likely stim-
ulate structural changes of CPSF-73 resulting in the ac-
tivation of its enzymatic activity and/or increase in the
accessibility of the catalytic site for the substrate. A mu-
tant of CPSF-73, containing alanine substitutions of
two conserved residues of the histidine motif was enzy-
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matically inactive. No activity iz vitro was also detected
for CPSF-100, consistent with the predicted inability
of this protein to bind zinc ions (Mandel ez al., 2006).
It has not yet been conclusively determined whether
CPSF-73 can also function % vitro as a 5’ exonuclease,
as suggested by cross-linking studies on 3’ end process-
ing of histone pre-mRNAs (Dominski ez al., 2005a) and
the mode of action of some other metallo-B-lactamase
nucleases (see below).

Potential Mechanisms
for Recruitment and Activation
of CPSF-73

An intriguing property of CPSF-73 is that in cleav-
age/polyadenylation, and presumably in 3’ end pro-
cessing of histone pre-mRNAs, it co-exists with CPSF-
100. The two proteins directly interact with each other
and the interaction involves the C-terminal portion of
CPSF-73, which is not a part of the catalytic domain
(Dominski et al., 2005b). The same structural arrange-
ment has been identified in the highly related het-
erodimer consisting of RC-68 and RC-74 (Dominski
et al., 2005b) (see below). The biological sense of this
arrangement is unknown. One possibility is that CPSF-
100 functions as a repressor of the nucleolytic activ-
ity of CPSF-73 and relieves the repression only when
CPSF-73 is recruited to the vicinity of the cleavage site.
An alternative although not mutually exclusive possi-
bility is that CPSF-100 serves as an adaptor subunit,
whereas CPSF-73 is involved only in catalysis. Such a
functional arrangement would be reminiscent of that
existing in the long form of tRNase Z. This form has
likely evolved from duplication of tRNase Z5 followed
by catalytic inactivation of the N-terminal copy and its
specialization toward substrate binding and regulatory
functions, allowing the C-terminal portion to perform
solely catalytic functions (Takaku e al., 2004; Schilling
et al., 2005). Interestingly, in the homodimer of B. sub-
tilis tRNase Z5 one subunit adopts the catalytically ac-
tive configuration only upon binding of the pre-tRNA
substrate. This enzyme may therefore represent a transi-
tional state between dimers containing two fully active
subunits, like in E. coli tRNase Z5, and those in which
one domain (or subunit) is permanently inactive, like in
the long form of the tRNase Z and the CPSF-73/CPSF-
100 heterodimer.

The involvement of CPSF-73 in 3’ end process-
ing of histone pre-mRNAs, in addition to cleavage/

Z. Dominski

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

polyadenylation, raises an intriguing question of
how the same endonuclease is recruited to the
two vastly different processing machineries. In cleav-
age/polyadenylation, CPSF-73 is brought to the pre-
mRNA by CPSF-160, which binds the AAUAAA up-
stream of the cleavage site. Histone pre-mRNAs do not
contain the AAUAAA sequence and hence it is unlikely
that CPSF-73 is brought to these substrates by CPSF-
160. CPSF-73 may be recruited to the vicinity of the
cleavage site through interaction with Lsm11, ZFP100,
or with yet unknown components of the processing ma-
chinery. Or perhaps, as previously proposed (Kolev and
Steitz, 2005), an important role in the recruitment of
CPSF-73 is played by symplekin, CstF-77 and CstF-64;
components of the cleavage/polyadenylation machin-
ery that are potentially shared with 3" end processing of
histone pre-mRNAs. Although it has not yet been ex-
perimentally demonstrated, CPSF-73 is likely partnered
with CPSF-100 also during 3" end processing of histone
pre-mRINAs and this catalytically inactive subunit may
mediate these interactions, allowing CPSF-73 to engage
solely in catalysis.

4. RC-68: 3’ END PROCESSING OF
snRNA PRECURSORS

Small nuclear RNAs (snRNAs) are a large group of
noncoding and metabolically stable RNAs that play im-
portant roles in processing of mRNA precursors (Soller,
2006). Most snRNAs are involved in splicing and are
referred to as spliceosomal snRNAs. The spliceosomal
snRNA are divided into two groups, major and minor,
dependent on the type of splicing they participate in
and their intracellular concentration (Wu and Krainer,
1999; Will and Luhrmann, 2001; Will and Luhrmann,
2005). The major spliceosomal snRNAs, U1, U2, U4,
U5, and U6, are abundant and take a part in splicing
of conventional introns, whereas the minor snRNAs,
Ul1, U12, Udatac and Usbatac exist in relatively low
concentrations and are involved in splicing of AT-AC
introns. U7 snRNA is the only known snRINA that does
not participate in splicing and instead it is an essen-
tial component of 3’ end processing of histone pre-
mRNAs (Schumperli and Pillai, 2004). Most snRNAs
are synthesized by RNA polymerase II (Henry et al.,
1998; Hernandez, 2001). The only exceptions are U6
and Ue6atac snRNAs, which are synthesized by RNA
polymerase II1.

Nucleases of the Metallo-3-lactamase Family

3’ End Processing of Pre-snRNA
Depends on snRNA Promoter

Formation of the mature 3’ end in snRNAs synthe-
sized by RNA polymerase II in vertebrates depends
on the presence of a 13- tol6-nucleotide conserved se-
quence element in the snRNA genes called the 3’ box lo-
cated several nucleotides downstream relative to the ma-
ture snRNA 3’ end (Hernandez, 1985; Ach and Weiner,
1987). Efficient recognition of the 3’ box depends on
initiation of transcription from a compatible promoter
of the snRNA type. Transcription initiated from pro-
moters of protein-encoding genes leads to generation
of snRINAs lacking a properly formed 3’ end (Neuman
de Vegvar et al., 1986; Hernandez and Weiner, 1986).
Based on these observations, formation of the 3’ end of
snRINAs was initially believed to occur through accurate
transcription termination directed by the 3’ box. More
recent studies provided evidence that snRNAs are ini-
tially generated as longer precursors (pre-snRNAs) that
extend far beyond the 3’ box and acquire the mature 3’
end through an endonucleolytic cleavage in the nucleus
(Cuello ez al., 1999). Correct 3" end processing iz vivo
depends on the C-terminal domain (CTD) of the large
subunit of RNA polymerase II, likely reflecting the tight
coupling between transcription and 3’ end processing
in biogenesis of snRNAs (Medlin ez al., 2003; Jacobs
et al., 2004; Medlin et al., 2005). As an important step
towards studying the mechanism of 3’ end processing
of snRNA precursors, a suitable iz vitro system based
on nuclear extracts and pre-synthesized RNA substrates
containing the 3’ box has been developed (Uguen and
Murphy, 2003). Iz vitro cleavage of synthetic snRNA
precursors in crude preparations of nuclear extracts oc-
curs with relatively low efficiency, most likely due to
the inability to completely uncouple 3’ end processing
from transcription 7z vitro, but can be significantly im-
proved by partial purification of the 3’ box-dependent
processing activity. The active fractions are not enriched
in factors involved in cleavage/polyadenylation, lead-
ing to the important conclusion that 3’ end processing
of precursors to snRNAs and mRNA:s is carried out by
two separate machineries (Uguen and Murphy, 2003).
In vitro processing strongly depends on the wild-type
sequence of the 3’ box, and for at least some snRNA
precursors is stimulated by an additional sequence lo-
cated several nucleotides upstream of the cleavage site
(Uguen and Murphy, 2004). This bipartite organization
of the processing elements is found in the U2 snRNA
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precursors and resembles that existing in all pre-mRNA
in which the downstream and the upstream sequences
act in synergistic fashion to specify the cleavage site.
Consistent with the iz vivo results, iz vitro 3’ end pro-
cessing of snRNA precursors is stimulated by phos-
phorylated CTD and to a lesser extent, by non-
phosphorylated CTD (Uguen and Murphy, 2003). The
reaction resembles processing of histone pre-mRNAs
in that it also requires an RNA component, possibly
another snRNA, and a heat labile factor (Uguen and
Murphy, 2004). Despite these important findings, the
identity of these factors and in particular, the nature
of the endonuclease cleaving the snRINA precursors re-
mained unknown until recently.

Identification of a Potential
Endonuclease in 3’ End Processing
of Pre-snRNA

Known genomes of plants and animals encode a pro-
tein that is highly similar to CPSF-73 and retains all key
residues of the metallo-B-lactamase fold necessary for
metal binding and catalysis. The human CPSF-73 and
its homologue share 40% identity and 60% similarity
within the first 450 amino acids. The CPSF-73-like pro-
tein was first described in Arabidopsis thaliana where it
was designated AtCPSF-II and shown to be essential for
early stages of plant development (Xu ez al., 2004). The
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mammalian orthologue of AtCPSF-II was named RC-
68, after a 68 kDa protein related to CPSF-73 (Dominski
et al., 2005b). In mammalian cells RC-68 forms a tight
complex with a closely related protein, RC-74, which
shares typical features of the metallo-B-lactamase fold
but lacks some of the critical residues involved in metal
binding. The similarity between the RC-68/RC-74 het-
erodimer and the complex of CPSF-73 and CPSF-100
suggested that RC-68 functions as an endonuclease in
3’ end processing of a subset of cellular RNA precur-
sors, with histone pre-mRNAs being considered as the
most likely candidate (Dominski ez al., 2005b). Since
this task was later shown to be carried out by CPSF-73,
one possibility was that substrates for RC-68 include
precursors to small nuclear RNAs (snRNAs), which are
also generated by RNA polymerase II.

Indeed, both RC-68 and RC-74 were found to ex-
ist in a multi-subunit complex designated Integrator,
which is associated with snRINA genes but not protein-
encoding genes (Baillat ez al., 2005). In addition to RC-
68 and RC-74, the Integrator complex contains at least
10 other previously uncharacterized proteins and all the
subunits of RNA polymerase I1, including the large sub-
unit (Figure 5). The presence of this subunit is consistent
with earlier iz vitro and in vivo studies demonstrating
an essential role of the CTD in 3’ end processing of
pre-snRNAs (Uguen and Murphy, 2003; Medlin et 4.,
2003; Jacobs ez al., 2004; Medlin ez al., 2005). Depletion

Int11 (RC-74)
(RC-68)

Integrator 1-12

FIGURE 5 Known components of the cleavage complex assembled on a pre-snRNA generated by RNA polymerase Il. A schematic
pre-snRNA with two stem-loops, the Sm binding site and the 3’ box is shown. The site of cleavage upstream of the 3’ box is indicated with
an arrow. The cleavage complex consists of Integrator and all subunits of RNA Pol Il, including the large subunit and its CTD. Integrator
contains 12 subunits (not all subunits are depicted), of which RC-68/Int11 is the catalytic component and directly interacts with RC-74/Int9.
Other interactions and positions of individual components within the complex are unknown. The complex also contains an essential RNA
component, and a heat labile factor (not shown), which could be a separate entity or a subunit of the Integrator/Pol Il complex.
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of individual subunits of Integrator, including RC-68
and RC-74, referred to as Intll and Int9, respectively,
results in a small but detectable increase in the amount
of read-through transcripts that lack proper processing
at the 3’ end. It is predicted that the Integrator com-
plex is assembled at the promoter of U snRNA genes
through its association with the CTD and travels with
RNA polymerase II along the gene until the 3’ box in
the nascent transcript is synthesized. The role of indi-
vidual components of Integrator in 3’ end processing of
pre-snRNAs is unknown (Baillat ez al., 2005). The 3’ box
most likely serves as a processing signal recognized by at
least one subunit of Integrator, which positions the cat-
alytic component RC-68 at the cleavage site (Figure 5).
[t is possible that another set of components is required
for initiation of transcription at specific promoters of
the snRNA genes, whereas others may play regulatory
roles or recognize additional signals for 3’ end process-
ing in snRNA precursors.

Other Potential Substrates
and Functions for RC-68 (Int11)

Although Integrator so far has only been detected
in the vicinity of the Ul and U2 genes (Baillat ez al.,
2005), it is anticipated that all vertebrate snRNAs gen-
erated by RNA polymerase II are processed by the same
assembly of proteins. Moreover, an attractive possibil-
ity is that while CPSF-73 is the endonuclease in for-
mation of all cellular mRNAs, both polyadenylated
and histone mRNAs, RC-68, and the Integrator com-
plex may play the same role in 3’ end processing of
all non-coding RNAs that are synthesized by RNA Pol
II. Among potential substrates for Integrator are the
RNA component of telomerase (Feng ez al., 1995; Fu
and Collins, 2003) and individually transcribed small
nucleolar RNAs (snoRNA), including U3 and U8 snoR-
NAs (Watkins ez al., 2004). The substrates may also in-
clude primary transcripts lacking open reading frames
and instead containing micro RNAs (Cullen, 2004).
At least some of these transcripts do not contain the
AAUAAA, suggesting that they are not processed by
CPSF-73 (Bartel, 2004; Ohler et al., 2004). Finally, re-
cent studies of animal and plant genomes using high-
resolution tiling arrays identified a plethora of tran-
scripts synthesized from strands antisense to known
genes and in intergenic regions (Bertone ef al., 2004).
Little is known about the RNA polymerases involved in
this previously unanticipated transcriptional activity or
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the role of the generated transcripts. However, most of
these transcripts of unknown function (TUFs) are not
polyadenylated and contain only short open reading
frames (Mattick, 2003; Frith et al., 2005) thus suggesting
that they may undergo 3’ end processing carried out by
RC-68 and Integrator.

The genomes of most fungi do not contain the RC-68
gene (Dominski ez al., 2005b). In . cerevisiae, precursors
to snRNAs are processed by a homologue of RNase I11
(Chanfreau etal., 1997; Chanfreau ez al., 1998; Abou and
Ares, Jr., 1998; Perumal and Reddy, 2002). In addition,
a second processing pathway for pre-snRNAs likely ex-
ists in yeast cells that utilizes some components of the
cleavage/polyadenylation machinery and a number of
other proteins (Steinmetz ez al., 2001; Morlando et 4l.,
2002; Vasiljeva and Buratowski, 2006). The only known
fungus that contains RC-68 is Encephalitozoon cuniculi
(Katinka et al., 2001; Vivares and Metenier, 2001), an in-
tracellular parasite of various mammals that belongs to
a fungal group called microsporidia (Keeling and Fast,
2002). E. cuniculi contains two highly homologous pro-
teins, one being clearly more similar to CPSF-73 and the
other being more similar to RC-68. Interestingly, there
is only one identifiable homologue of CPSF-100/RC-74
with the disrupted histidine motif. This protein shares
more similarity with CPSF-100 than with RC-74, sug-
gesting that the genome of E. cuniculi does not encode
an orthologue of RC-74. Consistent with this observa-
tion, the E. cuniculi RC-68 lacks the C-terminal domain
that in the mammalian protein is involved in the inter-
action with RC-74 (Dominski e al., 2005b).

The genome of E. cuniculi is the smallest among
known eukaryotic genomes and is extremely com-
pacted, due to gene overlapping as well as to loss of
non-coding sequences and regions encoding nonessen-
tial protein domains (Keeling, 2001; Vivares ezal., 2002).
Thus, the presence of RC-68 in E. cuniculi, in conjunc-
tion with its absence in other species of fungi, is strik-
ing and indicates that RC-68 plays an essential role in
this organism. In human cells, RC-68 localizes to both
the nucleus and the cytoplasm while its binding part-
ner RC-74 is present only in the nucleus (Dominski
et al., 2005b). It is therefore possible that the role of
RC-68 is not limited to 3’ end processing of snRNA
precursors and includes another process that takes place
exclusively in the cytoplasm. The involvement of RC-
68 in this process rather than in 3’ end processing of
pre-snRNAs may be of vital importance for E. cuniculi.
Consistent with this hypothesis, E. cuniculi appears to
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lack almost all subunits of Integrator, although these
subunits are conserved in metazoa and plants (Baillat
et al., 2005).

5. Snm1A: REPAIR OF DNA
INTERSTRAND CROSS-LINKS

DNA interstrand cross-links (ICLs) prevent strand
separation during transcription and replication and
constitute one of the most severe types of DNA damage
(Dronkert and Kanaar, 2001). ICLs can be generated by
a number of chemicals including photoactivated pso-
ralens, nitrogen mustard, mitomycin C and cis-platin.
Repair of ICLs is initiated by the introduction of inci-

sions in the vicinity of the damage, leading to formation
of DNA double strand breaks.

Yeast Snm1/Pso2

A search for S. cerevisiae mutants sensitive to nitro-
gen mustard or psoralen resulted in the identification of
a gene, SNMI (after “sensitive to nitrogen mustard”),
also known as PSO2 (after “psoralen”), required for nor-
mal ability to repair ICLs. Mutants in the SNM1 gene
are specifically disabled in repair of ICLs and are not
sensitive to agents causing other types of DNA dam-
age such as ionizing radiation, UV and monoalkylating
chemicals. The yeast SNAM1 gene is not essential and en-
codes a 661-amino acid protein containing the metallo-
B-lactamase domain. Yeast sz mutants treated with
nitrogen mustard retain normal ability to incise DNA
in the vicinity of cross-links but are impaired in restora-
tion of high molecular weight chromosomal DNA. This
phenotype demonstrates that Snm1 protein is not in-
volved in endonucleolytic cleavage of DNA in the
vicinity of ICLs. This task is likely carried out by com-
ponents of the nucleotide excision repair (NER) system
(Dronkert and Kanaar, 2001). Mutation of a single con-
served amino acid within the histidine motif of Snm1
was sufficient to abolish its activity in repair of ICLs,
demonstrating that Snm1 is functionally dependent on
the catalytically active metallo-B-lactamase domain (Li
and Moses, 2003).

Vertebrate Snm1A

While both D. melanogaster and C. elegans contain
only one Snm1 homologue, in vertebrates three pro-
teins designated Snm1A (Snm1), Snm1B (Apollo), and
Snm1C (Artemis) share significant sequence similarity
with the yeast Snm1/Pso2 protein (Dronkert ez al., 2000;
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Ishiai et al., 2004). Snm1A is the longest of the three pro-
teins and has the highest degree of similarity to yeast
Snm1/Pso2 (Dronkert et al, 2000; Ishiai ez al., 2004).
Human Snm1A is a nuclear protein expressed at a very
low level in all tested cell types (Dronkert et al., 2000;
Richie et al., 2002). Deficiency of SnmlA causes in-
creased sensitivity of the DT40 chicken cells to both
mitomycin C and cisplatin (Ishiai ez al., 2004) and only
moderately sensitizes mouse cells to mitomycin C but
not to other cross-linking agents (Dronkert et al., 2000;
Akhter etal., 2005). This incomplete phenotype strongly
contrasts with the effects of disrupting the SNM 1 gene
in S. cerevisiae, which sanitizes cells to a broad spectrum
of cross-linking agents, and likely results from the ex-
istence of Snm1B (see below) and redundancy of ICL
repair pathways in vertebrates (Dronkert ez al., 2000).
Knock out mice lacking the Snm1A gene are viable and
fertile, indicating that Snm1A protein is not essential for
development (Akhter ez al., 2005). In mammalian cells
Snm1A changes its intra-nuclear localization shortly af-
ter the treatment with cross-link inducing agents and
accumulates in multiple foci reflecting the recruitment
of Snm1A to the sites of DNA damage (Richie et al.,
2002).

It has not yet been determined how SnmlA con-
tributes to repair of DNA interstrand cross-links.
SnmlA may function as a nuclease in post-incision
steps, most likely in processing of ICL-specific double
strand breaks prior to final restoration of the DNA in-
tegrity. Consistent with this role, recent iz vitro studies
demonstrated that the bacterially expressed yeast Snm1
is capable of degrading single and double stranded
DNA substrates in the 5'-3" direction (Li ef al., 2005).
Mutation of a key catalytic residue within the metallo-8-
lactamase domain severely interfered with this activity,
supporting the notion that Snm1 functions in repair of
ICLs as a 5 exonuclease.

6. ARTEMIS (Snm1C): V(D)J
RECOMBINATION AND DNA
DOUBLE-STRAND BREAK REPAIR
BY NHEJ

The extraordinary diversity of immunoglobulins and
T-cell receptors is achieved by V(D)J recombination, a
process of DNA rearrangements that involves forma-
tion of DNA double strand breaks between each vari-
able (V), diversity (D) and joining (J) segment of im-
munoglobulins and T-cell receptor genes (Bassing et al.,
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DNA-PKcs

FIGURE 6 The role of Artemis in V(D)J recombination. The model depicts direct recombination between V and J segments that occurs
in the light chain loci. The difference in the sequence between the RSSs that flank V and J segments is not schematically indicated.
DNA hairpins created near V and J segments by RAG1 and RAG2 are first recognized by the Ku70/80 heterodimer and subsequently
endonucleolytically cleaved by the Artemis/DNA-PK.s complex. Artemis may also participate in an additional processing of DNA overhangs
using its endo- and/or 5'-3’ exonucleolytic activities. The ends are extended by terminal deoxynucleotidyl transferase (TdT) that adds
non-template nucleotides. The ligation step is carried out by the DNA-ligase IV/XRCC4 complex. The ligase complex also contains a newly

identified component XLF/Cernunnos, which is not shown.

2002; De Villartay et al., 2003). V(D)J recombination is
initiated by the introduction of single stranded breaks
(nicks) by RAG-1 and RAG-2 proteins within recombi-
nation signal sequences (RSS) flanking each V, D, or]
segment (Figure 6). The 3" hydroxyl of each nick is subse-
quently involved in a transesterification reaction with
the complementary strand, leading to formation of a
DNA hairpin, an unusual DNA double strand break in
which the 3’ and 5’ ends are covalently closed. The next
step in V(D)] recombination is endonucleolytic cleav-
age within the hairpins, which results in formation of
open ends typically containing 3’ overhangs. The open
ends are subsequently processed and fused by nonho-
mologous end joining (NHE]), a pathway ubiquitously
used in higher eukaryotes to repair DNA double strand
breaks (Lieber ez al., 2003; Lieber et al., 2004). In verte-
brates, NHE] requires DNA-dependent protein kinase
(DNA-PK), DNA-ligase IV, XRCC4 and a recently iden-
tified component called XLF or Cernunnos (Ahnesorg
et al., 2006; Buck et al., 2006; Sekiguchi and Ferguson,
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2006). DNA-PK consists of the catalytic subunit (DNA-
PK) and a complex of two regulatory subunits, Ku70
and Ku80, which bind to the DNA ends and stimulate
catalytic activity of DNA-PKcs. In higher eukaryotes,
NHEJ is also required for repair of pathological dou-
ble strand breaks caused by exposure to chemical and
physical agents (Lieber et al., 2003; Lieber ez al., 2004).
Mutations in all known components of NHE] lead to
RS-SCID (radiosensitive severe combined immunode-
ficiency), a phenotype characterized by a lack of mature
B and T cells caused by impaired V(D)] recombination,
and increased radiosensitivity resulting from reduced
efficiency of repair of pathological DNA double strand
breaks (Schwarz et al., 2003).

The Role of Artemis in V(D)J
Recombination

Until recently, opening of DNA hairpins presented
a major unresolved question in V(D)] recombination.
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A number of iz vivo and in vitro studies suggest that this
step is carried out by Artemis, also known as Snm1C, a
member of the metallo-B-lactamase family of proteins
that is ubiquitously expressed at low levels in all tis-
sues analyzed (Moshous ez al., 2001; Ma et al., 2002).
Human Artemis is a 692-amino acid protein and con-
tains the metallo-B-lactamase domain in the N-terminal
portion (Moshous et al., 2001). In vitro, Artemis is a
5'-3" exonuclease capable of degrading single stranded
DNA fragments, with the activity strongly depending
on the presence of a 5 phosphate on the DNA sub-
strate (Ma et al., 2002). Interestingly, Artemis is also
efficient in degrading single stranded RNAs, indicat-
ing that under iz vitro conditions Artemis has a general
specificity toward single-stranded nucleic acids. Upon
association with DNA-PK,, Artemis is phosphorylated
and becomes predominantly an endonuclease capable
of opening DNA hairpins and cleaving 3’ and 5’ over-
hangs (Ma ez al., 2002). In DNA hairpin opening, the
Artemis/DNA-PK., complex preferentially cleaves 3’
to the tip of the hairpin substrate, consistent with the
specificity of the hairpin opening activity iz vivo. Addi-
tional support for the role of Artemis in opening DNA
hairpins that are generated during V(D)] recombination
comes from analysis of Artemis-deficient mice, which
accumulate these unprocessed intermediates in thymo-
cytes (Rooney et al., 2002). This defect is strikingly sim-
ilar to that found in mice lacking DNA-PKcs providing
strong iz vivo evidence that these two proteins work to-
gether to open covalently sealed DNA ends. The mech-
anism by which DNA-PK confers the endonuclease
activity on Artemis has not yet been fully elucidated,
although an attractive model has emerged from recent
studies. According to this model, the endonuclease ac-
tivity of Artemis is suppressed by the C-terminal part of
the protein and its phosphorylation in multiple sites by
DNA-PK (Ma et al., 2005a; Soubeyrand ez al., 2006)
relieves the autoinhibition (Niewolik et al., 2006). Con-
sistent with this model, deletion variants of Artemis
lacking the C-terminal domain are capable of cleav-
ing DNA hairpins independent of DNA-PK (Niewolik
et al., 2006).

Based on a sequence comparison with other mem-
bers of the metallo-B-lactamase family, nine amino
acids in Artemis have been predicted to participate in
metal binding and catalysis (Pannicke ez al., 2004). As
expected, most mutant proteins with either single or
double substitutions of these residues lacked endonu-
clease activity in hairpin opening both i wvitro and
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in vivo. However, one mutant protein containing a sub-
stitution of the last histidine in the highly conserved Hx-
HxDH motif retained nearly normal endonucleolytic
activity (Pannicke et al., 2004; Poinsignon ez al., 2004).
In tRNase Z, the corresponding residue is involved in
coordination of the second zinc ion and substitutions
of this residue nearly abolish the enzymatic activity of
D. melanogaster tRNase ZL (Zareen et al., 2005). Perhaps
a histidine in this position in Artemis plays a less impor-
tant role or its function can be partially replaced by an-
other residue. Surprisingly, all tested mutant proteins of
Artemis that were inactive in opening of DNA hairpins
retained normal 5 exonuclease activity iz vitro (Pan-
nicke ez al., 2004). Further studies are required to deter-
mine how this intriguing and unexpected result can be
reconciled with the fact that metallo-B-lactamase fold
enzymes contain only one active site that is expected
to function in hydrolysis of all types of substrates.

The detailed iz vitro and in vivo analysis of Artemis
suggests a likely sequence of events that follows the
formation of DNA hairpins in V(D)J recombination
(Figure 6). The DNA double strand breaks are first rec-
ognized by a heterodimer of Ku70 and Ku80, which
recruits a complex of DNA-PK and Artemis. Within
the complex Artemis is phosphorylated by DNA-PK
and acquires endonucleolytic activity capable of open-
ing DNA hairpins 3’ to their tip thus creating 3’ over-
hangs on each end. The ends are further processed by
the same endonucleolytic and/or 5" exonucleolytic ac-
tivity of Artemis and, if necessary, extended by termi-
nal deoxynucleotidyl transferase (TdT) that additionally
contributes to the diversity of antibodies and T-cell re-
ceptors. The final step in V(D)J recombination is joining
the processed ends by a complex of DNA-ligase IV with
two regulatory proteins, XRCC4 and XLF/Cernunnos,
resulting in physical association of V, D, and ] segments.

Artemis in Repair of DNA Double
Strand Breaks

In addition to causing SCID, mutations in Artemis
result in increased sensitivity to X-rays, suggesting that
Artemis also participates in repair of pathological DNA
double strand breaks (Moshous et al, 2001). Since
pathological DNA double strand breaks do not end
with hairpins, one role of Artemis in repair of these le-
sions may be to process 3’ and 5’ overhangs prior to the
ligation phase (Ma ez al., 2002; Le Deist et al., 2004).
According to other studies, Artemis is not directly
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involved in repair of DNA double-strand breaks and
instead may function as a check point protein required
for proper cell cycle arrest in response to DNA dam-
age (Zhang et al., 2004). In support of this model, it has
been shown that the N-terminal catalytic half of Artemis
containing the metallo-B-lactamase domain alone can
support V(D)J recombination but it does not comple-
ment the radiosensitive phenotype of Artemis-deficient
cells (Poinsignon et al., 2004). This result suggests that
the C-terminal half of the protein while dispensable for
V(D)] recombination, may have a unique function in
sensing pathological DNA double strand breaks.

7. Snm1B (APOLLO): PROCESSING OF
CHROMOSOME ENDS

Human Snm1B protein consists of 532 amino acids
and resembles Artemis in that it also contains the
metallo-B-lactamase domain in the N-terminal region.
In both proteins the histidine motif HxHxDH begins
about 30 nucleotides from the N-terminus. Based on
this structural similarity, Snm1B has recently been re-
named Apollo, after the twin brother of Artemis in
Greek mythology (van Overbeek and De Lange, 2006;
Lenain et al., 2006). Chicken DT40 cells lacking the
gene encoding Snm1B display increased sensitivity to
cisplatin and mitomycin C, although the phenotype
is weaker than that caused by a deficiency of Snm1A
(Ishiai et al., 2004). Depletion of Snm1B by RNA in-
terference sensitizes Hela cells to ionizing radiation,
suggesting that Snm1B may be involved in repair of
pathological double strand breaks in addition to play-
ing a role in repair of ICLs (Demuth ez al., 2004).

Recent studies from three different laboratories re-
sulted in the surprising finding that a fraction of the cel-
lular Snm1B pool associates with telomeres (van Over-
beek and De Lange, 2006; Lenain ez al., 2006; Freibaum
and Counter, 2006). Snm1B is recruited to telomeres
through interaction with TRF2, which directly binds
to the telomeric DNA repeats (Smogorzewska and De
Lange, 2004). Snm1B is much less abundant at telom-
eres than TREF2, suggesting that it is an accessory factor
only transiently associated with these structures (van
Overbeek and De Lange, 2006). Reduction of the cel-
lular level of Snm1B by RNAI results in the accumula-
tion of DNA-damage response factors at chromosome
ends. This effect is predominantly observed in S phase
cells, indicating that under normal conditions Snm1B
is active at telomeres only during DNA replication (van

Nucleases of the Metallo-3-lactamase Family

Overbeek and De Lange, 2006). The telomere dysfunc-
tion caused by depletion of Snm1B is intensified by
the mutations within TRF2 (Lenain et al., 2006). Cells
lacking both proteins at telomeres display a number
of abnormalities including increased DNA-damage re-
sponse, a high frequency of chromosome fusions, and
severe growth defects.

Consistent with the results obtained for Artemis/
Snm1C and Snm1A, recombinant Snm1B/Apollo was
also shown to function  vitro as a 5" exonuclease on
single stranded DNA oligonucleotides (Lenain ez 4l,
2006). Snm1B is also capable of removing the 5 nu-
cleotides from a blunt end or a 3’ overhang. However,
in these cases the efficiency of degradation is relatively
low. It has not yet been determined how the 5 exonu-
clease activity of Smn1B contributes to the stability of
telomeres. One possibility is that Smn1B is involved in
nucleolytic processing of DNA ends in postreplication
chromosomes and allows generation of stable telomere
structures that differ from typical double strand breaks
and therefore are not recognized by cellular DNA repair
mechanisms (Szilard and Durocher, 2006).

8. BACILLUS RNases J1 AND J2:
CLEAVAGE OF THE T-BOX
TRANSCRIPTS

A group of genes involved in biosynthesis of amino
acids and tRNA aminoacylation are regulated in Bacillus
subtilis and other Gram-positive bacteria by a common
mechanism of tRNA-mediated antitermination (Putzer
et al., 2002; Henkin and Yanofsky, 2002; Grundy and
Henkin, 2003). Transcripts generated from these genes
contain an approximately 300-nucleotide 5’ leader (an
untranslated region that spans between the 5" end and
the translation initiation codon) that can fold into two
competing and mutually exclusive structures, the termi-
nator or antiterminator. Folding of the nascent mRNA
into the terminator results in premature transcription
termination and prevents expression of the gene, while
folding into the antiterminator eliminates this negative
regulation and allows transcription to continue into
the coding region. Formation of the antiterminator de-
pends on the interaction of the nascent mRNA with
the uncharged cognate tRNA, which functions as a sen-
sor to monitor the availability of the cognate amino
acid. In the absence of the cognate amino acid due to
amino acid starvation, the uncharged tRNA accumu-
lates to higher concentrations and interacts with the
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leader, thus stabilizing the antiterminator structure at
the expense of the terminator and increasing the ex-
pression of the gene specific to the limiting amino acid.
The specificity of the interaction is provided by base
pairing between the tRNA anticodon and complemen-
tary nucleotides in the leader. An additional interaction
occurs between the last four nucleotides of the tRNA
(the discriminator and the CCA) and nucleotides of
the leader located within the T-box, a highly conserved
sequence present in all genes regulated by amino acid
starvation. It is believed that the charged tRNA is not
capable of interacting with the T-box nucleotides due to
steric hindrance imposed by the amino acid covalently
attached to the last nucleotide of the tRNA.

It has been observed that following successful tran-
scription, the full length transcript is endonucleolyti-
cally cleaved within the antiterminator resulting in the
generation of a 5’ truncated transcript that has a longer
half life than the full length transcript (Condon ez al.,
1996). Thus, formation of the tRNA-mediated antiter-
minator contributes in two ways to increased expres-
sion of the genes involved in amino acid metabolism:
first, by allowing synthesis of the full length transcript
and second, by facilitating its processing to result in
increased stability. Biochemical fractionation of a high
salt wash of Bacillus ribosomes resulted in identification
of two related and previously uncharacterized proteins
responsible for cleaving T-box leaders (Even ezal., 2005).
The two proteins referred to as ribonucleases (RNases)
J1 and J2 were classified based on sequence analysis
as members of the metallo-B-lactamase family. Both
RNase J1 and J2 consist of 555 amino acids and are 49%
identical. RNases J1 and J2 purified from B. subtilis ribo-
somes or overexpressed as recombinant proteins cleave
the T-box transcripts at the same sites as those utilized
in vivo, supporting the notion that the two ribonucle-
ases are involved in the tRNA-mediated regulation of
gene expression.

RNase J1 is essential, whereas the gene encoding
RNase J2 can be deleted from the Bacillus genome with-
out causing any obvious growth defects (Even et al.,
2005). This result suggests that RNase Jland J2 have
overlapping rather than redundant functions. Indeed,
it has recently been demonstrated that RNase J1 in ad-
dition to cleaving 5" leaders of the T-box transcripts also
catalyzes the final step in maturation of 16S rRNA (Brit-
ton et al., 2007). Depletion of RNase J1 or disruption
of its histidine motif results in an accumulation of 16S
rRNA precursors in B. subtilis. It is yet unclear whether
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the role of RNase J1 in the maturation of 16S rRNA
is essential for B. subtilis and explains the lethal effect
caused by the deficiency of this protein. The unpro-
cessed precursors to 16S rRNA are found in functional
ribosomes consistent with the possibility that RNase J1
performs other vital functions in RNA metabolism in
B. subtilis (Britton et al., 2007).

Reduced expression of RNase J1 in conjunction with
deletion of the RNase J2 gene also results in a moderate
increase in halflife of selected messages, raising the pos-
sibility that the two B. subtilis nucleases may participate
in mRNA degradation (Even ez al., 2005). In E. coli a key
role in both mRNA degradation and 16S rRNA matu-
ration is played by RNase E, an endonuclease unrelated
to RNases J1 and J2 that exists in many bacterial species
but is absent from B. subtilis (Condon and Putzer, 2002).
Interestingly, RNase E can also efficiently cleave B. sub-
tlis T-box transcripts when expressed in E. coli (Condon
et al., 1997). Thus, RNases J1/]2 and RNase E despite
of sharing no sequence or structural similarity perform
numerous equivalent functions in these two bacterial
species. RNases J1 and J2 are present in many organisms
of both bacteria and archaea kingdoms and in some of
them often exist together with RNase E. Many species
encode only a single RNase J whereas others can have
as many as four copies of RNase J (Even et al., 2005).
Further studies are required to identify additional func-
tions for RNase J in these organisms and determine the

extent of functional overlap between this group of nu-
cleases and RNase E.

9. THE g-CASP DOMAIN

Typical members of the metallo-B-lactamase fam-
ily are characterized by the presence of five short se-
quence motifs that contain highly conserved residues,
histidines, and acidic amino acids, which are involved
in metal binding and catalysis (Aravind, 1999; Daiyasu
etal., 2001). A structure-based sequence comparison of
CPSF-73, Artemis and the yeast Snm1/Pso2, led to the
conclusion that these three proteins display a number of
structural features, which distinguish them from other
members of the metallo-B-lactamase family (Callebaut
et al., 2002). The most characteristic feature of these
three proteins is the lack of a readily identifiable motif
5 and instead the presence of a larger domain called
B-CASP appended to the metallo-B-lactamase domain
and three conserved motifs A-C. Motif A consists of a
stretch of hydrophobic residues followed by an acidic
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residue. Motif B contains a conserved histidine, whereas
motif C varies between different proteins and contains
either a histidine (CPSF-73) or a valine (Artemis and
Snm1/Pso2). All three conserved amino acids are pre-
dicted to be positioned at the end of B-strands, in the
vicinity of the catalytic center formed by the metal bind-
ing residues of the canonical metallo-B-lactamase do-
main (Callebaut et al., 2002).

The B-CASP domain is not limited to the found-
ing members of the group and its presence is also pre-
dicted in other metallo-B-lactamase proteins acting on
nucleic acids, including RC-68, Snm1B (Apollo) (Calle-
baut ez al., 2002), and the two Bacillus ribonucleases,
RNase J1 and J2 (Even et al., 2005). The characteris-
tic structural features of the B-CASP domain are also
found in CPSF-100 and RC-74, the two members of
the metallo-B-lactamase family that are predicted to be
catalytically inactive due to the lack of some highly con-
served residues in motifs 1 to 4 and A-C (Callebaut ezal.,
2002). Attempts were made to classify tRNase Z5 and
tRNase Z as members of the 8-CASP group (Dumont
et al., 2004). However, these two proteins do not fall
into the same category as B-CASP proteins (Ishikawa
et al., 2006) and in fact, based on sequence similarities
were initially classified as arylsulfatases and included
in a separate group of the metallo-g-lactamase family
(Datyasu et al., 2001).

Important clues to the structure of the g-CASP pro-
teins have been provided by the recent crystallographic
studies on human CPSF-73 (amino acids 1 to 460),
yeast CPSF-100 (Mandel ez al., 2006) and a bacterial
homologue of these two proteins from Thermus ther-

mophilus, TTHA0252 (Ishikawa ez al., 2006). As previ-
ously predicted based on sequence analysis (Callebaut
et al., 2002), the crystal structure of the N-terminal por-
tion of CPSF-73 containing the first 460 amino acids
revealed the presence of two closely integrated domains:
the metallo-B8-lactamase domain and the B-CASP do-
main (Mandel ez al., 2006). The metallo-B-lactamase do-
main folds into the typical «8/Ba sandwich and occu-
pies residues 1 to 208, whereas the -CASP domain
is located between amino acids 209-394 (Figure 7).
Interestingly, amino acids C-terminal to the S-CASP
domain contribute three additional B-strands to the
af/Ba sandwich, indicating that the 8-CASP domain
forms a cassette inserted into the metallo-B-lactamase
domain (Figure 7). The B-CASP domain consists of a
central B-sheet flanked by «-helices and structurally re-
sembles the nucleotide binding fold (NBF), although
it lacks the Walker A motif and is unlikely to bind nu-
cleotides. It is unknown at present what role is played by
the B-CASP domain. Potential functions may include
substrate binding and/or regulation of enzymatic activ-
ity. In the crystal structure of CPSF-73, the active site is
located deep in the interface between the two domains
and under normal conditions appears to be inaccessi-
ble to the RNA substrate, suggesting that the protein
may require a structural rearrangement prior to catal-
ysis (Mandel ez al., 2006). The active site of CPSF-73
contains two zinc ions, which are bound by the pro-
tein with extremely high affinity. Yeast CPSF-100 folds
into the same overall structure as CPSF-73 although
it does not contain zinc ions, consistent with the lack
of conserved amino acids in the metallo-B-lactamase

| I m v A B C
(N N 1 N B.CASP |-y )
4 7176 158 179 204 396 418

FIGURE 7 CPSF-73 as a member of the 3-CASP group of the metallo-3-lactamase family. The unusual domain arrangement in human
CPSF-73 and positions of the conserved motifs I-IV and A-C are shown at the top. The 3-CASP domain is inserted as a cassette into the
metallo-3-lactamase domain between motifs A and B. Amino acids involved in coordination of the two zinc ions in the catalytic center are
shown below.
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and B-CASP domains of this protein (Mandel e al.,
2006).

Motifs A (Glu 204) and B (His 396) are located on
the C- and N-terminal edges of the split metallo-8-
lactamase domain, respectively, and flank the interven-
ing B-CASP domain. The histidine of motif C is located
in position 418 (Figure 7). The structure of CPSF-73
demonstrated that one zinc ion is coordinated by His
71 and by His 73 of motif 2, and His 158 of motif 3.
Amino acid ligands of the second zinc ion include Asp
75 and His 76 of motif 2 and His 418 of motif C. The
two zinc ions are bridged by Asp 179 from motif 4 (Fig-
ure 7). The conserved amino acids of motif 1 and A-B
are required for stabilization of the active center and
catalysis (Mandel et al., 2006). Virtually the same struc-
ture has been solved for TTHA0252 from Thermus ther-
mophilus, which shares strong sequence similarity with
CPSF-73 (Ishikawa ez al., 2006).

One of the amino acids coordinating the second zinc
1on in CPSF-73 and TTHAO0252 is histidine in motif C,
indicating that in 8-CASP proteins this residue func-
tionally substitutes for the conserved histidine of motif
5 found in the canonical metallo-B-proteins. Interest-
ingly, the corresponding position in Artemis and other
DNA-specific B-CASP proteins is occupied by valine,
suggesting that the second zinc ion in these proteins is
coordinated by a different amino acid. Previously it has
been proposed that the presence of either a histidine or
a valine in motif C may determine substrate specificity
of the B-CASP proteins towards either RNA (histidine)
or DNA (valine) (Callebaut ez al., 2002). This hypothesis
was not supported by subsequent studies on Artemis,
which despite having a valine in motif C can act as a
5" exonuclease on both single stranded DNA and RNA
substrates (Ma ez al., 2002). In addition, replacement
of this residue with alanine, histidine or serine did not
abolish the nuclease activity of Artemis, suggesting that
this residue is not essential (Poinsignon ez al., 2004).

10. IN VITRO NUCLEASE ACTIVITY
AND METAL REQUIREMENTS

A major effort has been undertaken in recent years to
prove that selected members of the metallo-B-lactamase
family are capable of hydrolyzing DNA and/or RNA
substrates 7z vitro and thus display genuine nuclease ac-
tivity. This ultimate proof of activity was first provided
for the long and short forms of tRNase Z that had been
highly purified from a number of different organisms
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representing all three kingdoms; bacteria, archaea and
eukaryota (Vogel et al., 2005). tRNase Z' and tRNase Z°
behave i vitro as typical endonucleases, cleaving tRNA
precursors immediately after the discriminator. Follow-
ing identification of the corresponding genes, the same
results were reproduced with recombinant proteins pu-
rified using various expression systems. The nuclease
activity was later demonstrated for other members of
the metallo-B-lactamase family, including RNases J1
and J2 (Even ez al, 2005), Artemis (Ma et al., 2002;
Pannicke et al., 2004; Ma et al., 2005b) and more re-
cently the yeast Snm1/Pso2 (Li e al., 2005) and hu-
man Smn1B/Apollo (Lenain e al., 2006). RNases J1 and
J2 are endoribonucleases whereas Artemis, Snm1/Pso2
and Snm1B/Apollo have an intrinsic 5’ exonuclease ac-
tivity on single stranded DNA substrates. Artemis also
has specificity towards single stranded RNA species and,
when complexed with and phosphorylated by DNA-
PK, functions as an endonuclease for single stranded
DNA regions, including overhangs and loops (Ma et al.,
2002).

UV cross-linking studies suggest that CPSF-73 func-
tions in 3" end processing of histone pre-mRNAs as both
an endonuclease that hydrolyzes the phosphodiester
bond at the cleavage site and a 5" exonuclease that is re-
sponsible for the subsequent degradation of the down-
stream cleavage product (Dominski ez al., 2005b). A de-
tailed analysis of products generated during the cleavage
reaction that precedes polyadenylation demonstrated
that the downstream cleavage product is converted to
a family of progressively shortened RNAs that differ
in the position of the 5" end (Moore and Sharp, 1985;
Moore et al., 1986; Sheets et al., 1987). This observa-
tion strongly supports the notion that CPSF-73 also
functions as both an endonuclease and a 5" exonucle-
ase during formation of polyadenylated mRNAs. Most
recent studies demonstrated that a bacterially expressed
460-amino acid version of human CPSF-73 lacking the
C-terminal portion acts 7z vitro as a nonspecific endonu-
clease (Mandel ez al., 2006). Further studies are required
to determine whether CPSF-73 also possesses 5’ exonu-
clease activity. Under iz vivo conditions, CPSF-73 is a
part of a multi-component complex and at least some
of these components might be required to observe the
full spectrum of CPSF-73 activities iz vitro.

Although the majority of hydrolytic enzymes of the
metallo-B-lactamase family are believed to be specific
for zinc ions, at least some of them can use other
metals in catalysis. The recent structural studies on

Z. Dominski

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

phosphorylcholine esterase revealed that this hydrolytic
enzyme contains two iron ions in the active site (Ga-
rau et al., 2005). On the other hand, glyoxalase II from
A. thaliana has unusually relaxed metal requirements,
yielding comparable catalytic efficiencies independent
of the ratios of iz vivo bound iron, manganese and zinc
ions (Schilling et al., 2003). The most compelling evi-
dence for the exclusively zinc-dependent catalysis exists
for tRNase Z from E. coli. Both structural (Kostelecky
etal., 2006) and spectroscopic studies (Vogel ez al., 2004)
have demonstrated that each monomer of E. coli tRNase
ZS binds two atoms of zinc and that substitution of zinc
with other metals including magnesium, manganese,
and iron drastically reduced the activity of the enzyme
(Vogel et al., 2002). The presence of zinc ions has also
been demonstrated in the crystal structure of tRNase
ZS from B. subtilis (de la Sierra-Gallay et al., 2005) al-
though additional studies using alternative methods are
required to verify this result.

Surprisingly, a number of reports indicated that, de-
pending on the type of substrate and the source of tR-
Nase Z, in vitro processing of pre-tRNA is optimal in the
presence of magnesium ions varying in concentration
between 0.3 and 5 mM, (Mohan ez al., 1999; Schierling
etal.,2002). The enzymatic activity of tRNase Z purified
from various sources was also shown to be stimulated
by different concentrations of manganese (Spath et al.,
2005; Shibata ez al., 2006; Minagawa et al., 2006). One
possible explanation to this apparent contradiction is
that magnesium or manganese ions are required for the
proper RNA folding and/or binding of the substrate
to the enzyme while catalysis depends solely on zinc
ions (Mohan et al., 1999; Vogel et al., 2005). The activ-
ity of other nucleases of the family was also routinely
tested in the presence of magnesium ions and addi-
tion of EDTA in at least some cases inhibits the activ-
ity. Artemis was active only in magnesium-containing
buffers and changing this cofactor to manganese or zinc
abolishes the nuclease activity (Ma e al., 2002). The
presence of magnesium ions was also necessary to de-
tect endonuclease activity for RNases J1 and ]2, and
5’ exonuclease activity for Snm1 (Li ez al, 2005) and
Snm1B (Lenain ez al., 2006), although in these cases
it has not been tested whether other metals can sub-
stitute for magnesium (Even et al., 2005). It should be
noted that, at least for some proteins of the family, the
nuclease activity was tested using unstructured RNAs
and hence the requirement for divalent cations can-
not be solely explained by its role in substrate folding.

Nucleases of the Metallo-3-lactamase Family

Clearly, further structural and enzymatic studies are re-
quired to fully understand the importance and the role
of magnesium ions in nucleolytic activity of the family
members.

Cleavage that precedes polyadenylation occurs effi-
ciently in the presence of 5 mM EDTA, although it
is sensitive to higher concentrations of EDTA (Hirose
and Manley, 1997; Ryan ez al., 2004). The resistance to
EDTA rules out the involvement of magnesium ions in
catalysis and was the source of the long-standing view
that cleavage is metal-independent. It is now well doc-
umented that in fact catalysis depends on zinc ions.
Among observations that support this notion, it was
shown that zinc-specific chelators are more effective
than EDTA in inhibiting the cleavage reaction and zinc
ions can restore high efficiency cleavage to nuclear ex-
tracts that have lost the processing activity due to pro-
longed dialysis (Ryan ez al., 2004). More importantly,
the recent structural studies of human CPSF-73 pro-
vided the strongest so far argument for the presence of
zinc ions in the catalytic center (Mandel ez al., 2006).
The catalytic center of CPSF-73 is positioned deep in-
side the protein and binds zinc ions with extremely high
affinity, explaining the inability of EDTA to inhibit the
enzymatic activity of CPSF-73 during 3’ end processing
of pre-mRNAs (Mandel ez 4l., 2006).

It is intriguing that 3’ end processing of histone pre-
mRNAs despite using the same endonuclease is rou-
tinely carried out in the presence of 20 mM EDTA (Gick
et al., 1986) and is not significantly affected by 40 mM
EDTA (Dominski et al., 2005b). The explanation may
lie in the fact that each processing complex is composed
of a number of unique factors, some possibly still un-
known. Perhaps the cleavage/polyadenylation machin-
ery, but not 3’ end processing of histone pre-mRNAs,
contains another essential zinc-dependent component
that binds zinc ions relatively weakly and is responsible
for the higher sensitivity to EDTA.

Cleavage of mRNA precursors seems to be the
only reaction that utilizes a nuclease of the metallo-
B-lactamase family and proceeds in the presence of
EDTA. Cleavage of snRNA precursors, another process-
ing reaction that utilizes a metallo-B-lactamase nuclease
and occurs in a multi-component assembly, requires
magnesium or manganese ions (Uguen and Murphy,
2003). Perhaps at least one component of Integrator
requires these cofactors for the activity while the cat-
alytic activity of RC-68 may solely depend on zinc
ions.
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11. CONCLUSIONS AND QUESTIONS
FOR THE FUTURE

Proteins of the metallo-B-lactamase family with ei-
ther demonstrated or predicted nuclease activities have
emerged In recent years as important constituents of
DNA and RNA metabolism. Members of the family
that act as endonucleases due to employing metal de-
pendent catalysis generate a 3’ hydroxyl and a 5’ phos-
phate on the two resulting products. The generation
of a 3’ hydroxyl on the upstream cleavage product al-
lows direct modification of the newly formed 3’ end
without the necessity for additional processing steps.
The most prevalent 3’ modification reactions are the
CCA addition to tRNAs and the extension of mRNAs
by the poly(A). Although histone mRNAs are typically
not further processed, in Xenopus oocytes a short tract
of adenosines is added to the 3’ end as a mechanism for
translational repression of histone mRNAs during oo-
genesis (Sanchez and Marzluff, 2004). One of the steps
in V(D)J recombination following DNA hairpin open-
ing is addition of nucleotides to the 3’ end by terminal
deoxynucleotidyl transferase. This step facilitates liga-
tion of V, D, and J segments and at the same time, by
creating imprecise ends, increases genetic variability of
immunoglobulins and T-cell receptors. The presence of
a 3’ hydroxyl is also likely important for the formation
of snRNAs, since 3’ exonucleolytic trimming in the cy-
toplasm follows the initial endonucleolytic cleavage in
the nucleus (Perumal and Reddy, 2002).

CPSEF-73 and RC-68 are the only known nucleases
of the metallo-B-lactamase family that under biologi-
cally relevant conditions act as site-specific nucleases in
large complexes containing many additional subunits.
As indicated throughout this review, the functional and
structural organization of these macromolecular ma-
chineries is only poorly understood. Among the most
important questions to answer in the future are how
CPSF-73 and RC-68 are recruited to the cleavage site in
their respective RNA substrates and what role is played
by their binding partners, CPSF-100 and RC-74 that
have lost critical catalytic residues. Do all 8-CASP pro-
teins function as both an endonuclease and a 5 ex-
onuclease, and what features determine which mode of
activity is used during processing of their substrates?

The role of at least some metallo-B-lactamase nu-
cleases may extend beyond their enzymatic activity in
RNA or DNA metabolism and include other impor-
tant functions. A notable example is the possible role
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of Artemis as a checkpoint protein that participates in
proper G2/M transition in cells exposed to various
DNA-damaging agents (Zhang et al., 2004). Snm1A,
in addition to its role in repair of DNA interstrand
cross-links, has been shown to function as a mitotic
checkpoint protein required for arresting cells in re-
sponse to spindle poisons (Akhter ef al, 2004) and
knockout mouse lacking this protein exhibit acceler-
ated tumorogenesis (Akhter ez al., 2005). As pointed out
above, RC-68 may also perform additional functions
beyond its role in 3’ end processing of snRNA precur-
sors. Strikingly, HeLa cells depleted of this protein by
RNA interference arrest in G1 phase but continue grow-
ing until reaching the size typical of G2 cells (Domin-
ski et al., 2005b). This rare phenotype of uncoupling
cell growth from cell cycle progression occurs before
any changes in the level of snRNAs can be detected
(author’s unpublished results), indicating that down-
regulation of RC-68 must also affect some other cellular
process. Finally, there is an unresolved link between mu-
tations within the human gene ELAC2, which encodes
the long form of tRNase Z and an increased rate of
prostate cancer. Further studies will determine whether
the role of nuclease of the metallo-B-lactamase family
in cellular metabolism is more complex than initially
anticipated.

Interestingly, genome sequencing projects reveal
that proteins closely related to CPSF-73 and RC-68
exist in many representatives of bacteria and archaea.
The presence of these members of the 8-CASP group in
prokaryotes was initially noticed 10 years ago as a result
of identifying the amino acid sequence of CPSF-73
(Jenny et al., 1996). The archaeal Methanococcus contains
as many as three proteins homologous to CPSF-73,
each sharing with the human protein remarkable 30%
identical and 50% similar residues over the region of
450 amino acids. In one of these proteins, the catalytic
domain exists together with the KH domain known
to mediate RNA binding, suggesting that at least some
prokaryotic homologues of CPSF-73 function in RNA
metabolism. Indeed, preliminary studies on a bacterial
homologue of CPSF-73 from Thermus thermophilus,
TTHAO0252, determined that this protein can degrade
RNA substrate but shows no activity against DNA
(Ishikawa ez al., 2006). Detailed characterization of
the CPSF-73 homologues in prokaryotes may provide
interesting clues to understanding the origin of the
highly regulated and complex mechanism of pre-
mRNA 3’ end processing in eukaryotes, and shed some
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light on other processes that involve nucleases of the
metallo-B-lactamase family.
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