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In eukaryotes, the process of messenger RNA 30-end formation
involves endonucleolytic cleavage of the transcript followed by
synthesis of the poly(A) tail. The complex machinery involved in
this maturation process contains two proteins of the metallo-b-
lactamase (MBL) superfamily, the 73 and 100 kDa subunits of the
cleavage and polyadenylation specificity factor (CPSF). By using
an in vitro system to assess point mutations in these two
mammalian proteins, we found that conserved residues from
the MBL motifs of both polypeptides are required for assembly
of the endonuclease activity that cleaves histone pre-mRNAs.
This indicates that CPSF73 and CPSF100 act together in the
process of maturation of eukaryotic pre-messenger RNAs, similar
to other members of the MBL family, RNases Z and J, which
function as homodimers.
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INTRODUCTION
One step in the maturation of eukaryotic messenger RNAs is
endonucleolytic cleavage of the RNA polymerase II transcript to
form the 30-end. For most mRNAs, the cleavage is coupled to a
reaction catalysed by poly(A) polymerase to produce a poly-
adenylate tail that is not encoded in the genome (reviewed by
Mandel et al, 2008). The molecular machinery required for the
correct execution of this biogenesis step is rather complex
(Mandel et al, 2008) and at least some components are shared
with the machinery that is involved in the maturation of 30-ends of
histone mRNAs (Dominski et al, 2005a; Kolev & Steitz, 2005;
Wagner et al, 2007). Metazoan histone mRNAs are the only

examples of eukaryotic mRNAs that do not have poly(A) tails
(reviewed by Dominski & Marzluff, 2007). Among the common
protein factors are cleavage and polyadenylation specificity factor
(CPSF)73 and CPSF100, which are both members of the metallo-b-
lactamase (MBL) superfamily (Aravind, 1999; Callebaut et al,
2002; Dominski, 2007). Members of this group of enzymes that
act on nucleic acids also include RNase Z, which catalyses the
removal of the 30-trailer sequences of tRNA precursors before the
addition of the terminal CCA (reviewed by Redko et al, 2007), and
other members of the so-called b-CASP (metallo-b-lactamase-
associated CISF Artemis SNM1/PSO2) group (Callebaut et al,
2002): Int11 and Int9, which function in the 30-end formation of
small nuclear RNAs (snRNAs; Baillat et al, 2005); RNase J, which
acts on mRNAs in bacteria (Mathy et al, 2007; de la Sierra-Gallay
et al, 2008) and certain DNA-metabolizing proteins (Callebaut
et al, 2002; Dominski, 2007).

Although typical MBLs have five conserved motifs (1–5)
containing histidine and aspartate residues (Aravind, 1999) that
usually coordinate two metal ions (most often Zn2þ ), the
members of the b-CASP group lack motif 5 and instead contain
three other motifs, A–C (Callebaut et al, 2002). Recently, X-ray
crystal structures have been solved for human CPSF73 (Mandel
et al, 2006), yeast CPSF100/Ydh1 (Mandel et al, 2006), Thermus
thermophilus RNase J (de la Sierra-Gallay et al, 2008) and another
bacterial protein from the b-CASP group, Ttha0252 (Ishikawa et al,
2006). In all cases, the sequence that forms the MBL domain is
interrupted by a large segment that comprises the b-CASP domain.
The active site is positioned deep in a cleft between the MBL
and b-CASP domains, and the available structures do not
predict how a substrate RNA might be accommodated for
endonucleolytic cleavage.

Most of the signature residues of the MBL motifs are not
conserved in yeast CPSF100/Ydh1 (Aravind, 1999) and no bound
metal atoms were observed in the solved structure (Mandel et al,
2006). However, these residues are significantly conserved in
other organisms—mammals, insects and plants—and we
investigated whether mammalian CPSF100 is really an ‘inactive’
member of the MBL family, as suggested by bioinformatic studies
(Aravind, 1999; Callebaut et al, 2002). We tested point mutations
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in conserved residues of the mammalian CPSF73 and CPSF100
polypeptides for their effect on the processing of histone mRNA
precursors and found that alterations in crucial MBL residues of
both proteins are deleterious for the endonuclease activity that
creates the 30-end.

RESULTS
Zn2+ chelator does not block histone mRNA maturation
For in vitro processing analysis, we used a segment of the mouse
histone H4–12 pre-mRNA (Fig 1A). This substrate generates two 50

fragments as a result of processing (Streit et al, 1993), the minor
product being 2 nt longer (Fig 1A). In vitro maturation of histone
mRNAs is resistant to high concentrations of EDTA (Gick et al,
1986), in contrast to cleavage associated with polyadenylation
(Ryan et al, 2004). This difference might reflect either a metal-
containing processing component that is required only for
polyadenylation-associated cleavage or a differential sensitivity
of a Zn2þ -dependent endonuclease.

We investigated whether the presence of o-phenanthroline
(a potent Zn2þ chelator) affects histone pre-mRNA processing.
Preincubation of HeLa nuclear extract with up to 20 mM
o-phenanthroline had little effect on the overall efficiency of
processing (Fig 1B) but, in contrast to EDTA, use of the minor
cleavage site increased significantly. This shift in the sequence
specificity of cleavage was reproducible and unaffected by the
addition of Zn2þ at concentrations higher than those of
o-phenanthroline either before or after treatment of the nuclear
extract with the chelator. Thus, the increase in cleavage at the
minor site is not the result of Zn2þ depletion. X-ray crystallographic
analysis of human CPSF73 (Mandel et al, 2006) at a resolution of
2.1 Å showed high occupancy of the Zn-binding site in the crystals,
suggestive of tight metal binding. By contrast, the 2.5 Å structure of
yeast CPSF100/Ydh1 (Mandel et al, 2006) did not detect these Zn
atoms, which is consistent with poor conservation of the crucial
residues in the metal-binding motifs of the Saccharomyces
cerevisiae protein. However, as there is reasonably good conserva-
tion of amino acids with metal-chelating potential in mammalian
CPSF100 (Fig 2; supplementary Figs 1,2 online), perhaps both
mammalian proteins bind to Zn so tightly that the reaction is
immune to inhibition by o-phenanthroline.

CPSF73 and CPSF100 MBL motifs are needed for activity
Therefore, we decided to test the effect of point mutations in the
MBL motifs of both CPSF subunits on cleavage of the histone
pre-mRNA. To assess the activity of wild-type and mutant CPSF73,
we used a complementation assay that had previously enabled
the identification of symplekin as a required processing factor
(Kolev & Steitz, 2005). As the addition of symplekin restores
processing in heat-inactivated HeLa nuclear extract, the heat-
treated extract presumably contains all other required components
of the processing machinery, which are still active. As symplekin
exists in a complex with CPSF73 and CPSF100, we reasoned
that exogenously expressed CPSF subunits might co-purify
with sufficient endogenous symplekin to rescue activity of a
heat-treated extract.

Tagged CPSF73, carrying both an amino-terminal Myc tag and
a carboxy-terminal Flag tag, was expressed in human embryonic
kidney (HEK)293 cells in parallel with mutants in MBL motif 2
(H73A, D75A and H76A), motif B (H396A) and a control mutation

outside the conserved motifs (S334A; Figs 2,3A). The tagged
proteins were purified on anti-Flag resin and eluted with 3� Flag
peptide. Western blot analysis showed that the wild-type and
control mutant S334A co-purified with significantly larger
amounts of symplekin, CPSF100 and CstF64 than the MBL motif
mutants of CPSF73 (Fig 3B). Blotting with a CPSF73 antibody
indicated that endogenous CPSF73 is not co-immunoselected with
the tagged CPSF73 construct (supplementary Fig 3 online). When
the eluates were tested for their ability to rescue the processing
activity of heat-inactivated nuclear extract, wild-type and
S334A CPSF73 successfully restored endonucleolytic processing,
whereas the MBL motif mutants failed to restore cleavage
appreciably (Fig 3C).

Similar complementation experiments showed that changes in
the MBL motifs of CPSF100 are also deleterious for assembly and
processing. Point mutations in MBL motifs 2 and B (H67A and
R543A) were compared with wild-type and the control mutation,
D289A (Figs 2,4A). Wild-type and D289A CPSF100 were better
expressed in HEK293 cells and co-purified with significantly more
symplekin, CPSF73 and CstF64 (Fig 4B) than H67A and R543A.
The wild-type and D289A eluates restored processing in heat-
inactivated extract to levels more than twofold above the H67A
and R543A mutants (Fig 4C).
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Fig 1 | The Zn2þ -specific chelator o-phenanthroline does not inhibit

histone pre-mRNA processing. (A) The histone H4–12 pre-mRNA

substrate used for in vitro processing. The underlined sequence is

complementary to the 50-end of U7 snRNA. Two alternative positions

(major and minor) of endonucleolytic cleavage are indicated by large and

small arrows, respectively. (B) In vitro processing reactions in HeLa

nuclear extract in the presence of 10 mM EDTA and the indicated

increasing concentrations of 1,10-phenanthroline (o-phenanthroline, OP),

or additional EDTA (10 mM is included in the standard reaction). The

extract was preincubated with the chelators for 10 min at 32 1C before

the addition of RNA substrate. The positions of the 50-end-labelled

substrate and products are indicated on the left; arrows are as in (A).

snRNA, small nuclear RNA.
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Triple fusion confirms requirement for MBL motifs
The complementation assay is dependent on the amount of
symplekin added to the heat-treated extract. Interpretation of the
results is therefore complicated by the fact that some CPSF73 and
CPSF100 mutants are expressed and thus purified in lower
amounts than the wild-type proteins. Furthermore, there is a
potential for rearrangement of the purified complexes after their
addition to inactivated extract, which presumably contains active
endogenous CPSF73 and CPSF100. To avoid these concerns,
we designed a triple-fusion polypeptide containing symplekin,
CPSF73 and CPSF100 (Fig 5A).

The same MBL motif mutations as described above in CPSF73
and CPSF100, plus another mutation D64A in CPSF100 motif 2
(Fig 2), were inserted into the triple-fusion construct. All fusion
proteins were expressed and selected at comparable levels
(Fig 5B), ensuring the presence of stoichiometric ratios of
symplekin and the two CPSF subunits in the complementation
assays (Fig 5C). Although the activity of the wild-type triple fusion
was relatively low, it was clear that mutations in the conserved
MBL motifs of both CPSF73 (H73A, D75A, H76A and H396A) and
CPSF100 (D64A, H67A and R543A) inhibited the ability to
activate heat-treated extract by about threefold; by contrast,
mutations lying outside those motifs (S334A for CPSF73 and
D289A for CPSF100) did not (see Fig 5C, table). The slightly higher
activity of MBL mutations in the triple fusion (particularly in the
case of CPSF73) is probably due to the relatively low activity of
this construct compared with the activities of the individual CPSF
subunits (Figs 3C,4C), which are comparable with background
restoration of activity, probably owing to trace amounts of
co-purifying endogenous symplekin.

DISCUSSION
Recent evidence has shown that CPSF73 is likely to be the
endoribonuclease involved in 30-end formation of eukaryotic
mRNAs. Initially, this protein was categorized by bioinformatics as
a member of the MBL family (Aravind, 1999; Callebaut et al,

2002). Later, it was shown to UV crosslink to precursors of both
polyadenylated and histone mRNAs in the vicinity of the site for
endonucleolytic attack (Ryan et al, 2004; Dominski et al, 2005a).
More recently, the solved X-ray crystal structure of human CPSF73
showed two Zn atoms bound by the MBL motifs, and recombinant
CPSF73 expressed in bacteria was reported to have weak
nonspecific endoribonucleolytic activity (Mandel et al, 2006).

Here, we provide the first biochemical evidence, to our
knowledge, that changes in the MBL motifs of CPSF73 are
deleterious for its endonucleolytic activity in the processing of
histone pre-mRNAs. Obtaining direct evidence for the specific
catalytic function of CPSF73 on the basis of active site mutations
has been hampered by the lack of antibodies that successfully
deplete the native protein from nuclear extracts—the in vitro
system of choice for studying pre-mRNA processing; as the protein
functions in the context of large complexes containing several
subunits, it has not been possible to avoid depletion of other factors.
Instead, we used a complementation assay with heat-inactivated
HeLa nuclear extract, which relies on the addition of wild-type or
mutant CPSF73 complexed or fused to symplekin, the protein that is
inactivated by the heat treatment (Kolev & Steitz, 2005).

To our surprise, experiments with both CPSF73 and the
presumably inactive CPSF100 MBL subunit yielded similar results.
In each case, changing residues within the MBL motifs (Fig 2)
significantly reduced endonucleolytic activity, whereas mutations
outside these motifs had minimal effect (Figs 3–5). In the
complementation assays of the individual CPSF subunits, the
MBL motif mutants of either CPSF73 or CPSF100 co-purify with
significantly lower amounts of other components of the cleavage
apparatus (symplekin, CPSF and CstF subunits). This indicates that
the conserved motifs of both the 73 and 100 kDa subunit of CPSF
are required for correct assembly of the endonuclease complex.
Lower levels of these other cleavage complex components can be
visualized by Western blotting (Figs 3,4) but not by staining of
polyacrylamide gels with Coomassie stain (supplementary Fig 4
online). The assembly does not depend on the presence of RNA,

CPSF100

33   62 64   67   153  175  201 543   565

H. sapiens ⋅⋅⋅ LLDCG ⋅⋅⋅ LSHPDPLHLG ⋅⋅⋅ AGHMI ⋅⋅⋅ AVDFN ⋅⋅⋅ ITDSF ⋅⋅⋅ EGRSD ⋅⋅⋅ IVHGP ⋅⋅⋅
D. melanogaster ⋅⋅⋅ LLDCG ⋅⋅⋅ LSHPDAYHLG ⋅⋅⋅ AGHMI ⋅⋅⋅ ATDFN ⋅⋅⋅ ITDAY ⋅⋅⋅ EGRSD ⋅⋅⋅ VIHGT ⋅⋅⋅
A. thaliana ⋅⋅⋅ LIDCG ⋅⋅⋅ LSHPDTLHIG ⋅⋅⋅ AGHML ⋅⋅⋅ AVDYN ⋅⋅⋅ ITDAY ⋅⋅⋅ EGRSD ⋅⋅⋅ LVHAI ⋅⋅⋅
S. cerevisiae ⋅⋅⋅ LIDPG ⋅⋅⋅ LSQPTIECLG ⋅⋅⋅ AGVCP ⋅⋅⋅ AKRWN ⋅⋅⋅ ITTLD ⋅⋅⋅ QSLVD ⋅⋅⋅ LSAPK ⋅⋅⋅

Motif 1 2   3 4 A B C

CPSF73

40   71 73  75 76  158  179   204 396 418

H. sapiens ⋅⋅⋅ MLDCG ⋅⋅⋅ ISHFHLDHCG ⋅⋅⋅ AGHVL ⋅⋅⋅ TGDFS ⋅⋅⋅ IIEST ⋅⋅⋅ SAHTD ⋅⋅⋅ LVHGE ⋅⋅⋅
D. melanogaster ⋅⋅⋅ MLDCG ⋅⋅⋅ ISHFHLDHCG ⋅⋅⋅ AGHVL ⋅⋅⋅ TGDFS ⋅⋅⋅ ITEST ⋅⋅⋅ SAHTD ⋅⋅⋅ LVHGE ⋅⋅⋅
A. thaliana ⋅⋅⋅ LFDCG ⋅⋅⋅ ITHFHIDHAA ⋅⋅⋅ AGHVL ⋅⋅⋅ TGDYS ⋅⋅⋅ IIEST ⋅⋅⋅ SAHAD ⋅⋅⋅ LVHGE ⋅⋅⋅
S. cerevisiae ⋅⋅⋅ MLDAG ⋅⋅⋅ ISHFHLDHAA ⋅⋅⋅ AGHVL ⋅⋅⋅ TGDYS ⋅⋅⋅ IVEST ⋅⋅⋅ AAHVD ⋅⋅⋅ LVHGE ⋅⋅⋅

RNase J

T. thermophilus ⋅⋅⋅ VLDGG ⋅⋅⋅ LTHGHEDHIG ⋅⋅⋅ MTHSI ⋅⋅⋅ TGDFK ⋅⋅⋅ IADAT ⋅⋅⋅ SGHAS ⋅⋅⋅ PWHGE ⋅⋅⋅

Fig 2 | Conserved MBL motif residues in CPSF73, CPSF100 and RNase J. Signature residues (in larger font) in motifs 1, 2, 3, 4, A, B and C are aligned

with two amino acids on each side for Homo sapiens, Drosophila melanogaster, Arabidopsis thaliana and Saccharomyces cerevisiae CPSF73 and

CPSF100, and for bacterial RNase J. The amino-acid positions are indicated for human CPSF73 and CPSF100 only. CPSF, cleavage and polyadenylation

specificity factor.
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as it was insensitive to RNase A (data not shown). A comple-
mentation assay with the triple fusion of symplekin, CPSF73 and
CPSF100 showed that the defect occurs even when the proteins
are stoichiometric (Fig 5; supplementary Fig 4 online).

How do changes in the MBL domains of CPSF100 and CPSF73
affect assembly of the cleavage machinery? At present, we cannot
distinguish the effects on the interaction between these two
subunits from that of interactions with other proteins. Limited
proteolysis with trypsin and proteinase K indicated that CPSF100
MBL motif mutants show alterations in the structure of the
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Fig 3 | Changes in the MBL motifs of CPSF73 affect assembly and activity

of the histone pre-mRNA cleavage complex. (A) Schematic diagram of

the Zn-binding site of human CPSF73. A water molecule oxygen and

(substrate) phosphate oxygens are depicted as (O). Boxed residues were

individually changed to alanine; Ser 334 resides outside the putative

active site. (B) Myc-CPSF73-Flag, containing the WT sequence or alanine

mutations, was immunoprecipitated with anti-Flag resin from HEK293

cell extracts, eluted with 3� Flag peptide and visualized on a Western

blot with anti-Myc. Co-immunoselected proteins were detected with

antibodies. (C) Complementation assay for in vitro processing of the

H4–12 substrate in heat-inactivated (50 1C for 15 min) nuclear extract

(HI NE). The first lane is a reaction with the untreated extract. The

immunopurified complexes containing WT or alanine mutants of the

tagged CPSF73 were used to supplement the heat-inactivated extract.

The positions of the substrate and product are indicated on the right.

The percentage processing was determined with ImageQuant software

(Molecular Dynamics, Sunnyvale, CA, USA). The recovery of processing

efficiency for each mutant was normalized to that of the WT protein, set

at 100%. The table shows the average of two independent experiments

performed with several preparations of HeLa nuclear extract and

Myc-CPSF73-Flag proteins. CPSF, cleavage and polyadenylation

specificity factor; HEK, human embryonic kidney; MBL, metallo-b-

lactamase; WT, wild type.
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Fig 4 | Changes in conserved MBL residues in CPSF100 inhibit complex

assembly and histone pre-mRNA cleavage. (A) Schematic diagram of the

putative Zn-binding site of mammalian CPSF100. Question marks depict

unknown components in positions comparable with those in Fig 3A.

Boxed residues were changed to alanine; Asp 289 is positioned outside

the putative Zn-binding site. (B,C) Myc-CPSF100-Flag, containing the

WT sequence or alanine mutations, was assayed for interactions and

processing activity as in Fig 3B and C. CPSF, cleavage and polyadenylation

specificity factor; MBL, metallo-b-lactamase; WT, wild type.
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C-terminal portion, whereas CPSF73 mutants yielded no changes
detectable by using this method (supplementary Fig 5 online; data
not shown). Alternative efforts to study the CPSF73–CPSF100
interaction directly by in vitro pull-down assays were inconclusive
owing to their apparently weak association. It has been shown
previously that the C-terminal 245 aa of mammalian CPSF73
interact weakly with full-length CPSF100 in a yeast two-hybrid
assay (Dominski et al, 2005b). This finding is similar to the
observation that RNase J—a b-CASP protein—requires its
C-terminal domain for the formation of the active form of the
enzyme, a homodimer (de la Sierra-Gallay et al, 2008). Interest-
ingly, a single-point mutation of a metal-chelating residue in
motif 2 (His 76, equivalent to His 73 in human CPSF73) of RNase
J1 leads to a decreased ability to form a homodimer (Mathy et al,
2007), implying that its C-terminal domain is insufficient for
dimerization. Our results indicate a similar situation for the two
mammalian b-CASP subunits of CPSF—point mutations in the

MBL motifs of either CPSF73 or CPSF100 affect the formation
of a higher order complex that is essential for the activity of
the enzyme.

Although we cannot conclude that the MBL motifs of
mammalian CPSF100 bind metal ions, several residues with
metal-binding potential are conserved (Fig 2; supplementary Fig 2
online). However, the lack of absolute evolutionary conservation
of these amino acids (Fig 2; supplementary Fig 2 online)
raises several questions. First, are both subunits in the CPSF73–
CPSF100 dimer catalytically competent, as in the case of the
RNase J homodimer, or is mammalian CPSF100 deficient
in nuclease activity (as is suspected for yeast CPSF100/Ydh1
and mammalian Int9 in the Int11–Int9 dimer involved in the
maturation of snRNAs)? We have not detected any specific
or nonspecific nuclease activity (endo or exo) associated
with our purified, tagged CPSF73, CPSF100 or triple-fusion
proteins (data not shown). Second, how do CPSF73 and CPSF100
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Fig 5 | A triple-fusion protein containing the two MBL subunits and symplekin shows that both subunits are required for histone pre-mRNA

endonucleolytic activity. (A) Diagram of the symplekin–CPSF73–CPSF100 fusion. The symplekin sequence contains 1,142 aa, previously annotated as

the full-length protein (Keon et al, 1996; accession AAC50667), and a further 103 aa at the N terminus (see the supplementary information online).

(B) The Flag-tagged construct, containing the WT sequence or alanine mutations in the indicated CPSF subunit, was purified with anti-Flag resin from

HEK293 cell extracts, eluted with 3� Flag peptide and visualized by anti-symplekin Western blotting. The positions of the triple fusion and

endogenous symplekin are indicated. (C) Complementation assay for in vitro processing of the H4–12 substrate in heat-inactivated HeLa nuclear

extract (HI NE). The reactions were supplemented with the purified WT or alanine mutants. The percentage processing for each complementation

reaction was determined with ImageQuant software (Molecular Dynamics). The recovery of processing efficiency for each mutant was normalized to

that of the WT construct, set at 100%. The table shows the average of two experiments performed with several preparations of the triple-fusion

constructs. CPSF, cleavage and polyadenylation specificity factor; HEK, human embryonic kidney; MBL, metallo-b-lactamase; WT, wild type.
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interact? Third, what is the function of the b-CASP domain and
how is RNA accommodated in the dimer for cleavage? We
believe that answers will be provided only by solving the
structure of the CPSF73–CPSF100 heterodimer in the presence
of bound substrate RNA. Although the effects of CPSF73
MBL motif mutations are slightly greater in our biochemical
assays, the comparable residues of CPSF100 are also clearly
required for the endonuclease activity in 30-end formation of
histone mRNAs.

We expect our conclusions from the analyses of histone pre-
mRNA processing to also apply to the endonucleolytic 30-end
processing of polyadenylated mRNAs, as the components that we
studied in this work—CPSF73, CPSF100 and symplekin—are
common to both machineries. Although histone mRNA matura-
tion uniquely involves the U7 snRNP, shared components with the
polyadenylation machinery point to a common ancestry in early
eukaryotic evolution. It is possible that both systems diverged from
a primordial mechanism reminiscent of spliced leader snRNP-
dependent trans-splicing of polycistronic transcripts, a process in
which spliced leader snRNP couples trans-splicing at the 50-end of
the downstream mRNA with 30-end processing of the upstream
mRNA (Ullu et al, 1993; Evans et al, 2001).

METHODS
A detailed description of the experimental procedures is provided
in the supplementary information online.
Protein expression, purification and in vitro complementation
assays. All proteins were expressed in HEK293 cells by transient
transfection. The Flag-tagged proteins were purified on anti-Flag
M2 affinity gel (Sigma, St Louis, MO, USA) and eluted with
3� Flag peptide (Sigma). Western blots were performed with
antibodies against c-Myc (clone 9E10; Sigma), CPSF73 (from
David Bentley, University of Colorado School of Medicine),
CPSF100 (Atlas Antibodies, Stockholm, Sweden), CF Im 68
(from Walter Keller, University of Basel), CstF64 (from Clinton
MacDonald, Texas Tech University) and symplekin (BD Bio-
sciences, San Jose, CA, USA). HeLa nuclear extract was prepared
and heat-inactivated as described previously (Kolev & Steitz,
2005), and processing reactions with the 50-end-labelled
H4–12 histone pre-mRNA substrate and heat-treated extract were
complemented with the eluted Flag-tagged proteins.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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