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Abstract

Nearly all eukaryotic mRNAs end with a poly (A) tail that is added to their 3’ end by the ubiquitous
cleavage/polyadenylation machinery. The only known exception to this rule are metazoan replication
dependent histone mRNAs, which end with a highly conserved stem-loop structure. This distinct 3’
end is generated by specialized 3’end processing machinery that cleaves histone pre-mRNASs 4-5
nucleotides downstream of the stem-loop and consists of the U7 small nuclear RNP (snRNP) and
number of protein factors. Recently, the U7 snRNP has been shown to contain a unique Sm core that
differs from that of the spliceosomal SnRNPs, and an essential heat labile processing factor has been
identified as symplekin. In addition, cross-linking studies have pinpointed CPSF-73 as the
endonuclease, which catalyzes the cleavage reaction. Thus, many of the critical components of the
3’ end processing machinery are now identified. Strikingly, this machinery is not as unique as initially
thought but contains a number of factors involved in cleavage/polyadenylation, suggesting that the
two mechanisms have a common evolutionary origin. The greatest challenge that lies ahead is to
determine how all these factors interact with each other to form a catalytically competent processing

complex capable of cleaving histone pre-mRNAs.

1. Introduction

The presence of apoly(A) tail at the 3’ end is one of the most recognizable features of eukaryotic
mRNAs. Formation of this 3’ end occurs in a two step reaction directed by the cleavage/
polyadenylation machinery and depends on the presence of two sequence elements in mMRNA
precursors (pre-mRNAS); a highly conserved hexanucleotide AAUAAA and a downstream G/
U-rich sequence (Colgan and Manley, 1997; Wahle and Ruegsegger, 1999; Zhao et al.,
1999a). In the first step, pre-mRNAS are cleaved between these two elements. In the second
tightly coupled step the newly formed 3’ end is extended by addition of a poly(A) tail consisting
of 200-250 adenosines. Completion of both steps in vitro depends on at least 12 protein factors
that engage in a network of interactions that serve to properly juxtapose the cleavage site with
the catalytic components of the processing complex.

The poly(A) tail affects virtually all aspects of MRNA metabolism, including mRNA export,
stability and translation (Kuhn and Wahle, 2004; Mangus et al., 2003). Yet, one class of
eukaryotic mMRNAs, the metazoan replication-dependent histone MRNAs encoding all five
histone proteins, do not contain the poly(A) tail and instead end with a highly conserved stem-
loop. This unique 3’ end is formed by specialized processing machinery that recognizes two
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characteristic features present in histone pre-mRNAs, the stem-loop and a purine-rich histone
downstream element (HDE) (Dominski and Marzluff, 1999). Cleavage occurs between these
two elements and is not followed by addition of the poly(A) tail. Since histone genes do not
contain introns, this single cleavage reaction is sufficient to form mature histone mRNAs that
are subsequently exported to the cytoplasm and translated to generate histone proteins.

Synthesis of all histone proteins increases dramatically during S phase reflecting the necessity
to rapidly package the newly replicated DNA into chromatin (Marzluff, 2005; Osley, 1991).
In mammalian cells, the increased synthesis of histone proteins during S phase is achieved by
a combination of both transcriptional activation of histone genes (Stein et al., 1996) and
posttranscriptional mechanisms among which the unusual mechanism of 3’ end processing of
histone pre-mRNASs and the resultant 3’ end play the critical role (Harris et al., 1991). During
3’ end processing the HDE interacts with the U7 snRNP and the stem-loop is recognized by a
protein termed the stem-loop binding protein (SLBP) (Dominski and Marzluff, 1999). After
completion of processing, SLBP remains associated with the stem-loop at the end of mature
histone mRNAs and stimulates their translation into histone proteins in the cytoplasm (Gorgoni
etal., 2005; Sanchez and Marzluff, 2002). The intracellular concentration of SLBP reaches the
highest level during S phase and rapidly declines during the S/G2 transition due to proteasome
degradation (Whitfield et al., 2000). The disappearance of SLBP from the cell is concurrent
with degradation of the existing pool of histone mMRNAS, suggesting that these two events are
functionally related. Thus, SLBP likely functions as a master regulator that turns on 3’ end
processing of histone pre-mRNAsS, activates translation of the mature histone mRNA during
S phase and finally triggers their degradation during the S/G2 transition. This post-
transcriptional regulation results in coordinated synthesis of all classes of histones at the time
of DNA replication and effectively eliminates expression of histone genes outside S phase. All
mRNAs that do not end with the stem-loop are excluded from this global cell cycle regulation.
These mRNASs are instead subject to more individual regulatory mechanisms mediated by
various sequence elements primarily located within their 3” untranslated region (UTR)
(Guhaniyogi and Brewer, 2001; Mazumder et al., 2003; Ross, 1995; Wickens et al., 2002).

The differences between sequence elements and factors involved in formation of
polyadenylated mRNAs and histone mRNAs for many years justified the view that these two
processing machineries have nothing in common besides dealing with the same end (Gilmartin,
2005). Perhaps, the most obvious reason for this distinction was the involvement of U7 ShRNA
in formation of histone pre-mRNAs and the lack of any RNA component in cleavage/
polyadenylation. Surprisingly, recent studies demonstrated that these two processing
machineries share at least two factors, and the number of common components may be even
higher (Dominski et al., 2005a; Gilmartin, 2005; Kolev and Steitz, 2005; Weiner, 2005). This
review summarizes what is currently known about 3’ end processing of histone pre-mRNAs
and emphasizes important breakthroughs that have been made in recent years in studying
factors and mechanisms involved in this unique processing event. Since mechanisms involved
in formation of histone pre-mRNAs and polyadenylated mRNAs are not as different as initially
thought, the review will begin with a description of the cleavage/polyadenylation machinery.
For more comprehensive information on other aspects of histone gene expression the reader
is referred to a number of previously published reviews (Dominski and Marzluff, 1999; Jaeger
etal., 2005; Marzluff, 2005; Marzluff and Duronio, 2002; Muller and Schumperli, 1997; Osley,
1991; Schumperli and Pillai, 2004).

2. 3 end processing by cleavage and polyadenylation

The vast majority of eukaryotic pre-mRNAs are processed at the 3’ end by cleavage coupled
to polyadenylation (Colgan and Manley, 1997; Wahle and Ruegsegger, 1999; Zhao et al.,
1999a). Although these two steps are intimately associated in vivo, they can be uncoupled in

Gene. Author manuscript; available in PMC 2010 June 21.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dominski and Marzluff Page 3

vitro by a number of reagents, including EDTA, which at low concentrations inhibits
polyadenylation but has no major effect on the cleavage reaction (Hirose and Manley, 1997).
In mammalian cell, cleavage and polyadenylation depend on the presence of a highly conserved
polyadenylation signal, AAUAAA, and a downstream G/U-rich sequence (Fig. 1). The two
elements are often located several thousand nucleotides downstream of the stop codon
(Mazumder et al., 2003; Mignone et al., 2002; Pesole et al., 2002). Pre-mRNA is cleaved
between the two sequence elements, usually after a CA located 10-30 nucleotides downstream
of the AAUAAA, and the newly generated 3’ end is extended by addition of the poly(A) tail.

2.1. Factors involved in cleavage and polyadenylation

The cleavage reaction in mammalian nuclear extracts requires at least 12 protein components
(Fig. 1). The AAUAAA is recognized by cleavage/polyadenylation specificity factor (CPSF),
which consists of 5 subunits: CPSF-160, CPSF-100, CPSF-73, CPSF-30 and Fipl (Kaufmann
et al., 2004). CPSF-160 directly binds the AAUAAA element (Murthy and Manley, 1995),
whereas CPSF-30 and Fipl bind other regions in pre-mRNA, thus improving the recognition
of the AAUAAA by CPSF-160 (Kaufmann et al., 2004). The downstream G/U-rich sequence
is recognized by cleavage stimulation factor (CstF), which consists of three subunits, CstF-77,
CstF-64 and CstF-50, with the CstF-64 subunit directly binding this RNA element (MacDonald
et al., 1994). Under in vivo conditions CPSF and CstF may form a larger complex also
containing symplekin, which is similar to the yeast protein PTAL shown to be an essential
component of the yeast cleavage/polyadenylation machinery (Zhao et al., 1999b). In
mammalian cells symplekin may function as a platform that brings together various processing
factors into a single entity (Takagaki and Manley, 2000). In Xenopus oocytes, symplekin is
highly concentrated in the nuclear structures called Cajal bodies and is also present in the
cytoplasm (Hofmann etal., 2002) where it is required for polyadenylation and thus translational
activation of dormant mRNAs (Barnard et al., 2004). It is uncertain whether symplekin is
directly required for cleavage/polyadenylation in mammalian nuclear extracts (Takagaki and
Manley, 2000).

The in vitro cleavage reaction also depends on cleavage factor | (CF I,,) consisting of at least
two subunits (Ruegsegger et al., 1996; Ruegsegger et al., 1998), and the poorly characterized
mammalian cleavage factor 11 (CF Il,) (De Vries et al., 2000). CF Iy, binds to the UGUA
sequence often present in multiple copies upstream of the cleavage site and stimulates binding
of CPSF to pre-mRNA through a functional interaction with Fipl (Brown and Gilmartin,
2003; Venkataraman et al., 2005). This interaction is critically important in processing of pre-
MRNAs lacking the canonical AAUAAA that constitute nearly 50% of all mammalian pre-
MRNAs (Tian etal., 2005). Finally, the cleavage step depends on the C-terminal domain (CTD)
of the large subunit of RNA polymerase Il (Hirose and Manley, 1998), and poly(A) polymerase
(PAP) (Christofori and Keller, 1989; Takagaki et al., 1988; Terns and Jacob, 1989). The
requirement for the CTD may be circumvented by addition of creatine phosphate, which is
routinely used in processing reactions reconstituted from purified components (Hirose and
Manley, 1997). Following cleavage, the newly formed 3’ end is extended by addition of a poly
(A) tail. The polyadenylation reaction is catalyzed by PAP. This step in 3’ end processing
depends on CPSF, and on poly(A)-binding protein I, which associates with the nascent poly
(A) sequence (Wahle, 1995).

A number of interactions have been identified between individual components of the
processing complex (Colgan and Manley, 1997; Zhao et al., 1999a). CPSF-160 interacts with
CstF-77, thus significantly improving binding of each protein to its RNA target through the
co-operative mechanism (Murthy and Manley, 1995). CPSF-160 and Fip1 interact with PAP
and these interactions are important for the polyadenylation step by stabilizing PAP on the
upstream cleavage product (Kaufmann et al., 2004; Murthy and Manley, 1995). Within CstF,
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CstF-77 makes contacts with each of the two remaining subunits of the complex, and CstF-64
interacts with symplekin (Takagaki and Manley, 2000). CstF-50 on the other hand interacts
with the CTD, reflecting the tight coupling between transcription and 3’ end processing
(McCracken et al., 1997). Within CPSF, CPSF-73 through its C-terminal portion interacts with
CPSF-100 (Dominski et al., 2005c). Nothing is known about other interactions that occur
within this factor.

2.2. ldentification of the endonuclease in cleavage coupled to polyadenylation

The identity of the endonuclease in cleavage coupled to polyadenylation remained unknown
until recently and has been the subject of an intensive search driven by the presumption that it
was a yet unrecognized component of the processing machinery (Wickens and Gonzalez,
2004). However, as early as 1999 it was suggested based on sequence analysis that the cleavage
reaction might be catalyzed by CPSF-73 (Aravind, 1999). CPSF-73 contains a metallo-f3-
lactamase domain that is shared by a large family of enzymes active on a broad spectrum of
substrates, including nucleic acids (Aravind, 1999). Proteins of the metallo-B-lactamase family
are typically zinc-dependent hydrolases, as exemplified by the founding members of the family,
class B p-lactamases that utilize zinc ions to hydrolyze and thus inactivate $-lactam antibiotics
(Heinz and Adolph, 2004; Wang et al., 1999a). The family also includes tRNase Z, the best
known metallo-B-lactamase nuclease, which is involved in 3’ end processing of tRNA
precursors in both prokaryotes and eukaryotes (Vogel et al., 2005). CPSF-73 contains all
essential residues of the metallo-B-lactamase domain required for zinc binding and catalysis,
including the histidine motif HxHXDH, which is the hallmark of the entire metallo-B-lactamase
family (Aravind, 1999; Wang et al., 1999a). Sequence analysis and recent structural studies
revealed that CPSF-73 and most nucleases of the metallo-B-lactamase family differ from the
canonical members of the family as they have an additional domain called p-CASP that is
inserted as a cassette into the C-terminal portion of the metallo-p-lactamase domain (Callebaut
et al., 2002; Mandel et al., 2006).

The ultimate proof that CPSF-73 is the endonuclease in the 3’ end processing has been recently
provided by demonstrating that a bacterially expressed N-terminal portion of human CPSF-73
(amino acids 1-460) encompassing the metallo-f-lactamase and the B-CASP domains can
cleave single stranded RNA substrates in vitro (Mandel et al., 2006). A CPSF-73 mutant
containing alanine substitutions within the histidine motif was enzymatically inactive.
Interestingly, CPSF-73 is closely related to another component of CPSF, CPSF-100 (Jenny et
al., 1994), suggesting that their genes have evolved through duplication of a common ancestral
gene. CPSF-100, despite adopting the same fold as CPSF-73, contains alterations within the
histidine motif and other conserved residues of the catalytic domain (Aravind, 1999; Callebaut
etal., 2002; Mandel et al., 2006). Consistently, the bacterially expressed yeast CPSF-100 does
not bind zinc ions and has no nuclease activity in vitro (Mandel et al., 2006).

Cleavage of the AAUAAA-containing pre-mRNAs in vitro is not inhibited by 5 mM EDTA
(Hirose and Manley, 1997; Ryan et al., 2004). This intriguing feature initially suggested that
the cleavage reaction is catalyzed by a metal-independent mechanism. Recent data indicate
that this reaction in fact requires zinc ions and can be abolished by zinc-specific chelators,
consistent with CPSF-73 being the endonuclease (Ryan et al., 2004). Based on structural
studies, the active site of CPSF-73 appears to be hidden deep in the interface between the -
CASP and the metallo-p-lactamase domains and contains two zinc ions that are bound with
extremely high affinity by CPSF-73 explaining the inability of EDTA to inhibit the cleavage
reaction in vitro (Mandel et al., 2006).
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3. Sequence elements in 3’ end processing of histone pre-mRNAs

Formation of the 3’ end of histone mRNAs was first studied a quarter of a century ago by
injecting sea urchin histone genes into Xenopus oocytes (Birchmeier et al., 1982; Birchmeier
et al., 1983) and was initially believed to result from accurate termination of transcription.
Later studies using the same in vivo system proved that histone mRNAs are in fact formed
from longer precursors by a post-transcriptional endonucleolytic cleavage at the 3’ end
(Birchmeier et al., 1984; Krieg and Melton, 1984). These studies resulted in the identification
of a 60-nucleotide RNA designated U7 snRNA as an essential component of this 3’ end
processing reaction (Galli et al., 1983; Strub et al., 1984). Important insights into the
mechanism of 3’ end processing of histone pre-mRNAs have been subsequently provided using
in vitro systems based on nuclear extracts from mammalian cells capable of accurate and
efficient cleavage of pre-synthesized histone pre-mRNAs (Dominski and Marzluff, 1999;
Furger et al., 1998; Gick et al., 1986; Mowry and Steitz, 1987a).

Two sequence elements required for processing that usually lie within 100 nucleotides
downstream of the stop codon have been identified in both sea urchin (Birchmeier et al.,
1982; Birchmeier et al., 1983; Birchmeier et al., 1984) and mammalian histone pre-mRNAs
(Birchmeier et al., 1984; Cotten et al., 1988; Mowry et al., 1989; Mowry and Steitz, 1987a;
Vasserot et al., 1989). The first element is a stem-loop, and the second; a purine-rich histone
downstream element (HDE) that begins 15-20 nucleotides 3’ of the stem-loop (Fig. 2). The
stem-loop sequence is highly conserved in all organisms and consists of a 6-base pair stem and
a 4-nucleotide loop. In sea urchins, the HDE has a highly conserved sequence CAAGAAAGA
(Birchmeier etal., 1983). In vertebrate histone pre-mRNAs, the HDE is more variable although
it contains a purine-rich core that resembles the HDE sequence of sea urchins (Birnstiel et al.,
1985; Cotten et al., 1988; Mowry et al., 1989; Mowry and Steitz, 1987b). The endonucleolytic
cleavage occurs between the two elements, after the fourth (sea urchins) or the fifth nucleotide
(mammals) downstream of the stem-loop, which is typically an adenosine, yielding the mature
histone mRNA that ends with the stem-loop followed by a short single stranded tail (Fig. 2).
The precision of cleavage is not absolute and nearby sites can be selected if they are preceded
by an adenosine, indicating that the processing machinery has some flexibility (Furger et al.,
1998; Scharl and Steitz, 1994). Cleavage after other nucleotides occurs with reduced efficiency
(Furger et al., 1998). Consistently, the vicinity of natural cleavage site in histone pre-mRNAs
is rich in adenosines and contains relatively few guanosines, which create a particularly poor
environment for the cleavage reaction (Dominski et al., 1999; Furger et al., 1998; Scharl and
Steitz, 1994).

In vitro studies using mammalian nuclear extracts demonstrated that the two sequence elements
in histone pre-mRNAs are not equivalent in their importance for 3’ end processing. In some
pre-mRNAs the stem-loop can be mutated without significantly affecting the efficiency of 3’
end processing, whereas mutations within the HDE invariantly result in complete inhibition
of the cleavage reaction (Mowry et al., 1989; Vasserot et al., 1989). Moving the HDE by as
few as 5-6 nucleotides away from the stem-loop results in either complete (Georgiev and
Birnstiel, 1985) or partial inhibition of 3’ end processing (Scharl and Steitz, 1996; Scharl and
Steitz, 1994). Thus, the spatial arrangement of the two processing signals in histone pre-
mMRNAs is important for processing and suggested the existence of a communication between
factors interacting with each of the two elements. These results justify the view that the two
processing signals form in fact a single bipartite processing element in which two conserved
sequences are separated by nonconserved nucleotides.

Gene. Author manuscript; available in PMC 2010 June 21.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dominski and Marzluff Page 6

4. Factors involved in 3’ end processing of mammalian histone pre-mRNAs

A number of components of 3” end processing machinery that cleaves histone pre-mRNAs
have been identified in the past 25 years using both genetic and biochemical approaches. Two
of these factors directly interact with the two sequence elements that flank the site of cleavage
and are the defining feature of all histone pre-mRNAs. The remaining factors are required to
form a complex competent to recruit and activate the endonuclease. While some of these factors
are exclusively devoted to processing of histone pre-mRNAs, at least two of them are also
utilized during cleavage/polyadenylation.

4.1. U7 snRNP

U7 snRNP was the first trans-acting factor identified in 3’ end processing of histone pre-
mRNAs and it interacts with the HDE located downstream of the cleavage site (Birnstiel and
Schaufele, 1988). An average mammalian cell contains only about 103 particles of U7 snRNP.
Thus, this 3’ end processing factor is 2—-3 orders of magnitude less abundant than major
spliceosomal snRNPs. The U7 snRNP contains a small RNA component, U7 snRNA, which
is the shortest known transcript generated by RNA polymerase Il (Fig. 2). The exact length of
the U7 snRNA varies slightly in different species between 57 (sea urchins) and 71 nucleotides
(Drosophila) (Dominski et al., 2003b).

The 5’ terminal part of the U7 snRNA is unstructured (Fig. 2) and in nuclear extracts is readily
accessible for base-pairing with complementary oligonucleotides or digestion with
micrococcal nuclease, indicating that it is not tightly associated with proteins (Cotten et al.,
1988;Gilmartin et al., 1988;Mowry and Steitz, 1987b;Soldati and Schumperli, 1988). This part
of the U7 snRNA is involved in formation of a duplex with the HDE (Fig. 2). Blocking the U7
snRNA by a complementary oligonucleotide (Cotten et al., 1991) or mutations within the HDE
that reduce the base pair potential to U7 snRNA abolish 3’ end processing (Bond et al.,
1991;Scharl and Steitz, 1996;Schaufele et al., 1986). The negative effect of the HDE mutations
can be restored by compensatory mutations within the U7 snRNA, demonstrating that the
formation of an RNA hybrid rather than the exact sequence of each RNA element involved in
base pairing is essential for processing (Bond et al., 1991;Scharl and Steitz, 1996;Schaufele et
al., 1986).

The 3’ part of U7 snRNA folds into an extended stem-loop, which varies between organisms
in the size of the stem and the loop. The terminal stem-loop can be significantly shortened
(Kolev and Steitz, 2006) or changed at the sequence level (Gilmartin et al., 1988) without
affecting the function of the U7 sSnRNP in 3’ end processing. The central part of the U7 sSnRNA
contains an Sm site with the consensus AAUUUGUCUAG, in which the invariant nucleotides
are underlined (Fig. 3) (Dominski et al., 2003b; Kolev and Steitz, 2006).This sequence differs
in few positions from the AAUUUUUGG consensus determined for the spliceosomal sSnRNAs
(Fig. 3). The U7-specific Sm site must be separated from the 3’ terminal stem-loop by a
minimum of two nucleotides to allow assembly of a functional U7 snRNP (Kolev and Steitz,
2006).

In all major spliceosomal snRNPs with the exception of U6 snRNP, the Sm site serves as a
nucleation center for the assembly of the Sm protein core. The Sm core forms a ring around
the Sm site and consists of seven common Sm proteins: B, D1, D2, D3, E, F and G (Kambach
et al., 1999; Raker et al., 1999) (Fig. 3). The Sm proteins vary in molecular weight between 9
and 29 kDa and are characterized by the presence of two short conserved sequences termed
Sm motifs 1 and 2 (Hermann et al., 1995). The U7 snRNP, like the spliceosomal snRNPs,
reacts with the Y12 anti-Sm antibodies (Gick et al., 1986; Strub and Birnstiel, 1986), which
primarily recognize Sm B/B’ and to a lesser extent Sm D1 and D3 proteins (Pillai et al.,
2001). Based on this observation, U7 snRNP was believed for many years to contain the
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spliceosomal type Sm core. Initial purification procedures based on precipitating U7 snRNP
by an oligonucleotide complementary to the 5” end of U7 SnRNA revealed the presence of two
U7-specifc proteins of 14 and 50 kDa but did not determine their identity, function or sites of
binding within the particle (Smith et al., 1991). Subsequent studies resulted in the important
finding that these two proteins are in fact subunits of an unusual U7 Sm core and replace Sm
D1 and D2 proteins (Fig. 3). Both the smaller and the larger protein contain two Sm motifs
and were designated Lsm10 (Pillai et al., 2001) and Lsm11 (Pillai et al., 2003), respectively.
Lsm11 is larger than any known Sm protein and is characterized by an unusually long N-
terminal domain and a relatively long spacer between the two Sm motifs. Human Lsm10
resembles in size and structure other proteins of the family and shares the strongest sequence
similarity with the Sm D1 that occupies the equivalent position in the spliceosomal Sm ring
(Pillai et al., 2001).

UV cross-linking studies demonstrated that three proteins make contacts with the U7-specific
Sm site: G, B and Lsm11 (Mital et al., 1993; Pillai et al., 2003; Stefanovic et al., 1995). The
common Sm proteins G and B also UV-cross link to the AAUUUUUGG spliceosomal Sm site
by making direct contacts with the first and third uridine of this site, respectively (Fig. 3)
(Urlaub et al., 2001). Mutations that convert the U7-specific Sm site into the spliceosomal
consensus result in the incorporation of Sm D1 and D2 proteins instead of Lsm10 and Lsm11.
This mutant U7 snRNP is inactive in 3’ end processing of histone pre-mRNAs, strongly arguing
that the unique Sm-core of U7 snRNP is functionally essential (Grimm et al., 1993; Pillai et
al., 2001; Pillai et al., 2003; Stefanovic et al., 1995). Variants of U7 snRNP that contain Lsm11
without the N-terminal domain or are mutated within this domain are also inactive in processing
(Azzouz et al., 2005b; Pillai et al., 2003). Thus, in addition to playing structural functions in
forming the Sm ring, Lsm11 directly participates in recruiting an essential processing factor
(Azzouz et al., 2005a).

A detailed mutational analysis identified residues of the U7-specifc Sm site that are required
for the assembly of the unusual Sm core of the U7 snRNP and 3’ end processing (Kolev and
Steitz, 2006). Interestingly, among the 11 nucleotides of the AAUUUGUCUAG sequence
found in the mouse U7 snRNA only four (underlined) are functionally important and cannot
be substituted with any other nucleotide. The importance of these nucleotides is most likely
related to their role in binding Lsm11, which was shown by UV-cross-linking studies to interact
with this part of the Sm site (Stefanovic et al., 1995). The remaining nucleotides, including the
first three uridines which are considered the hallmark of the Sm site, can be changed
individually to other nucleotides without causing any adverse effect on the assembly of the Sm
core and 3’ end processing (Kolev and Steitz, 2006). Surprisingly, a substitution of the central
uridine of the three consecutive uridines with a nucleotide analog, pseudouridine, is detrimental
to the assembly of a functional U7 snRNP. Since pseudouridine is known to confer structural
rigidity on the sugar-phosphate backbone, this result indicates that formation of the U7-specific
Sm core containing Lsm10 and Lsm11 requires backbone flexibility at this particular
nucleotide position. This restriction seems to be unique to the U7 Sm site and does not apply
to the spliceosomal Sm site consensus, which assembles into the canonical Sm ring in the
presence of the pseudouridine substitution (Kolev and Steitz, 2006).

4.2. Stem-loop binding protein (SLBP)

The conserved stem-loop structure in histone pre-mRNA is a binding site for the stem-loop
binding protein (SLBP) (Wang etal., 1996), also referred to as the hairpin binding factor (HBF)
(Martin et al., 1997). The cDNA for SLBP was cloned using the RNA three-hybrid system
(Martin et al., 1997; Wang et al., 1996), a modification of the yeast two-hybrid system
specifically designed for cloning RNA-binding proteins (SenGupta et al., 1996; Zhang et al.,
1999). Human SLBP is a protein of 269 amino acids and molecular weight of 31 kDa, although
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it has an unusual electrophoretic mobility and migrates at about 45 kDa. All known vertebrate
orthologues of SLBP contain a centrally located RNA binding domain (RBD) of approximately
70 amino acids that has no similarity to any other known domain involved in RNA binding
(Wang et al., 1996). Interestingly, two SLBPs have been identified in Xenopus. XSLBP1 shares
strong similarity with the canonical SLBP over the entire protein length, whereas xXSLBP2
displays similarity only within the highly conserved RBD (Wang et al., 1999b). xSLBP1 can
substitute for human and mouse SLBP in 3’ end processing, demonstrating that these proteins
are orthologous (Ingledue et al., 2000; Wang et al., 1999b). xXSLBP2 does not support 3’ end
processing and instead performs a specialized function in Xenopus oocytes by binding to the
terminal stem-loop in stored histone mMRNAs (Wang et al., 1999b) and in silencing their
translational activity (Sanchez and Marzluff, 2004).

A number of in vitro studies have demonstrated that the role of SLBP in processing is to
stabilize binding of U7 snRNP to the HDE (Dominski et al., 1999; Melin et al., 1992; Spycher
et al., 1994; Streit et al., 1993). The importance of SLBP in 3’ end processing depends on the
type of histone pre-mRNA used in the assay. Processing of histone pre-mRNAs whose HDE
has a relatively weak complementarity to U7 snRNA strongly depends on SLBP. On the other
hand, substrates that form strong duplexes with the U7 snRNA can be processed in vitro with
a significant efficiency in the absence of SLBP (Dominski et al., 1999; Melin et al., 1992;
Spycher et al., 1994; Streit et al., 1993). Under in vivo conditions, SLBP is likely to be an
essential factor in processing of all histone pre-mRNAs regardless of the HDE sequence and
the extent of base pairing to the U7 snRNA (Pandey et al., 1994). Following processing, SLBP
remains associated with the stem-loop at the 3’ end and accompanies the mature histone mMRNA
to the cytoplasm (Dominski et al., 1995; Erkmann et al., 2005; Whitfield et al., 2004), where
it stimulates its translation into histone proteins (Gorgoni et al., 2005; Sanchez and Marzluff,
2002).

In human SLBP, only the RBD and the following 20 amino acids are required for pre-mRNA
processing (Dominski et al., 1999). Mutational analysis of the RBD identified a number of
positively charged and hydrophobic residues that play an important role in binding of this
domain to the stem-loop (Dominski et al., 2001; Martin et al., 2000). Interestingly, the amino
acids required for RNA binding are interspersed with amino acids that are involved in
processing while being dispensable for RNA binding (Dominski et al., 2001). Regions of the
stem-loop RNA involved in the interaction with SLBP were mapped by analyzing effects of
various mutations within the RNA target (Battle and Doudna, 2001; Dominski et al., 2003a;
Martin et al., 2000; Williams and Marzluff, 1995). Important clues were also provided by the
identification of a protein, 3’hExo, which can bind the stem-loop RNA both alone and
simultaneously with SLBP (Dominski et al., 2003a). 3’hExo contains a 3’5’ exonuclease
domain capable of degrading single stranded RNA substrates and a SAP domain that mediates
binding to the stem-loop RNA (Cheng and Patel, 2004; Yang et al., 2006). SLBP binds to the
5’ side of the stem-loop structure, whereas the 3’ side of the structure is occupied by 3’hExo
(Fig. 4). The binding of SLBP critically depends on two highly conserved adenosines located
2 and 3 nucleotides upstream of the stem, the second and the sixth (top) base pairs of the stem,
and uridines 1 and 3 in the loop (Battle and Doudna, 2001; Dominski et al., 2003a; Williams
and Marzluff, 1995). On the other hand, 3’hExo has a strong preference for the terminal
ACCCA and binding also depends on the overall sequence of the stem and the loop (Dominski
etal., 2003a; Yang et al., 2006). It is likely that binding of SLBP and 3’hEXxo is co-operative,
suggesting that the two proteins may directly interact with each other in the ternary complex
(Dominski et al., 2003a). Undoubtedly, binding of the two proteins to this 26-nucleotide stem-
loop RNA placed a strong evolutionary constraint on this short RNA target, contributing to its
unusual sequence conservation in all vertebrates. A possible role of 3’hExo is to directly
participate in the degradation of histone mMRNAs at the end of S phase, although the evidence
for this role is still lacking.
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SLBP levels are regulated during the mammalian cell cycle (Whitfield et al., 2000). The
intracellular concentration of SLBP increases rapidly at the end of G1 phase and remains high
during S phase. At the end of S phase, SLBP is degraded by the proteasome pathway. The
degradation is triggered by phosphorylation of two adjacent threonines within SLBP, with
phosphorylation of one residue being catalyzed by a cyclin-dependent kinase (Zheng et al.,
2003). The degradation of SLBP is temporally associated with the disappearance of histone
mRNAs from the cell. The absence of SLBP outside the S phase additionally blocks 3’ end
processing thus preventing formation of the mature histone mMRNASs (Zheng et al., 2003). Thus,
SLBP functions as a versatile regulator that ensures high levels of histone mMRNAs and proteins
only during S phase concomitant with DNA replication and prevents harmful accumulation of
free histone proteins in the cell outside S phase. Not surprisingly, a deficit of SLBP results in
defects in chromosome condensation due to the lack of histones and impair early developmental
stages in Drosophila (Sullivan et al., 2001) and C. elegans (Kodama et al., 2002; Pettitt et al.,
2002).

4.4. 100 kDa zinc finger protein (ZFP100)

ZFP100 is a 100 kDa protein that contains 18 C2H2 zinc fingers and was cloned using a
modified version of the yeast two-hybrid system designed to detect proteins interacting with
SLBP bound to the SL RNA (Dominski et al., 2002a; Dominski and Marzluff, 2001). ZFP100
does not interact with each component of the complex separately, suggesting that it may
recognize binding determinates present on both SLBP and the stem-loop RNA. Alternatively,
binding of SLBP to the RNA may result in appropriate structural rearrangements of SLBP and/
or RNA allowing their interaction with ZFP100. The interaction with ZFP100 involves two
regions of SLBP that are required for 3’ end processing: a 9-amino acid region within the RBD
that is not involved in RNA binding, and the 20-amino acid region located immediately to the
C-terminus of the RBD. Over-expression of ZFP100 strongly stimulates 3’ end processing of
exogenous histone pre-mRNAs in Xenopus oocytes (Dominski et al., 2002a) and increases
expression of a reporter gene containing the stem-loop and HDE in human cells (Wagner and
Marzluff, 2006). These results are consistent with ZFP100 being a limiting factor in 3’ end
processing of histone pre-mRNAs. In contrast, over-expression of Lsm10 and Lsm11, despite
resulting in increased levels of the U7 snRNP has no effect on the efficiency of 3" end
processing in mammalian cells (Wagner and Marzluff, 2006).

Immunoprecipitation experiments demonstrated that ZFP100 is associated with a fraction of
the U7 snRNP (Azzouz et al., 2005a; Dominski et al., 2002a). Both ZFP100 and U7 snRNP
are concentrated in Cajal bodies (Frey and Matera, 1995; Pillai et al., 2001; Wagner et al.,
2006; Wu and Gall, 1993), some of which are localized near histone genes and are likely sites
of 3’ end processing of histone pre-mRNAs and/or recycling of the U7 snRNP. ZFP100 does
not co-purify with Lsm10 and Lsm11 during various chromatographic procedures (Pillai et al.,
2001; Smith et al., 1991), suggesting that it may be only loosely bound to the U7 snRNP.
Alternatively, ZFP100 may be present in substoichiometric amounts in the U7 snRNP, possibly
as a component of its active fraction (Wagner and Marzluff, 2006), or may associate with the
U7 snRNP only in the presence of histone pre-mRNA substrate and/or other processing factors
(Azzouz et al., 2005a). Further studies are required to distinguish between these three
possibilities. In vitro binding experiments revealed that ZFP100 associates with the U7 snRNP
by making contacts with two regions of Lsm11; the N-terminal portion and Sm motifs 1 and
2 (Azzouz et al., 2005a; Wagner et al., 2006). The interaction involves a number of zinc fingers
of ZFP100 and its N-terminal KRAB domain. The fact that ZFP100 interacts with both SLBP
bound to the stem-loop and Lsm11 makes it a perfect candidate for a putative factor that
stabilizes the U7 snRNP on the pre-mRNA (Dominski et al., 2002a). ZFP100 as a bridging
factor spanning through the cleavage site may also play a role in recruiting other factors to the
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processing machinery (Fig. 5). However, direct evidence supporting these possibilities is
missing.

4.5. CPSF-73 as the endonuclease and 5’ exonuclease

Cleavage of mammalian histone pre-mRNA by an endonuclease generates the upstream
product terminated with the stem-loop followed by the ACCCA, which corresponds to the
mature histone mRNA (Fig. 2). Cleavage occurs in the presence of 20 mM EDTA supporting
the initial notion that U7-dependent processing, in common with the cleavage that precedes
polyadenylation, does not require metal ions (Dominski and Marzluff, 1999;Gick et al.,
1986;Mowry and Steitz, 1987a). The downstream cleavage product containing the HDE is
degraded in vitro by a 5’-3” exonuclease that shares two features with the endonuclease; it is
also dependent on the U7 snRNP and is active in the presence of EDTA (Walther et al.,
1998). The major, if not the only, role of this 5” exonucleolytic activity may be to liberate the
U7 snRNP from the HDE for another round of processing. The U7-dependent degradation of
the downstream cleavage product requires a 5° phosphate and can be uncoupled from the
cleavage reaction (Walther et al., 1998).

Until recently, the endonuclease cleaving histone pre-mRNAs remained unknown although a
number of observations indicated that it might be related to the endonuclease involved in
cleavage/polyadenylation (Dominski and Marzluff, 1999; Scharl and Steitz, 1994). The
chemistry of the two cleavage reactions displays a number of common features, including
resistance to EDTA, generation of a 3’ hydroxyl at the end of the upstream product, and the
preference for an adenosine preceding the cleavage site (Dominski et al., 2005c). One of the
proteins initially considered to function as the endonuclease for histone pre-mRNAs was a
homologue of CPSF-73 designhated RC-68 (Dominski et al., 2005c). RC-68 interacts with a
closely related metallo-f3-lactamase protein, RC-74, which has lost a number of residues
required for zinc binding, hence resembling CPSF-100. Surprisingly, UV-cross-linking
experiments revealed that the cleavage site in histone pre-mRNA is contacted by CPSF-73,
implicating this protein rather than RC-68 as an endonuclease in 3’ end processing of histone
pre-mRNAs (Dominski et al., 2005a). RC-68 was later shown to be involved 3’ end processing
of precursors to sSnRNAs, another group of transcripts also generated by RNA polymerase 11
(Baillat et al., 2005). UV-cross-linking of CPSF-73 to histone pre-mRNA depends on binding
of the U7 snRNP to the HDE and correlates with the processing efficiency. Most importantly,
detection of the CPSF-73 cross-link requires the presence of a phosphorothioate modification
at the cleavage site, which likely slows down the cleavage reaction and increases the time
window when the protein is present in the direct proximity to the RNA (Dominski et al.,
2005a).

CPSF-73 can be also UV-cross-linked to the downstream cleavage product during its 5’
exonucleolytic degradation, which is dependent on the U7 snRNP. This suggests that the same
protein functions as both the endonuclease and 5°-3’exonuclease in 3’ end processing of histone
pre-mRNAs (Dominski et al., 2005a). The 5°-3” exonuclease activity seems to be an intrinsic
feature of a number of nucleases of the metallo-p-lactamase family. In vitro assays identified
this activity for the three DNA-specific nucleases involved in various aspects of DNA
metabolism: Artemis (Ma et al., 2002), Apollo (Lenain et al., 2006) and the yeast Snm1 (Li et
al., 2005). Artemis can also function as an endonuclease on single stranded DNA substrates
but this activity requires its association with the catalytic subunit of DNA protein kinase (DNA-
PK¢s) (Ma et al., 2002). Artemis is involved in V(D)J recombination and the endonuclease
activity is essential for opening DNA hairpins formed during joining V, D and J segments.
Thus far there is no evidence that the bacterially expressed N-terminal portion of human
CPSF-73 displays the 5°-3" exonuclease activity (Mandel et al., 2006). However, is possible
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that CPSF-73 requires other factors that normally function in 3’ end processing to demonstrate
the full spectrum of nucleolytic activities.

In cleavage/polyadenylation, CPSF-73 and CPSF-100 co-exist in CPSF (Kaufmann et al.,
2004; Murthy and Manley, 1992) and likely directly interact with each other (Dominski et al.,
2005¢). In 3’ end processing of pre-snRNAs a similar heterodimer is formed between RC-68
and RC-74 (Baillat et al., 2005; Dominski et al., 2005c¢). It is therefore very likely that CPSF-73
interacts with CPSF-100 also during 3’ end processing of histone pre-mRNAs. The biological
sense of a structural arrangement in which a catalytically active metallo-p-lactamase protein
forms a heterodimer with an inactive homologue is unknown. One possibility is that the inactive
component (CPSF-100 or RC-74) serves as an adaptor involved in a number of important
interactions that are required to bring the catalytically active metallo-p-lactamase (CPSF-73
or RC-68) to the cleavage site. An alternative although not mutually exclusive possibility is
that CPSF-100 and RC-74 normally act to inhibit the nuclease activity of their active partners
and the repression is relieved only when the processing complex is assembled. Of note,
CPSF-100 does not UV-cross-link to the vicinity of the cleavage site, suggesting that CPSF-73
may be the only protein of the heterodimer that directly contacts the RNA substrate (Dominski
et al., 2005a).

4.6. The heat labile factor (HLF)

Twenty years ago it was shown that the incubation of a HeLa nuclear exacts at 50° C for 15
min abolishes its activity in 3’ end processing of histone pre-mRNAs (Gick et al., 1987). The
processing activity could be restored by adding chromatographic fraction of a HeLa nuclear
extract containing proteins with molecular weight of approximately 40 kDa. The factor capable
of restoring the processing activity was not sensitive to treatment with micrococcal nuclease
and did not react with anti-Sm antibodies, indicating that it was not the U7 snRNP. Subsequent
experiments showed that this factor was also different from SLBP and therefore represented a
new component of the processing machinery (Vasserotetal., 1989). This factor was designated
the heat labile factor or HLF (Gick et al., 1987). Gel filtration studies demonstrated that the
HLF, in addition to being present in fractions containing proteins of 40 kDa, is also detected
in high molecular weight fractions, which retain normal processing activity. It is likely that the
HLF wass present in these fractions as part of a larger complex that co-fractionated with other
complexes of the same size containing all other essential processing factors. In independent
studies, HLF was shown to oscillate during the cell cycle reaching the highest levels in S phase
cells when 3’ end processing of histone pre-mRNAs is the most efficient (Lischer and
Schimperli, 1987; Stauber and Schuimperli, 1988).

Recently, a set of experiments based on fractionation of a nuclear extract and complementation
of a heat inactivated extract identified a heat sensitive component of the processing machinery
for histone pre-mRNAs as symplekin, a protein previously implicated in cleavage/
polyadenylation (Kolev and Steitz, 2005). Symplekin is a protein of approximately 150 kDa,
significantly larger than 40 kDa determined by gel filtration as the activity complementing heat
inactivated extracts. However, this ambiguity could be due to proteolysis of symplekin into a
functionally active fragment of 40 kDa during the original gel filtration experiments (Gick et
al., 1987). Symplekin synthesized in vitro and added to heat treated extracts restored its activity
in processing of histone pre-mRNAs (Kolev and Steitz, 2005). This result demonstrates that
symplekin is an essential processing factor and the major, if not the only, heat sensitive
component of the processing machinery. Interestingly, the active chromatographic fractions in
addition to symplekin contained other components of the cleavage/polyadenylation machinery,
including all five CPSF subunits (CPSF-160, 100, 73, 30 and Fipl) and two CstF subunits;
CstF-77 and CstF-64, with the notable absence of CstF-50 (Kolev and Steitz, 2005). In an
untreated extract, all these proteins appear to be part of the same multi-subunit complex, which
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losses its integrity upon heat treatment. This multi-subunit complex is likely identical to the
heat labile factor (HLF) initially identified in high molecular weight fractions by gel filtration
(Gick et al., 1987). The restoration of the processing activity by symplekin is accompanied by
the reappearance of the multi-subunit complex, suggesting that symplekin may function as a
platform in assembling a number of other processing factors into the HLF. The same role of a
scaffold has been first suggested for symplekin in cleavage/polyadenylation (Takagaki and
Manley, 2000).

It is unknown whether all cleavage/polyadenylation factors present together with symplekin
in the active fractions are required for 3’ end processing of histone pre-mRNAs. The main role
of CPSF-160 in cleavage/polyadenylation is to bind the AAUAAA. Fipl and CPSF-30 on the
other hand preferentially interact with U-rich sequences upstream of the cleavage site, whereas
CstF-64 binds to the downstream G/U-rich sequence. These interactions are essential for
recruiting CPSF-73 to the cleavage site. The sequence elements recognized by CPSF-160, Fipl
and CPSF-30 are absent from histone pre-mRNA and the task of bringing the CPSF-73
endonuclease to this substrate is conducted primarily by U7 snRNP, with the auxiliary role
being played by SLBP. Indeed, competition experiments with a molar excess of RNA
containing the AAUAAA hexamer had no effect on 3’ end processing of histone pre-mRNAs,
indicating that CPSF-160 may have exclusive function in cleavage/polyadenylation (Dominski
et al., 2005a). CPSF-160 and Fipl play also important role in proper positioning of poly(A)
polymerase in the cleavage/polyadenylation complex for the subsequent polyadenylation step
(Kaufmann et al., 2004). This step is not part of the maturation of histone mRNAs and it is
unclear how the function of these two proteins can be accommodated to the U7-dependent
processing mechanism. However, one possibility is that CPSF-160 and the remaining
components of the HLF are only required to form a larger complex containing CPSF-73 as the
essential endonuclease although, in contrast to cleavage/polyadenylation, they do not perform
any direct functions in processing of histone pre-mRNAs. According to this model, the HLF
fits the definition of the cleavage factor, i.e. a multi component complex containing the catalytic
subunit.

5. Known and predicted interactions within the processing complex

The generation of the mature histone mMRNA during 3’ end processing in mammalian nuclear
extracts is not preceded by a pronounced lag phase. The final cleavage product begins to
accumulate 3-5 min after the start of the in vitro reaction (Dominski et al., 1995; Gick et al.,
1986; Mowry and Steitz, 1987a). This indicates that the formation of the catalytically
competent processing complex is rapid and, in contrast to the formation of the spliceosome,
likely requires a relatively small number of components. Formation of the processing complex
involves a number of RNA-RNA, RNA-protein and protein-protein interactions that are
required to recruit and activate the endonuclease at the cleavage site. The model presented
below is a summary of known and predicted interactions within the processing complex (Fig.
5). This model will certainly continue to evolve as new components are identified within the
processing machinery and the role of known components is further extended.

5.1. The role of SLBP and ZFP100 in recruiting U7 shRNP

The stem-loop is bound by SLBP, whereas the U7 snRNA base pairs with the HDE, thus
anchoring the U7 snRNP downstream of the cleavage site (Fig. 5). In at least some histone pre-
mRNAsS, binding of SLBP to the stem-loop may ensure a favorable structure of the downstream
sequences that facilitates the formation of a duplex between the U7 snRNA and the HDE
(Jaeger et al., 2006). SLBP and the U7 snRNP are the major if the not the only components of
a stable processing complex that survives both electrophoresis in native gels (Melin et al.,
1992) and immunoprecipitation with anti-SLBP (Dominski et al., 1999). These two factors
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also associate with histone pre-mRNA in the presence of mild detergents, which prevent
recruitment of CPSF-73 (Dominski et al., 2005a).

The SLBP bound to the stem-loop interacts with ZFP100 (Dominski et al., 2002a), which in
turn interacts with Lsm11 (Azzouz et al., 2005a; Wagner et al., 2006). Since SLBP binds to
its target with very high affinity, this bridging interaction is predicted to stabilize the U7 snRNP
on the pre-mRNA, and is of particular importance for pre-mRNAs that only weakly base pair
with the U7 snRNA. ZFP100 is a limiting factor in 3’ end processing in vivo and is predicted
to associate with only a small percentage of stable processing complexes containing SLBP and
U7 snRNP (Wagner and Marzluff, 2006). It is not yet clear whether ZFP100 is an auxiliary
factor that functions to stabilize the U7 snRNP on pre-mRNA or itself has an essential role in
3’ end processing. In vivo, the stem-loop appears in the nascent transcript before the HDE
located several nucleotides downstream. It is therefore possible that SLBP first binds to the
stem-loop and subsequently recruits ZFP-100 and the U7 snRNP to the complex prior to the
formation of the duplex between the U7 snRNA and the HDE. This initial interaction may be
important for enforcing the proper alignment of these two RNAs and thus preventing
nonproductive base-pairing schemes or those that might result in imprecise cleavage sites. This
sequence of events is supported by in vitro studies, which revealed contacts between an anti
Sm-reactive factor, most likely the U7 snRNP, and the stem-loop region in the initial phase of
processing (Mowry and Steitz, 1987a).

5.2. The role of proper spatial configuration of the bipartite processing signal

Insertion of as few as 5-6 nucleotides between the stem-loop and the HDE in mammalian
histone MRNA reduces processing (Scharl and Steitz, 1994). This negative effect is likely a
result of disrupting the communication between SLBP and U7 snRNP hence the binding of
the U7 snRNP to the pre-mRNA is not stabilized by SLBP and relays solely on the base pairing
interaction. Indeed, processing of mammalian pre-mRNAs containing a 12-nucleotide
insertion between the stem-loop and the HDE is not further inhibited by the presence of the
stem-loop RNA competitor, i.e. does not depend on SLBP (Dominski et al., 2005b).

In addition to reducing cleavage efficiency, insertions of extra nucleotides between the stem-
loop and HDE in mammalian histone pre-mRNAs result in a shift of the cleavage site that
moves in concert with the HDE rather than staying in the proximity of the stem-loop (Scharl
and Steitz, 1994). The fact that histone pre-mRNAs are cleaved a fixed distance from the HDE
strongly argues that the U7 snRNP bound to this element functions as a molecular ruler that
specifies the site of cleavage (Scharl and Steitz, 1994). As noticed soon after identifying the
sequence of the U7 snRNA from sea urchin and mammalian species (Cotten et al., 1988; Soldati
and Schumperli, 1988), base pairing between the 5’ end of U7 snRNA and the HDE potentially
places the UCU sequence of the Sm site opposite the cleavage site in the pre-mRNA (Fig. 2).
This portion of the U7 Sm site departs from the spliceosomal consensus and directly contacts
Lsm11 (Fig. 3) (Stefanovic et al., 1995). Thus, the mechanism of the molecular ruler may be
executed by bringing this unique component of the U7 Sm ring to the site of cleavage, which
is precisely determined by anchoring the U7 snRNP to the HDE through the base pair
interaction.

The reduced processing efficiency and the shift of the cleavage site resulting from the
separation of the bipartite processing element in mammalian histone pre-mRNA can be fully
suppressed by using modified U7 snRNAs containing comparable insertions between the Sm
site and the region complementary to the HDE (Scharl and Steitz, 1996). The extended U7
SnRNA restores the original configuration of the processing complex by bringing the Sm site
and the attached Sm core, including Lsm11, to the proximity of the stem-loop and normal
cleavage site. Interestingly, sequences inserted into the U7 snRNA must be at least partially
complementary to histone pre-mRNA to be effective in suppression (Scharl and Steitz,
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1996). The presence of too long single stranded regions in the U7 snRNA and histone pre-
mRNA between the duplex and the cleavage site may provide too much structural flexibility,
precluding formation of the catalytically competent processing complex and/or precise
specification of the cleavage site. The requirement for the proper distance between the region
in U7 snRNA involved in base pairing and the Sm site may also indicate that the duplex between
the U7 snRNA and the HDE is stabilized by a novel factor, which additionally rigidifies the
region of both RNAs that spans to the site of cleavage. That this region is rigidified during 3’
end processing is supported by the fact that nucleotides inserted between the stem-loop and
the HDE do not loop out and instead disrupt the apparently relatively weak interaction that
holds together SLBP and the U7 snRNP (Scharl and Steitz, 1994).

5.3. Recruitment of the endonuclease

The next step in 3’ end processing of histone pre-mRNAs is the recruitment of the cleavage
factor containing the endonuclease, recently identified as CPSF-73 (Dominski et al., 2005a).
Since the same protein also functions as the endonuclease in cleavage/polyadenylation (Mandel
etal., 2006), the critical question is how the same catalytic subunit is recruited to the two vastly
different processing machineries. Given the predicted juxtaposition of Lsm11 and the cleavage
site, the central role in properly positioning CPSF-73 must be played by this unique component
of the U7 snRNP. Lsm11 is the largest protein of the Sm/Lsm family and contains an extended
N-terminal region that is involved in at least two distinct interactions. One interaction, which
is dispensable for processing involves ZFP100, whereas the other interaction is absolutely
essential for processing and may link CPSF-73 to the U7 snRNP (Azzouz et al., 2005a).
CPSF-73 is remarkably conserved among evolutionarily distant organisms, whereas Lsm11
has changed over its entire length during evolution and retains only a weak similarity between
vertebrates and invertebrates (Azzouz and Schumperli, 2003). Therefore, the recruitment of
CPSF-73 by Lsm11 is most likely indirect and may involve a yet unidentified component of
the processing machinery. The recruitment of CPSF-73 probably also involves CPSF-100,
which forms a heterodimer with CPSF-73 (Dominski et al., 2005c¢) and may function as a
mediator in bringing this endonuclease to the cleavage site.

In a model proposed by Kolev and Steitz, CPSF-73 functions in 3’ end processing of histone
pre-mRNAs ina larger heat labile factor (HLF) that also includes symplekin and all components
of CPSF and CstF with the notable exception of CstF-50 (Kolev and Steitz, 2005). Interestingly,
CstF-50 consists of seven WD-40 repeats, which form a ring structurally similar to that of the
Sm core proteins. Therefore, an attractive possibility is that a component of the HLF interacts
with the Sm ring of the U7 snRNP by making contacts with Lsm11 rather than with a specific
region of CstF-50.

5.4. Cleavage and disruption of the complex

Formation of the processing complex containing all necessary components, possibly
accompanied by catalytic activation of CPSF-73, results in cleavage of histone pre-mRNA and
rapid dissociation of the complex. The upstream cleavage product ending with the stem-loop
and the ACCCA tail corresponds to the mature histone mMRNA and remains associated with
SLBP. The downstream product with the bound U7 snRNP is rapidly degraded in the 5’-3’
direction by the exonucleolytic activity of CPSF-73, resulting in liberation of the U7 snRNP
from the HDE, which can be recycled for another round of processing (Walther et al., 1998).
Termination of transcription on histone genes is dependent on 3’ end processing (Chodchoy
et al., 1991), indicating that the two events are tightly coupled and resemble in this respect
coupling between transcription termination and cleavage/polyadenylation (Bentley, 2005;
Buratowski, 2005; Proudfoot et al., 2002). It is possible that the 5’-3” exonuclease activity of
CPSF-73 plays an active role in coupling the U7-dependent processing to transcription
termination on histone genes by a “torpedo” mechanism, which in generation of polyadenylated
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transcripts was shown to require another 5’-3’ exonuclease, Rat1/Xrn2 (Luo et al., 2006;
Rosonina et al., 2006; Tollervey, 2004) .

6. 3’ end processing of histone pre-mRNAs in Drosophila

In recent years, an efficient and accurate in vitro 3’ end processing system has been developed
for Drosophila and studies using this system significantly extended our knowledge of how
histone pre-mRNAs are cleaved in this organism (Adamson and Price, 2003; Dominski et al.,
2002b). Most but not all features of mammalian processing are conserved in Drosophila
(Dominski et al., 2002b; Dominski et al., 2005b). The stem-loop in Drosophila histone pre-
mMRNAs contains all highly conserved nucleotides, whereas the HDE is relatively weakly
defined but contains a short purine core that is essential for 3’ end processing (Dominski et al.,
2002b). The two sequence elements are spaced by a similar number of nucleotides as those
present in mammalian histone pre-mRNAs. Thus, all critical features of the bipartite
organization of the processing signal in histone pre-mRNAs are conserved in Drosophila.
Drosophila extracts cleave histone pre-mRNAs four nucleotides after the stem-loop, one
nucleotide closer to the stem-loop compared to the major cleavage site in the mammalian
processing (Dominski et al., 2002b). All Drosophila histone pre-mRNAs contain an adenosine
in this position, suggesting that the Drosophila and mammalian processing machineries prefer
the same nucleotide in front of the cleavage site. Interestingly, unlike processing in mammalian
nuclear extracts, cleavage in Drosophila pre-mRNASs does not shift to more distal sites upon
moving the HDE away from the stem-loop (Dominski et al., 2002b).

Drosophila U7 snRNA with 71 nucleotides is the longest known U7 sSnRNA, contains the non-
canonical Sm site (Dominski et al., 2003b) and associates with Lsm10 and Lsm11 (Azzouz
and Schumperli, 2003), demonstrating that the structural uniqueness of the Sm complex of the
U7 snRNP is also preserved in invertebrates. Because of its length, the 5’ end of the U7 shRNA
has a larger capacity to form a number of base pairs with each Drosophila histone pre-mRNA
(Dominski et al., 2005b). However, the potential duplexes are rich in AU base pairs and hence
may be relatively unstable.

Drosophila SLBP contains a readily recognizable RNA binding domain (RBD) but otherwise
has no similarity to SLBP from vertebrate species (Sullivan et al., 2001). The RBD in
Drosophila is located close to the C-terminus and is followed by a short stretch of amino acids
rich in aspartates and serines. The serines are heavily phosphorylated in vivo, thus creating an
extremely acidic domain at the end of SLBP (Dominski etal., 2002b). In contrast to mammalian
processing, SLBP is indispensable for in vitro processing of all Drosophila histone pre-mRNAs
(Dominski et al., 2002b). Both the essential role of SLBP in processing and the inability of
large insertions placed between the stem-loop and HDE to change to position of the cleavage
site suggest that in Drosophila the U7 snRNP and SLBP together function in specifying the
site of cleavage and the two factors interact with each other, either directly or indirectly, with
a high affinity (Dominski et al., 2005b). This putative interaction may occur prior to formation
of the duplex and serve to properly align the U7 snRNA on HDE, hence precluding illegitimate
and nonproductive base pair schemes facilitated by the A/U-richness of Drosophila HDESs and
the 5” end of U7 snRNA (Dominski et al., 2005b). The acidic C-terminus of SLPB is a primary
candidate for a domain that functions in anchoring U7 snRNP to the vicinity of the stem-loop.
This domain is absolutely required for processing in vitro and its dephosphorylation
significantly reduces the ability of SLBP to complement SLBP-depleted nuclear extracts
(Dominski et al., 2002b).

No orthologue of ZFP100 or its functional counterpart has been identified in Drosophila. It is

possible that this protein, like many other zinc finger proteins, has evolved rapidly and can not
be recognized in the Drosophila protein database (Huntley et al., 2006). Alternatively, 3’ end
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processing of histone pre-mRNAs in Drosophila differs in this respect from processing in
mammalian cells. The identity of the Drosophila endonuclease has not been yet determined.
However, a number of observations, including the resistance of Drosophila in vitro processing
to EDTA, a preference for an adenosine directly preceding the cleavage site and the degradation
of the downstream cleavage product in the 5’ to 3’ direction strongly suggest that
Drosophila histone pre-mRNAs are also cleaved by CPSF-73 (Dominski et al., 2005b).

7. Maturation of the U7 snRNP

Spliceosomal snRNPs, U1, U2, U4 and U5, undergo initial maturation steps in the cytoplasm,
where they acquire the Sm core complex, consisting of the common Sm proteins B, D1, D2,
D3, E, F and G (Fig. 3) (Kiss, 2004;Will and Luhrmann, 2001). The seven Sm proteins form
aring around the canonical Sm site in the spliceosomal snRNAs (Kambach et al., 1999;Raker
etal., 1999). Formation of the Sm ring is a highly complex process controlled by the so called
SMN complex, which consists of the SMN protein and five additional proteins termed
Gemins2—7 (Gubitz et al., 2004). Components of the SMN complex associate with common
Sm proteins and transfer them on the spliceosomal RNA. The assembly process is facilitated
by the fact that the Sm proteins are pre-assembled in the cytoplasm, forming three
intermediates: D1/D2, B/D3 and F/E/G (Raker et al., 1996). The spliceosomal sSnRNAs are
distinguished from other cellular RNAs by Gemin5, which recognizes the 3’ terminal stem-
loop and the sequence of the Sm binding site, AAUUUUUGG, with the most critical role being
played by the second adenosine and the first and third uridines (Battle et al., 2006;Golembe et
al., 2005). The spliceosomal snRNPs containing the fully assembled Sm core are imported to
Cajal bodies for final modifications (Stanek and Neugebauer, 2006).

The U7-specific Sm core appears to be assembled by a specialized SMN complex that
associates with Lsm10 and Lsm11 instead of SmD1 and D2, and the five remaining common
Sm proteins; B, D3, E, F and G (Azzouz et al., 2005b; Pillai et al., 2003). It is possible that
like Sm proteins D1 and D2, Lsm10 and Lsm11 also interact with each other in the cytoplasm
and are incorporated into the U7-specific Sm core as a heterodimer. The U7 snRNA does not
interact with Gemin5 despite containing all necessary features recognized by this protein, i.e.
the 3’ terminal stem-loop, and the three critical nucleotides of its AAUUUGUCUAG Sm site:
the second adenosine, and first and third uridines (Fig. 3) (Battle et al., 2006). The remaining
part of the unusual sequence of the Sm binding site may somehow interfere with recognition
of the U7 snRNA by Gemin5 and prevents this RNA from receiving the spliceosome type Sm
core. One possibility is that the key role in the formation of the U7-specific Sm core is played
by Lsm11 itself, which interacts with the Sm site in U7 snRNA but not with the canonical Sm
site in spilceosomal sSnRNAs (Pillai et al., 2003). According to this scenario Lsm11, likely as
a heterodimer with Lsm10, bound to the unusual Sm site in U7 SnRNA creates a nucleation
center recognized by the SMN complex, which subsequently completes the assembly process
by adding the missing common Sm proteins. The inefficient formation of the unique U7-
specific Sm core contributes significantly to the low abundance of complete U7 SnRNP
particles in mammalian cells (Grimm et al., 1993). Conversion of the U7-specific Sm site to
that existing in the spliceosomal snRNAs results in a several-fold increase in the cellular
concentration of the hybrid U7 snRNP. This increase can almost certainly be attributed to the
much higher cellular abundance of the D1 and D2 proteins in comparison with Lsm10 and
Lsm11 and/or more efficient co-operation of the SMN complex with the common Sm proteins
in the Sm core assembly (Pillai et al., 2003).

8. The role of Cajal bodies in histone gene expression

Cajal bodies, previously known as coiled bodies, are small nuclear structures that vary in a
number of copies from 1 to several hundreds per single cell, depending on the developmental
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and metabolic status of the cell (Gall, 2000; Gall, 2003). One of the features of Cajal bodies
in vertebrates is the presence of an 80 kDa protein called coilin. A number of observations
indicate that Cajal bodies are involved in modification/remodeling of the SnRNPs and SnoRNPs
before their final distribution to other cellular locations (Stanek and Neugebauer, 2006).

In vertebrate cells, Cajal bodies are highly enriched in the U7 snRNA and a subset of these
structures are located close to the histone gene loci (Frey and Matera, 1995; Wu and Gall,
1993). Cajal bodies in Xenopus oocytes were also shown to contain small amounts of SLBP
(Abbott et al., 1999), whereas human Cajal bodies are the exclusive site for ZFP100 (Wagner
et al., 2006). Moreover, three factors only recently implicated in 3 end processing of histone
pre-mRNASs as components of the heat labile factor; symplekin (Hofmann et al., 2002; Schul
et al., 1996), CstF-64 and CPSF-100 (Hofmann et al., 2002; Schul et al., 1996) are also
concentrated in Cajal bodies. In mammalian cells, Cajal bodies that are located close to the
histone gene loci contain a protein termed NPAT that undergoes phosphorylation by cyclin E-
Cdk2 during the G1/S transition and activates transcription of histone genes (Ma et al., 2000;
Miele et al., 2005; Zhao, 2004; Zhao et al., 2000). Collectively, these data suggest that
vertebrate Cajal bodies associated with the histone gene loci are actively engaged in
transcription of histone genes and 3’ end processing of the nascent histone transcripts (Gall,
2000). A clear advantage of such a structural organization might be to enhance the efficiency
and accuracy of formation of histone mMRNAs by concentrating all necessary transcription and
processing factors in a single compartment located close to histone genes. Importantly,
replication-dependent histone genes are clustered in all eukaryotes, strongly arguing that direct
proximity on chromosomes of these coordinately regulated class of genes provides a clear
evolutionary advantage (Marzluff et al., 2002). In Drosophila, the U7 snRNP resides in a
distinct nuclear structure, the histone locus body (HLB), which is separated from Cajal body
but invariably co-localizes with the histone gene locus (Liu et al., 2006).

It has been reported that in mammalian cells, CstF-64 and CPSF-100 have an unusual
distribution. During G1 phase the two processing factors in addition to being evenly distributed
throughout the nucleoplasm are concentrated in Cajal bodies (Schul et al., 1999). Interestingly,
in S phase CstF-64 and CPSF-100 redistribute to separate structures called the cleavage bodies,
which in contrast to Cajal bodies precisely co-localize with the histone gene loci and contain
nascent histone transcripts. It is possible that the cleavage bodies, although not always easily
distinguishable from closely associated Cajal bodies, also contain U7 snRNP and other
essential processing factors, and constitute the true sites for 3’ end processing of histone pre-
mRNAs. Notably, the identification of CstF-64 and CPSF-100 in the close proximity to the
histone gene loci for the first time suggested that these two known cleavage/polyadenylation
processing factors may also be involved in formation of the nonpolyadenylated histone mMRNAS
(Schul et al., 1999).

9. Integration of 3’ end processing and transcription

Although in vitro cleavage/polyadenylation of pre-mRNA can be separated from transcription,
the two events are tightly coupled in vivo (Bentley, 2005; Hirose and Manley, 2000; Proudfoot,
2004; Proudfoot et al., 2002). The central role in coupling transcription and cleavage/
polyadenylation is played by the C-terminal domain (CTD) of the large RNA Pol Il subunit,
which functions as a platform for binding numerous 3’ end processing factors during
transcription. A number of components of the cleavage/polyadenylation machinery may
interact with transcription factors already at the promoter during the initiation phase of
transcription and are later transferred on the CTD and other subunits of the elongating RNA
polymerase complex (Calvo and Manley, 2003). The human CTD consists of 52 highly similar
heptad repeats with the consensus YSPTSPS. Within the repeat, the serines 2 and 5 undergo
reversible phosphorylation thus regulating the function of the CTD during different phases of
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the transcription cycle. Phosphorylation of serine 2 by cyclin-dependent kinase 9 (Cdk?9) is
required for the elongation phase of transcription and thus formation of the full length pre-
mRNAs and stimulates binding of cleavage/polyadenylation factors to the CTD (Ahn et al.,
2004; Bird et al., 2004; Peterlin and Price, 2006; Phatnani and Greenleaf, 2006). The coupling
between transcription and cleavage/polyadenylation is believed to improve the efficiency and
accuracy of 3’ end processing by increasing the local concentration of processing factors in
the vicinity of the nascent transcript. Indeed, a significantly higher rate of cleavage coupled to
transcription compared to cleavage of a pre-synthesized RNA substrate was recently
recapitulated in vitro (Adamson et al., 2005). The CTD is also required for the cleavage reaction
in an uncoupled in vitro system, suggesting that it may play a more general function in 3’ end
processing (Hirose and Manley, 1998).

RNA Pol 11 also generates pre-snRNAs and histone pre-mRNAs. These transcripts are much
shorter, intron-less, processed at the 3’ end by separate machineries and controlled by distinct
gene promoters. Accurate 3’ end processing of pre-snRNAs in mammalian cells requires that
transcription of SnRNA genes initiates from an snRNA gene promoter (Hernandez and Weiner,
1986). This suggests that the 3’ end processing machinery for pre-snRNAs assembles only at
a compatible promoter region and travels with the elongating polymerase until it reaches the
appropriate 3’ end processing signals in the nascent transcript. Pre-snRNAs are processed by
a 12-subunit complex called Integrator that contains a putative endonuclease RC-68/Int11 and
directly associates with the CTD (Baillat et al., 2005). Inhibition of Cdk9 activity does not
affect generation of pre-snRNAs although it abolishes their 3’ end processing (Jacobs et al.,
2004; Medlin et al., 2005; Medlin et al., 2003), demonstrating that the CTD phosphorylated
on serine 2 is selectively required for 3 end processing of pre-snRNAs but is dispensable for
transcription elongation. In agreement with these results, addition of the phosphorylated CTD
stimulates in vitro 3’ end processing of sSnRNA precursors (Uguen and Murphy, 2003).

In contrast to SnRNAs, mature histone mMRNAs accumulate to normal levels in the presence of
Cdk9 inhibitors (Medlin et al., 2005). Thus, neither transcription of histone genes nor 3’ end
processing of histone pre-mRNAs depends on phosphorylation of serine 2. Accordingly,
chromatin immunoprecipitation assays revealed that only relatively low levels of Cdk9 and
phosphorylated serine 2 are associated with RNA Pol Il transcribing histone genes (Medlin et
al., 2005). In addition, contrary to the in vitro functional coupling of transcription with
cleavage/polyadenylation, no stimulation of 3’ end processing was observed when histone pre-
MRNA was tethered to DNA template in a transcription elongation complex (Adamson and
Price, 2003). Taken together, these results suggest that the CTD may play only a minor role in
coupling transcription to 3’ end processing in expression of histone genes, in sharp contrast to
its role in expression of other protein-encoding genes.

So far no interaction between transcription factors and components of the 3’ end processing
machinery has been documented in formation of histone mMRNAs. Among known processing
factors, the best candidate for a factor that links transcription with cleavage is ZFP100. This
protein has a number of features of a transcription factor, including the N-terminal KRAB
domain (Huntley et al., 2006) and the ability to strongly activate expression of reporter genes
in the yeast two-hybrid system (Dominski et al., 2002a). It is possible that NPAT, the known
transcriptional activator of histone genes, may also assist 3’ end processing since the region of
NPAT not required for histone gene transcription is essential for progression through S phase
(Yeetal., 2003). During S phase, both transcription of histone genes and 3’ end processing of
the resultant pre-mRNAs are highly stimulated, coordinately contributing to the great increase
in the intracellular concentration of mature histone mMRNAs concomitant with DNA replication
(Marzluff, 2005; Stein et al., 1996). Undoubtedly, there is an extensive network of interactions,
possibly mediated by factors residing in Cajal (or cleavage) bodies that integrate transcription
and 3’ end processing for production of histone MRNASs in S phase. Future studies should result
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in identification of new components of this network and shed some light on how this integration
is achieved.

10. Conclusions

Since our last review in 1999, five new components of 3’ end processing of histone pre-mRNAs
have been identified. The list begins with Lsm10 and Lsm11, which are part of the U7-specific
Sm core and are absent from the spliceosomal snRNPs. Lsm11 is significantly larger than any
other known Sm or Lsm protein and, in addition to playing a structural role in forming the U7-
specific Sm core, is believed to direct the assembly of the catalytically active complex due to
its perfect juxtaposition with the cleavage site. The third recently identified factor, ZFP100,
which interacts with Lsm11 links SLBP bound to the stem-loop with the U7 snRNP. ZFP100
may also help recruit additional processing factors to histone pre-mRNA and couple 3’ end
processing to transcription. The two factors most recently added to the list, CPSF-73 and
symplekin, are the endonuclease and the heat sensitive component of the processing machinery,
respectively. CPSF-73 and symplekin are known components of the cleavage/polyadenylation
machinery and in 3’ end processing of histone pre-mRNAs they may function as a larger heat
labile factor (HLF) that contains other subunits of CPSF and two subunits of CstF; CstF-64
and CstF-77 (Kolev and Steitz, 2005). However, it is unknown whether these additional
components are indeed required for the U7-dependent processing and whether the activity of
any of these components is regulated during the cell cycle, as previously reported for HLF
(Gick et al., 1987). Finding answers to these questions will be helpful in understanding the
most important part of the puzzle: how the same endonuclease, CPSF-73, is recruited to the
two vastly different pre-mRNAs that assemble into two specific processing complexes.

The U7-dependent mechanism for 3’ end processing of replication-dependent histone pre-
mMRNAs is present only in metazoans and two flagellate green algae, Volvox and
Chlamydomonas. In plants, fungi and other lower eukaryotes, histone mRNAs are
polyadenylated and generated by the common 3’ end processing machinery that also acts on
all other mRNA precursors (Osley, 1991). Since the formation of histone mRNAs and
polyadenylated mRNAS requires a set of the same factors including the endonuclease, the two
relevant pre-mRNA processing machineries likely have a common evolutionary origin. An
intriguing question to which we may never find an answer is whether, as suggested (Gilmartin,
2005), the U7-dependent mechanism for 3’ end formation of histone MRNAs and its links to
cells cycle regulatory pathways are a recent development that was invented after the divergence
of plants and animals. If so, this specialized processing pathway could have evolved in early
metazoan ancestors from the cleavage/polyadenylation pathway by adopting one of the
spliceosomal snRNPs to the new role in formation of histone mMRNAs. Or perhaps the U7-
dependent processing is a relic of the primordial 3’ end processing machinery that has been
lost during evolution by plants and fungi and replaced in these organisms by the universal
cleavage/polyadenylation machinery composed of exclusively protein components (Mowry
and Steitz, 1988).
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Figure 1.

The processing machinery involved in cleavage/polyadenylation. The arrow indicates the site
of cleavage by CPSF-73. The position of some of the components in the complex has not been
experimentally supported. The model does not include the CTD that is required for in vitro
cleavage/polyadenylation under certain experimental conditions.
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Figure 2.

The sequence and predicted configuration of the mouse H2a-614 pre-mRNA (top) and the
mouse U7 snRNA (bottom) during 3’ end processing. The base pair interaction between the
two RNAs is indicated with vertical lines (Watson-Crick base pairs) and dots (GU base pairs).
The tri-methyl guanosine cap (TMG) at the 5" end of the U7 snRNA is framed. The unique U7
Sm site, the histone downstream element (HDE) and the site of cleavage are indicated. The
region of the U7 Sm site that UV cross-links with Lsm11 is labeled with the asterisk.
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Figure 3.

Two types of the Sm core in SnRNPs. Proteins that make direct contacts with nucleotides of
the Sm site are marked with asterisks. A. The composition of the canonical Sm core assembled
on the Sm site in the spliceosomal snRNAs. B. The unique composition of the Sm core
assembled on the U7-specfic Sm site.
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Figure 4.
A schematic mode of binding of SLBP and 3’hExo to the 3’ end of histone mRNA.
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Figure 5.

Known components of the 3’ end processing machinery cleaving histone pre-mRNAs. The
position of symplekin in the complex is hypothetical and the presence of CPSF-100 has not
been supported experimentally.
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