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ABSTRACT

3′-End cleavage of animal replication-dependent histone pre-mRNAs is controlled by the U7 snRNP. Lsm11, the largest component
of the U7-specific Sm ring, interacts with FLASH, and in mammalian nuclear extracts these two proteins form a platform that
recruits the CPSF73 endonuclease and other polyadenylation factors to the U7 snRNP. FLASH is limiting, and the majority of
the U7 snRNP in mammalian extracts exists as a core particle consisting of the U7 snRNA and the Sm ring. Here, we purified
the U7 snRNP from Drosophila nuclear extracts and characterized its composition by mass spectrometry. In contrast to the
mammalian U7 snRNP, a significant fraction of the Drosophila U7 snRNP contains endogenous FLASH and at least six subunits
of the polyadenylation machinery: symplekin, CPSF73, CPSF100, CPSF160, WDR33, and CstF64. The same composite U7
snRNP is recruited to histone pre-mRNA for 3′-end processing. We identified a motif in Drosophila FLASH that is essential for
the recruitment of the polyadenylation complex to the U7 snRNP and analyzed the role of other factors, including SLBP and
Ars2, in 3′-end processing of Drosophila histone pre-mRNAs. SLBP that binds the upstream stem–loop structure likely recruits
a yet-unidentified essential component(s) to the processing machinery. In contrast, Ars2, a protein previously shown to
interact with FLASH in mammalian cells, is dispensable for processing in Drosophila. Our studies also demonstrate that
Drosophila symplekin and three factors involved in cleavage and polyadenylation—CPSF, CstF, and CF Im—are present in
Drosophila nuclear extracts in a stable supercomplex.
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INTRODUCTION

Animal replication-dependent histone pre-mRNAs are pro-
cessed at the 3′ end by cleavage that is not followed by poly-
adenylation (Muller and Schumperli 1997; Gilmartin 2005;
Dominski and Marzluff 2007; Dominski et al. 2013). This
processing reaction is conserved between vertebrates and in-
vertebrates and differs from the cleavage and polyadenylation
pathway that operates on canonical pre-mRNAs (Wahle and
Keller 1996; Colgan and Manley 1997; Zhao et al. 1999;
Mandel et al. 2008; Proudfoot 2011). 3′-End processing of
histone pre-mRNAs is controlled by two sequence elements
that flank the cleavage site: a highly conserved upstream
stem–loop structure and a loosely conserved histone down-

stream element (HDE). The stem–loop structure interacts
with the Stem–Loop Binding Protein (SLBP) (Tan et al.
2013), also known as the Hairpin Binding Protein (HBP)
(Martin et al. 1997), whereas the HDE is a binding site for
the U7 snRNP (Mowry and Steitz 1987; Cotten et al. 1988).
The U7 snRNP consists of two core components: a 60- to
70-nucleotide (nt) U7 snRNA and an unusual heptameric
Sm ring. In this ring, the SmD1 and SmD2 proteins are re-
placed by the related Lsm10 and Lsm11 proteins. The five re-
maining Sm proteins—B, D3, E, F, and G—are shared with
the spliceosomal snRNPs (Schumperli and Pillai 2004).
The 5′ end of the U7 snRNA is partially complementary

with the HDE, and the base-pair interaction between these
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two sequences is primarily responsible for bringing the U7
snRNP to histone pre-mRNA. Preventing this interaction in
both mammalian (Cotten et al. 1989) andDrosophila extracts
(Dominski et al. 2005) abolishes cleavage, indicating that the
U7 snRNP is an essential component of 3′-end processing of
histone pre-mRNAs in all animal cells. Mammalian SLBP
functions to stabilize the binding of the U7 snRNP to histone
pre-mRNA and is dispensable for processing in vitro if
the HDE forms a sufficiently strong duplex with the U7
snRNA (Streit et al. 1993; Dominski et al. 1999). In contrast,
Drosophila SLBP is essential for 3′-end cleavage of all histone
pre-mRNAs both in vitro (Dominski et al. 2002) and in vivo
(Sullivan et al. 2001).
Mammalian Lsm11 interacts through its extended N-ter-

minal region with the N terminus of a 220-kDa protein,
FLASH (Yang et al. 2009a). These two protein fragments ex-
pressed in bacteria form a platform that interacts tightly with
eight mammalian proteins involved in cleavage and polyade-
nylation: symplekin, CstF64, and all six subunits of CPSF, in-
cluding the endonuclease CPSF73 (Yang et al. 2013).We refer
to this complex as theHistone pre-mRNACleavage Complex,
orHCC (Yang et al. 2013). The interactionwith theHCC crit-
ically depends on a highly conserved cluster of amino acids,
LDLY, located near the N terminus of FLASH (Yang et al.
2011). Mutations within this cluster abolish the activity of
FLASH in processing in vitro and render the FLASH/Lsm11
complex unable to interact with the HCC. The same polyade-
nylation factors associate in a FLASH-dependent manner
with the mammalian U7 snRNP and are recruited to histone
pre-mRNA for 3′-end processing. Thus, in mammalian cells,
at least a fraction of the U7 snRNPhas a highly complex struc-
ture and in addition to the U7 snRNA and the Sm ring con-
tains FLASH and several polyadenylation factors, which are
delivered to histone pre-mRNA through the base-pair inter-
action between the U7 snRNA and the HDE (Yang et al.
2013).
In addition to Lsm11, mammalian FLASH interacts with

Ars2 (Narita et al. 2007), a versatile protein known to play
a role in microRNA biogenesis (Lobbes et al. 2006; Gruber
et al. 2009; Sabin et al. 2009; Xie et al. 2010). Ars2 is also re-
quired for cell proliferation (Gruber et al. 2009), and its
depletion from mammalian cells results in production of
small amounts of replication-dependent histone mRNAs
that end in a poly(A) tail rather than with the stem–loop
(Gruber et al. 2012). Thus, in mammalian cells, Ars2 may
be directly involved in the U7-dependent processing.
The interaction between FLASH and Lsm11 is conserved

in Drosophila (Yang et al. 2009a), and it is essential in vivo
(Burch et al. 2011). However, it has not been determined
whether in Drosophila these two proteins also function by re-
cruiting polyadenylation factors to the U7 snRNP. Moreover,
only three subunits of the cleavage and polyadenylation ma-
chinery—CPSF73, CPSF100, and symplekin—were shown to
be essential for U7-dependent processing of histone pre-
mRNAs in Drosophila cells (Wagner et al. 2007; Sullivan

et al. 2009), sharply contrasting with the complexity of the
mammalian U7 snRNP, which contains multiple polyadeny-
lation factors (Yang et al. 2013).
Here, we take advantage of the fact that nuclear extracts

from Drosophila Kc cells are very active in cleaving histone
pre-mRNAs and enriched in processing factors in order to
purify and determine the composition of the Drosophila U7
snRNP and processing complexes assembled on histone
pre-mRNA. We also reinvestigated the importance of several
polyadenylation factors and other proteins, including SLBP
and Ars2, in 3′-end processing of histone pre-mRNAs using
various in vitro and in vivo approaches.
Our results show that Drosophila U7 snRNP is associated

with FLASH and a complex of polyadenylation factors that
resembles the mammalian HCC. The same composite U7
snRNP is directly delivered to histone pre-mRNA for 3′-
end processing. Consistent with the previous results, among
the multiple polyadenylation factors that form theDrosophila
HCC, only the endonuclease CPSF73, CPSF100, and symple-
kin are essential for generation of properly matured histone
mRNA in vivo. We also show that Ars2 does not form a com-
plex with FLASH in Drosophila cells and is not required for
correct cleavage of histone pre-mRNAs, suggesting that these
functions of Ars2 are limited to mammalian cells. Finally,
Drosophila SLBP does not play a major role in stabilizing
the interaction between the U7 snRNP and histone pre-
mRNA but instead likely facilitates the recruitment of an es-
sential and perhaps a yet-unidentified factor(s) of the pro-
cessing machinery.

RESULTS

Characterization of Kc nuclear extracts used
in biochemical studies on 3′-end processing

The 3′-end processing machinery that cleaves replication-de-
pendent histone pre-mRNAs in Drosophila shares a number
of similarities with the mammalian machinery (Fig. 1A), in-
cluding the essential role played by the interaction of Lsm11
and FLASH (Burch et al. 2011). In mammalian cells, these
two proteins form a platform that serves to recruit multiple
polyadenylation factors to the U7 snRNP (Yang et al. 2013).
In this study,weused large-scale nuclear extracts fromKc cells
and several biochemical approaches to determine the role of
the Lsm11/FLASH interaction and composition of the U7-
dependent processing machinery in Drosophila.
In our previous studies on 3′-end processing of histone

pre-mRNAs in Drosophila, we typically used large-scale nu-
clear extracts prepared from frozen Kc cells since they had
virtually the same processing activity as nuclear extracts pre-
pared from freshly harvested cells (Dominski et al. 2002,
2005). However, closer biochemical analysis revealed that
these extracts contained significantly reduced levels of two es-
sential processing factors: SLBP and FLASH (Fig. 1B, cf. lanes
1 and 2). The reduced level of SLBP was primarily caused by
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its rapid leakage to the cytoplasm during cell thawing.
FLASH, in addition to leaking to the cytoplasm, was degrad-
ed to shorter fragments that are fully functional in 3′-end
processing in vitro (see below). As a result of leakage, cyto-

plasmic extracts prepared from frozen cells are active in pro-
cessing, indicating that they contain complete processing
machinery (Supplemental Fig. S1A, lane 3). Clearly, relatively
small amounts of SLBP, FLASH, and other processing factors
are sufficient to support robust processing activity of nuclear
and cytoplasmic extracts when tested with a limiting amount
of the dH3 pre-mRNA substrate.
Since nuclear extracts prepared from freshly harvested Kc

cells were highly enriched in full-length processing factors
(Supplemental Fig. S1B), our subsequent biochemical exper-
iments were carried out using these extracts. In agreement
with our previous results (Dominski et al. 2002, 2005),
3′-end processing of histone pre-mRNAs carried out in these
extracts is absolutely dependent on SLBP. The presence of
10 µM wild-type stem–loop RNA competitor (WT SL, 500-
fold excess over the pre-mRNA substrate), which sequesters
the entire pool of SLBP in the extract inhibited cleavage of
the dH3 pre-mRNA, whereas the same amount of a mutant
stem–loop RNA (Mut SL) had no effect (Fig. 1C, cf. lanes 4
and 5). This mutant RNA contains alterations in the 5′-flank-
ing adenosines and the second base pair of the stem (Fig. 1E)
and does not bind SLBP (Yang et al. 2009b; Tan et al. 2013).
Processing was also efficiently inhibited by 5 µM anti-U7 2′-
O-methyl oligonucleotide (αU7) complementary to nucleo-
tides 5–19 of the Drosophila U7 snRNA (Fig. 1C, lane 7)
and by an antibody directed against the N-terminal portion
of Drosophila FLASH (Fig. 1D, lane 3). A nonspecific 2′-O-
methyl oligonucleotide targeted to the first 17 nt of themouse
U7-snRNA (αMock) (Fig. 1C, lane 8) and a nonspecific anti-
body (Fig. 1D, lane 4) did not reduce in vitro 3′-end process-
ing. All these reagents had the same effect on processing in
Drosophila S2 nuclear extracts prepared from cells grown ei-
ther in monolayers (ML S2) or suspension cultures (Sus S2)
(Supplemental Fig. S2; data not shown). We conclude that
the essential role of SLBP, the U7 snRNP and FLASH in 3′-
end processing of histone pre-mRNAs is a universal feature
of Drosophila nuclear extracts. This conclusion is consistent
with the essential role of these factors in processing in vivo
(Sullivan et al. 2001; Godfrey et al. 2006; Burch et al. 2011).

Functional conservation of Drosophila FLASH

A short N-terminal fragment of human FLASH encompass-
ing amino acids 52–139 strongly stimulates processing in
diluted or poorly active mammalian nuclear extracts (Yang
et al. 2009a, 2011). This fragment of FLASH tightly binds
the N-terminal fragment of human Lsm11 (amino acids 1–
170), and together they interact with a large nuclear complex
consisting of multiple polyadenylation factors, including the
endonuclease CPSF73 (Yang et al. 2013). We refer to this
complex as the Histone pre-mRNA Cleavage Complex
(HCC). By introducing various deletions and mutations
into the N-terminal fragment of human FLASH, we demon-
strated that amino acids 100–135 bind Lsm11, whereas
amino acids 55–58 with the highly conserved LDLY sequence

FIGURE 1. 3′-End processing of histone pre-mRNAs inDrosophila. (A)
Known factors involved in 3′-end processing of histone pre-mRNAs in
Drosophila. (Black and gray lines) Histone pre-mRNA and Drosophila
U7 snRNA, respectively. (Vertical lines) Base-pair interactions between
the two RNAs. In the U7-specifc Sm ring, the two spliceosomal proteins
SmD1 and SmD2 are replaced by Lsm10 and Lsm11 (indicatedwith dark
gray). Lsm11 binds FLASH and inmammalian nuclear extracts these two
proteins interact with CPSF73 (the endonuclease), CPSF100, symplekin,
and other polyadenylation factors that together form the Histone pre-
mRNACleavageComplex (HCC). It is unknownwhether the interaction
between Lsm11 and FLASH functions in the samemanner inDrosophila
(double arrow) and whether the HCC contains any factors in addition to
CPSF73, CPSF100, and symplekin, as indicated with the question mark.
(B) Levels of FLASH, SLBP, and symplekin in nuclear extract prepared
from frozen (lane 1) or freshly collected Kc cells (lane 2), as determined
by Western blotting. (C) 3′-End processing of Drosophila histone H3
(dH3) pre-mRNA in a Kc nuclear extract prepared from freshly harvest-
ed cells in the presence of indicated RNA competitors (lanes 3–8). The
input alone and processing in the absence of any RNA competitor is
shown in lanes 1 and 2, respectively. (D) 3′-End processing of the dH3
pre-mRNA in a Kc nuclear extract prepared from freshly harvested cells
in the presence of indicated antibodies (lanes 3 and 4). The input alone
and processing in the absence of any RNA competitor is shown in lanes 1
and 2, respectively. Inhibition of processing by theαU7oligonucleotide is
shown in lane 5. (E) Nucleotide sequence of the wild-type SL (WT SL)
RNA. Regions altered in the Mut SL RNA that are essential for binding
SLBP are underlined.
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are required for the recruitment of the HCC (Yang et al.
2011).
Our previous studies in Drosophila cultured cells showed

that the region located between amino acids 65 and 77 of
Drosophila FLASH is essential for processing of histone pre-
mRNAs in vivo, but its role has not been determined
(Burch et al. 2011). This region contains an LDIY sequence
(Fig. 2A), which is likely the functional counterpart of the
LDLY motif in mammalian FLASH. Surprisingly, the N-
terminal fragment ofDrosophila FLASH (FN-ter, amino acids
1–178) did not stimulate 3′-end processing in Drosophila Kc
nuclear extracts (Fig. 2B, lane 4).Moreover, a deletionmutant
of this fragment lacking the first 77 amino acids (FΔ77), in-
cluding the LDIY motif, did not act in a dominant-negative
fashion in vitro (Fig. 2B, lane 5), although the equivalent mu-
tant of human FLASH strongly inhibited processing in mam-
malian extracts (Yang et al. 2011). Note that as indicated
above, FLASH is an essential component of Drosophila pro-
cessing machinery, and the presence of an anti-FLASH
antibody inhibits cleavage of the dH3 pre-mRNA in this
and all other tested Drosophila nuclear extracts (Fig. 1D;
Supplemental Fig. S2).
In contrast to mammalian cells, where FLASH is severely

limiting, Drosophila cultured cells contain relatively high lev-
els of this protein, either full length or its shorter proteolytic
fragments, which could be precipitated by specific antibodies
and visualized on SDS/polyacrylamide gels by Coomassie and
silver staining (see Fig. 5B, below). We reasoned that the en-
dogenous Drosophila FLASH is in excess to Lsm11 and quan-
titatively bound to the U7 snRNP, providing a potential
explanation for the failure of the recombinant N-terminal
FLASH to stimulate processing. To test this possibility, we re-
duced the endogenous level of FLASH by RNA interference
(RNAi). Drosophila S2 cells were grown in monolayers for
5 d in the absence or presence of double-stranded (ds)
RNA against Drosophila FLASH and used to prepare small-
scale nuclear extracts. A nuclear extract from untreated cells
contained readily detectable amounts of FLASH (Fig. 2C,
lane 1) and was proficient for processing of the dH3 histone
pre-mRNA (Fig. 2D, lane 2). Recombinant N-terminal
FLASH (FN-ter, amino acids 1–178) increased the efficiency
of cleavage approximately twofold in this nuclear extract (Fig.
2D, lane 3; Fig. 2F), whereas the FΔ77 FLASHmutant typical-
ly had on average a minor inhibitory effect (Fig. 2D, lane 4;
Fig. 2F). It is unclear why the FN-ter and FΔ77 FLASH pro-
teins affected processing only in the small-scale nuclear ex-
tracts from S2 cells and showed no activity when added to
large-scale nuclear extracts prepared from suspension Kc
cells (Fig. 2B, lanes 4, 5). S2 cells adapted to grow in suspen-
sion cultures yielded large-scale nuclear extracts that behave
in the same manner as Kc nuclear extracts (data not shown).
One possible explanation is that extracts from monolayer
cells differ from extracts from suspension cells in the abun-
dance of FLASH and other processing factors and their acces-
sibility for recombinant FLASH.

FIGURE 2. The role of the LDIY motif in FLASH in processing. (A)
The amino acid sequence of the first 178 residues of Drosophila
FLASH. The Lsm11-binding site and the critical LDIY motif (replaced
with four alanines in the LDIY-4A mutant) are underlined. (Arrow)
The start point of the FΔ77N deletion mutants. (B) 3′-End processing
of the dH3 pre-mRNA in a Kc nuclear extract in the presence of 100
ng of indicated recombinant proteins. The input pre-mRNA and control
processing (no protein added) are shown in lanes 1 and 2, respectively.
(C) The abundance of endogenous FLASH and SLBP in untreated S2
cells (No KD, lane 1) or treated with a specific double stranded (ds)
RNA (FLASH KD, lane 2), as determined by Western blotting using
an antibody directed against the N-terminal region of Drosophila
FLASH. (∗) A protein cross-reacting with the antibody that serves as a
loading control. (D) 3′-End processing of the dH3 pre-mRNA in nuclear
extracts prepared from untreated S2 cells (lanes 2–4) or cells depleted of
FLASH (lanes 5–7). Control processing in the absence of any recombi-
nant protein is shown in lanes 2 and 5. Processing in lanes 3–4 and 6–7
was carried out in the presence of 100 ng of indicated recombinant pro-
teins. (E) 3′-End processing of the dH3 pre-mRNA in a nuclear extract
prepared from S2 cells partially depleted of FLASH. Reactions were car-
ried out in the presence of 100 ng of indicated recombinant FLASH pro-
teins (lanes 2–4). The control reaction (lane 1) contains no exogenous
protein. (F) Statistical analysis of 3′-end processing of the dH3 pre-
mRNA in small-scale nuclear extracts from untreated S2 cells (left panel)
and FLASH-depleted S2 cells (right panel). Processing was carried out in
the absence of any recombinant protein (buffer) or in the presence of
indicated variants of FLASH. The P-value was calculated using a paired
version of the Student’s t-test with a two-tailed distribution. The data
represent two to four separate processing reactions and three indepen-
dent nuclear extract preparations from untreated and treated S2 cells.
Efficiency was measured as a ratio of the final processed product to
the input (unprocessed + processed). Error bars indicate the standard
deviation for measured efficiencies.
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The nuclear extract prepared from S2 cells treated with
dsRNA against FLASH contained a significantly reduced level
of FLASH (Fig. 2C, lane 2), whereas the amounts of SLBP and
the U7 snRNP (Fig. 2C, lane 2; data not shown), the two oth-
er critical processing factors, were unchanged. This extract
alone poorly processed histone pre-mRNA (Fig. 2D, lane 5),
and the addition of the recombinant FN-ter protein (amino
acids 1–178) increased its activity more than fivefold, to a
level that was higher than that of the control extract (Fig.
2D, cf. lanes 2 and 7; Fig. 2F). The stimulation of the process-
ing efficiency by the N-terminal FLASHwas highly reproduc-
ible and observed with every nuclear extract independently
depleted of FLASH (Fig. 2F). The FΔ77 FLASH (amino acids
78–178) lacking the LDIY mutant was inactive (Fig. 2D, lane
6; Fig. 2F). To determine whether the lack of activity is caused
by the absence of the LDIY motif, we created the LDIY-4A
point mutant in which this motif was replaced by four ala-
nines. This protein had only a residual activity in processing
(Fig. 2E, lane 4; Fig. 2F), demonstrating that the LDIY motif
in FLASH is critical for 3′-end processing of histone pre-
mRNAs in Drosophila and supporting the notion that it is a
functional counterpart of the LDLY motif in mammalian
FLASH.

The interaction between a complex of the N-terminal
FLASH and Lsm11 and Drosophila polyadenylation
factors

We next tested whether various recombinant N-terminal
FLASH fragments (GST fusion) bound to the N-terminal
Lsm11 (MBP fusion) can interactwithpolyadenylation factors
in Drosophila nuclear extracts, as previously described for the
mammalian proteins (Yang et al. 2013). The bound proteins
were purified on glutathione beads and analyzed by Western
blottingusing antibodies against the threeDrosophilapolyade-
nylation factors known to be essential for 3′-end processing
of histone pre-mRNAs in Drosophila and mammalian cells:
symplekin, CPSF100, and CPSF73 (Sullivan et al. 2009). The
levelof all recombinantprotein absorbedonglutathionebeads
was carefully monitored by staining with Coomassie Blue
(data not shown).

Initially, we used small-scale nuclear extracts prepared
from untreated and FLASH-depleted S2 cells since their pro-
cessing activity was increased by recombinant FLASH. A
complex of the N-terminal regions of Drosophila FLASH
(FN-ter, amino acids 1–178) and Lsm11 (amino acids 1–
153) interacted with readily detectably amounts of symplekin
and CPSF100 in extracts fromboth untreated (Fig. 3A, lane 3)
and FLASH-depleted S2 cells (Fig. 3A, lane 7). Among the in-
teracting proteins we also identified CPSF73, although its
detection on Western blots was obscured by a bacterial pro-
tein present in the preparation of recombinant Lsm11 that
strongly cross-reacted with the anti-CPSF73 antibody (see
Fig. 3C, lanes 3, 4; data not shown). Importantly, the interac-
tion of all these polyadenylation factors was nearly abolished

by deleting the first 77 amino acids from the FN-ter FLASH
(FΔ77) (Fig. 3A, lanes 4, 8).
Ofmultiple large-scale Kc nuclear extracts tested by this ap-

proach, only some behaved in the same fashion as the small-
scale extracts prepared from S2 cells. In these Kc extracts, the
FN-ter/Lsm11 complex, but not the mutant FΔ77/Lsm11
complex, interacted with symplekin, CPSF100 (Fig. 3B, cf.
lanes 4 and 5) and CPSF73 (see also Fig. 3C, lane 3; data
not shown). Consistent with our previous results with the
mammalian system, the N-terminal FLASH alone was less ef-
ficient in binding the polyadenylation factors than its complex
with Lsm11 (Fig. 3B, cf. lanes 3 and 4). To determine whether
the FΔ77 FLASH mutant complexed with the N-terminal
Lsm11 is unable to bind the polyadenylation factors primarily
due to deletion of the LDIY motif rather than any other se-
quence in the first 77 amino acids of FLASH, we used the
LDIY-4A mutant. The interaction of the LDIY-4A/Lsm11
complex with symplekin, CPSF100, and CPSF73 in the same

FIGURE 3. A complex of the N-terminal FLASH and Lsm11 binds
Drosophila polyadenylation factors. (A–C) The interaction of indicated
recombinant FLASH variants bound to the N-terminal Lsm11 with
polyadenylation factors in S2 (A) or Kc (B,C) nuclear extracts.
Nuclear proteins that interact with the FLASH/Lsm11 complex were
collected on glutathione (GSH) beads via the GST tag attached to
FLASH and analyzed by Western blotting using specific antibodies.
Material bound to GSH beads in the absence of recombinant proteins
was analyzed in lanes 2 and 6 (A) and lane 2 (B,C). Input (15%) of
the nuclear extract is shown in lane 1 of each panel. The arrows in C in-
dicate a contaminant from the recombinant Lsm11 protein that cross-
reacts with the antibody against CPSF73.
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Kc nuclear extract was significantly reduced (Fig. 3C, cf. lanes
3 and 4), demonstrating that the LDIY motif plays an equiva-
lent function to the LDLYmotif in mammalian FLASH and is
essential for recruiting the CPSF73 endonuclease and other
polyadenylation factors to the U7 snRNP.

Does Drosophila Ars2 interact with FLASH and play
a role in 3′-end processing of histone pre-mRNAs?

In mammalian cells, FLASH interacts with Ars2, and this
interaction is required for S-phase progression, expression
of replication-dependent histone mRNAs, and efficient local-
ization of FLASH to Histone Locus Bodies (HLBs) (Kiriyama
et al. 2009). In addition, Ars2 is essential for cell proliferation
(Gruber et al. 2009), and depletion of Ars2 from human cells
increases the number of aberrant replication-dependent his-
tone mRNAs that end with a poly(A) tail (Gruber et al. 2012),
suggesting that Ars2 may cooperate with FLASH in U7-de-
pendent 3′-end processing.
We tested whether Drosophila Ars2 and FLASH form a

stable complex in Drosophila cells. We generated a rabbit an-
tibody against the N-terminal portion of Ars2 to isolate com-
plexes containing Ars2 from Kc nuclear extracts and identify
interacting proteins by mass spectrometry. As determined
by Western blotting, the antibody precipitated Ars2 but not
FLASH (Fig. 4A, lane 3). Mass spectrometry analysis of a
large-scale precipitation with the anti-Ars2 antibody addi-
tionally identified large amounts of Cap Binding Protein
80 (CBP80) in the precipitate (Fig. 4B). This 80-kDa subunit
of the nuclear RNA Cap Binding Complex (CBC) and the
smaller 20-kDa subunit interact with tagged versions of Ars2
in human (Gruber et al. 2009) and Drosophila cells (Sabin
et al. 2009), and they likely interact with Ars2 in plants
(Laubinger et al. 2008). The anti-Ars2 precipitate also con-
tained homologs of other mammalian proteins, including
the helicase Mtr4 (Fig. 4B), shown to exist in a complex with
Ars2 in mammalian cells (Lubas et al. 2011). However, both
Western blotting (Fig. 4A, lane 3; Fig. 5A, lane 2) and mass
spectrometry (Fig. 4B) demonstrated that the antibody against
Ars2 failed to coprecipitate FLASH, suggesting that these two
proteins do not form a stable complex inDrosophila cells. The
anti-Ars2 antibody also did not precipitate Lsm11 (Fig. 5A,
lane 2). The conclusion that FLASH and Ars2 are not part of
the same complex was also supported by a reciprocal experi-
ment with anti-FLASH antibodies directed against the N-ter-
minal (Fig. 4A, lane 2) and C-terminal regions of Drosophila
FLASH (data not shown). Finally, no Ars2 was detected in
thematerial precipitated by an anti-Lsm11 antibody, although
this antibody precipitated FLASH (Fig. 4A, lane 5). The inabil-
ity of the anti-FLASH and anti-Ars2 antibodies to coprecipi-
tate Ars2 and FLASH, respectively, was highly reproducible
and observed for a broad range of nuclear extracts, includ-
ing those prepared from S2 cells grown in monolayers (Fig.
4A, lanes 6–9) or in high-volume suspension cultures
(Supplemental Fig. S3). Collectively, these results suggest

that in Drosophila, Ars2 does not interact with FLASH and is
not part of the U7 snRNP.
Since it was possible thatDrosophila Ars2 functions in pro-

cessing of histone pre-mRNAs via interacting with a different
processing component, we next reduced the endogenous level
of Ars2 in S2 cells by RNA interference (RNAi) and tested
whether this treatment results in in vivo production of repli-
cation-dependent histonemRNAs that endwith a poly(A) tail
rather than the stem–loop. This phenotype was readily ob-
served in S2 cells depleted of FLASH (Yang et al. 2009a) and
other factors essential for U7-dependent 3′-end cleavage of
histone pre-mRNAs in Drosophila, including symplekin,
CPSF100, and CPSF73 (Wagner et al. 2007; Sullivan et al.
2009; Yang et al. 2009a) andwas also observed in Ars2-deplet-
ed mammalian cells (Gruber et al. 2012). We monitored the
extent of depletion by Western blotting, using the antibody
against the N-terminal portion of Ars2 (Fig. 4C). The anti-
body detects a single band at∼140 kDa in the whole cell lysate
from untreated S2 cells, and the corresponding band is virtu-
ally missing in the lysate from S2 cells depleted of Ars2 by

FIGURE 4. Analyzing the involvement ofDrosophilaArs2 in 3′-end pro-
cessing of histone pre-mRNAs. (A) Immunoprecipitation of Ars2 and
FLASH from nuclear extracts prepared from freshly harvested Kc cells
(lanes 1–5) or S2 cells grown in monolayers (MS, lanes 6–9). The anti-
bodies used in the experiment are indicated at the top of each lane.
The anti-Mock antibody is directed against 3′hExo, a human protein
that has no clear homolog in Drosophila. The inputs are shown in lanes
1 and 6. (B) Proteins immunoprecipitated by the anti-Ars2 antibody
from a Kc cell nuclear extract were detected by silver staining and ana-
lyzed by mass spectrometry. The major identified proteins are listed on
the left. (C) Depletion of endogenous Ars2 in S2 cells by a specific
dsRNA. S2 cells were treated for 5–6 d with dsRNA against various pro-
teins and tested for depletion of Ars2 using the anti-Ars2 antibody. CR
indicates a protein of ∼70 kDa that cross-reacts with the antibody and
served as a loading control. Mock1 (CG7769) and Mock2 (CG8443)
are two proteins unrelated to 3′-end processing of histone pre-mRNAs.
(D) Northern blot analysis of endogenous histone H3 mRNA in S2 cells
treatedwith dsRNAs shown in panelC. Species endingwith the canonical
stem–loop (dH3 SL) migrate as a single band. Polyadenylated species are
longer and, due to the heterogeneity of the poly(A) tail, migrate as a
smear. Drosophila 7SK RNA served as a loading control.
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treatment with dsRNA (Fig. 4C, lane 6). RNAi with dsRNA
specific for Drosophila FLASH or a number of proteins unre-
lated to 3′-end processing of histone pre-mRNA had no effect
on the abundance of Ars2 in S2 cells (Fig. 4C, lanes 2–5).
Cells depleted of FLASH produced longer polyadenylated

dH3 histone mRNA resulting from a defect in the U7-depen-
dent 3′-end processing (Yang et al. 2009a) (Fig. 4D, lane 1).
Importantly, depletion of Ars2 had no visible effect on this
process (Fig. 4D, cf. lanes 1 and 6), although it resulted in a
noticeable reduction of the overall level of the dH3mRNA rel-
ative to the level ofDrosophila 7SK RNA, a transcript generat-
ed by RNA Pol III. The same general reduction in expression
of replication-dependent histone mRNAs was previously ob-
served in Ars2-depleted human cells (Kiriyama et al. 2009;
Gruber et al. 2012) and is also seen in Drosophila S2 cells de-
pleted of mxc (Fig. 4D, lane 3), the Drosophila ortholog of
NPAT (White et al. 2011). NPAT is specifically required for
transcription of histone genes in mammalian cells (Ma et al.
2000).
Since Ars2 may be essential for transcription of histone

genes, thereby making it difficult to assess its role in 3′-end
processing of histone pre-mRNAs in vivo, we prepared nu-
clear extracts from Ars2-depleted S2 cells. In contrast to
FLASH-depleted S2 extracts, extracts prepared from Ars2-
depleted cells were consistently very active in processing the
dH3 pre-mRNA (data not shown), further arguing that
Ars2 is not a component of the Drosophila U7-dependent
processing machinery.

Nuclear proteins associated with Drosophila FLASH

To better understand the role of FLASH in 3′-end processing
of histone pre-mRNAs and to identify its binding partners in
Drosophila nuclear extracts, we carried out a series of immu-
noprecipitations using antibodies against FLASH and other
Drosophila processing factors. The antibody against theN-ter-
minal portion ofDrosophila FLASH efficiently precipitates U7
snRNA (Yang et al. 2009a) and Lsm11 (Fig. 5A, lane 3), indi-
cating that a substantial fraction of the endogenousU7 snRNP
is stably associated with FLASH. Consistently, an anti-Lsm11
antibody coprecipitates Drosophila FLASH from Kc nuclear
extracts (Fig. 4A, lane 5).
We next investigated whether the endogenous Drosophila

FLASH is associated with any of the polyadenylation factors
known to be components of the mammalian HCC. As shown
by Western blotting, the anti-FLASH antibody, but not the
anti-Ars2 antibody, precipitated two polyadenylation factors
that are essential for 3′-end processing of Drosophila histone
pre-mRNAs: symplekin and CPSF73 (Fig. 5A, lane 3). To
confirm this result and to identify other proteins associated
with Drosophila FLASH, we scaled up precipitation with the
anti-FLASH. In addition to FLASH, silver staining revealed
several specific protein bands in the anti-FLASH precipitate
that were identified by mass spectrometry as Drosophila
orthologs of CPSF160 (CG10120), symplekin (CG2097),

FIGURE 5. Composition of Drosophila U7 snRNP. (A) The material
precipitated from a Kc nuclear extract with the anti-Ars2 (lane 2) or
anti-FLASH (lane 3) antibodies was tested for the presence of indicated
processing factors using specific antibodies. Lane 1 contains 10% of the
input extract used for immunoprecipitation. CR indicates a protein
cross-reacting with the anti-FLASH antibody. (B) Proteins precipitated
with the anti-FLASH antibody from 2.0 mL of a Kc nuclear extracts were
separated in an SDS/polyacrylamide gel, detected by silver staining, and
identified by mass spectrometry. (C) Proteins immunoprecipitated
from a Kc nuclear extract using indicated antibodies were analyzed for
the presence of FLASH using the anti-FLASH antibody. Mock antibody
(lane 4) was directed against a protein unrelated to 3′-end processing of
histone pre-mRNA (CG9958). Lane 1 contains 2% of the input extract
used in immunoprecipitation. (D) Binding of processing factors to var-
ious RNAs containing biotin for subsequent purification on streptavidin
Sepharose beads. Lane 1 contains 5% of the input extract used in each
binding experiment. One of the blots was simultaneously probed with
the anti-FLASH and anti-SLBP antibodies; CR indicates two FLASH
degradation products that migrate immediately above full-length
SLBP. SLBP is virtually undetectable in this lane and highly enriched
in the material purified by the Biot-SL RNA. (E) The material bound
to the Biot-αU7 oligonucleotide was analyzed by Western blotting for
the presence of indicated proteins. Lane 1 contains 1% of the input ex-
tract used in the binding experiment. (F,G) Major proteins bound to ei-
ther the Biot-αMock (lane 1) or Biot-αU7 (lane 2) oligonucleotides were
separated in 8% (F) or 12% (G) SDS/polyacrylamide gels, stained with
silver, identified by mass spectrometry, and are listed to the right.
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CPSF100 (CG1957), and CPSF73 (CG7698), which comigra-
ted with the 70-kDa heat shock protein (HSC70, CG4262)
(Fig. 5B). The precipitate also contained peptides from the
Drosophila ortholog ofWDR33 (CG1109), although this pro-
tein was not visible as a separate band on the silver-stained
gel. All these proteins were either undetectable or detected
with very low scores in the anti-Ars2 precipitate (Fig. 5A,
lane 2; data not shown). Consistent with FLASH and symple-
kin forming a common complex, an antibody against
Drosophila symplekin (Fig. 5C, lane 3), but not a mock anti-
body directed against an unrelated Drosophila protein (Fig.
5C, lane 4), coprecipitated FLASH.
We carried out additional immunoprecipitation experi-

ments with the anti-FLASH antibody and analyzed the pre-
cipitated material in higher-percentage gels to look for
smaller proteins (data not shown). These experiments failed
to identify any additional polyadenylation factors associated
with FLASH, including the Drosophila ortholog of CPSF30
(CG3642),whichbased on its amino acid sequence is expected
to migrate at ∼30 kDa. The analysis did not include the area
of the gel near the 50-kDa size marker that contained large
amounts of the immunoglobulin heavy chain. Altogether,
these results demonstrate that FLASH and Lsm11 in Droso-
phila nuclear extracts are tightly associated with each other
and suggest that they recruit several polyadenylation factors
to the U7 snRNP.

Affinity purification of Drosophila U7 snRNP
from Kc nuclear extracts

We next affinity-purified Drosophila U7 snRNP from Kc nu-
clear extracts using a 2′-O-methyl oligonucleotide (Biot-
αU7) complementary to the 5′ end of the Drosophila U7
snRNA (Dominski et al. 2005). This oligonucleotide contains
biotin at the 3′ end, allowing adsorption of the associated
complexes on streptavidin beads.
We initially carried out a pilot experiment with a small

amount of a Kc nuclear extract (500 µL) and determined
that the Biot-αU7 oligonucleotide binds both specifically
and efficiently to the U7 snRNP. The material purified by
this method was highly enriched in Lsm11 and also contained
readily detectable amounts of FLASH (Fig. 5D, lane 3), con-
firming that FLASH is an integral part of the U7 snRNP. As
expected, the material did not contain SLBP, which could
be specifically purified by the 31-nt Biot-SL RNA, containing
the sequence of the stem–loop and biotin on the 5′ end (Fig.
5D, lane 4). A nonspecific 2′-O-methyl oligonucleotide com-
plementary to the first 17 nt of the human U7 snRNA and
tagged with biotin at the 3′ end (Biot-αMock) bound neither
the U7 snRNP nor SLBP (Fig. 5D, lane 2). Importantly, the
material purified by the Biot-αU7 also contained detectable
amounts of symplekin, CPSF100, and CPSF73 but lacked
CstF50 (Fig. 5E, lane 2). These results strongly support the
conclusion from the immunoprecipitation experiments that
the Drosophila U7 snRNP associates with FLASH and a com-

plex of polyadenylation factors that resembles the mammali-
an HCC, which also lacks the 50-kDa subunit of CstF (Yang
et al. 2013).
To determine whether additional proteins associate with

the U7 snRNP, we used larger amounts of both the Biot-
αU7 and Kc nuclear extract (1.0 µg and 5.0 mL, respectively)
and analyzed the purified material by mass spectrometry.
Nuclear proteins bound to the Biot-αU7 were collected on
streptavidin beads, separated on an 8% SDS/polyacrylamide
gel, and visualized by silver staining (Fig. 5F, lane 1).
Control purification was carried out with the Biot-αMock
oligonucleotide (Fig. 5F, lane 2). Several clearly visible sil-
ver-stained protein bands were detected only in the lane con-
taining material bound to the Biot-αU7 oligonucleotide (Fig.
5F, lane 1). These bands and other regions of the gel were an-
alyzed bymass spectrometry (Fig. 5F, right panel). The heavily
stainedbandnear the topof lane1 that is completelymissing in
lane 2 was identified as FLASH (Fig. 5F, band 2). The less-in-
tense bandmigrating immediately above FLASH (band 1) was
identified as Drosophila CPSF160, whereas the bands migrat-
ing faster than FLASH were identified as symplekin (band 3),
CPSF100 (band 4), WDR33 (band 5), and CstF64 (band 9)
(Fig. 5F). Lane 1 also contained CPSF73, although it was
masked by massive amounts of another protein identified as
the Drosophila ortholog of Insulin-like Growth Factor 2
mRNA Binding Protein 1 (IGF2BP1, CG1691). This protein
likely directly interacts with the Biot-αU7 oligonucleotide
(see below). All the polyadenylation factors purified by the
Biot-αU7 oligonucleotide were undetectable by mass spec-
trometry in lane 2, whereas IGF2BP1 was present in this
lane in trace amounts.
To analyze smaller proteins purified via the Biot-αU7, two-

thirds of the samematerial was separated on a 12% SDS/poly-
acrylamide gel (Fig. 5G, lane 1) and compared with the mate-
rial bound to the Biot-αMock oligonucleotide (Fig. 5G, lane
2). Two silver-stained bands were clearly visible at ∼30 and
22 kDa in lane 1, and they were absent from lane 2. These
bands were identified as Drosophila Lsm11 and SmB, the
two largest components of the U7-specifc Sm ring, confirm-
ing that the Biot-αU7oligonucleotide is very efficient and spe-
cific in purifying the Drosophila U7 snRNP. Independent
experiments also identified two smaller members of the ring
in the material purified by the Biot-αU7 oligonucleotide:
Drosophila Lsm10 and SmD3 (data not shown).
The material purified via the Biot-αU7 contained large

amounts of two major forms of the Drosophila ortholog
of Insulin-like Growth Factor 2 mRNA Binding Protein 1
(IGF2BP1) and several of its apparent degradation products.
The high abundance of IGF2BP1 greatly exceeded the amount
of Lsm11 and other core U7 snRNP components in the pre-
cipitate, suggesting that this protein is not part of the U7
snRNP. Subsequent studies and multiple immunoprecipita-
tion experiments with the anti-FLASH antibody support the
notion that IGF2BP1 directly binds the excess Biot-αU7oligo-
nucleotide and plays no role in 3′-end processing of histone
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pre-mRNAs (datanot shown). Lane 1 also
contained a band migrating at ∼60 kDa
that was identified as aDrosophila homo-
log of the mammalian p62 helicase
(CG10279). This protein was also present
in the negative lane, and hence it likely
nonspecifically binds 2′-O-methyl oligo-
nucleotides. Altogether, the results of
both immunoprecipitation and affinity
purification experiments combined with
mass spectrometry demonstrate that
Drosophila U7 snRNP has a composite
structure, and in addition to the core
components of its Sm ring contains
FLASH and at least six polyadenylation
factors.

Characterization of processing
complexes formed on histone pre-
mRNA in Drosophila nuclear extracts

We next tested whether processing com-
plexes formed on Drosophila pre-mRNA
in Drosophila nuclear extracts contain
the same subset ofpolyadenylation factors
that associate with the Drosophila U7
snRNP.A63-nt dH3pre-RNAcontaining
all necessary processing elements (the SL
and HDE) and biotin at the 5′ end (Biot-
dH3) was incubated for 20 min at room
temperature with a Kc nuclear extract
(750 µL), and factors that bound to this
substrate were collected on streptavidin
beads. To prevent cleavage, which would
result in release of the U7 snRNP from
the complexes, the reaction was supple-
mented with 0.1% NP-40. This mild de-
tergent at low concentrations blocks
processing in Drosophila nuclear extracts
(Fig. 6A, lanes 3, 4), as it does inmamma-
lian nuclear extracts (Yang et al. 2009b,
2013). However, processing complexes
that assembled in the Kc nuclear extract
under these conditions, while containing
FLASH, SLBP, and U7 snRNP (as deter-
mined by the presence of Lsm11), lacked
detectable amounts of polyadenylation
factors (data not shown). Purification of
Drosophila U7 snRNP by either the Biot-
αU7 oligonucleotide (Fig. 6B, lane 3) or
anti-FLASH antibody (data not shown)
in the presence of NP-40 demonstrated
that this detergent destabilized the inter-
action between U7 snRNP and polyade-
nylation factors, including symplekin

FIGURE 6. Composition of processing complexes assembled on the dH3 pre-mRNA. (A) 3′-End
processing of the dH3 pre-mRNA in a Kc nuclear extract in the presence of indicated concentra-
tions of NP40 (lanes 3, 4). The input alone and processing in the absence of NP-40 is shown in
lanes 1 and 2, respectively. (B) The Drosophila U7 snRNP was affinity-purified from a Kc nuclear
extract using the Biot-αU7 oligonucleotide either in the absence (lane 2) or presence (lane 3) of
NP-40 and subsequently probed for the presence of indicated processing factors. Lane 1 contains
1% of the input extract used for the purification. Lsm11 is virtually undetectable in this lane and
highly enriched in the material purified by the oligonucleotide. (C) Binding of SLBP and Lsm11
to indicated biotinylated RNAs. Lane 1 contains 5% of the input Kc extract used in each binding
experiment. Lane 2 shows the background binding to streptavidin Sepharose beads in the absence
of any biotinylated RNA. (D) Binding of processing factors from a Kc nuclear extract to the Biot-
dH3 pre-mRNA (lanes 3–6), either in the absence of any RNA competitor (lane 3) or in the pres-
ence of indicated RNAs (lanes 4–6). Lane 1 contains 5% of the input Kc extract used in each bind-
ing experiment. SLBP and Lsm11 are virtually undetectable in this lane and highly enriched in the
material purified by the Biot-dH3 pre-mRNA. Lane 2 shows the background binding to strepta-
vidin Sepharose beads in the absence of the Biot-dH3 pre-mRNA. (E) Binding of FLASH, sym-
plekin, and SLBP to indicated biotinylated RNAs. Lane 1 contains 2.5% of the Kc extract used in
each binding experiment. (F) Protein factors from a Kc nuclear extract bound to the Biot-dH3
pre-mRNA in the absence of any RNA competitor (lane 1) or in the presence of indicated
RNAs (lanes 2, 3). The bound proteins were separated on a 12% SDS/polyacrylamide gel and
stained with silver. The indicated bands and remaining portions of each lane were analyzed by
mass spectrometry; the identified processing factors are listed to the right. The mass spectrometry
results obtained for lane 3 were virtually identical to those obtained for lane 1 and are not shown.
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(Fig. 6B, cf. lanes 2 and 3). This is the most likely cause of the
toxicity of NP-40 on 3′-end processing in bothDrosophila and
mammalian nuclear extracts.
Instead of using NP-40, we significantly shortened the in-

cubation time to capture processing complexes at early stages
of assembly prior to cleavage of the substrate, in a manner
similar to methods previously used for canonical pre-
mRNAs containing the AAUAAA sequence (Veraldi et al.
2000; Shi et al. 2009). After 4–5min of incubation in a nuclear
extract, the Biot-dH3 pre-mRNA associated with both SLBP
and the U7 snRNP, as determined by the presence of Lsm11
(Fig. 6C, lane 3). Thus, at least a fraction of the input RNA re-
mains unprocessed under these conditions. The Biot-SL and
the Biot-αU7 oligonucleotides bound only to SLBP and U7
snRNP, respectively (Fig. 6C, lanes 4, 5), demonstrating that
binding of the two factors to sites flanking the cleavage site
in the Biot-dH3 is specific. We next carried out larger-scale
experiments, either in the absence or in the presence of vari-
ous RNA competitors (Fig. 6D). Western blots with available
antibodies against various processing factors demonstrated
that the Biot-dH3 pre-mRNA in the absence of RNA compet-
itors assembled into a complex containing SLBP, FLASH, the
U7 snRNP (as determined by the presence of Lsm11), and the
three essential polyadenylation factors we assayed: CPSF73,
CPSF100, and symplekin (Fig. 6D, lane 3). The presence of
2.5 µM αU7 oligonucleotide, which blocks the 5′ end of the
U7 snRNA and abolishes the recruitment of the U7 snRNP
to the substrate, eliminated all these proteins except SLBP
from the complex (Fig. 6D, lane 6). Thus, the composite U7
snRNP carrying FLASH and polyadenylation factors is
directly recruited to histone pre-mRNA through the base-
pairing interaction between the U7 snRNA and the HDE.
In the presence of 1 µMWT SL RNA that sequesters SLBP,

binding of SLBP to the Biot-dH3 pre-mRNA was eliminated.
However, the association of the compositeU7 snRNP, includ-
ing FLASH and the three polyadenylation factors, with the
HDE was unaffected (Fig. 6D, lane 4). Note that this concen-
tration of the WT SL competitor is sufficient to block the
cleavage reaction (Fig. 1C, lane 3), whereas the Mut SL
RNA (Fig. 1E) at the same and higher concentrations has no
effect on 3′-end processing (Fig. 1C, lane 5) and does not pre-
vent binding of SLBP to the Biot-dH3 pre-mRNA (Fig. 6D,
lane 5). The failure of the WT SL competitor to reduce the
amount of the U7 snRNP in the complex assembled on the
dH3 pre-mRNAwas unexpected since previousmodels based
on processing in mammalian andDrosophila nuclear extracts
suggested that SLBP primarily functions by stabilizing the in-
teraction of the U7 snRNP with the HDE in histone pre-
mRNAs (Dominski et al. 1999, 2005).
To confirm this surprising result by a different approach,

we assembled processing complexes on a derivative of the
Biot-dH3 pre-mRNA that lacked 16 nt encompassing the
stem–loop structure. TheHDE of this new substrate designat-
ed Biot-dH3ΔSL was identical to that in the Biot-dH3 pre-
mRNA. In addition to the dH3ΔSL RNA, we also used the

mouse-specific Biot-H2a-614 pre-mRNA (Yang et al.
2009b). This substrate contains the stem–loop structure that
normally interacts with Drosophila SLBP, but its HDE has
only a limited ability to base-pair with the Drosophila U7
snRNA. Due to this reduced compatibility between the HDE
and the Drosophila U7 snRNP, the H2a-614 pre-mRNA is
only poorly processed in Drosophila nuclear extracts (Domi-
nski et al. 2002, 2005).
As expected, the Biot-dH3ΔSL substrate, in contrast to the

Biot-dH3 and Biot-H2a-614 pre-mRNAs, was unable to bind
SLBP from the Kc nuclear extract (Fig. 6E, cf. lane 4with lanes
2 and 3). Importantly, consistent with our conclusion based
on using the stem–loop competitor, the absence of the
stem–loop structure in the Biot-dH3ΔSL substrate and
SLBP in the processing complex did not prevent the interac-
tion between the composite U7 snRNP and the HDE. Both
FLASH and symplekinwere detected in processing complexes
assembled on the Biot-dH3ΔSL, and their amount was
comparable to that detected in the complexes assembled on
the Biot-dH3 pre-mRNA (Fig. 6E, cf. lanes 3 and 4). The
mouse-specific Biot-H2a-614 pre-mRNA interacted with
the Drosophila U7 snRNP only weakly, consistent with the
nature of the HDE in this substrate and its inability to form
a strong duplex with the U7 snRNA (Fig. 6E, lane 2). We con-
clude that the interaction of the Drosophila SLBP with the
stem–loop structure in histone pre-mRNA has no major ef-
fect on the recruitment of the U7 snRNP to the HDE.
Preparative scale purification (5.0 mL of Kc nuclear extract

per each reaction) was next performed to analyze proteins as-
sociatedwith the Biot-dH3 pre-mRNAbymass spectrometry.
The control reaction contained no RNA competitor, and the
two other reactions contained either the αU7 oligonucleotide
(1.25 µM) to block the Drosophila U7 snRNP or the WT SL
RNA (1 µM) to sequester SLBP in the extract (Fig. 6F). On
silver-stained gels, the three samples shared several bands,
and most of these likely represented proteins nonspecifically
bound to streptavidin beads and/or excess of the Biot-dH3
RNA. Compared with the control reaction (Fig. 6E, lane 1),
the WT SL RNA competitor resulted in a disappearance of
only one major protein band that corresponds to SLBP (Fig.
6F, lane 3). The reaction supplementedwith the αU7 oligonu-
cleotide lacked several proteins migrating in the range of
∼50–200 kDa, whereas the amount of SLBP was unchanged
(Fig. 6F, lane 2), consistent with the Western data. Mass
spectrometry identified these proteins (from the largest to
the smallest) as CPSF160, FLASH, symplekin, CPSF100,
WDR33, and CstF64 (Fig. 6F, right panel). Lanes 1 and 3,
but not lane 2, also contained CPSF73 (band 7), although
this polyadenylation factor was masked by an abundant pro-
tein present in all three lanes.
The material purified from the Kc nuclear extract via the

Biot-dH3 pre-mRNA also contained CstF77 (CG17170)
(Fig. 6F, lane 1, band 6). Results frommass spectrometry anal-
ysis suggest that the association of this protein with the Biot-
dH3 substrate was only partially reduced by the presence of
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the αU7 oligonucleotide (Fig. 6F, right panel). CstF77 was not
detected in the material purified by the anti-FLASH antibody
or the Biot-αU7 oligonucleotide (see above), collectively ar-
guing that this polyadenylation factor associates with the
RNA substrate in a nonspecific manner. We also note that
CstF77 was previously identified as a contaminant of the
mammalian U7 snRNP affinity-purified frommouse nuclear
extracts (Yang et al. 2013).

Mass spectrometry analysis of the remaining gel sections
failed to identify any other major differences in protein
composition between the three lanes. We conclude that the
composite U7 snRNP containing FLASH and several polya-
denylation factors is recruited to Drosophila histone pre-
mRNA for 3′-end processing. Strikingly, SLBP does not
play any detectable role in the recruitment of this composite
U7 snRNP, although its binding to the stem–loop in histone
pre-mRNA is absolutely required for cleavage.

CstF64 as a component of the Drosophila U7 snRNP

The mammalian HCC that interacts with FLASH and Lsm11
is composed of symplekin, all CPSF subunits, and CstF64
(Yang et al. 2013). The two remaining CstF subunits,
CstF50 and CstF77, are conspicuously missing from the
HCC. Based on our present studies, the equivalent complex
in Drosophila also contains symplekin, most CPSF subunits,
and CstF64 as the only component of the CstF subcomplex.

To confirm that CstF64 is part of theDrosophilaU7 snRNP
and to look more closely at its role in 3′-end processing of
histone pre-mRNAs in Drosophila, we generated antibodies
against bacterially expressed full-length protein (amino acids
1–437). The antibody recognizes a distinct band on Western
blots of Drosophila nuclear extract that migrates at ∼50 kDa
(Fig. 7A, lane 1), consistent with the mobility of CstF64 iden-
tified by mass spectrometry. We tested the material purified
fromKc nuclear extracts via the Biot-αU7 oligonucleotide us-
ing the anti-CstF64 antibody and confirmed that it indeed
contains CstF64 (Fig. 7A, lane 2). CstF64 was also readily de-
tected in processing complexes assembled on the Biot-dH3
and Biot-dH3ΔSL RNAs (Supplemental Fig. S4, lanes 3, 4).
Lower amounts of CstF64 were associated with the Biot-
mH2a pre-mRNA, consistent with the limited complemen-
tarity of this mouse-specific substrate to the Drosophila U7
snRNA (Supplemental Fig. S4, lane 2). Thus, consistent
with the mass spectrometry results, CstF64 is a stable compo-
nent of the Drosophila U7 snRNP and is recruited together
with other polyadenylation factors to histone pre-mRNA
for 3′-end processing.

We next tested the ability of the anti-CstF64 antibody to
precipitate processing complexes from Kc nuclear extracts.
Western blotting demonstrated that the anti-CstF64 antibody
is very efficient in precipitating both CstF64 and CstF50 (Fig.
7B, lane 3), indicating that the antibody readily recognizes the
entire CstF subcomplex known to consist of these three sub-
units in mammalian cells (Takagaki et al. 1990). Surprisingly,

the anti-CstF64 precipitate also contained large amounts of
CPSF73, CPSF100, and symplekin (Fig. 7B, cf. lanes 1 and
3). Precipitation of all these polyadenylation factors was
blocked by recombinant CstF64 used as the antigen to gener-
ate the antibody (Fig. 7B, lane 4). Importantly, the anti-CstF64
precipitate contained readily detectable amounts of FLASH
(both full-length and numerous degradation products) and
Lsm11, but not Ars2 (Fig. 7C, lane 3), further confirming
that in Drosophila nuclear extracts, a fraction of CstF64 exists
in a complex with the U7 snRNP. Note that while at least 10%
of Lsm11 was precipitated by the anti-CstF64 (Fig. 7C, lane
3), <1% of the total CstF64 was bound to U7 snRNP (Fig.
7A, lane 2), as expected from the very low amount of U7
snRNP compared with the high abundance of polyadenyla-
tion factors.

FIGURE 7. (Legend on next page)
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CstF64 as a component of a supercomplex
of cleavage and polyadenylation factors

The ability of the anti-CstF64 antibody to precipitate a large
fraction (∼50%) of symplekin and various CPSF subunits
(Fig. 7B) suggested that inDrosophila distinct polyadenylation
subcomplexes may associate to form amacromolecular entity
resembling that previously described in mammalian cells
(Takagaki and Manley 2000). To identify additional compo-
nents of this hypothetical complex, we separated the precipi-
tated proteins on either 8% (Fig. 7D,E) or 15% SDS/
polyacrylamide gels (Fig. 7F) and analyzed their identity by
mass spectrometry. The anti-CstF64 precipitate (Fig. 7D,
lane 3) but not the control anti-Mock precipitate (Fig. 7D,
lane 2) contained several proteins that were readily stained
with silver. As determined by mass spectrometry, the precip-
itate contained all three subunits ofCstF, althoughCstF64 and
CstF50were partiallymasked by the antibody heavy chain and
hence not readily visible. We also identified all subunits of
CPSF in the anti-CstF64 precipitate, including the smallest
CPSF30 (CG3642) that migrates with the expected mobility
of∼30 kDa (Fig. 7F, lane 1). Precipitation of all these proteins

was eliminated by blocking the anti-CstF64 antibody with re-
combinant CstF64 (Fig. 7E, lane 2; Fig. 7F, lane 3). Among
CPSF subunits, WDR33 and Fip1 (CG1078) were relatively
weakly stained, which may indicate that they are limiting in
Drosophila nuclear extracts (Fig. 7D, lane 3; Fig. 7E, lanes 1,
3). Note that Fip1 exhibits much slower electrophoretic mo-
bility than its mammalian counterpart (Kaufmann et al.
2004), consistent with its significantly larger size (701 amino
acids vs. 550 amino acids for human Fip1).
Surprisingly, the anti-CstF64 precipitate also contained

significant amounts of the Drosophila orthologs of CF Im68
(CG7185) (Fig. 7D, lane 3; Fig. 7E, lane 1) and CF Im25
(CG3689) (Fig. 7F, lane 1). In mammalian cells, these two
proteins belong to a third subcomplex, CI Im (Ruegsegger
et al. 1996, 1998), which was not previously detected in a tight
association with the subunits of CstF or CPSF in the absence
of pre-mRNA substrate. Coprecipitation of the CF Im was not
affected by pre-treating the nuclear extract with RNase A (Fig.
7E, cf. lanes 1 and 3; Fig. 7F, cf. lanes 1 and 2).
To confirm this unexpected finding, we tested the precip-

itate with an antibody generated against the first 191 amino
acids of human CF Im68. This antibody cross-reacts with
the Drosophila CF Im68 (Fig. 7G), likely by recognizing the
highly conserved N-terminal RRM-type RNA binding
domain. Western blot analysis using this antibody confirmed
that the anti-CstF64 antibody, indeed, coprecipitated CF
Im68 (Fig. 7H). Thus, Drosophila nuclear extracts contain a
large, preassembled 3′-end processing complex consisting
of most known polyadenylation factors, with the notable ex-
ception of theDrosophila orthologs of the two subunits of CF
IIm, Clp1 and Pcf11 (De Vries et al. 2000).

Components of the HCC essential for 3′-end
processing of histone pre-mRNAs

In mammalian cells, CstF64 interacts with symplekin, and
this interaction is mutually exclusive with the interaction be-
tween CstF64 and CstF77 (Takagaki and Manley 2000; Bai
et al. 2007) and essential for 3′-end processing of histone
pre-mRNAs (Ruepp et al. 2011). Moreover, our in vitro stud-
ies with mammalian nuclear extracts suggest that CstF64 and
symplekin may function as an adaptor that directly interacts
with FLASH and Lsm11 and brings other polyadenylation
factors, including the endonuclease CPSF73 and its homolog
CPSF100, to the U7 snRNP (Yang et al. 2013). Surprisingly,
previous in vivo studies in S2 cells based on using a GFP re-
porter driven by a histone gene-specific promoter (Wagner
et al. 2007) and direct analysis of histone mRNA 3′ ends
(Sullivan et al. 2009) led to the conclusion that in
Drosophila only CPSF73, CPSF100, and symplekin are essen-
tial for histone pre-mRNA processing, whereas CstF64 and
several other polyadenylation factors are dispensable.
We reasoned that CstF64 and some other proteins, in ad-

dition to playing essential roles in 3′-end processing, might
also be absolutely required for transcription in vivo. This

FIGURE 7. CstF64 is a component of the Drosophila U7 snRNP. (A)
Western blot analysis of proteins bound to either the Biot-αU7 (lane
2) or Biot-αMock (lane 3) oligonucleotides using an antibody directed
against full-length Drosophila CstF64. Lane 1 contains 2% of the input
extract used in the binding experiment. (B) Immunoprecipitation of
various polyadenylation factors from a Kc nuclear extract with the
anti-CstF64 antibody alone (lane 3) or in the presence of the competing
recombinant protein (lane 4). (∗) Recombinant CstF64 bound to the an-
tibody and collected on protein A agarose beads. Lane 1 contains 20% of
the input extract used for immunoprecipitation, and lane 2 contains pro-
teins of the nuclear extract bound to protein A agarose in the absence of
any antibody. Immunoprecipitated proteins were identified by Western
blotting using specific antibodies. (C) Immunoprecipitation of various
polyadenylation factors from a Kc nuclear extract with the anti-CstF64
antibody alone (lane 3) or in the presence of the competing recombinant
protein (lane 4). Lane 1 contains 10%of the input extract used for immu-
noprecipitation. (D) Proteins immunoprecipitated with the anti-CstF64
antibody (lane 3) or an anti-Mock antibody were separated on a 12%
SDS/polyacrylamide gel, silver-stained, and analyzed by mass spectrom-
etry. Lane 1 contains material bound to protein A agarose in the absence
of any antibody. (E,F) Proteins precipitated with the anti-CstF64 anti-
body (lane 1 in both panels) or in the presence of the competing recom-
binant protein (lane 2 in panel E and lane 3 in panel F) were separated on
a 10% (E) or 15% (F) SDS/polyacrylamide gel, silver-stained, and ana-
lyzed by mass spectrometry. Immunoprecipitation with the anti-
CstF64 antibody using the nuclear extract pre-treated with RNase A is
shown in lanes 3 (E) and 2 (F). (∗) TheCstF64 protein competitor bound
to the antibody. The recombinant CstF64 used as a competitor is addi-
tionally shown in lane 4 of panel F. (G) Levels of Drosophila CF Im68
in whole cell lysate from untreated S2 cells (lane 1) or cells treated with
dsRNA against this factor (CF Im68 KD, lane 2), as determined by
Western blotting using an antibody targeted to the N-terminal region
of humanCF Im68. CR indicates two proteins cross-reactingwith the an-
tibody that served as a loading control. (H) Immunoprecipitation of
Drosophila CF Im68 from a Kc nuclear extract with the anti-CstF64 anti-
body (lane 4) or with a nonspecific antibody directed to a protein unre-
lated to 3′-end processing (lane 3). The material bound to protein A
agarose in the absence of any antibody is analyzed in lane 2. Lane 1 con-
tains 10% of the input extract used for immunoprecipitation.

Composition of the Drosophila U7 snRNP

www.rnajournal.org 1737



possibility is supported by the known association of polyade-
nylation factors with the promoter region of protein-encod-
ing genes (McCracken et al. 1997; Proudfoot et al. 2002;
Calvo and Manley 2003; Zorio and Bentley 2004; Bentley
2005). Depletion of these factors instead of activating GFP ex-
pression as a result of misprocessing could primarily result in
general transcriptional silencing of genes transcribed by RNA
Pol II (including the reporter gene), as recently demonstrated
for Pcf11 (Mapendano et al. 2010; Andersen et al. 2013). We
therefore constructed a reporter gene that relies on a promot-
er derived from theDrosophilaU7 snRNA gene. snRNA genes
associate with a distinct set of transcriptional factors, and pri-
mary transcripts generated from these genes (pre-snRNAs)
are cleaved at the 3′ end by a distinct machinery termed
Integrator that shares no common components with the two
types of 3′-end processing machineries operating on pre-
mRNAs (Baillat et al. 2005; Egloff et al. 2008; Ezzeddine
et al. 2011).

The transcribed region of the new reporter starts with a
54-nt upstream portion of the U7 snRNA (Fig. 8A). The
construct is lacking the last 17 nt of the U7 snRNA, including
most of its terminal stem–loop structure, and the 3′ box, the
two sequence elements required for 3′-end processing of pre-
snRNAs via the Integrator. The snRNA region is followed by
a short open reading frame for Drosophila histone H3, the

two necessary signals for the U7-dependent processing, the
coding region for GFP, and all necessary polyadenylation se-
quence elements, as previously described (Wagner et al.
2007). The transcript encodes a protein of 350 amino acids,
with the last 239 residues corresponding to GFP, unless it is
cleaved downstream from the stem–loop by the U7-depen-
dent machinery (Fig. 8A).
When expressed either stably or transiently in S2 cells, the

snRNA-driven reporter showed no expression of GFP, likely
resulting from efficient cleavage at the U7-dependent site pri-
or to reaching the GFP coding region (Fig. 8B). Indeed, fol-
lowing 3 d of treatment with double-stranded RNAs against
FLASH, S2 cells exhibited strong fluorescence (Fig. 8B) and
expressed GFP that was readily detectable on Western blots
(Fig. 8E, lane 5). Depletion of the presumptive catalytic com-
ponent of Drosophila Integrator, Int9, did not result in any
detectable activation of GFP expression (data not shown).
Thus, the transcript generated from the reporter gene under
the control of the snRNA-type promoter is exclusively pro-
cessed by the U7-dependent processing machinery.
We used this reporter gene to screen CstF64 and other

polyadenylation factors that associate with the Drosophila
U7 snRNP for their role in 3′-end processing of histone
pre-mRNAs. In agreement with the previous reports, deple-
tion of CPSF73, CPSF100, and symplekin resulted in a strong
gain of fluorescence by S2 cells (Fig. 8B), and this was paral-
leled by readily detectable GFP expression on Western blots
(Fig. 8E, lanes 3, 4; data not shown), further confirming
that these three polyadenylation factors are essential for 3′-
end processing of histone pre-mRNAs. Depletion of CstF64
(Fig. 8B,E, lane 2) and the two remaining components of
the HCC found in the complex with the Drosophila U7
snRNP, WDR33 and CPSF160 (data not shown), had no
effect on expression of GFP from the reporter gene. We also
did not observe any expression of GFP upon depleting
Drosophila Ars2 (data not shown).

DISCUSSION

We recently showed that in mammalian nuclear extracts sup-
plemented with the bacterially expressed N-terminal portion
of FLASH, a subset of polyadenylation factors that we refer to
as the Histone Cleavage Complex (HCC) associates with the
U7 snRNP. The association depends on the interaction be-
tween FLASH and Lsm11, the largest protein of the U7-spe-
cific Sm ring (Yang et al. 2013). The mammalian HCC
contains symplekin, all six CPSF subunits, and CstF64, but
lacks the two remaining CstF subunits. This composite U7
snRNP, containing the CPSF73 endonuclease among oth-
er components of the HCC, is subsequently recruited to
the Histone Downstream Element (HDE) in histone pre-
mRNA for the cleavage reaction (Yang et al. 2013). FLASH
is present at a very low level in mammalian cells and is high-
ly susceptible to proteolysis during preparation of nuclear ex-
tracts, likely explaining the failure of initial studies to detect

FIGURE 8. A GFP reporter driven by an snRNA gene promoter. (A) A
schematic structure of the GFP reporter gene used in the experiment.
(Vertical arrows) The two potential cleavage sites, one cleaved by the
U7-dependent processing machinery and the other by the cleavage and
polyadenylation machinery. Two alternative proteins can be expressed
from the reporter gene, both starting at ATG, with the longer protein
containing GFP. (B) Fluorescent microscopy images of S2 cells express-
ing GFP after depletion of indicated processing factors. (C,D) Expression
of selected processing factors in lysates of S2 cells depleted (KD) of indi-
cated proteins, as determined byWestern blotting using specific antibod-
ies. CR indicates cross-reacting protein interacting with antibodies
against CPSF73 (C) and FLASH (D) that served as the loading control.
(E) Expression of CstF64 and GFP in cells depleted (KD) of indicated
processing factors. Note that efficient depletion of CstF64 (lane 2, top
panel) resulted in no detectable expression ofGFP (lane 2, bottom panel).
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its association with U7 snRNP and polyadenylation factors
(Smith et al. 1991; Pillai et al. 2001).
FLASH and U7 snRNP are relatively abundant in a broad

range of Drosophila nuclear extracts and likely not limiting
for 3′-end processing of histone pre-mRNAs in vitro. In
this study, we took advantage of this fact to partially purify
the U7 snRNP from the Drosophila Kc nuclear extracts
and directly analyzed its proteome by mass spectrometry.
Our main goal was to determine whether Drosophila U7
snRNP associates with the same set of polyadenylation factors
that form the HCC in mammalian nuclear extracts and
whether this association depends on the interaction between
Drosophila FLASH and Lsm11.

Drosophila U7 snRNP has a composite structure

Weaffinity-purified theDrosophilaU7 snRNP fromKc nucle-
ar extracts via a 2′-O-methyl oligonucleotide complementary
to the 5′ end of the U7 snRNA. The purified material, in
addition to Lsm11 and other proteins of the U7-specifc
ring, contained readily detectable amounts of endogenous
FLASH, confirming that this protein indeed constitutes an in-
tegral component of the U7 snRNP. The purified U7 snRNP
also contained several polyadenylation factors. Among them
we identified symplekin, four out of six CPSF subunits
(CPSF160, CPSF100, CPSF73, and WDR33), and CstF64 as
the only component of the CstF subcomplex. We confirmed
that CstF64 is indeed a component of the U7 snRNP in
Drosophilaby demonstrating that an antibody directed against
full-length CstF64 efficiently coprecipitates both Lsm11 and
FLASH.
Consistent with FLASH being an integral component of

U7 snRNP, the anti-FLASH antibody precipitates Lsm11,
and the antibody directed against Lsm11 precipitates
FLASH. Importantly, the anti-FLASH precipitate contained
the same polyadenylation factors that were identified in the
affinity-purified U7 snRNP fraction. Thus, based on using
two independent purification protocols, we conclude that
the Drosophila U7 snRNP has a composite structure, con-
sisting of the U7 snRNP core (U7 snRNA and the Sm
ring), FLASH, and the Drosophila counterpart of the HCC.
Compared with the mammalian HCC, the Drosophila HCC
seems to lack orthologs of two CPSF components: Fip1 and
CPSF30. Our immunoprecipitation experiments with an
anti-CstF64 antibody indicate that Fip1 may be present in
low levels in Drosophila nuclear extracts, and it is possible
that this subunit is also underrepresented in the HCC and es-
caped our detection. CPSF30, on the other hand, is readily
detectable as a componentof theDrosophilaCPSFcomplex in-
volved in cleavage and polyadenylation, and its absence in
the HCC is surprising. Interestingly, RNAi-mediated knock-
down of Drosophila CPSF30 in S2 cells in contrast to knock-
down of CPSF160 does not result in codepletion of CPSF73,
CPSF100, and symplekin, suggesting that CPSF30 may not
be an essential component of CPSF in Drosophila cells, ex-

plaining the absence of this subunit in the HCC (Sullivan
et al. 2009).
We found no evidence for an association of the Drosophila

U7 snRNP with the Drosophila ortholog of CF Im68. CF Im68
was recently reported to stably associate with the mammalian
U7 snRNP (Ruepp et al. 2010), although previous results did
not find CF Im68 as part of the mammalian HCC and the en-
dogenous U7 snRNP (Yang et al. 2013) or the highly related
Heat Labile Factor (HLF) purified from mammalian cells
(Kolev and Steitz 2005). Our present study argues that CF
Im68 has no role in 3′-end processing of histone pre-
mRNAs in Drosophila nuclear extracts.
The composition of the HCC is much different from the

composition of a related Drosophila complex that functions
in cleavage and polyadenylation. This complex consists of
symplekin, all three CstF subunits, all six CPSF subunits,
and the two CF Im subunits of 25 and 68 kDa. The supercom-
plex was purified by precipitation with the anti-CstF64 anti-
body and is not disrupted by treatment with RNase A,
indicating that its assembly involves multiple protein–protein
interactions rather than binding of individual subcomplexes
(CstF, CPSF, and CF Im) to a single pre-mRNA molecule. A
similar complex was previously described in mammalian nu-
clear extracts (Takagaki and Manley 2000).
In 3′-end processing of mammalian histone pre-mRNAs, a

critical interaction between the HCC and FLASH bound to
Lsm11 is mediated by the LDLY motif located in the N-ter-
minal region of FLASH (Yang et al. 2013). Recombinant
N-terminal FLASH lacking this motif is unable to interact
with the HCC or to stimulate 3′-end processing in mamma-
lian nuclear extracts. It is yet unknown which component of
the mammalian HCC directly contacts the LDLY motif, al-
though symplekin is the most likely candidate to perform
this function. Drosophila FLASH contains a highly related
motif, LDIY, within its N-terminal region (amino acids 71–
74), and our previous studies demonstrated that deleting
the first 77 amino acids impairs the wild-type function of
FLASH in processing in Drosophila cultured cells (Burch
et al. 2011). We now show that recombinant N-terminal
FLASH with the LDIY motif being replaced by four alanines
is unable to restore processing activity of nuclear extracts pre-
pared from S2 cells depleted of the endogenous FLASH. We
also showed that Lsm11 and this LDIY mutant form a com-
plex that is unable to interact with CPSF73, CPSF100, and
symplekin. Thus, the mammalian LDLY and Drosophila
LDIY motifs are functionally conserved and play a critical
role in bringing the HCC to the U7 snRNP.

Most HCC components and Ars2 are dispensable
for U7-dependent processing

Previous studies that used a sensitiveGFP-based reporter gene
driven by a histone gene promoter (Wagner et al. 2007) and
direct analysis of histone mRNA 3′ ends (Sullivan et al.
2009) indicated that only three polyadenylation factors are
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essential for 3′-end processing of histone pre-mRNAs in
Drosophila cells: (1) CPSF73, which functions as the endonu-
clease in cleavage and polyadenylation and 3′-end processing
of histone pre-mRNAs; (2) CPSF100, which is a homolog of
CPSF73; and (3) symplekin, which plays an unknown role
in processing but likely functions as a scaffold or adaptor link-
ing CPSF73 and CPSF100 with the rest of each processing
machinery.

We reinvestigated the importance of all components of the
HCC in formation of histone mRNAs in Drosophila by using
aGFP reporter driven by a structurally distinct promoter from
the U7 snRNA gene. However, consistent with the previously
used reporter gene, the new reporter also suggests that polya-
denylation factors other than CPSF73, CPSF100, and symple-
kin have no function in 3′-end processing of histone pre-
mRNAs. Depletion of only these three subunits resulted in a
robust expression ofGFP.The remaining polyadenylation fac-
tors may be simply passive components of the Drosophila U7
snRNP. Alternatively, they may coordinate 3′-end processing
of histone pre-mRNAs with important developmental events
and these functions cannot be observed in cultured cells.

The lack of any essential role in 3′-end processing of
Drosophila histone pre-mRNAs for CstF64 is surprising.
CstF64 directly interacts with symplekin (Takagaki et al.
1990) and plays an important role in 3′-end processing of his-
tone pre-mRNAs in human cells (Ruepp et al. 2011). In ad-
dition, our recent studies in mammalian nuclear extracts
suggested that CstF64 in conjunction with symplekin may
directly link the HCC with FLASH bound to Lsm11 (Yang
et al. 2013). This is further evidence that U7-dependent pro-
cessing machineries in mammalian and Drosophila cells are
not identical (Table 1).

The GFP reporter driven by the snRNA gene promoter as
well as direct analysis of endogenous histonemRNAs in Ars2-
depleted S2 cells did not reveal any role for Ars2 in 3′-end
processing of Drosophila histone pre-mRNAs in vivo. In the
absence of Ars2, the U7-dependent processing is fully opera-
tive, and no replication-dependent histone mRNAs with a
poly(A) tail accumulate. This is in sharp contrast to depletion
of Ars2 in human cells, which resulted in redirecting a frac-
tion of nascent histone pre-mRNAs to the cleavage and poly-
adenylation pathway (Gruber et al. 2012). The lack of any
major role in 3′-end processing of histone pre-mRNAs
for Ars2 in Drosophila is supported by our biochemical stud-
ies, which failed to detect this protein in association with
U7 snRNP or any other processing factors known to operate
on histone pre-mRNA. Overall, our results suggest that the
interaction between Ars2 and FLASH and the role of Ars2
in promoting correct 3′-end cleavage of histone pre-
mRNAs are specific for higher metazoans (Table 1).

U7 snRNP as an RNA-guided nuclease and the role
of SLBP in processing

The compositeDrosophilaU7 snRNP containing FLASH and
multiple polyadenylation factors is recruited to histone pre-
mRNA for 3′-end processing, resembling the situation recent-
ly described formammalian extracts (Yang et al. 2013). An an-
tisense oligonucleotide complementary to the 5′ end of the
Drosophila U7 snRNA that prevents the interaction between
the U7 snRNP and the HDE completely eliminates FLASH
and the polyadenylation factors from the complex formed
on histone pre-mRNA. Thus, the U7 snRNA can be con-
sidered as a vehicle that identifies a target substrate by base-
pairing and delivers the endonuclease CPSF73, CPSF100,
symplekin, and several accessory polyadenylation factors
to the site of cleavage. This mode of action is highly reminis-
cent of snoRNAs, which use an RNA-guided mechanism to
locate target sequences for enzymatic modifications (Kiss
2002).
We note that in purified fractions of the U7 snRNP and

processing complexes, FLASH stains with silver significantly
stronger than the polyadenylation factors. It is therefore pos-
sible that a fraction of the U7 snRNP contains FLASH, but
not the HCC (Fig. 9). Alternatively, more than one molecule
of FLASH is required to interact with Lsm11, as suggested
(Yang et al. 2013), or binding of the HCC to the FLASH/
Lsm11 complex is relatively weak and partially disrupted dur-
ing purification of the U7 snRNP.
The most notable difference between the mechanism of

3′-end processing of histone pre-mRNAs in Drosophila and
mammals is that Drosophila processing is absolutely depen-
dent on SLBP (Dominski et al. 2002), and cleavage invariably
occurs 4 nt after the stem (Table 1; Dominski et al. 2005).
These observations suggest that in Drosophila, SLBP and U7
snRNP are equally important in determining the site of cleav-
age. In mammalian processing, SLBP is an auxiliary rather

TABLE 1. Major differences in 3′-end processing of replication-
dependent histone pre-mRNAs between mammals and Drosophila

Function/factor Mammals Drosophila

Position of the
cleavage site

Fixed distance 5′ of
the HDE

Four nucleotides 3′

of the stem
Function of SLBP Stabilizes binding of

U7 snRNP to
histone pre-
mRNA; not
essential if U7
snRNA forms a
sufficiently strong
duplex with the
HDE

Essential, function
unknown; may
recruit an
unidentified
factor required
for the cleavage
reaction

Polyadenylation
factors bound to
U7 snRNP

CstF64, symplekin,
and all six CPSF
subunits

CstF64, symplekin,
and four CPSF
subunits (no Fip1
and CPSF30
detected)

CstF64 Likely essential Not essential
Interaction between
FLASH and Ars2

Yes No
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than anobligatory factor and functions to stabilize the interac-
tion between histone pre-mRNA and the U7 snRNP, which is
capable of directing cleavage of the pre-mRNA on its own
(Streit et al. 1993; Dominski et al. 1999). Consistently, in
mammalian nuclear extracts, the site of cleavage is determined
by the U7 snRNP (Scharl and Steitz 1994, 1996).
An excess of the stem–loop RNA added to Drosophila nu-

clear extracts results in a complete inhibition of in vitro pro-
cessing due to preventing the interaction between SLBP and
the stem–loop in histone pre-mRNAs (Dominski et al. 2002).
Strikingly, this treatment had no effect on the recruitment of
the composite Drosophila U7 snRNP to histone pre-mRNA.
The core U7 snRNP, FLASH, and all the polyadenylation fac-
tors that form the HCC, including the CPSF73 endonuclease,
are present in the processing complex assembled on histone
pre-mRNA in the absence of free SLBP or on a pre-mRNA
that lacks an SLBP binding site. Thus, in contrast to our pre-
vious model (Dominski et al. 2005), the most critical role in
recruiting the composite U7 snRNP to Drosophila histone
pre-mRNA is played by the sequence of the HDE. SLBP
(and hence the stem–loop) is yet indispensable for processing
inDrosophila nuclear extracts and may function by delivering
an unknown essential factor(s) to the U7 snRNP positioned
near the cleavage site.
Mass spectrometry did not detect any major differences in

the composition of processing complexes assembled either in

the presence or the absence ofDrosophila SLBP. One possibil-
ity is that the SLBP-interacting factor exists in Drosophila nu-
clear extracts at a very low concentration or its interaction
with SLBP is weak or transient and cannot be detected bio-
chemically.What could be the nature and function of this fac-
tor? It may, for example, represent a hypothetical activator of
the CPSF73 endonuclease, which was speculated to depend
on a structural rearrangement prior to acquiring the catalytic
activity (Mandel et al. 2006; Dominski 2010). Alternatively, it
may function by bypassing the requirement for CstF64 or
Ars2 in 3′-end processing in Drosophila. Elucidating the pre-
cise role of Drosophila SLBP in activating cleavage of histone
pre-mRNA is the main focus of our ongoing studies.

MATERIALS AND METHODS

Drosophila nuclear extracts and 3′-end processing

The 106-nt Drosophila H3 pre-mRNA used as a substrate for 3′-end
processingwasgeneratedbyT7RNApolymerase, treatedwith calf in-
testinal phosphatase (NEB), and labeled at the 5′ end with 32P using
T4 polynucleotide kinase (NEB). 3′-End processing reactions were
carried out in nuclear extracts prepared from either S2 or Kc
Drosophila cells, as previously described (Dominski et al. 2002,
2005). Unless otherwise indicated, the extracts were prepared
from freshly harvested cells. The cells were grown at room tempera-
ture in the serum-free D-22 medium (US Biological) using spinner
flasks.

Synthetic RNAs

The following RNAs (written in the 5′–3′ orientation) were used in
this study:

-Biot-dH3 pre-mRNA (63-mer):
(Bi)(18S)(18S)CUCUAUAAUCGGUCCUUUUCAGGACCA
CAAACCAGAUUCAAUGAGAUAAAAUUUUCUGUUGCC

-Biot-dH3ΔSL (47-mer):
(Bi)(18S)(18S)CUCUAUAAUCACAAACCAGAUUCAAUGA
GAUAAAAUUUUCUGUUGCC

-Biot-mH2a pre-mRNA (62-mer):
(Bi)(18S)(18S)CUCCCAAAAAGGCUCUUUUCAGAGCCA
CCCACUGAAUCAGAUAAAGAGUUGUGUCACGGUAG

-Biot-SL (31-mer):
(Bi)(18S)(18S)GUGCCAAAAAGGCUCUUUUCAGAGCCA
CCCA

-Biot-αU7 (20-mer):
mCmAmAmAmGmAmGmAmAmUmAmAmAmAmAmUm
UmUmUmC(18S)(18S)(Bi)

-Biot-αMock (17-mer):
mAmAmAmGmAmGmCmUmGmUmAmAmCmAmCmUm
U(18S)(18S)(Bi)

-αU7 (17-mer):
mCmAmAmAmGmAmGmAmAmUmAmAmAmAmAmUmU

-WT SL (31-mer):
GUGCCAAAAAGGCUCUUUUCAGAGCCACCCA

-Mut SL (31-mer):
GUGCCAAUUAGCCUCUUUUCAGAGGCACCCA

FIGURE 9. Potential forms of the U7 snRNP in Drosophila. The core
particle consists of the U7 snRNA and the U7-specific Sm ring. This
form is predominant in mammalian cells. In Drosophila cultured cells,
most if not all U7 snRNP contains FLASH that interacts with Lsm11.
As a result of this interaction, at least a fraction of the U7 snRNP assem-
bles with a subset of polyadenylation factors (light gray) that form the
Histone pre-mRNA Cleavage Complex (HCC). CPSF73, CPSF100,
and symplekin are essential for 3′-end processing of histone pre-
mRNAs in vivo, whereas the remaining polyadenylation factors
(CPSF160, WDR33, and CstF64) are dispensable and may play accesso-
ry/regulatory functions. The arrangement of polyadenylation factors
within the HCC is arbitrary.
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where (Bi) biotin; (18S) 18-atom spacer; and (m) 2′-O-methyl
group. The Biot-dH3ΔSL RNA was synthesized by IDT. The re-
maining RNAs were ordered from Dharmacon.

RNAi in Drosophila S2 cells

For preparation of nuclear extracts from RNAi-depleted cells, a total
of 106 Drosophila S2 cells were plated in serum-free SF900 medium
(GIBCO) and treated daily with 10 µg of double-stranded (ds)
RNAs against selected Drosophila genes. After 5 d of treatment, cells
were collected and used to prepare small-scale nuclear extracts.
Each preparation yielded∼100 µL of a nuclear extract. For analyzing
the expressionofGFP reporters,Drosophila S2 cells were plated as de-
scribed above and treated with dsRNA for 48–72 h. Following the
treatment, cells were transfectedwith appropriate GFP reporter plas-
mids, asdescribed(Wagneretal.2007;Burchetal.2011)and24hlater
viewedon anOlympus IX81-ZDC inverted fluorescencemicroscope.

Mutagenesis and protein expression

Mutations in the N-terminal fragment ofDrosophila FLASH (amino
acids 1–178) were generated using PCR and appropriately altered
oligonucleotide primers. Drosophila FLASH fused N-terminally to
glutathione S-transferase (GST) was expressed in bacteria from the
pET-42a vector.Drosophila Lsm11 (amino acids 1–153) fusedN-ter-
minally to maltose binding protein (MBP) was expressed in bacteria
fromthepDEST566 vector. Both recombinant proteinswere purified
on nickel beads (QIAGEN) using theHis-tag present in each protein.

Binding of Drosophila nuclear proteins to Drosophila
FLASH/Lsm11 complex

The Drosophila FLASH/Lsm11 complex was formed by mixing 100
pmol of each recombinant protein in 100 µL of buffer D (100 mM
KCl, 20mMHEPES at pH 7.9, 20% glycerol, 0.2 mMEDTA at pH 8,
0.5 mM DTT). All the subsequent steps were carried out as de-
scribed previously (Yang et al. 2013), with the exception that 100
µL of Drosophila nuclear extracts from either Kc or S2 cells was
used instead of mammalian nuclear extracts.

Formation of processing complexes and purification
of the Drosophila U7 snRNP

Processing complexes were assembled in a final volume of 4 mL that
contained 3 mL of a nuclear extract fromKc cells, 2.5 µg of the 63-nt
Biot-dH3 pre-mRNA, 50 µg of yeast tRNA (Invitrogen), and 10 mM
EDTA. The samples were incubated for 5 min at 22°C followed by 1
h of rotation at 4°C. The RNA substrate and associated proteins were
bound to streptavidin beads, washed several times with buffer D/10
mM EDTA for a total of 1.5 h, and separated on a SDS/polyacryl-
amide gel. A similar approach was used for the single-step purifica-
tion of the endogenous U7 snRNP with the exception that the Biot-
αU7 2′-O-methyl oligonucleotide containing biotin at the 3′ end was
used instead of the Biot-dH3 pre-mRNA.

Immunoprecipitations

A single sample typically contained 1mLof a nuclear extract (∼10mg
of total protein) and 3–5 µg of an affinity-purified specific antibody,

and it was rotated for 4–14 h at 4°C. Following incubation, the extract
was spun down at 10,000 rpm in a table-topmicrocentrifuge and ro-
tated for 2 h with ∼30 µL of protein A plus agarose beads (Pierce) to
purify protein complexes bound to the antibody. The beads were
washed with buffer D (see above) for a total of 2 h, moved to a
new tube, and resuspended in an SDS sample buffer. The material
immobilized on the beads was separated in a single SDS/polyacryl-
amide gel for analysis by silver staining/mass spectrometry or in three
or four gels for analysis byWestern blotting using various antibodies.

Mass spectrometry

Protein associated with the Drosophila U7 snRNP, Biot-dH3 pre-
mRNA, or precipitated by specific antibodies was separated on
SDS/polyacrylamide gels, excised from the gel, treated with trypsin,
and identified by LC-MS/MS using the Nano-Acquity LC system
(Waters) and Orbitrap Velos mass spectrometer (Thermo
Electron Corp.), as described (Yang et al. 2013).

Antibodies

Custom-made antibodies against Drosophila Lsm11 and Drosophila
CstF50 were kindly provided by J. Gall and John Lis, respectively.
Antibodies against the N-terminal portion of Ars2 (amino acids
1–167 of total 769 residues), full-length Drosophila CstF64 (amino
acids 1–437), and the N-terminal portion of human CF Im68 (ami-
no acids 1–191), all N-terminally tagged with 6xHis and GST, were
generated in rabbits by Pacific Immunology and affinity-purified us-
ing their respective protein antigens. Antibodies against Drosophila
FLASH, CPSF73, CPSF100, and symplekin were described previous-
ly (Sullivan et al. 2009; Yang et al. 2009a).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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