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Synthetic pre-mRNAs containing the processing signals encoded by Drosophila melanogaster histone genes
undergo efficient and faithful endonucleolytic cleavage in nuclear extracts prepared from Drosophila cultured
cells and 0- to 13-h-old embryos. Biochemical requirements for the in vitro cleavage are similar to those
previously described for the 3’ end processing of mammalian histone pre-mRNAs. Drosophila 3’ end processing
does not require ATP and occurs in the presence of EDTA. However, in contrast to mammalian processing,
Drosophila processing generates the final product ending four nucleotides after the stem-loop. Cleavage of the
Drosophila substrates is abolished by depleting the extract of the Drosophila stem-loop binding protein
(dSLBP), indicating that both dSLBP and the stem-loop structure in histone pre-mRNA are essential com-
ponents of the processing machinery. Recombinant dSLBP expressed in insect cells by using the baculovirus
system efficiently complements the depleted extract. Only the RNA-binding domain plus the 17 amino acids at
the C terminus of dSLBP are required for processing. The full-length dSLBP expressed in insect cells is
quantitatively phosphorylated on four residues in the C-terminal region. Dephosphorylation of the recombi-
nant dSLBP reduces processing activity. Human and Drosophila SLBPs are not interchangeable and strongly
inhibit processing in the heterologous extracts. The RNA-binding domain of the dSLBP does not substitute for
the RNA-binding domain of the human SLBP in histone pre-mRNA processing in mammalian extracts. In
addition to the stem-loop structure and dSLBP, 3’ processing in Drosophila nuclear extracts depends on the
presence of a short stretch of purines located ca. 20 nucleotides downstream from the stem, and an Sm-reactive

factor, most likely the Drosophila counterpart of vertebrate U7 snRNP.

Histone mRNAs, the only metazoan mRNAs that lack
poly(A) tails, are generated from longer precursors (pre-
mRNAs) by endonucleolytic cleavage after a conserved stem-
loop, located 50 to 80 nucleotides downstream from the stop
codon (10, 16, 20). The 3’ end processing of mammalian (34,
37) and sea urchin histone pre-mRNAs (55, 55, 59) requires
two distinct cis-elements flanking the cleavage site: the stem-
loop and a purine-rich element, also referred to as the histone
downstream element (HDE). The stem-loop consists of a 6-bp
stem and a four-nucleotide loop and is highly conserved in all
metazoan organisms (10, 32, 47, 59). The absolutely invariant
features of this structure include the second and sixth base
pairs of the stem (G-C and U-A, respectively) and the first and
third nucleotides of the loop, always uridines, with the only
exception found in Caenorhabditis elegans histone mRNAs,
which have cytidine in the first position of the loop (35, 41, 46).
The first base pair of the stem in most organisms is G-C,
although other base pairs are found in Drosophila melanogaster
H1 and H2a genes (27).

The stem-loop and the five-nucleotide flanks, invariably AC-
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rich, are recognized by the stem-loop binding protein (SLBP)
(64, 67), also known as the hairpin binding protein (31). In
vertebrates, SLBP consists of a central RNA- binding domain
(RBD), which mediates binding of the protein to the stem-
loop, and two flanking domains (24, 64). The RBD of SLBP
does not resemble any known motif involved in sequence-
specific RNA recognition and binds the stem-loop with very
high affinity (3). The gene encoding SLBP is essential for the
viability of both Drosophila (57) and C. elegans (25, 41). In both
organisms, deficiency in SLBP function results in reduced ex-
pression of histone mRNAs in the germ line and early embry-
onal lethality due to defects in chromosome condensation and
segregation.

The HDE is highly conserved in sea urchins and is more
variable in higher organisms, where it is usually limited to a
short cluster of purines located ca. 15 nucleotides downstream
from the cleavage site. The HDE interacts with U7 snRNP (6,
38, 55, 56), which contains an ca. 60-nucleotide U7 snRNA and
associated proteins. These proteins include both some of the
core Sm proteins found in the spliceosomal snRNPs, as well as
U7 snRNP-specific proteins (49, 53). Among the U7-specific
proteins are a zinc finger protein, hZFP100 (9), and a new
Sm-like protein, Lsm10, which replaces the Sm D1 and D2
core proteins present in all other snRNPs (42). Binding of U7
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snRNP to the pre-mRNA occurs by base pairing between the
5" end of U7 snRNA and the HDE (5, 48) and is stabilized by
interaction of SLBP bound to the histone pre-mRNA with a
component of U7 snRNP, most likely hZFP100 (9). Formation
of an active processing complex is followed by endonucleolytic
cleavage four to five nucleotides downstream from the stem-
loop structure. After cleavage, SLBP remains associated with
the mature 3’ end (11) and is believed to participate in other
steps in metabolism of histone mRNAs, including their nucle-
ocytoplasmic transport (13, 66), translation (18, 58), and deg-
radation (40, 66).

In mammalian cells the efficiency of 3’ end processing is
maximal during S phase, resulting in rapid accumulation of
mature histone mRNAs and thus allowing the synchronous
synthesis of two major components of the chromatin: histones
and DNA (22, 30, 52). Cell cycle regulation of histone mRNA
formation in mammalian cells is at least in part achieved by cell
cycle regulation of SLBP, which accumulates at the beginning
of S phase and is destroyed by the proteasome pathway in early
G,, after completion of DNA replication (65).

Study of the mechanism of histone pre-mRNA 3’ end pro-
cessing has been greatly facilitated by the availability of effi-
cient and accurate in vitro systems based on nuclear extracts
from human and mouse cells (20, 38). Here we report the
development and analysis of the histone 3’ end processing in
vitro by using Drosophila components. Nuclear extracts from
both Drosophila embryos and cultured cells specifically cleave
histone pre-mRNAs containing the downstream sequence el-
ement from all five Drosophila histone genes. These nuclear
extracts are very inefficient in processing the mouse H2a-614
pre-mRNA. Cleavage in Drosophila nuclear extracts occurs
four nucleotides after the stem-loop. Although there is no
obvious consensus sequence for an HDE in the Drosophila
histone pre-mRNAs, small alterations in the purine-rich region
downstream of the cleavage site abolish 3’ end processing in
vitro. Neither the human nor the Drosophila SLBP (dSLBP)
supports processing in the heterologous extract, suggesting
that there has been coevolution of the components of the
histone pre-mRNA processing machinery in the vertebrate and
invertebrate lineages.

MATERIALS AND METHODS

Histone pre-mRNA processing substrates. A 225-nucleotide fragment of Dro-
sophila histone H3 gene was amplified by PCR from genomic DNA and sub-
cloned into pBluescript IT SK plasmid (Stratagene). This fragment contains 56
nucleotides of the H3 coding region, followed by the stop codon and 166 down-
stream nucleotides, including the stem-loop structure. Hybrid mouse-Drosophila
histone genes were constructed by inserting an HDE from each of the five
Drosophila histone genes into an EcoRI site engineered 8 to 13 nucleotides
downstream from the stem-loop of mouse H2a-614 gene (Fig. 2). All mutations
were generated either by ligating two complementary oligonucleotides carrying
appropriate nucleotide substitutions into linearized vectors or by using
QuikChange site-directed mutagenesis kit (Stratagene), as specified by the man-
ufacturer.

Recombinant dSLBP. The wild type and deletion mutants of dSLBP were
expressed in Sf9 insect cells by using the baculovirus expression system (Gibco-
BRL) and purified by affinity chromatography on Ni-NTA agarose (Qiagen) as
described previously (12).

Preparation and depletion of nuclear extracts. Drosophila Schneider line 2
(S-2) cells were grown at room temperature in Shield’s and Sung M3 medium
(Sigma) containing 12.5% heat-inactivated fetal bovine serum and antibiotics
(57). Nuclei were isolated as previously described for mouse myeloma cells and
extracted for 1 h with a buffer containing 0.25 M NaCl (11, 33). The nuclear
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extract from 0 to 13 h embryos was prepared as previously described (45) and
provided by L. Searles and K. Williamson (University of North Carolina at
Chapel Hill). Depletion of dSLBP and anti-Sm-reactive particles was carried out
as previously described for mammalian SLBP and U7 snRNP (9, 33).

RNA labeling and in vitro processing. Pre-mRNA substrates for in vitro 3’ end
processing were synthesized in the presence of [a-**P]CTP (25 pnCi) with T7
RNA polymerase (NEB) and linearized DNA templates. To achieve high specific
activity labeling, the concentration of unlabeled CTP was reduced to 10 nM while
the remaining ribonucleotides were at 100 nM. In some experiments, pre-mRNA
substrates were prepared by 5’ end labeling of dephosphorylated RNA with
[y->*P]ATP and T4 polynucleotide kinase (NEB), as previously described (12).
The labeled pre-mRNA substrates were separated from the unincorporated
isotopes on G-50 spin columns and used for processing without further purifi-
cation. All pre-mRNA substrates were synthesized in the absence of cap ana-
logues and varied in length between 86 and 403 nucleotides depending on the
clone used for transcription and the restriction enzyme used to cleave the tem-
plate. Each processing reaction contained the following in a final volume of 10
pl: 5% 10% to 10 X 10® cpm of *?P-labeled histone pre-mRNA, 5 ul of nuclear
extract, 20 mM EDTA, and 10 png of yeast tRNA. The reaction sample was
assembled on ice and incubated at 22°C for 2 h. The RNA was purified by phenol
extraction and analyzed on 6 to 8% denaturing (7 M urea) polyacrylamide gels.
Some preparations of the S-2 nuclear extract contained a high level of nucleases
and led to degradation of histone pre-mRNA even in the presence of EDTA.
Incorporation of the cap analogue into the pre-mRNAs did not increase their
stability in these nuclear extract preparations (not shown).

Dephosphorylation of dSLBP. Recombinant dSLBP (5 ng) or the nuclear
extract (25 wl) was treated for 30 min at 32°C with either 25 U of calf intestinal
phosphatase (NEB) or 1,000 U of phage \ protein phosphatase (PPase; NEB) in
buffers recommended by manufacturers. To confirm the extent of dephosphor-
ylation, a portion of each sample before and after treatment was analyzed by a
band shift assay and Western blotting, as previously described (12).

Protein molecular weight determination. Prior to mass spectrometric analysis
the proteins were purified on microcolumns (14) packed with POROS R1 (C4)
resin (Applied Biosystems, Framingham, Mass.). A 5-ul bed volume of the
POROS resin was packed in an Eppendorf Gel-loader tip, and the resin was
incubated with a solution of 50:50 (vol/vol) acetonitrile-water and then equili-
brated with 0.1% trifluoroacetic acid (TFA). A 5-pl aliquot of the protein (0.5
mg/ml) was diluted 1:1 (vol/vol) with 0.1% TFA and passed through the bed five
times. The resin was washed with 0.1% TFA, and the protein was eluted with 5
wl of a solution which contained 75:24.8:0.2 acetonitrile-water-formic acid (vol/
volivol). A 2-pl aliquot of the purified solution was used for measuring the
molecular weight of the proteins in an Applied Biosystems/Perkin-Elmer Corp
(Foster City, Calif.) API QSTAR-Pulsar (QSTAR) apparatus equipped with a
Protana (Odense, Denmark) nanoelectrospray source.

RESULTS

Drosophila histone pre-mRNAs are efficiently processed in
nuclear extracts from Drosophila cells. Histone mRNAs in
Drosophila, as in other metazoans, are not polyadenylated and
instead contain a highly conserved stem-loop structure at the
3" end (10, 27, 39). Although substantial progress has been
made in studying histone mRNA 3’ end formation in verte-
brates and sea urchins, there is little information about this
process in Drosophila and other lower eukaryotes. It has been
recently shown that dSLBP is required for correct 3’ end pro-
cessing of all five histone pre-mRNAs in vivo (27, 57). Loss-
of-function mutations in the dSLBP gene abolish correct 3’
end processing of histone pre-mRNAs in vivo and result in
usage of cryptic polyadenylation signals and formation of poly-
adenylated histone mRNAs (27, 57). Unlike mammals, which
have more than 50 different genes encoding the replication-
dependent histone mRNAs (1, 2, 62, 63), in Drosophila there
are only five different replication-dependent histone genes,
one for each histone protein. These genes are in a cluster that
is tandemly repeated ca. 100 times. The sequence of the stem-
loop structure encoded by all five Drosophila histone genes
differs from the previously established consensus with a major
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FIG. 1. dH3 pre-mRNA is efficiently processed in nuclear extracts from Drosophila cells. (A) Sequence alignment of the 3’ end region of all
five Drosophila histone pre-mRNAs and the mouse H2a-614 pre-mRNA. The stem-loop structure is indicated with the line, and the U7 binding
site in the mouse H2a pre-mRNA is boxed. The known cleavage site used in mammalian processing and the deduced cleavage site used in
Drosophila processing (see below) are indicated by the arrow. The nucleotides are numbered beginning from the first nucleotide after the
stem-loop. (B) In vitro processing of radiolabeled dH3 pre-mRNA in dNE from S-2 cells (lane 1) and 0- to 13-h-old embryos (lane 2). The reaction
was carried out for 2 h at 22°C, and RNA was resolved by electrophoresis in a 6% denaturing gel. “Unproc” and “Proc” correspond to the input
pre-mRNA and the upstream cleavage product (mRNA), respectively. The band indicated as the “Cut-off” corresponds to the 3’ cleavage product.
(C) Time course of Drosophila 3' end processing. The dH3 pre-mRNA was incubated for the indicated times in nuclear extract from S-2 cells.
(D) The dH3 pre-mRNA was incubated in the S-2 nuclear extract in the presence of excess of 26-nucleotide stem-loop RNA (SL, lane 2), reverse
stem RNA (RS, lane 3), or a 2’ O-methyl oligonucleotide complementary to the 5" end of human U7 snRNA (A-hU7, lane 4). The control

processing reaction is shown in lane 1.

difference found in H1 and H2a sequences, both of which lack
the GC base pair at the bottom of the stem, that is conserved
in other metazoans. However, in spite of these differences, all
five Drosophila stem-loop sequences are tightly bound by both
dSLBP and the two Xenopus SLBPs (27). In order to charac-
terize the components necessary for histone pre-mRNA pro-
cessing in Drosophila, we developed an in vitro system from
Drosophila nuclear extracts capable of processing radiolabeled
synthetic pre-mRNAs containing Drosophila-specific process-
ing signals.

Alignment of a 55-nucleotide region encompassing the stem-
loop structure, the cleavage site, and the putative HDE of all
five Drosophila histone pre-mRNAs and mouse H2a-614 pre-
mRNA is shown in Fig. 1A. We generated a Drosophila histone
H3 pre-mRNA substrate (dH3) containing a portion of the
Drosophila H3 coding region and stop codon, followed by an
additional 122 nucleotides, that contain the stem-loop and 101
downstream nucleotides, including 34 nucleotides shown in
Fig. 1A. The dH3 pre-mRNA was efficiently and accurately
processed in the nuclear extract from Drosophila S-2 cells (Fig.
1B, lane 1). Depending on the preparation of nuclear extract
and amount of pre-mRNA used in the reaction, between 40
and 95% of the pre-mRNA was cleaved in a 2-h incubation at
22°C. Similar results were obtained with an extract prepared
from 0- to 13-h-old embryos (Fig. 1B, lane 2) and Drosophila
Kc cells (not shown). In addition to the mature mRNA, the

downstream (designated “cutoff”) product of the cleavage re-
action was detected when the pre-mRNA was uniformly la-
beled (Fig. 1B). This product was heterogeneous, most likely
due to its subsequent partial degradation by a 5" exonuclease
associated with the processing machinery (60). The reaction in
S-2 nuclear extract proceeded without a significant time lag
(Fig. 1C), resembling 3’ end processing in mammalian nuclear
extract (11, 20, 38). The mature product was readily detected
after 15 min, and its amount increased steadily during the 2-h
incubation. This suggests that a relatively small number of
factors rapidly assemble on histone pre-mRNA to form an
active processing complex.

The addition of a vast molar excess of the stem-loop RNA,
which sequesters dSLBP, to the nuclear extract abolished pro-
cessing, whereas the addition of the reverse stem RNA, which
is unable to bind dSLBP, had no effect (Fig. 1D, lanes 2 and 3,
respectively). No inhibitory affect was exerted by a 2’ O-methyl
oligonucleotide complementary to first 17 nucleotides of the
human U7 snRNA (Fig. 1D, lane 4), a potent inhibitor of
processing in human and mouse nuclear extracts. Similar to
processing in mammalian nuclear extracts (20), processing in
Drosophila nuclear extract does not require divalent ions, and
all reactions were carried out in the presence of 20 mM EDTA.

dSLBP is a critical factor in processing of all five Drosophila
histone pre-mRNAs. We determined whether dSLBP is also
indispensable for in vitro 3’ end processing of the four remain-
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FIG. 2. dSLBP is essential for 3’ end processing of pre-mRNAs encoded by all Drosophila histone genes. (A) The downstream sequence of the
Drosophila H1, H2a, H2b, H3, and H4 histone pre-mRNAs was fused at EcoRI site to the stem-loop and the cleavage site of the mouse H2a
pre-mRNA, giving rise to a set of hybrid substrates denoted by an asterisk. The nucleotides are numbered beginning from the first nucleotide after
the stem-loop. (B) In vitro processing of dH3x (left panel) and mouse H2a (right panel) pre-mRNAs in Drosophila S-2 and mouse nuclear extracts,
respectively. The reaction was carried out in the absence (ANE or mNE) or in the presence (+SL) of excess 26-nucleotide RNA containing the
stem-loop. (C) In vitro processing of the hybrid pre-mRNAs in S-2 nuclear extract in the absence (dANE) or in the presence of the stem-loop RNA

(+SL).

ing Drosophila histone pre-mRNAs. In mammalian nuclear
extracts the importance of SLBP in 3’ end processing depends
on the sequence of the downstream element and its potential
to base pair with U7 snRNA (12, 51, 54). Since dSLBP binds
efficiently to the stem-loop of the mouse histone H2a-614 pre-
mRNA (27), we constructed a series of hybrid pre-mRNAs
that contained a common sequence of stem-loop and the cleav-
age site from the mouse H2a-614 gene fused at an engineered
EcoRlI site to a 45-nucleotide variable downstream region (nu-
cleotides 14 to 58, counting from the base of the stem) from
Drosophila H1, H2a, H2b, and H4 genes (Fig. 2A; nucleotides
14 to 34 are shown). To ensure that the hybrid substrates are
processed with efficiency similar to that of the original Dro-
sophila pre-mRNAs, we also constructed a hybrid H3 pre-
mRNA. The five hybrid pre-mRNAs (indicated with asterisks)
were tested for processing in S-2 Drosophila nuclear extract
(dNE) both in the absence and in the presence of excess
stem-loop RNA (Fig. 2B and C). Processing of the hybrid
dH3:* pre-mRNA was as efficient as processing of the original
dH3 substrate and was completely dependent on dSLBP (Fig.
2B, left panel). In contrast, processing of the mouse H2a-614
pre-mRNA in mouse nuclear extract (mNE) was only partially
dependent on SLBP (Fig. 2B, right panel) as reported previ-
ously (11, 12). The efficiency of the processing of the hybrid
pre-mRNAs varied between 20% (dH1*) and 80% (dH3x).
The addition of excess stem-loop RNA abolished processing of
all of the substrates (Fig. 2C), thus confirming earlier in vivo
results that dSLBP is an essential component of the histone
pre-mRNA processing machinery in Drosophila (57).
Mutational analysis of the downstream sequence element.

The mammalian and sea urchin U7 snRNPs bind to histone
pre-mRNA primarily by base pairing between the 5" end of U7
snRNA and the HDE. In sea urchin pre-mRNAs, the HDE is
limited to the invariant GAAAGA sequence, beginning ap-
proximately 10 nucleotides downstream of the cleavage site,
which base pair with nucleotides 2 to 7 of the sea urchin U7
snRNA (4, 56). In vertebrate histone pre-mRNAs, the HDE is
more variable and the region complementary to the 5’ end of
U7 snRNA extends beyond the purine-rich core, including a
few additional downstream nucleotides (50, 51).

Comparison of the sequences downstream from the cleavage
site in the five Drosophila histone pre-mRNAs did not reveal
any highly conserved element, although they all contain a pu-
rine-rich region, similar to that in mammalian histone pre-
mRNAs (Fig. 1A). In addition, in all Drosophila histone pre-
mRNAs there is an interrupted track of uridines located
immediately 3’ of the purine-rich element. In order to identify
which sequences downstream from the cleavage site are im-
portant for Drosophila histone pre-mRNA processing, we in-
troduced a number of nucleotide substitutions in dH3# pre-
mRNA and analyzed the processing efficiency of the resultant
mutants in the Drosophila S-2 nuclear extract. In the first round
of mutagenesis, we made two six-nucleotide mutations (Fig.
3A). The first mutation (M1) was introduced into a purine-rich
sequence, located in the region occupied in vertebrate pre-
mRNAs by the HDE core (nucleotides 17 to 22 downstream
from the stem-loop), whereas the second mutation (M2)
changed six nucleotides just after the conserved patch of uri-
dines. Replacing the GAGAUA sequence with CUCUAU
(M1) abolished processing of dH3 histone pre-mRNA, while
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FIG. 3. A sequence element downstream of the stem-loop is re-
quired for Drosophila histone pre-mRNA processing. (A) Sequence of
the dH3# pre-mRNA starting first nucleotide after the stem-loop. The
six mutations M1 to M6 are shown with the nucleotide substitutions
indicated above and below the wild-type sequence. (B) In vitro pro-
cessing of the wild-type (WT) and mutant dH3* pre-mRNAs (indicat-
ed above each lane) in the nuclear extract from S-2 cells. The process-
ing of M1 and M2 and of M3 to M6 mutant pre-mRNAs was analyzed
on two gels (lanes 1 to 3 and 4 to 7), accounting for the differences in
separation of unprocessed and processed RNAs across the panel.
(C) dNE from S-2 cells was incubated with a control monoclonal
antibody (mock, lane 2) or anti-Sm antibody (lane 3), and the antibody
complexes were removed from the extract with protein G beads. The
processing activity of the depleted nuclear extract was assayed with
dH3* pre-mRNA. Lane 1 represents untreated nuclear extract.

replacing GCCGAC with CGGCUG (M2) had no effect (Fig.
3B, lanes 2 and 3, respectively). We then made four three-
nucleotide mutations spanning the region located between nu-
cleotides 15 to 29 downstream from the stem-loop. One of
these mutations, M4, was confined within the larger M1 mu-
tation and changed the AGA sequence to UCU. This mutation
reduced processing by more than 95% (Fig. 3B, lane 5) thus
confirming the importance of the GAGAUA sequence in 3’
end processing. Two surrounding mutations, M3 and M5, that
changed nucleotides immediately flanking the GAGAUA se-
quence did not significantly affect processing (Fig. 3B, lanes 4
and 6, respectively). The M6 mutation, which disrupted the
tract of uridines conserved in all Drosophila histone pre-
mRNAs, also had no effect on processing (Fig. 3B, lane 7). In
conclusion, we identified in Drosophila histone pre-mRNA a
second sequence element, in addition to the stem-loop, that is

MoL. CELL. BIOL.

required for 3’ end processing and contains an essential pu-
rine-rich core located between nucleotides 17 and 22 after the
stem-loop of the dH3* pre-mRNA.

Both the location and the purine-rich sequence suggest that
the downstream element in Drosophila histone pre-mRNAs
interacts with the Drosophila equivalent of U7 snRNP. How-
ever, in spite of the availability of the complete sequence of the
Drosophila genome, U7 snRNA from this organism has yet to
be identified. To provide evidence that 3" end processing in
Drosophila requires an snRNP, the nuclear extract from S-2
cells (i.e., dNE) was incubated with the Y12 anti-Sm monoclo-
nal antibody (28). This human antibody recognizes highly con-
served epitopes on Sm proteins from such evolutionary distant
organisms as mammals and yeast (15, 23). The complexes
containing snRNPs were absorbed on protein G-agarose beads
(9), and the supernatant was tested for in vitro processing
activity with dH3#* pre-mRNA (Fig. 3C). Silver staining of the
RNA recovered from the beads confirmed that the Y12 anti-
body selectively precipitated a variety of RNA species, appar-
ently including all major classes of the spliceosomal snRNAs
from dNE (not shown). The control processing reaction pro-
ceeded with high efficiency, generating >95% of the mature
product, and mock depletion carried out in the presence of a
nonspecific monoclonal antibody had no detectable effect (Fig.
3C, lanes 1 and 2, respectively). However, depletion of the
extract with anti-Sm antibody resulted in a reproducible reduc-
tion in processing efficiency, indicating the involvement of an
snRNP (Fig. 3C, lane 3). A similar level of reduction was
previously observed after treatment of the Hela nuclear ex-
tract with the same preparation of anti-Sm monoclonal anti-
body (9). The failure to completely inhibit processing in both
cases most likely results from limited accessibility of the anti-
body to the Sm epitopes and thus only partial removal of U7
snRNP from the nuclear extract (9).

In addition to depleting the anti-Sm reactive particles from
the nuclear extract, we attempted to degrade the 5’ end of a
putative Drosophila U7 snRNA by adding micrococcal nucle-
ase in the presence of calcium ions. This treatment has been
shown to completely eliminate the processing activity of mam-
malian nuclear extracts by preventing binding of U7 snRNP to
the pre-mRNA (21, 38, 50). However, the same experiments in
the Drosophila extract were inconclusive.

Mammalian and Drosophila nuclear extracts cleave histone
pre-mRNAs at different sites. In order to map the Drosophila
cleavage site, dH3* pre-mRNA processing products generated
in the nuclear extract from S-2 cells (ANE) were resolved on
denaturing gels next to processing products of the mouse H2a-
614 pre-mRNA generated in the nuclear extract from either
mouse myeloma (mNE) or human HeLa cells (hNE). These
two pre-mRNAs contain identical sequences upstream of the
EcoRI site and differ only in the species-specific downstream
sequences cleaved off during the processing reaction. Thus, the
length of the final processing products generated from the two
pre-mRNA substrates can be directly analyzed by comparing
their relative electrophoretic mobilities. Surprisingly, the dH3x*
processing product generated in dNE (Fig. 4A, lane 1) mi-
grated slightly faster than the H2a pre-mRNA cleaved in
mouse and human nuclear extracts (Fig. 4A, lanes 2 and 3,
respectively).

Mammalian histone pre-mRNAs, including the mouse H2a-
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FIG. 4. Drosophila and mammalian nuclear extracts cleave pre-mRNA at different sites. (A) dH3* pre-mRNA was processed in S-2 dNE (lane
1) and mouse H2a pre-mRNA was processed in either mouse myeloma (mNE, lane 2) or HeLa (hNE, lane 3) nuclear extracts. The length of the
processing products (Proc) was compared after electrophoresis in an 8% low-resolution denaturing gel. The dH3: pre-mRNA (Unproc) substrate
is longer from mouse H2a pre-mRNA at the 3" end by 19 nucleotides, but the sequence of the 5’ end is identical. (B) The processing product of
mouse H2a pre-mRNA generated in mNE (lane 2) was analyzed in high-resolution, 40-cm 12% polyacrylamide gels, next to a 48-nucleotide
synthetic RNA ending precisely at the ACCCA sequence (lane 1). (C) Mammalian (lanes 1 and 3) and Drosophila (lane 2) processing products,
generated as described for panel A, were analyzed side by side in a high-resolution gel, as described for panel B.

614 pre-mRNA, are cleaved predominantly after an adenosine
residue five nucleotides downstream from the stem-loop, gen-
erating mature histone mRNAs with the ACCCA sequence
and a hydroxyl group at the 3" end (16, 47). We first deter-
mined whether the 86-nucleotide derivative of the mouse H2a-
614 pre-mRNA utilized in the present study is cleaved at the
same site and gives rise to the predicted 48 nucleotides long
final product. Using a PCR-generated DNA template contain-
ing the T7 RNA polymerase promoter and ending precisely at
the ACCCA sequence, we synthesized a radiolabeled RNA
standard corresponding in length and sequence to the correctly
processed mRNA. High-resolution gel electrophoresis carried
out in 40-cm 12% polyacrylamide gels capable of resolving
RNA species differing by one nucleotide revealed that this
synthetic mRNA comigrates with the processing product gen-
erated in mouse nuclear extract (Fig. 4B, lanes 1 and 2, re-
spectively), confirming that the 86-nucleotide H2a pre-mRNA
substrate is cleaved immediately 3’ of the ACCCA sequence.
The same high-resolution gel electrophoresis revealed that the
difference in mobility between Drosophila and mammalian pro-
cessing products corresponds to approximately 1.5 nucleotides
(Fig. 4C). We conclude that the final product of Drosophila
processing (Fig. 4C, lane 2) is one nucleotide shorter than the
product of mammalian processing (Fig. 4C, lanes 1 and 3) and
most likely contains a 3’ phosphate group accounting for the
additional half nucleotide higher mobility (7, 16). The cleavage
of the hybrid pre-mRNAs in dNE must therefore occur after
the last C in the ACCCA sequence. Interestingly, there is an A
four nucleotides downstream from the stem-loop in all five
Drosophila histone pre-mRNAs (Fig. 1A), suggesting that
cleavage after an adenosine is also favored by the Drosophila
histone processing system.

Processing of histone pre-mRNA in heterologous nuclear
extracts. We next tested whether the mouse H2a pre-mRNA
could be processed in dNE and whether the cleavage site
would be of Drosophila or mammalian specificity. The purine-
rich region in the mouse H2a pre-mRNA does not differ sig-
nificantly from the corresponding Drosophila region, which is
relatively variable itself among five different Drosophila histone
pre-mRNAs (Fig. 1A). Incubation of the mouse H2a pre-
mRNA in Drosophila S-2 nuclear extract for 2 h at 22°Cyielded

a very small amount of RNA that comigrated with the dH3x*
processing product, as well as two additional larger RNA spe-
cies (Fig. 5A, lane 4). The addition of excess stem-loop RNA
(SL), but not reverse stem RNA (RS), to the processing reac-
tion completely inhibited generation of the RNA comigrating
with the dH3# processed mRNA, indicating that it represents
a genuine processing product (Fig. 5A, lanes 6 and 5, respec-
tively). Since the two remaining RNA species were still de-
tected in the presence of the stem-loop competitor RNA, they
must represent products of nonspecific degradation. The
mouse H2a pre-mRNA incubated in mouse myeloma nuclear
extract at both 22°C (Fig. 5A, lane 3) and the regular 32°C (Fig.
5A, lane 2) generated a product that was one nucleotide longer
than the product of processing in dNE. The fact that the two
substrates containing the downstream element from either

A
dH3* mH2a
T L1 ﬁ L]
woW W, 0J
z = x w
TEES + + B dHar
| s |
- w 4
neree - v en e S E
Unproc == &
b & A Proc e
Proc anDES _ . 1.2

12 3 45 6

FIG. 5. Processing of histone pre-mRNA in the heterologous nu-
clear extracts. (A) The mouse H2a pre-mRNA is processed with low
efficiency in S-2 dNE (lane 4). Generation of the processing product,
indicated with the arrow, is inhibited by excess RNA containing the
wild-type stem-loop (SL, lane 6) but not the reverse stem mutation
(RS, lane 5). Processing of dH3* pre-mRNA in a limited amount of
S-2 dNE (lane 1) and mouse H2a pre-mRNA in mNE at 32 and 22°C
(lanes 2 and 3) are shown for comparison. Processing of dH3* pre-
mRNA was carried out under suboptimal conditions to reduce amount
of the final product and better assess its migration mobility. (B) mNE
does not process dH3* pre-mRNA. Processing of dH3+ pre-mRNA
was tested in nuclear extract from mouse myeloma cells (mNE, lane 2).
Processing of the same substrate in Drosophila S-2 nuclear extract
(dNE, lane 1) is shown for comparison.
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FIG. 6. Recombinant dSLBP restores processing activity to dSLBP-depleted nuclear extract. (A) Amino acid sequence of dSLBP. The RBD
is underlined, and the arrows indicate the starting point of a 103-amino-acid deletion variant. (B) Diagram of the full-length dSLBP (FL) consisting
of the N-terminal domain (dN), the Drosophila RBD (dRBD), and the 17-amino-acid end (dC). Regions included in three deletion mutants are
shown below. The 103-amino-acid mutant starts 15 amino acids upstream from the Drosophila RBD, as shown in panel A, and contains the
remainder of the protein, whereas the 88-amino-acid protein begins with the Drosophila RBD. The 71-amino-acid protein consists only of
Drosophila RBD. (C) The S-2 nuclear extract was analyzed by Western blotting before (lane 1) and after depletion with dSLBP antibody (lane 2).
The asterisk indicates a cross-reacting protein not removed from the extract during depletion. (D) The dH3 histone pre-mRNA was incubated
in S-2 nuclear extract (lane 1), in dSLBP-depleted nuclear extract alone (lane 2), or in the presence of the baculovirus-expressed variants, as
indicated (lanes 2 to 7). The H-D-H is a hybrid protein consisting of Drosophila RBD and two flanking domains from human SLBP (see Fig. 9A

for details).

mouse or Drosophila pre-mRNAs yield a final product of the
same size in S-2 nuclear extract indicates that the Drosophila
processing machinery directs cleavage four nucleotides after
the stem-loop. Although mouse histone pre-mRNA was
weakly recognized by the Drosophila processing machinery, the
dH3* pre-mRNA was not processed in the mouse nuclear
extract (Fig. 5B, lane 2).

Minimal region of dSLBP proficient in processing. The
mammalian SLBPs (64) and the Xenopus SLBPs (24, 61) are
composed of three domains. Interaction of SLBPs with the
histone stem-loop is mediated by the centrally located 73-
amino-acid RNA-binding domain (RBD) (64). We have pre-
viously shown that the RBD and the first 35 amino acids of the
C-terminal domain of human SLBP are sufficient for full pro-
cessing activity in vitro (9, 12). The remainder of the protein,
including the entire N-terminal domain, is dispensable for the
processing and likely plays a role in other activities of SLBP,
e.g., transport and translation of histone mRNAs and regula-
tion of SLBP stability during the cell cycle. dSLBP has obvious
similarity to the vertebrate SLBPs only in the RBD and differs
from vertebrate SLBPs since it lacks the C-terminal domain
and instead contains only 17 amino acids downstream from the
RBD (Fig. 6A and B) (57). SLBPs from both Drosophila and
vertebrates are ~30 kDa since the N-terminal domain of
dSLBP is much larger than the corresponding domain in ver-
tebrate SLBPs.

To define which regions of dSLBP (Fig. 6A) were required
for 3’ end processing, we used an in vitro complementation
assay. The nuclear extract was depleted of dSLBP with an

antibody to dSLBP, and the SLBP-depleted nuclear extract
was supplemented with various deletion mutants of dSLBP
expressed in the baculovirus system (Fig. 6B). Incubation of
the S-2 nuclear extract with anti-dSLBP antibody, followed by
adsorption of immunocomplexes on protein A-agarose, re-
sulted in the removal of >95% of the dSLBP, as analyzed by
Western blotting (Fig. 6C, lane 2). The immunodepleted nu-
clear extract was virtually inactive in processing of dH3:* pre-
mRNA (Fig. 6D, lane 2), a finding consistent with those of
previous competition experiments in which dSLBP was seques-
tered by excess stem-loop RNA. The addition of the full-length
dSLBP expressed from a baculovirus vector restored the pro-
cessing activity of the depleted extract (Fig. 6D, lane 3). Two
deletion mutants, containing the last 103 or 88 amino acids,
also restored processing (Fig. 6D, lanes 4 and 5, respectively).
The 88-amino-acid mutant protein contains only the RBD and
the C terminus. A 71-amino-acid protein consisting only of the
RBD had very low activity (Fig. 6D, lane 6). To determine
whether the inability of the RBD to efficiently function in
processing reflected a requirement for a specific sequence in
the C-terminal region of dSLBP or simply a requirement for
additional amino acids, we constructed the hybrid protein H-
D-H, which contains the RBD from dSLBP and both flanking
domains from human SLBP (see Fig. 9A for graphic represen-
tation). The H-D-H protein had the same low activity in pro-
cessing as the Drosophila RBD (Fig. 6D, lane 7). Thus, the
RBD and at least some of the last 17 amino acids are necessary
and sufficient for 3’ end processing.



VoL. 22, 2002
B
©» +dSLBP
Baculo dNE “'m—'
. 1 1 E > 3 <
s 2 e 2 w o o k=
2 B 2 % Z o & o 0O
T o ® a T Oz auw
= = = Unproc == e == e =
+P\-- -- ¢
/
P79 2 3 4 Proc =— == — ==

c dNE
@ @ @
F§ 8
Za o
SUSLEBP el
SL e @D
1 2 3

FIG. 7. Phosphorylation of dSLBP is required for processing.
(A) Western blotting of baculovirus-expressed dSLBP (left panel) and
the dSLBP in the S-2 nuclear extract (right panel) before (lanes 1 and
3) and after (lanes 2 and 4) treatment with PPase. (B) Processing of the
dH3# pre-mRNA was analyzed in dNE (lane 1), in the dSLBP-de-
pleted dNE (lane 2), after the addition of the untreated baculovirus-
expressed dSLBP (lane 3), in dSLBP treated with PPase in the pres-
ence of Mn*" (lane 4), or in dSLBP treated with PPase in the presence
of Mn?** and 20 mM EDTA (lane 5). (C) Equal amounts of the dNE
(lane 1) or the dNE treated with PPase (lane 2) were analyzed by a
mobility shift assay for the ability to bind to a 26-nucleotide stem-loop
RNA labeled with [*P]ATP at the 5’ end. Lane 3 contains only the
free probe.

Dephosphorylation of dSLBP reduces its activity in process-
ing. Endogenous dSLBP present in S-2 cells and in Drosophila
embryos is quantitatively phosphorylated (27), as is recombi-
nant dSLBP expressed both in the baculovirus system and in
the rabbit reticulocyte lysate. Treatment of either the recom-
binant dSLBP or the nuclear extract with PPase (Fig. 7A, lanes
2 and 4, respectively) or calf intestinal phosphatase (not
shown) resulted in an increased mobility of dSLBP on sodium
dodecyl sulfate (SDS)-gels.

To determine whether phosphorylation is required for ac-
tivity of dSLBP in processing, the baculovirus expressed pro-
tein was treated with PPase. The extent of dephosphorylation
was monitored by comparison of the electrophoretic mobility
of dSLBP before and after the treatment (Fig. 7A). Dephos-
phorylation of the baculovirus-expressed protein reduced its
activity in the complementation assay to 20 to 25% of the
original activity (Fig. 7B, lane 4). Treatment of the dSLBP with
PPase in the presence of EDTA, which chelates essential man-
ganese ions, thus preventing PPase function, did not result in
detectable removal of phosphate groups from dSLBP (not
shown) and did not affect processing activity (Fig. 7B, lane 5).
As shown in Fig. 7C, native (lane 1) and dephosphorylated
(lane 2) dSLBP from dNE bound to the stem-loop probe with
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comparable efficiency. Thus, the reduced processing activity of
dephosphorylated dSLBP was not a result of its inability to
bind the stem-loop. Note that, whereas dephosphorylation of
dSLBP increased its electrophoretic mobility in SDS-polyacryl-
amide gels (Fig. 7A), it reduced the migration of the dSLBP-
RNA complex in the native gel (Fig. 7C).

SLBP is phosphorylated on the C-terminal 17 amino acids.
As judged by the increase in mobility on an SDS-gel after
treatment with PPase, both the 103- and 88-amino-acid frag-
ments of dSLBP (Fig. 6B) were quantitatively phosphorylated
(Fig. 8A, 1lanes 2 and 4). The mobility of the 71-amino-acid
RBD was not altered by treatment with PPase (Fig. 8A, lane
6), suggesting that the phosphates were present on the C-
terminal 17 amino acids.

In order to localize the sites of phosphorylation in dSLBP,
we determined the molecular weights of the full-length protein
and the deletion mutants by nanoelectrospray ionization-mass
spectrometry (nanoESI-MS) (Fig. 8B). All of the proteins were
expressed in the baculovirus system and thus contained on the
N terminus additional 25 amino acids from the His tag and
vector sequences. The molecular weight determination of the
full-length protein (Fig. 8B, top panel) showed that the most
abundant form of the protein had four phosphates, whereas a
small amount of the protein contained three phosphates. In
addition, the molecular weight determination of the full-length
SLBP revealed two additional series of peaks, which corre-
spond to the partial incorporation of a fifth and sixth phospho-
ryl group on some molecules. The molecular weight determi-
nation of the 103- and 88-amino-acid dSLBP mutants revealed
one abundant series of ions for each species, demonstrating
that predominantly one protein isoform was present. The most
abundant ion series in each case corresponded to additional
mass increments of 319.12 and 320.11 Da compared to the
molecular mass expected for the unmodified protein. These
mass differences correspond very closely to the addition of four
phosphoryl groups (319.87 Da) and demonstrate that each of
the analyzed proteins is almost completely phosphorylated on
four sites. The spectrum of the RBD also showed one abun-
dant series of multiply charged ions, with a molecular mass of
11,782 Da (standard deviation, =0.3 Da), a finding that is in
good agreement with the calculated molecular mass of non-
phosphorylated RBD (monoisotopic molecular mass, 11,785
Da; average molecular mass, 11,792 Da; Fig. 8B, bottom pan-
el). These results are consistent with the C-terminal region of
dSLBP being phosphorylated on four sites (amino acids 285 to
301 in the baculovirus-expressed full-length protein). There
are six potential phosphorylation sites within the sequence of
the C terminus. Thr?® can be excluded because the nonphos-
phorylated tryptic peptide (amino acids 277 to 288) has been
identified by liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) analysis in a separate experiment, and the
phosphorylated peptide was not detected (data not shown).
These results demonstrate that there are four quantitatively
phosphorylated sites on the C-terminal 13 amino acids (i.e.,
amino acids 289 to 301) and two additional partially phosphor-
ylated sites in the full-length dSLBP.

Components of mammalian and Drosophila processing ma-
chinery are not interchangeable. We have previously shown by
using both in vitro and in vivo assays that Xenopus SLBP1
(xSLBP1) and human SLBP can substitute for each other in 3’
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FIG. 8. dSLBP contains four phosphates on the C-terminal region.
(A) The deletion mutants of dSLBP shown in Fig. 5B were expressed
by using the baculovirus system and purified. Aliquots of each variant
were treated with PPase, and the untreated (lanes 1, 3, and 5) and
dephosphorylated (lanes 2, 4, and 6) proteins were separated by gel
electrophoresis and then detected by Western blotting. The mobility of
the 103 (lanes 1 and 2)- and 88 (lanes 3 and 4)-amino-acid dSLBPs was
increased after PPase treatment, whereas the mobility of the 71-amino-
acid protein containing only the RBD was unchanged (lanes 5 and 6).
(B) The full-length dSLBP and the 103-, 88-, and 71-amino-acid
dSLBPs expressed in insects cells were analyzed by mass spectrometry
as described in Materials and Methods. The charge/mass (m/z) spec-
trum is shown, and the charges on the individual clusters of peaks are
indicated. The insets show a blowup of the most abundant ion. The
various phosphorylated forms and proteins associated with sodium or
potassium ions are indicated. The major peaks in the full-length, 103-
and 88-amino-acid dSLBPs correspond to a molecular mass of 320 Da
higher than that predicted from the amino acid sequence, correspond-
ing to the four phosphate groups. The two satellite peaks indicated by
the circle and square in the full-length dSLBP correspond to additional
partially phosphorylated molecules containing five and six phosphates,
respectively, whereas the peak indicated by the triangle corresponds to
a protein containing three phosphates. The major peak in the 71-
amino-acid SLBP corresponds to the molecular weight predicted from
the amino acid sequence, indicating that the RBD is not phosphorylated.
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end processing (24, 61). This interchangeability was not sur-
prising given the strong amino acid conservation of SLBP in
vertebrates throughout the entire length of the proteins. We
determined whether the Drosophila and human SLBPs, which
are both involved in processing, were also interchangeable.
While the RBDs from Drosophila and mammalian SLBPs are
highly conserved, retaining 56% identity and 80% similarity
over the 71-amino-acid total length (57), the remaining regions
of the proteins share no obvious homology. As shown previ-
ously (8, 12), the mouse nuclear extract (mNE) efficiently
cleaved mouse H1t pre-mRNA and depletion of the endoge-
nous SLBP abolished processing of this substrate (Fig. 9B, left
panel, lanes 1 and 2, respectively). High efficiency of processing
was restored by the addition of the baculovirus-expressed hu-
man SLBP (Fig. 9B, left panel, lane 3) but not dSLBP (Fig. 9B,
left panel, lane 4), indicating that the proteins from these two
evolutionary distant organisms are not interchangeable.

The inability of dSLBP to function in mammalian 3’ end
processing could be explained by the absence of the important
C-terminal residues in dSLBP, shown to be essential for pro-
cessing activity of human SLBP (12). To test this possibility, we
constructed a hybrid protein H-D-H in which the RBD of
human SLBP was replaced by the RBD from dSLBP (Fig. 9A).
The H-D-H protein contains the entire C-terminal domain of
human SLBP, including the 35-amino-acid region important
for processing in mammalian nuclear extracts. However, when
tested in the complementation assay, the H-D-H protein failed
to restore processing activity to the mouse SLBP-depleted nu-
clear extract (Fig. 9B, left panel, lane 5). Thus, the Drosophila
RBD cannot substitute for the human RBD in processing.

The dNE depleted of the endogenous dSLBP can be effi-
ciently complemented by dSLBP expressed in the baculovirus
system (Fig. 9B, right panel, lane 4) but not by human SLBP
(Fig. 9B, right panel, lane 3), further confirming that these two
proteins are not interchangeable. Human SLBP and dSLBPs
strongly inhibit efficiency of processing when added in excess to
the heterologous nuclear extract (Fig. 9C). This dominant-
negative effect most likely results from the exogenous SLBP
competing with the endogenous SLBP for binding to histone
pre-mRNA but being unable to form a productive processing
complex with other components of processing machinery from
the evolutionary distant organism.

DISCUSSION

Development of an in vitro system based on nuclear extracts
from human and mouse cells was a major advance that allowed
a molecular analysis of 3’ end processing of mammalian his-
tone pre-mRNA (12, 20, 38, 50). We describe here the devel-
opment of an in vitro system based on nuclear extract from
Drosophila S-2 cells and Drosophila histone pre-mRNAs. This
system was utilized for mapping the structural features in Dro-
sophila histone pre-mRNA and dSLBP essential for 3’ end
processing.

In vitro 3’ end processing in ANE. Drosophila cultured cells
are a convenient and relatively inexpensive source of nuclear
extracts proficient in transcription (44) or splicing (45) and
were recently used for large-scale purification of spliceosomal
snRNPs (26). The nuclear extract from Drosophila S-2 cells
and 0- to 20-h-old embryos are also very efficient in 3’ end
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FIG. 9. Drosophila and human SLBPs are not interchangeable.
(A) Diagram of dSLBP and human SLBP (hSLBP) and a hybrid
protein H-D-H composed of the RBD from dSLBP (dRBD) and both
flanking domains from human SLBP (hN and hC). (B) The mouse H1t
(left panel) and dH3* (right panel) pre-mRNAs were processed in the
species-specific SLBP-depleted nuclear extracts alone (lane 2 in each
panel) or in the presence of the baculovirus-expressed proteins, as
indicated. Lane 1 in each panel shows processing in the control, un-
depleted nuclear extract. (C) Drosophila and human SLBPs inhibit
processing in the heterologous nuclear extract. The Drosophila dH3+
(left panel) and mouse H2a (right panel) pre-mRNAs were incubated
in the Drosophila and mouse nuclear extracts, respectively (lane 1 in
each panel) and in the same extracts in the presence of the indicated
baculovirus-expressed SLBPs (lanes 2 and 3 in each panel).

processing of all five Drosophila histone pre-mRNAs. Since
Drosophila contains only one gene (present in multiple copies)
for each of the five different histone proteins, it is essential that
all five Drosophila histone pre-mRNAs be efficiently processed.
In mammalian cells there are multiple nonallelic copies of each
histone gene (2, 62), and the processing efficiency of different
pre-mRNAs encoded by these copies significantly varies in vivo
and in vitro (29).

Drosophila histone pre-mRNA processing in vitro has bio-
chemical properties similar to processing in mammalian cells.
The reaction does not require divalent ions or ATP and gen-
erates the final product without a significant lag time, suggest-
ing that a relatively small number of factors assemble to form
a functional processing complex. The presence of the cleaved
3’ fragment indicates that generation of the mature 3’ end in
Drosophila histone mRNAs occurs through endonucleolytic
cleavage and not by the activity of a 3’ exonuclease. In dNE,
histone pre-mRNAs are processed four nucleotides after the
stem-loop, whereas in mammalian nuclear extracts cleavage
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occurs one nucleotide farther downstream. There is an aden-
osine residue four nucleotides after the stem-loop in all five
Drosophila histone pre-mRNAs, whereas most mammalian his-
tone mRNAs end in ACCCA, suggesting that cleavage after an
A has been conserved in evolution.

Development of the in vitro 3’ end processing system of
histone pre-mRNAs based on Drosophila components has
been previously reported by Price and Parker (43). In contrast
to the present study, processing in their system required mag-
nesium ions, which could be partially substituted by calcium
and manganese. Since sequence and biochemical requirements
have not been studied in the previous work, its relevance to the
processing system described here is unknown. It is possible that
the correct RNA product detected in the presence of magne-
sium was in fact generated by a powerful 3’ to 5" exonuclease
stalled near the stem-loop structure tightly bound by dSLBP
rather than by an endonucleolytic cleavage. Such nucleases are
also present in our preparations of Drosophila and mammalian
nuclear extracts, but their activity is completely inhibited by the
presence of 20 mM EDTA (20), which was routinely added to
all of the processing reactions described here.

A second cis-acting sequence required for Drosophila H3
pre-mRNA processing. Nuclear extract from Drosophila S-2
cells was very active in cleaving histone pre-mRNAs containing
the downstream element encoded by all five Drosophila histone
genes. In sea urchins an invariant sequence (CAAGAAAGA)
was readily identified in the downstream element of all histone
pre-mRNAs (19), and this sequence was later shown to base
pair with the 5’ end of sea urchin U7 snRNA (48, 56). The
Drosophila histone genes do not share any highly conserved
sequences downstream of the stem-loop, although they are all
generally purine-rich. Mutagenesis studies of the downstream
sequence from Drosophila H3 pre-mRNA revealed that a
GAGAUA element plays a critical role in processing; substi-
tution of this sequence with the complementary nucleotides
(mutant M1) abolished in vitro processing, whereas mutation
of adjacent nucleotides had no effect. In addition to identifying
the downstream processing element in Drosophila H3 pre-
mRNA, the M1 mutant provides further evidence that our in
vitro system reproduces a genuine processing event and is not
a result of 3’ to 5’ exonucleases activity stalled by the stem-
loop associated with dSLBP. The sequence requirements of
the downstream element must be more complex than simply
the presence of the purine-rich element at a proper distance
from the stem-loop since the mouse H2a pre-mRNA contains
a similar purine-rich sequence in the same location and is
processed in the Drosophila extract very inefficiently, in con-
trast to all five Drosophila histone pre-mRNAs. Perhaps there
are other sequence elements in Drosophila histone pre-
mRNAs that are not conserved in pre-mRNAs of higher
organisms and which contribute to high efficiency of processing
in dNE.

While the low efficiency of processing of mouse H2a pre-
mRNA in Drosophila extract is puzzling, it is easier to explain
the inability of the mNE to process Drosophila H3 pre-mRNA.
The downstream element from Drosophila H3 pre-mRNA has
a very limited complementarity to the 5 end of mouse U7
snRNA and in the optimal configuration the two RNAs can
form only 10 bp over a 19-nucleotide region, with the longest
uninterrupted stretch of duplex RNA consisting of only 4 bp.
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For comparison, the mouse H1t pre-mRNA, previously shown
to be a poor and completely SLBP-dependent substrate, can
form either 11 or 13 bp in two alternative alignments with the
U7 snRNA, and the longest uninterrupted duplex consists of 7
and 6 bp, respectively. In contrast, the mouse H2a-614 pre-
mRNA, a good mammalian processing substrate, forms 14
base pairs with mouse U7 snRNA interrupted by only one
mismatch. Thus, given the requirement for an extensive duplex
between U7 snRNA and the downstream element for mam-
malian 3’ end processing, the inability of the mNE to process
Drosophila H3 pre-mRNA is not surprising.

The downstream purine-rich sequence identified in these
studies as essential for processing in the dNE is most likely
recognized by the Drosophila equivalent of U7 snRNP. This
interpretation is supported by the finding that Sm antibodies,
but not control monoclonal antibodies, reproducibly reduce
the efficiency of histone pre-mRNA processing. However, de-
spite sequencing the entire Drosophila genome, U7 snRNA has
not yet been identified in this organism. Both the small size and
the limited evolutionary conservation precludes a search for
this RNA based on sequence similarity to known vertebrate
and sea urchin U7 snRNAs.

In mammalian extracts the importance of SLBP in 3’ end
processing in vitro varies considerably between multiple his-
tone pre-mRNAs and depends on the strength with which U7
snRNA base pairs with the downstream element (12, 51, 54).
When there is limited complementarity between the down-
stream element and 5’ end of U7 snRNA, as in the case of
mouse H1t pre-mRNA, there is a complete dependence of
processing on SLBP (12). Processing of some mammalian his-
tone mRNAs that are capable of extensive base pairing with
the U7 snRNA can occur in the absence of SLBP (12, 51, 54).
In contrast, in vitro processing of all five Drosophila histone
pre-mRNA:s is virtually completely dependent on the presence
of SLBP. This dependence most likely results from the rela-
tively short downstream element in Drosophila histone pre-
mRNA, which in dH3 pre-mRNA appears to be ca. six nucle-
otides long, and the 5’ end of a putative Drosophila U7 snRNA.
In sea urchins the region of complementarity between pre-
mRNA and U7 snRNA is limited to only 6 bp and the forma-
tion of rather short duplexes between the two RNAs and thus
a requirement for additional interaction involving U7 snRNP
and SLBP may be a general feature of 3’ end processing in
lower metazoans.

We have previously studied a series of mutations in the
dSLBP gene that result in a large reduction in dSLBP concen-
tration in vivo. In the mildest of the mutants, which are viable
and female sterile and still express some dSLBP, there is a
great reduction in the amount of histone mRNA synthesized
during oogenesis (27, 57), resulting in embryonic lethality due
to a lack of histone proteins and the inability to complete the
syncytial cell cycles. More severe mutants are zygotically lethal,
with death occurring in the larval stages. Interestingly, zygotic
mutants express a significant amount of polyadenylated histone
mRNA during embryogenesis as a result of transcription past
the stem-loop and usage of cryptic polyadenylation sites
present 3’ of each of the Drosophila histone genes (27). How-
ever, even the most severe dSLBP mutants generate during
embryogenesis a substantial amount of histone mRNA that
ends at or near the stem-loop (27, 57). Whether these histone
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mRNAs are formed by a small amount of dSLBP remaining in
these embryos (which in at least one mutant cannot be de-
tected by biochemical assays) (27, 57) or whether there is an
alternative mechanism for forming and stabilizing mRNAs
ending at the stem-loop is not known. If the latter situation is
true, then this mechanism does not function in nuclear extracts
from Drosophila cultured cells.

Differences between mammalian and Drosophila 3' end pro-
cessing. A striking feature of dSLBP not shared by vertebrate
SLBPs is its hyperphosphorylation. dSLBP overexpressed in
insect cells is quantitatively phosphorylated on four sites within
the C-terminal region. Based on electrophoretic mobility, a
similar level of phosphorylation is present both in embryonic
dSLBP and dSLBP expressed in Drosophila cultured cells.
Phosphorylation of dSLBP is essential for complete processing
activity of the protein in vitro. Since the dephosphorylated and
the phosphorylated dSLBP bind to the stem-loop with similar
affinity, the phosphorylation must be required for interaction
of dSLBP with other factors involved in histone pre-mRNA
processing. In the last 13 amino acids of dSLBP there are four
serines, which alternate with aspartic acid residues, and it is
likely that dSLBP is phosphorylated on these four serines,
creating a highly acidic C terminus. Full-length dSLBP also
contains at least two partially phosphorylated sites. Detailed
mutational analysis will be required to determine which of
these sites are critical for histone pre-mRNA processing.

Reversible changes in phosphorylation status of dSLBP
would provide an attractive mechanism for regulating function
of dSLBP during embryogenesis and/or the cell cycle. Dephos-
phorylation would convert the active protein into an inactive
form that would effectively inhibit processing. In mammals
SLBP accumulates to the highest level in S phase and is de-
graded by the proteasome pathway immediately after comple-
tion of DNA replication (65). It is not known whether dSLBP
displays the same pattern of accumulation and disappearance
during the cell cycle in Drosophila cells, but reversible changes
in phosphorylation status could provide an equally efficient
mechanism of adjusting dSLBP activity. While regulation of
dSLBP phosphorylation is a possible attractive mechanism that
could contribute to regulation of histone pre-mRNA process-
ing, we have observed only hyperphosphorylated SLBP in Dro-
sophila cultured cells (Fig. 7) and embryos (27). However, we
would not necessarily have detected changes in dSLBP phos-
phorylation that affected only one or two sites, particularly if
the modification did not alter the electrophoretic mobility.

Rapid evolution of the histone pre-mRNA processing ma-
chinery. The initial characterization of histone pre-mRNA
processing in sea urchins was made possible because one of the
sea urchin histone pre-mRNAs was not processed in frog oo-
cytes as a result of differences in the HDE (17, 56). The
Drosophila histone pre-mRNAs are not processed in mamma-
lian extracts, and the mammalian mRNAs are processed very
inefficiently in Drosophila extracts. Moreover, Drosophila and
human SLBPs are not interchangeable: dSLBP does not func-
tion in 3’ end processing in mammalian nuclear extracts, and
human SLBP fails to complement dSLBP-depleted nuclear
extract from Drosophila S-2 cells. Instead, each protein has a
strong inhibitory effect on processing in the heterologous nu-
clear extract by competing with the endogenous SLBP for
binding to the stem-loop in histone pre-mRNA. The process-
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ing activity of both dSLBP and human SLBP requires the RBD
and the adjacent amino acids of the C-terminal region. Amino
acid conservation between Drosophila and mammalian SLBPs
is limited only to the RBD and does not extend into the
C-terminal region, thus explaining the inability of each protein
to substitute for each other. Interestingly, the RBDs are also
not interchangeable. The hybrid H-D-H SLBP containing both
flanking domains from human SLBP and the RBD from
dSLBP does not support processing in mammalian nuclear
extracts. We have recently shown that the human RBD con-
tains a nine-amino-acid region dispensable for RNA binding
but necessary for processing (8). This region, together with the
C-terminal residues, is involved in interaction of the SLBP-
pre-mRNA complex with a novel 100-kDa zinc finger protein
(hZFP100) associated with the U7 snRNP (9). The nine-ami-
no-acid region includes the critical DR dipeptide, which is
changed in dSLBP to ER. It is possible that this single amino
acid substitution, while allowing dSLBP to function efficiently
in dNE, is largely responsible for inability of the hybrid H-D-H
protein to function in mammalian nuclear extract. These data
are consistent with coevolution of the machinery indepen-
dently in the vertebrate and invertebrate lineages.

Conclusions. The data presented in the present study sug-
gest that there are many similarities between the processing
machineries in Drosophila and higher organisms, including the
requirement for SLBP and the purine-rich sequence down-
stream from the cleavage site. However, the components have
diverged significantly during evolution and are no longer rec-
ognized in the heterologous systems. Formally, it is still possi-
ble that there is no U7 snRNA in Drosophila, since there is no
U12 snRNA, although there are ATAC introns and a Ull
snRNA (36). This would imply that the mechanism of histone
pre-mRNA processing in Drosophila is substantially different
from that in sea urchins and vertebrates. It might be significant
that three other proteins required for mammalian histone pre-
mRNA processing—hZFP100 (9) and two U7 specific pro-
teins, Lsm10 (42) and Lsm11 (R. S. Pillai and D. Schumperli,
unpublished data)—have no obvious homologues in Drosoph-
ila genomes. Undoubtedly, future studies with dNE will be very
helpful in providing more information about the mechanism of
histone pre-mRNA processing in this organism.
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