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In metazoans, the 3’ end of histone mRNA is not polyadenylated but instead ends with a stem-loop structure
that is required for cell cycle-regulated expression. The sequence of the stem-loop in the Drosophila melano-
gaster histone H2b, H3, and H4 genes is identical to the consensus sequence of other metazoan histone mRNAs,
but the sequence of the stem-loop in the D. melanogaster histone H2a and H1 genes is novel. dSLBP binds to
these novel stem-loop sequences as well as the canonical stem-loop with similar affinity. Eggs derived from
females containing a viable, hypomorphic mutation in dSLBP store greatly reduced amounts of all five histone
mRNAs in the egg, indicating that dSLBP is required in the maternal germ line for production of each histone
mRNA. Embryos deficient in zygotic dSLBP function accumulate poly(A)™ versions of all five histone mRNAs
as a result of usage of polyadenylation signals located 3’ of the stem-loop in each histone gene. Since the 3’ ends
of adjacent histone genes are close together, these polyadenylation signals may ensure the termination of
transcription in order to prevent read-through into the next gene, which could possibly disrupt transcription
or produce antisense histone mRNA that might trigger RNA interference. During early wild-type embryogen-
esis, ubiquitous zygotic histone gene transcription is activated at the end of the syncytial nuclear cycles during
S phase of cycle 14, silenced during the subsequent G, phase, and then reactivated near the end of that G,
phase in the well-described mitotic domain pattern. There is little or no dSLBP protein provided maternally
in wild-type embryos, and zygotic expression of dSLBP is immediately required to process newly made histone

pre-mRNA.

Metazoan replication-dependent histone mRNAs are a
unique class of RNA polymerase II transcripts that do not end
in a polyadenylated tail. Instead, histone mRNAs end in a
conserved stem-loop sequence (reviewed in references 9 and
33). In vertebrates and echinoderms, the 3’ end of mature
histone mRNA is formed by an endonucleolytic cleavage of the
nascent pre-mRNA in a reaction that requires both the stem-
loop and a downstream element that binds to the U7 snRNP
(21, 38, 47). The stem-loop is bound by a protein, the stem-
loop binding protein (SLBP), that is required for histone pre-
mRNA processing and is likely involved in all other steps in
histone mRNA metabolism (24, 52). SLBP and U7 snRNP
together recruit a protein complex capable of carrying out the
pre-mRNA processing reaction (9).

In cycling mammalian cells, histone mRNAs accumulate
only during S phase, since large amounts of histone protein
synthesis are required only during DNA replication. Much of
this cell cycle regulation is mediated by the stem loop at the 3’
end of histone mRNA (25, 31), which in addition to being
essential for pre-mRNA processing controls histone mRNA
stability during the cell cycle (39). SLBP is a cell-cycle regu-
lated protein, and is also present in high levels only during
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S-phase (53). The cell-cycle regulation of SLBP is largely re-
sponsible for the cell cycle regulated accumulation of histone
mRNA. Whether this same mechanism is used to couple his-
tone mRNA production with the cell cycle in other organisms
is not known.

An exception to the tight coupling between histone mRNA
accumulation and S phase occurs during oogenesis and early
embryogenesis in many animal species. In Xenopus and Dro-
sophila, the same histone mRNAs that are cell cycle regulated
in somatic cells are stored in the developing oocyte and are
present continuously during the very rapid early embryonic
cycles (55, 56). These cell cycles lack gap phases, and many
rounds of chromosome duplication and mitosis occur in the
absence of zygotic transcription. The histone proteins used to
package newly synthesized DNA during S phase at this time
must either be stored in the oocyte or translated from maternal
mRNA. The timing and mechanism of the switch from contin-
uous to cell cycle-regulated histone biosynthesis has not been
well described.

To address the question of how SLBP contributes to the
developmental control of histone mRNA synthesis, we are
characterizing SLBP function genetically in Drosophila. Dro-
sophila has a single set of replication-dependent histone genes
encoded in a 5-kb repeat present in approximately 100 tandem
copies near the centromere on the left arm of chromosome 2.
Each repeat unit contains one copy of each of the five histone
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FIG. 1. dSLBP binds to all five histone mRNAs. (A) The sequence of the 3’ end of the most common stem-loop sequence in vertebrate histone
mRNAs (H2a,,,,) and the sequence of the 3’ end of the five Drosophila histone mRNAs is shown. *, nucleotide pairs that are different than the
canonical sequence and that have not yet been observed in any other stem-loop sequence. (B) DNAs encoding dSLBP (lanes 1 and 2), xSLBP1
(lanes 3 and 4), and xSLBP2 (lanes 5 and 6) were incubated in a reticulocyte lysate-coupled transcription-translation system in duplicate in the
presence of [*>S]methionine. The products were analyzed on an SDS-10% polyacrylamide gel and detected by autoradiography. Lane 7, lysate
incubated without added DNA. Parallel reaction mixtures incubated in the absence of [>*S]methionine were used for the mobility shift assays (C
and D). (C) The indicated stem-loop sequences (lanes 1 to 3, H2a,.,; lanes 4 to 6, Drosophila H2a; lanes 7 to 9, Drosophila H1; lanes 10 and 11,
Drosophila H2b) labeled with *PO, were tested for their ability to bind to Xenopus SLBP1 (X1 [lanes 1, 4, 7, and 11]), Xenopus SLBP2 (X2 [lanes
2, 5, and 8]), or Drosophila SLBP (D [lanes 3, 6, and 9]). Lane 12, probe incubated in buffer. (D) xSLBP1, xSLBP2, and dSLBP (indicated above
each panel) were incubated with the H2a,,, probe (lanes 2 to 5), dH2a probe (lanes 6 to 8), or dH1 probe (lanes 9 to 11), and the complexes were
detected by mobility shift assay. Increasing amounts of unlabeled H2a,.,, RNA (indicated above each lane) were mixed with the probe prior to

addition of the SLBPs. Lane 1, probe incubated in buffer. The complexes were analyzed by electrophoresis on an 8% polyacrylamide gel.

genes (see Fig. 5A). Like the histone genes in other metazoans,
these genes encode nonpolyadenylated mRNAs. The stem-
loop sequences at the 3’ end of histone mRNA are well con-
served in a wide variety of organisms, particularly the sequence
of the stem, which is GGYYYU followed by a four-base loop,
UYUN, and the complementary sequence ARRRCC (Fig.
1A). However, inspection of the sequences of the Drosophila
histone genes revealed that while three of the histone mRNAs
(H3, H4, and H2b) ended in a sequence identical to the con-
sensus sequence, the histone H1 and H2a genes ended in a
divergent sequence that could still form a stem-loop. The H2a
gene has a CG as the first base pair of the stem, while the
histone H1 gene has an AU as the first base pair of the stem
and a UG as the third base pair of the stem (Fig. 1A). The
same sequences are found in the genes for these same histone

proteins in another Drosophila species, Drosophila hydei (30).
None of the Drosophila histone genes have the most common
stem-loop sequence present at the 3’ end of vertebrate histone
mRNA:s.

We previously isolated mutations of the single Drosophila
dSLBP gene and used these to show that dSLBP function is
required for both maternal and zygotic production of mature
histone H3 and H4 mRNAs (48). However, whether the other
three histone mRNAs required dSLBP for processing was not
determined. Here we used a variety of molecular and cytolog-
ical assays to conclusively demonstrate that all five Drosophila
histone mRNAs bind dSLBP and that dSLBP function is re-
quired for the production of each of the five histone mRNAs in
vivo. Moreover, our previous data suggested that, in the ab-
sence of dSLBP, the H3 and H4 mRNAs are converted to
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poly(A)™ forms, possibly by using cryptic polyadenylation sig-
nals located downstream of the normal processing site (48).
Now we show that all five Drosophila histone genes contain
polyadenylation sites that function in the absence of dSLBP.
These polyadenylation signals may provide a failsafe mecha-
nism to ensure that transcription of each of the five highly
expressed and closely spaced histone genes do not interfere
with one another. We also use the dSLBP mutant phenotype to
characterize the developmental transition from continuous to
regulated histone expression during embryogenesis. In dSLBP
mutant embryos, aberrant, polyadenylated forms of the histone
mRNAs accumulate as soon as zygotic transcription of the
histone genes begins at the embryonic blastoderm stage, indi-
cating an early requirement for zygotic dSLBP function. At this
stage of development, the rapid cell cycles lack a G, phase.
Nevertheless, we show that histone gene transcription occurs
in late G, phase in a temporally programmed manner coinci-
dent with the mitotic domain pattern. Thus, even in rapid
embryonic cell cycles that lack a G; phase histone mRNA
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accumulation is cell cycle dependent, and efficient histone
mRNA accumulation requires dSLBP-dependent 3’ end pro-
cessing.

MATERIALS AND METHODS

Gel mobility shift assay. The probes used in the mobility shift assay were
synthesized from DNA templates that contain a stem-loop sequence cloned
behind a T7 RNA polymerase promoter. DNA fragments (~1 kb) were pro-
duced by PCR using a primer internal in the pGEM3 plasmid and a primer that
ended at the stem-loop. These fragments were used to synthesize RNA labeled
at the 5" end using [y-*P]ATP (7). Unlabeled RNAs for use as competitors were
synthesized from the same templates. Drosophila SLBP and Xenopus SLBP1
and SLBP2 cDNAs were cloned into pXRFM (50), transcribed into synthetic
mRNAs, and translated in a rabbit reticulocyte lysate (29) for use in mobility
shifts assays (7, 52). To ensure that these proteins were present in similar
concentrations, [*>S]methionine was included in a parallel translation assay that
was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and autoradiography.

Northern analysis. All dSLBP alleles employed have been described previ-
ously (48). Df(3R)3450 removes the entire dSLBP locus; dSLBP" is null or
nearly null and produces no detectable dSLBP protein; and dSLBP’ is hypo-
morphic and produces reduced amounts of dSLBP protein. Flies containing this
mutation are viable but female-sterile. Zero- to 2-h-old maternally mutant em-
bryos were collected from dSLBP?/Df(3R)3450 females and stored at —80°C.
Live, zygotically mutant embryos were obtained using dSLBP mutant stocks
containing a TM3 Ser P[act-GFP] balancer chromosome (43). Three-hour-old
embryo collections were aged 13 h at room temperature, dechorionated, and
then hand sorted into green fluorescent protein (GFP ™) and GFP" (wild-type)
populations by visualization using a Zeiss Stemi SV11 Apo stereomicroscope
equipped with epifluorescence. Our ability to correctly select dSLBP mutant
embryos was tested by separating viable dSLBP'’ homozygous (GFP-negative)
embryos and allowing them to mature to adult flies, which can then be scored
phenotypically as mutant. Based on this test, we could hand sort hundreds of
mutant embryos with 100% efficiency. Batches of hand-sorted embryos were
frozen at —80°C and then combined for RNA preparation. Total RNA was
prepared from frozen embryos using Trizol reagent (Gibco). Poly(A)* RNA was
recovered from total RNA using the PolyATract isolation system (Promega).
Then, 0.5 pg of total RNA/lane or 0.4 g of poly(A) " RNA/lane was transferred
to a nylon membrane and probed with 3°P-labeled, random primed (Roche)
PCR products corresponding to most of the coding regions of H2a, H2b, H3, and
H4 (GenBank accession no. X14215).

Embryo in situ hybridization. Embryos collected from dSLBP mutant stocks
were aged at room temperature until the desired stage, dechorionated, and fixed
with 37% formaldehyde for 5 min. Histone mRNA was detected by in situ
hybridization using digoxigenin-labeled riboprobes complementary to the coding
region of H2a, H2b, and H3, or the 3’ flanking region of H3 (see Fig. 5D) as
previously described (48).

Western analysis. Appropriately aged embryos were dechorionated and ho-
mogenized into SDS-containing sample buffer at a concentration of 1 embryo/pl.
Homozygous dSLBP mutant embryos were hand sorted as described above. The
protein equivalent of 20 embryos was loaded per gel lane. For analysis of dSLBP
phosphorylation, 50 embryos were homogenized in lysis buffer (50 mM Tris [pH
7.5], 150 mM NacCl, 0.5% NP-40, 50 mM NaF, and protease inhibitor cocktail
from Sigma) and incubated either with or without 20 U of CIP (New England
Biolabs) at 37°C for 30 min. dSLBP protein was detected by Western blotting
using affinity-purified rabbit polyclonal antibodies (48).

RT-PCR. The polyadenylation sites of mis-processed histone mRNAs were
determined using the 3" RLM-RACE kit (Ambion). A single reverse transcrip-
tase (RT) reaction was followed by two nested PCRs. The RT reaction mixture
contained the oligo(dT) 3" RACE adapter primer (5'-GCGAGCACAGAATT
AATACGACTCACTATAGGT),,) and 100 ng of poly(A)" RNA isolated from
13- to 16-h-old embryo collections obtained from dSLBP’>/TM3 flies. The first
PCR contained 10% of the RT reaction mixture either with or without RT (as a
negative control), the 3’ RACE outer primer (5'-GCGAGCACAGAATTAAT
ACGACT), and a gene-specific outer primer (Table 1). The second, nested PCR
contained 4% the volume of the first PCR, the 3’ RACE inner primer (5'-CG
CGGATCCGAATTAATACGACTCACTATAGG), and a gene-specific inner
primer (Table 1). Negative-control reaction mixtures lacked RT and generated
no PCR product. RT-PCR products were cloned at random using the TOPO TA
cloning kit (Invitrogen) and were sequenced.
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S1 nuclease protection assay. An H2a full-length PCR product was generated
from the Drosophila histone gene cluster clone encompassing the coding region
and 3’ untranslated region (UTR) of H2a using a forward primer (5'-GTGGC
AAAGTGAAGGGAAAGGCAA) and a reverse primer (5'-TAATTTTATTG
GTCGGGACTCCCAA). This product was cloned into a TA vector (Invitro-
gen), digested with BspEI, and 3’ end labeled with Klenow enzyme (New
England Biolabs) in the presence of [a-*?P]dCTP. An Hl-specific probe was
made in a similar way. Forward (5'-CCCACCAGCGACAGTTGAGAAGAA)
and reverse primers (5'-CAACCACCAATCGAATATGAATT) were used to
generate a PCR product encompassing the coding region and 3" UTR of H1. The
cloned PCR product was digested with HindIII, and 3’ end labeled with Klenow
in the presence of [a->?P]dCTP. A positive-control RNA corresponding to the
sense strand of H2a was synthesized using T7 enzyme, and the full-length H2a
clone was digested with Stul. A sense strand H1 RNA positive control was
generated using SP6 and the full-length HI clone digested with StyI. Approxi-
mately 20 ng of 3*P-labeled probe was hybridized with 1.5 pg of total embryonic
RNA or 2 pg of control yeast tRNA and digested with S1 nuclease (22). The
protected fragments were resolved on a 6% polyacrylamide-7 M urea gel and
detected by autoradiography.

RESULTS

dSLBP binds each of the five histone stem-loops with sim-
ilar affinity. Only a single SLBP was identified in the Drosoph-
ila genome by both using a screen for proteins that bind the
histone stem-loop and database searching via sequence simi-
larity to the vertebrate and Caenorhabditis elegans SLBP (48).
Since there were variant stem-loops in the H1 and H2a histone
mRNAs, we tested whether the single dSLBP was capable of
binding the 3’ end of all five Drosophila histone mRNAs with
similar affinity (Fig. 1). We also determined whether vertebrate
SLBPs recognized these unusual Drosophila stem-loops, since
the variant H1 and H2a stem-loop sequences could be struc-
turally equivalent to the canonical sequence (Fig. 1A). Two
different SLBPs in Xenopus (xSLBP1 and xSLBP2) have been
previously identified. xXSLBP1 is required for histone pre-
mRNA processing and is the functional homologue of the
single mammalian SLBP, and xSLBP2 is an oocyte-specific
SLBP that does not function in processing (50). The RNA
binding domain (RBD) of xSLBP2 differs in 14 of the 73
positions in the RBD of xSLBP1, similar to the differences
between xSLBP1 and dSLBP. We tested the ability of dSLBP,
xSLBP1, and xSLBP2 to bind the various Drosophila stem-
loops. dSLBP, xSLBP1, and xSLBP2 were synthesized in vitro
in a rabbit reticulocyte lysate (Fig. 1B). Mobility shift assays
were used to determine whether each of these SLBPs bound
the major vertebrate stem-loop sequence (H2a,.,,) as well as
the Drosophila H2a, H1, and H2b stem-loop sequences. An
RNA-protein complex between each of the four stem-loops
and each SLBP protein were readily detected (Fig. 1C). To
determine whether the proteins bound the different stem-loops
with similar affinity, increasing amounts of wild-type competi-
tor stem-loop RNA were added to each binding reaction mix-
ture. The binding of dSLBP, xSLBP1, and xSLBP2 were all
competed to similar extents by the competitor RNA, indicating
that each SLBP bound the three different probes with similar
affinity (Fig. 1D). Therefore, despite the divergent sequences
in some Drosophila stem-loops, the single Drosophila dSLBP
and the two types of Xenopus SLBP bind the 3’ end of all the
Drosophila histone mRNAs with similar affinity.

Production of all five replication-associated histone mRNAs
requires dSLBP. The binding data predict that dSLBP should
be required for the accumulation of all five replication-associ-
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ated histone pre-mRNAs in vivo. Moreover, the similarity in
binding affinity between dSLBP and the various stem-loop
sequences suggests that each mRNA might be affected equally
after reduction of dSLBP function. To test these hypotheses,
we analyzed histone mRNA isolated from dSLBP mutant em-
bryos by Northern and S1 nuclease protection assays. dSLBP'’
is a viable, hypomorphic allele that causes maternal effect
lethality. dSLBP'’/Df(3R)3450 hemizygous females lay normal
numbers of eggs that do not develop because of chromosome
segregation defects that occur during the pre-blastoderm syn-
cytial nuclear cycles (48). In our previous study, we demon-
strated that histone H3 and H4 maternal mRNA were de-
pleted in eggs laid by dSLBP’’ mutant females (48). Here, we
found that histone H2a, H2b, and H1 mRNA is also severely
reduced relative to the wild type in total RNA samples pre-
pared from 0- to 2-h-old eggs laid by dSLBP'’/Df(3R)3450
mutant females (Fig. 2A). An S1 nuclease protection assay was
developed to map the 3" end of H2a mRNA in order to mea-
sure both the relative abundance and processing of this mes-
sage (see Materials and Methods). In wild-type 0- to 2-h-old
embryos, a single 340-nucleotide (nt) protection product was
observed (Fig. 2B, lane 5) which correlates precisely with the
expected pre-mRNA processing site in the H2a gene (see Fig.
5B). Consistent with the Northern analysis, the level of this S1
protection product was significantly reduced in 0- to 2-h-old
embryos collected from dSLBP'’ hemizygous females (Fig. 2B,
lane 6), and there was no evidence of H2a mRNAs with altered
3’ ends. Thus, dSLBP function is required for maternal pro-
duction of all five replication-associated histone mRNAs dur-
ing oogenesis. Moreover, these data suggest that the mitotic
defects seen in the nuclear division cycles in eggs laid by
dSLBP'’ mutant females (48) are likely a result of inadequate
biosynthesis of all five histone proteins.

A different embryonic phenotype is observed when maternal
dSLBP function is normal and zygotic dSLBP function is com-
promised. We previously reported that in this situation, longer
forms of both histone H3 and H4 mRNA are observed in
Northern blot analysis of a mixed population of embryos de-
rived from dSLBP/+ heterozygous parents (48). These longer,
aberrant mRNAs were recovered in the poly(A)* fraction,
suggesting that they are polyadenylated. These data were in-
terpreted as an indication that histone H3 and H4 pre-mRNAs
are not processed properly in dSLBP mutants but instead are
expressed primarily as poly(A)" mRNAs via usage of down-
stream cryptic polyadenylation signals.

Since a homogeneous population of dSLBP mutant embryos
was not analyzed in these initial experiments, the relative pro-
portion of wild-type to mutant mRNA after loss of dSLBP
function could not be determined. Moreover, we did not test
whether the other histone mRNAs (H2a, H2b, and H1) were
misprocessed and converted to polyadenylated mRNAs. To
address these issues, dSLBP mutant embryos were recovered
by hand sorting a population of dechorionated eggs collected
from stocks carrying a balancer chromosome that expresses
GFP. In this situation, 25% of the embryos are GFP~ and
represent dSLBP mutants. Total RNA was extracted from ho-
mogeneous mutant and age-matched wild-type control em-
bryos and were analyzed by Northern blotting using a coding
region probe for histones H2a, H2b, H3, and H4 (Fig. 3). For
each gene, a single, processed mRNA was detected in RNA
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FIG. 2. The dSLBP'’ maternal effect lethal allele causes reduced
deposition of maternal histone mRNA. (A) Total RNA extracted from
0- to 2-h-old embryos laid by wild-type or dSLBP'’/Df(3R)3450 mutant
mothers were subjected to Northern analysis using radiolabeled probes
for H2a, H2b, and H1. The blots were stripped and reprobed with rp49
as a loading control. (B) Detection of H2a mRNA by S1 nuclease
protection. A 3" end-labeled 650-nt H2a probe (lane 1) was incubated
with S1-containing buffer (lane 2), nonspecific yeast tRNA (lane 3), a
synthetic partial histone H2a mRNA that should protect a 265-nt
fragment (lane 4), or total RNA from 0- to 2-h-old wild-type (lane 5)
or dSLBP'’/Df(3R)3450 embryos (lane 6). The S1 nuclease-resistant
fragments were resolved by gel electrophoresis. In both samples, a
fragment of 340 nt is observed which corresponds to histone H2a
mRNA ending at the normal processing site (arrow). The upper 650-nt
fragment is undigested probe (P). A diagram of the H2a S1 assay is
shown on the bottom.

from wild-type embryos (Fig. 3, lanes 1) as well as GFP™"
siblings of the mutant embryos (Fig. 3, lanes 5 and 6). (A small
amount of misprocessed H3 mRNA was detected in the GFP™*
sample [lane 5], which contains two of three dSLBP/+ het-
erozygous embryos, suggesting a slight haploinsufficiency for
H3 processing; see Fig. 7B and D below.) Longer, mispro-
cessed mRNAs were readily observed by Northern blotting for
all four core histone mRNAs in each mutant RNA sample
(Fig. 3, lanes 2 to 4). For each histone, there was a greater
proportion of misprocessed mRNA in embryos hemizygous for
the dSLBP” allele (Fig. 3, lanes 2 and 4) than in embryos
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FIG. 3. Altered histone mRNA processing in dSLBP mutant em-
bryos. Total RNA isolated from 13- to 16-h-old wild-type or hand-
selected GFP-negative mutant embryos was subjected to Northern
analysis using a radiolabeled H4, H3, H2b, or H2a probe. Lane 1, yw®”
wild-type; lane 2, dSLBP'°/TM3 [actin-GFP] males mated to
Df(3R)3450/TM3 [actin-GFP] females; lane 3, dSLBP'’/TM3 [actin-
GFP] males mated to Df(3R)3450/TM3 [actin-GFP] females; lane 4,
Df(3R)3450/TM3 [actin-GFP] males mated to dSLBP'>/TM3 [actin-
GFP] females (the reciprocal cross to lane 2); lanes 5 and 6, GFP-
positive embryos (two of three of which are dSLBP/+, and one of three
are +/+) selected from the same collections used for lane 2 and lane
4, respectively. Each blot was stripped and reprobed with a radiola-
beled rp49 probe as a loading control.

-0.24

hemizygous for the dSLBP'’ allele (Fig. 3, lane 3). This is most
readily apparent for the histone H3 and H2a mRNAs and is
consistent with our previous observation that dSLBP? is hy-
pomorphic and expresses a reduced amount of dSLBP protein
relative to the wild type, while dSLBP"® produces no detectable
protein and is probably null (48). Similar phenotypes were
observed in reciprocal crosses involving the dSLBP’° and
Df(3R)3450 alleles (Fig. 3, compare lanes 2 and 4). This result
indicates either that maternal dSLBP function does not persist
until these late embryonic stages or that dSLBP" is a null
allele comparable in strength to the deficiency.

In addition to the misprocessed forms of histone mRNAs,
dSLBP mutant embryos contain an RNA species that comi-
grates with the processed form of each histone mRNA (Fig. 3,
lanes 2 to 4) on Northern blots. This was somewhat surprising
and suggested that some pre-mRNA processing may still occur
in the mutant embryos. To better determine the different
forms of histone H2a mRNA present in dSLBP mutants, we
used the S1 nuclease protection assay with RNA extracted
from GFP " selected embryos. With wild-type embryos, only a
340-nt product representing the processed form of histone H2a
mRNA was observed (Fig. 4A, lane 2). Mutation of dSLBP
results in the appearance of several longer products that rep-
resent mutant histone H2a mRNAs (Fig. 4A, lanes 3 to 5). One
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major product of 420 nt and several products in the range of
500 to 600 nt could be detected, corresponding to polyadenyl-
ated transcripts detected by RT-PCR (see below). There was
also clearly a protected product that comigrated with the pro-
cessed form of H2a mRNA in each of the dSLBP mutant RNA
samples (Fig. 4A, lanes 3 to 5). Consistent with the Northern
blot results, the laser densitometry of the autoradiographs in-
dicates that the ratio of mutant to processed forms of histone
H2a mRNA was greater in the dSLBP’> samples (1.26 and
0.96; Fig. 4A, lanes 3 and 5, respectively) than in the dSLBP"’
sample (0.65; Fig. 4A, lane 4). In the dSLBP° embryos, there
was an approximately equal amount of processed and mutant
mRNA (Fig. 4A, lane 4). Only processed H2a mRNA was
detected in samples prepared from GFP™ sibling embryos (Fig.
4A, lane 6).

Unlike the four core histones, it was unclear from Northern
blot experiments whether mutation of dSLBP caused a failure
of histone HI mRNA processing, since only a slight increase in
the size of histone Hl mRNA was seen (not shown). An S1
nuclease protection assay was developed for histone HI1
mRNA to resolve this issue. In wild-type RNA preparations,
only a single protected fragment of 565 nt is detected using a
probe starting near the 5" end of the coding region (Fig. 4B,
lane 3). This is the expected size for a histone HI mRNA
molecule cleaved at the typical processing site immediately
following the stem-loop (Fig. 5C). Mutation of dSLBP results
in the appearance of a single, longer protected fragment of
approximately 650 nt in length (Fig. 4B, lanes 4 to 6). The
predicted similarity in size of this unique mutant H1 mRNA to
wild-type H1 mRNA [~1,000 nt versus 900 nt without the
poly(A) tail] explains our failure to readily resolve the two
species via Northern blot analysis. As observed for histone H2a
mRNA, processed histone H1 mRNA is also present in dSLBP
mutants (Fig. 4B, lanes 4 to 6), and the ratio of mutant to
processed Hl mRNA in the dSLBP’> mutant (1.08) is approx-

probe as described for Fig. 2B. Lane 1, in vitro-transcribed H2a RNA
as a positive control, designed to yield a 265-nt protection product;
lane 2, yw°” wild type. The arrow indicates the 340-nt H2a-protected
fragment corresponding to the normally processed form, and the up-
per band is undigested probe (P) (Fig. 2). Lane 3, dSLBP"°/TM3
[actin-GFP] males mated to Df(3R)3450/TM3 [actin-GFP] females;
lane 4, dSLBP'’/TM3 [actin-GFP] males mated to Df(3R)3450/TM3
[actin-GFP] females; lane 5, Df(3R)3450/TM3 [actin-GFP] males
mated to dSLBP">/TM3 [actin-GFP] females (the reciprocal cross to
lane 3); lane 6, GFP-positive embryos (two of three of which are
dSLBP/+ and one of three of which are +/+) selected from the same
collections used for lane 2. Multiple protected fragments correspond-
ing to misprocessed forms of H2a mRNA are observed. The major
misprocessed forms are indicated (* and #*). A diagram of the S1
nuclease assay is shown below the gel. (B) S1 analysis using a **P
end-labeled probe designed to detect histone HI mRNA. Lane 1, H1
probe plus S1 nuclease; lane 2, H1 probe plus a positive control
synthetic HI RNA that generates a predicted fragment of 260 nt; lane
3, yw%” wild-type RNA; lane 4, dSLBP"?/TM3 [actin-GFP] males mated
to Df(3R)3450/TM3 [actin-GFP] females; lane 5, dSLBP '°/TM3 [actin-
GFP] males mated to Df(3R)3450/TM3 [actin-GFP] females; lane 6,
Df(3R)3450/TM3 [actin-GFP] males mated to dSLBP"*/TM3 [actin-
GFP] females. A diagram of the S1 nuclease assay is shown below the
gel. Only the normally processed form of HI mRNA is observed in the
wild-type sample at the expected size of 560 nt (arrow). Mutant ex-
tracts contain an additional fragment corresponding to misprocessed
H1 mRNA at 650 nt (asterisk).
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FIG. 5. RT-PCR mapping of the location of cryptic polyadenylation sites in misprocessed histone messages from dSLBP mutant embryos.
(A) Diagram of the 5-kb repeat unit of the Drosophila histone gene cluster. Arrows indicate the direction and length of each histone transcript,
which do not contain introns. (B to D) Poly(A)* mutant histone mRNA was amplified by RT-PCR using an oligo(dT) primer. Cloned products
were randomly selected and sequenced to identify the location of polyadenylation. These sites of polyadenylation are indicated by a hatchmark (|)
along with the number of times that the particular location was observed. RT-PCR products specific to the histone proceeding (5' — 3')
top-to-bottom are shown with the number of products above the hatchmark. RT-PCR products specific to the histone proceeding (5’ — 3')
bottom-to-top are shown below the hatchmark. For each gene, the translation termination codon is shown in bold, the processing site is indicated
(::), and the stem-loop sequence is depicted in bold and double underlined. Canonical polyadenylation signal sequences downstream of the
processing sites are shown in bold with a single underline. Those signal sequences properly spaced with respect to polyadenylation sites determined
by RT-PCR products are shown in italics. RT-PCR products corresponding in size to S1 products in Fig. 4 are shown with matching asterisks (*,
#x). (B) H4/H2a intergenic sequence; (C) H2b/H1 intergenic sequence; (D) The downstream sequence of H3. RT-PCR products mapping to
putative polyadenylation signal sequences are observed for histones H4, H2a, H2b, and H1. 3'-End mapping of misprocessed histone H3 mRNA
was hampered by the presence of oligo(A) (boxed) sequences in the template mRNA. The DNA sequence included in the H3-ds probe used for
detection of misprocessed histone H3 mRNA by embryonic in situ hybridization in Fig. 7 and 9 is indicated with brackets.

imately twice that of the dSLBP’® mutant (0.55), as determined
by laser densitometry. The twofold difference in the proportion
of correctly processed mRNA is similar to that observed
with the H2a mRNA by the S1 nucelase assay and the other
mRNAs by Northern blotting (Fig. 3). Taken together, the
Northern blot and S1 nuclease protection data indicate that
dSLBP is involved in processing each of the five replication
associated histone pre-mRNAs.

In dSLBP mutant embryos, histone mRNAs are polyadenyl-
ated via downstream polyadenylation signals. In our previous
study, we showed that improperly processed histone H3 and

H4 mRNA in dSLBP mutants binds to oligo(dT) cellulose,
suggesting that these RNAs are polyadenylated like other poly-
merase II mRNAs. This could occur if transcription continues
past the normal processing site until a polyadenylation signal is
encountered and the polyadenylation machinery is recruited.
To generate additional evidence for this hypothesis, the 3’ end
of the mutant histone mRNAs was determined by RLM-
RACE RT-PCR. Poly(A)" RNA made from whole-embryo
populations obtained from dSLBP’’ heterozygous parents was
primed for RT by using an oligo(dT) primer. RT products were
amplified by two nested PCRs, cloned, and sequenced at ran-
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dom to determine sites of polyadenylation. A summary of the
data is presented in Fig. 5, which shows both the location and
the number of times a particular polyadenylation site was iden-
tified for each histone gene (Fig. 5B to D).

The Drosophila histone genes are arranged in a 100-fold-
repeated cluster containing one copy of each of the five histone
genes (Fig. 5A). There is a short intergenic region (<400 nt)
shared by the 3’ end of the H4 and H2a genes, and another is
shared by the 3’ ends of the H2b and H1 genes. The 3’ end of
histone H3 is ~1.3 kb upstream of the 5’ end of the H1 gene.
At least one canonical (AAUAAA) poly(A) signal sequence is
present in the region 3’ of all five histone genes. For every gene
except H3, at least one polyadenylation site was mapped 20 to
30 nt downstream of a consensus poly(A) signal sequence (Fig.
5B and C). Priming from endogenous oligo(A) stretches in the
3’ flanking region of the H3 gene likely prevented the recovery
of RT-PCR products representing full-length, polyadenylated
H3 mRNAs (Fig. 5D). Nevertheless, these data are consistent
with the presence of long misprocessed H3 mRNA detected by
Northern blot analysis of dSLBP mutant RNA (Fig. 3). The
H2a RT-PCR products revealed that several poly(A) addition
sites occurred substantially downstream of the first canonical
poly(A) signal sequence located 53 nt after the normal pro-
cessing site. Multiple misprocessed H2a mRNAs were also
detected by the S1 nuclease protection assay. These data sug-
gest that utilization of the first cryptic polyadenylation site is
not 100% efficient. Curiously, clones with the poly(A) se-
quence starting in the stem-loop of both histone H1 and H3
mRNAs were also recovered at low frequency from the RT-
PCR. The origin of these RT-PCR products is unclear, but
they have also been observed by others (2).

The locations of polyadenylation sites mapped by RT-PCR
correlate well with the S1 nuclease protection results for his-
tones H2a and H1 mRNAs. The most prevalent site detected
by S1 nuclease mapping of histone H2a mRNA corresponds to
a major site recovered from the RT-PCRs, about 80 nt from
the normal 3’ end (Fig. 4A). This corresponds precisely to the
poly(A) addition site identified in the shortest H2a RT-PCR
product (Fig. 5B). In addition, the other major S1 protected
fragments of 500 to 600 nt in length (150 to 250 nt greater than
the processed form; Fig. 4A) may correspond to the two long-
est RT-PCR products recovered (Fig. 5B). For histone H1, the
S1 assay produced a protected fragment of about 650 nt (Fig.
4B), which is approximately 90 nt greater in size than the
processed form of histone H1 mRNA. Again, this fragment
corresponds exactly in size to the only detected RT-PCR prod-
uct generated from misprocessed histone HI mRNA (Fig. 5C).
These data confirm that in the absence of embryonic dSLBP
function, all the replication-associated histone mRNAs be-
come polyadenylated at downstream polyadenylation sites.
These cryptic polyadenylation sites may serve to terminate
transcription before it proceeds into the next gene and also
may prevent generation of anti-sense RNA from the adjacent
histone gene.

Polyadenylated histone mRNAs are not cell cycle regulated.
During development, there are no cycles with a G, phase until
the 17th embryonic cell cycle, at about 8 h of development at
25°C (14, 15). At this time, histone mRNAs are expressed in a
stereotypic spatiotemporal pattern that coincides with cells in
S phase of the cell cycle (26, 48). This is manifested as a
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diagnostic pattern of expression in wild-type germ-band-re-
tracted embryos, where histone mRNA accumulates in prolif-
erating cells of the central nervous system (CNS) and in en-
docycling cells in the central midgut (shown for histones H2a
and H2b in Fig. 6A and B, respectively). We previously re-
ported that at this stage, dSLBP mutant embryos accumulate
histone H3 and H4 mRNA in the cytoplasm of nonreplicating
cells, causing an aberrant in situ hybridization pattern (48). A
similar result was observed with coding region probes for his-
tones H2a and H2b (Fig. 6C and D, respectively). The pattern
is consistent with persistence of histone mRNA in cells that
have already exited S phase (e.g. the anterior midgut; Fig. 6A,
left arrow), suggesting an increase in half life of the polyade-
nylated mRNAs relative to wild-type mRNAs that end in a
stem-loop.

Because some histone mRNAs still accumulate in dSLBP
mutant embryos (Fig. 3 and 4), in situ probes derived from the
coding region of histone genes cannot distinguish between
wild-type processed and mutant polyadenylated histone mRNAs.
We therefore developed a method to specifically detect the
polyadenylated forms of histone H3 in vivo. An antisense RNA
probe complementary to the sequences downstream of the
normal processing site of the H3 mRNA was synthesized (Fig.
5D, brackets). This probe (designated H3-ds) did not generate
any hybridization signal in wild-type embryos at any stage (Fig.
7A and C and Fig. 10E). In contrast, three phenotypic classes
of embryos were observed in collections from a dSLBP”/+
stock. Of 552 embryos scored (cycle 17 and older), 25% were
unstained (not shown), 51% displayed staining in small num-
bers of cells in the CNS (Fig. 7B and D), and 24% displayed
intense staining (Fig. 7F) in a pattern similar to that obtained
for wild-type embryos with an H3 coding region probe (Fig.
7E). The 1:2:1 ratio of the three phenotypic classes strongly
suggests that they represent the +/+; dSLBP"’/+; dSLBP"/
dSLBP" genotypic classes. These data indicate that we can
specifically detect misprocessed, polyadenylated histone H3
mRNA in dSLBP mutant embryos using the H3-ds probe. With
this technique, several conclusions can be drawn. First, dSLBP
is partially haploinsufficient for histone H3 processing, since a
small amount of signal was detected with the H3-ds probe in
heterozoygous embryos (Fig. 7B and D). Second, all tissues
(e.g., CNS, peripheral nervous system [PNS], and midgut) con-
taining replicating cells that normally accumulate histone H3
mRNA in the wild type also accumulate polyadenylated H3
mRNA in dSLBP homozygous mutants (Fig. 7F and H). Third,
polyadenylated histone H3 mRNA is more stable than wild-
type H3 mRNA, as evidenced by the accumulation of mRNA
in the nonreplicating G phase in cells of endocycling tissues
(compare arrows in Fig. 7G and H) (48).

dSLBP is required as soon as zygotic histone transcription
begins. We were interested in learning when de novo zygotic
transcription and processing of histone mRNA begins during
embryogenesis and whether dSLBP function is required during
the first 16 cycles, which lack the G, phase. To investigate the
developmental time at which misprocessed histone messages
are produced in dSLBP mutants, we prepared poly(A)" RNA
extracted from staged embryos collected from heterozygous
dSLBP*’/+ flies and performed Northern blot analysis with a
histone H3-coding region probe (Fig. 8A). As noted previously
(48) and shown here (Fig. 3), little or no polyadenylated ma-
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H2B

FIG. 6. Altered histone mRNA expression in dSLBP mutant embryos. Each panel shows a whole mount in situ hybridization of a stage 14
embryo (anterior at left, dorsal at top) using a coding region histone probe. (A) Wild-type H2a expression is restricted to replicating cells, including
those in the proliferating CNS (arrowhead) and endoreduplicating midgut (right arrow). The cells of the anterior midgut (left arrow) have exited
S phase and do not express histone H2a mRNA. (B) Wild-type histone H2b expression is identical to H2a. (C) In dSLBP">/dSLBP'"> mutant
embryos, histone H2a mRNA persists in cells that have finished replicating (e.g. the anterior midgut; arrow), generating a diagnostic aberrant
pattern. (D) H2b mRNA also accumulates in nonreplicating dSLBP">/dSLBP"> mutants cells (arrow) in a manner similar to H2a mRNA.

ternal histone mRNA was detected in 0- to 2-h-old embryos
(Fig. 8A, lane 2). However, as soon as zygotic gene expression
begins at ~2 h after egg deposition (AED) polyadenylated H3
mRNA is detected (Fig. 8A, lane 3). Polyadenylated H3
mRNA continued to accumulate throughout embryogenesis
(Fig. 8A, lanes 4 to 7) and remained at a high level even in
late-stage mutant embryos (Fig. 8A, lane 7). In contrast, the
level of wild-type H3 mRNA was high early in embryogenesis
when cells were replicating (Fig. 8B, lanes 1 to 5) and then
declined as most cells exit the cell cycle and become quiescent
after stage 11 (Fig. 8B, lanes 6 to 7). This is consistent with our
interpretation that polyadenylated H3 mRNA persists in un-
replicating cells because it has a longer half-life than wild-type
H3 mRNA.

The normal profile of dSLBP protein accumulation during
embryogenesis was determined by Western blot analysis using
an antibody directed against full-length dSLBP (Fig. 8C to D).
As observed previously (48), dSLBP was detected as a single
species in extracts derived from 13- to 16-h-old wild-type em-
bryos (Fig. 8C, lane 2) but not in 13- to 16-h-old dSLBP*’
mutant embryos (Fig. 8C, lane 4). Phosphatase treatment of
the embryonic extract quantitatively increased the mobility of
dSLBP, indicating that the vast majority of dSLBP was phos-
phorylated in vivo (Fig. 8C, lane 3). A similar level of phos-
phorylation of dSLBP was observed in S2 tissue culture cells
(not shown). Surprisingly, dSLBP was not detected in extracts
prepared from 0- to 1-h-old embryos (Fig. 8C, lane 5 and 8D,
lane 1) even though these embryos contained large amounts of

histone mRNA whose accumulation requires dSLBP (Fig. 2).
dSLBP rapidly accumulated in 2- to 4-h-old embryos and was
maintained at a relatively constant level throughout the first
16 h of embryogenesis (Fig. 8C, lane 7, and D, lanes 3 to 7).
Given the sensitivity of our antibody, we would have readily
detected dSLBP if it were present in the 0- to 1-h-old embryos
in as little as 10% of the amount present in 2- to 4-h-old
embryos. These results suggest that dSLBP is not provided
maternally in significant amounts, consistent with the early
zygotic requirement for dSLBP function demonstrated genet-
ically in Fig. 8A. It is likely that dSLBP protein is present
during oogenesis and may be destroyed prior to the deposition
of RNAs and proteins into the egg. All the dSLBP was phos-
phorylated at all stages examined, suggesting that the active
form of dSLBP is phosphorylated. Taken together, these data
clearly demonstrate that dSLBP function is required for his-
tone pre-mRNA processing as soon as zygotic histone tran-
scription begins in the early embryo.

Histone transcription occurs in early embryonic mitotic do-
main pattern. To determine more precisely the onset of poly-
adenylated histone H3 expression in dSLBP mutant embryos,
we detected histone gene transcription by in situ hybridization
of dSLBP mutant embryos with the H3-ds probe. Single fixed
embryos can be staged very accurately with respect to devel-
opmental time, allowing us to precisely match the pattern of
histone mRNA expression to the stage of the cell cycle. We
first established the early pattern of wild-type H3 mRNA ac-
cumulation in individual embryos. The first 13 cycles of em-
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H3-ds probe : WT H3-ds probe : dSLBP +/-
A B

H3 coding probe : WT H3-ds probe : dSLBP -/-
E

FIG. 7. In situ hybridization with a downstream probe complementary to the 3’ untranscribed region of histone H3 mRNA to detect
misprocessed H3 mRNA in vivo. The sequence used to generate the antisense H3-ds probe for use in detecting only misprocessed forms of histone
H3 is shown by brackets in Fig. 5D. Each panel shows a whole embryo oriented as in Fig. 6 that was hybridized with the H3-ds probe (A to D,
F, and H) or a coding region H3 probe. (E and G). The embryos stained with the H3-ds probe are siblings collected from heterozygous dSLBP'’/+
parents and provide examples of the three different phenotypic classes observed. (A) Stage 12 +/+. Most cells are beginning to enter cell cycle
17 at this time. (B) Stage 12 dSLBP"’/+; (C) stage 13 +/+; (D) stage 13 dSLBP"’/+; (E) stage 12 yw®” wild type; (F) stage 12 dSLBP"’/dSLBP'”;
(G) stage 14 yw®” wild type; (H) stage 14 dSLBP"’/dSLBP"’. Persistence of misprocessed histone H3 message is observed in nonreplicating cells
of the pharanx, anterior midgut, hindgut, and anal pads (indicated from left to right, respectively, by arrows in H and G).
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FIG. 8. dSLBP function is required as soon as zygotic transcription
begins. Appearance of misprocessed histone mRNA in dSLBP mutant
embryos is coincident with the normal onset of dSLBP protein expres-
sion. (A) Total RNA from 13- to 16-h-old wild-type embryos (lane 1)
and the poly(A)" RNA fraction from appropriately aged embryos
collected from dSLBP"’/+ parents corresponding to 0 to 2 h (lane 2),
2to 4 h (lane 3), 4 to 7 h (lane 4), 7 to 10 h (lane 5), 10 to 13 h (lane
6), and 13 to 16 h (lane 7) AED was subjected to Northern analysis
using a radiolabeled H3 coding region probe. Polyadenylated H3
mRNA begins to accumulate at ~2 h of embryogenesis, which is the
time when most zygotic gene expression begins. The blot was stripped
and reprobed for rp49 as a loading control. (B) Total RNA isolated
from wild-type embryos aged 0 to 1 h (lane 1), 1 to 2 h (lane 2), 2 to
4 h (lane 3), 4 to 7 h (lane 4), 7 to 10 h (lane 5), 10 to 13 h (lane 6),
and 13 to 16 h (lane 7) AED was probed with the histone H3 coding
region. (C and D) Western analysis of embryonic extracts using affin-
ity-purified anti-dSLBP rabbit antibodies. dSLBP protein is indicated
with an asterisk. All other bands represent nonspecific cross-reacting
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bryogenesis are nuclear S-M cycles that lack gap phases, occur
in a syncytium, and are controlled exclusively by maternally
derived gene products. Histone H3 mRNA is present at high
levels throughout this time (Fig. 9A). Cellularization occurs
during interphase 14, which also marks the appearance of the
first G, phase and the switch from maternal to zygotic control
of development (18). Histone H3 expression was high during S
phase of cycle 14 (not shown), but by late cellular blastoderm,
as cells entered G, phase, most, but not all, H3 mRNA disap-
peared (Fig. 9B). During gastrulation, different groups of cells
entered mitosis 14 at different times, giving rise to the well-
described mitotic domain pattern of the early embryo (17, 18).
These post-blastoderm cell divisions (i.e., cycles 14 to 16) lack
a G, phase and are regulated at the G,-M transition via de-
velopmentally controlled transcription of string““*, which ac-
tivates cdc2 (13, 14). Interestingly, H3 mRNA begins to accu-
mulate in the mitotic domain pattern in wild-type embryos,
although the pattern is somewhat masked by a low level of
ubiquitous histone mRNA (Fig. 9C). The ubiquitous mRNA is
derived from perdurance of a small amount of maternal
mRNA and/or zygotic RNA that accumulated during S14 (see
below). Both by careful staging of the embryos and by double
staining with the DNA binding dye DAPI, we determined that
this accumulation begins immediately before mitosis 14 while
the cells are still in G,. Thus, the histone genes are likely
responding to the developmental signals that control the G,-M
transition at this stage of development (see Discussion). By
germ-band-extended stages, all cells that had passed into S
phase 15 accumulated histone H3 mRNA (Fig. 9D).

Using the histone H3-ds probe, we determined that early
embryos had no detectable polyadenylated maternal histone
message regardless of genotype (Fig. 9E), consistent with the
Northern blot and S1 nuclease protection assays. However, as
gastrulation began in dSLBP’° mutant embryos, polyadenyl-
ated histone H3 message accumulates in regions of the embryo
corresponding to early mitotic domains (Fig. 9F). The mitotic
domain pattern of histone expression can be seen with much
greater clarity than with the coding region probe in wild-type
embryos because only de novo transcription of misprocessed
histone H3 RNA is being detected, and the maternal histone
H3 mRNA does not contain the probe sequences which are all
from the 3’ flanking region. There was a lag in the accumula-
tion of polyadenylated histone H3 mRNAs in dSLBP’° mutant
embryos (Fig. 9F) when compared to the expression of pro-
cessed histone H3 in wild-type embryos at the same stage (Fig.
9D). This suggests that production of mature, polyadenylated
histone mRNA is inefficient at this time.

At higher magnification of the dSLBP’> mutant embryos

proteins (48). (C) Lane 1, 0- to 2-h-old embryos collected from
dSLBP'/Df(3R)3450 females; lane 2, wild-type 13- to 16-h-old em-
bryos; lane 3, wild-type 13- to 16-h-old embryo extract treated with
CIP. Note that dSLBP migrates faster after phosphatase treatment.
Lane 4, 13- to 16-h-old dSLBP”/Df(3R)3450 embryos. Extracts of
wild-type yw®” embryos collected 0 to 1 h (lane 5), 1 to 2 h (lane 6), 2
to 4 h (lane 7) AED. (D) Extracts of wild-type yw®” embryos collected
0to1h (lane 1), 1 to 2 h (lane 2), 2 to 4 h (lane 3), 4 to 7 h (lane 4),
7 to 10 h (lane 5), 10 to 13 h (lane 6), and 13 to 16 h (lane 7) AED.
These are the same embryo collections used to prepare the RNA for
panel B.
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H3 coding probe : WT

A

H3-ds probe : dSLBP -/-

i i A

FIG. 9. Zygotic histone transcription occurs in the mitotic domain pattern in the early embryo. (A to D) In situ hybridization of yw®” wild-type
embryos using an H3 coding region probe. (A) A high level of maternal histone H3 mRNA is deposited into the egg. (B) Much lower levels are
observed in cellular blastoderm embryos. The detectable H3 message may result from a failure to destroy all maternal H3 mRNA and/or from the
initiation of zygotic histone transcription during S phase 14. (C) As embryos begin to gastrulate in cycle 14, zygotic H3 mRNA begins to accumulate
in the mitotic domain pattern. The arrows indicate mitotic domains 1, 2, 5, and 6. The mitotic domain pattern is somewhat masked by the presence
of ubiquitous H3 mRNA. (D) H3 mRNA accumulation becomes widespread in germ band extended embryos, although the mitotic domain pattern
is still evident. (E to I) In situ hybridization of embryos collected from dSLBP'/+ parents using the histone H3-ds probe. (E) No misprocessed
maternal H3 mRNA is detected in either pre-blastoderm or blastoderm embryos regardless of genotype. (F) During gastrulation de novo synthesis
of misprocessed histone H3 mRNA in dSLBP">/dSLBP'> embryos begins to appear in the mitotic domain pattern, with domains 1, 2, 5, and 6
indicated by arrows. This embryo is slightly older than the embryo shown in panel C. (G) Higher magnification of misprocessed histone H3
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stained with the H3-ds probe, nascent transcription dots were
clearly visible in cells in the mitotic domains (Fig. 9G, arrow).
Large, nascent transcription dots have previously been ob-
served using synthetic transgene constructs that lack transcrip-
tion termination signals (54). Moreover, improper 3’ end pro-
cessing blocks nuclear export and causes the accumulation of
nascent transcripts in yeast (27). Thus, the large dots we see in
early embryos likely represent H3 transcripts that have pro-
ceeded into the intergenic region. Nascent transcription is not
detected in wild type embryos with a coding region probe,
suggesting that the newly transcribed RNA in the mutant em-
bryos is processed more slowly (and less efficiently) than the
wild-type mRNA and remains associated with the chromatin.
This would occur because normal processing of histone mRNA
is blocked and is consistent with the usage of the cryptic poly-
adenylation signals being inefficient at this time. Later in em-
bryogenesis, misprocessed polyadenylated histone H3 gener-
ated in dSLBP® mutants accumulates in the cytoplasm (Fig.
7F and G and 9H) where it is likely translated, although nas-
cent transcripts are still apparent (Fig. 9H, arrow).

In dSLBP mutants, nascent, misprocessed histone H3
mRNA could be detected with the H3-ds probe as early as the
cellular blastoderm stage during S phase of cycle 14 (Fig. 9I).
Nascent transcripts were visible in cells during S phase of cycle
14 but not in cells of the late blastoderm that had entered G,
of cycle 14 (not shown). The nascent transcripts became visible
again in the late G, phase of cycle 14 (e.g., Fig. 9G). This
suggests that zygotic transcription of histone mRNA and
dSLBP-dependent processing normally occurs during S phase
of cycle 14. Thus, we can quite accurately measure the very
onset of histone transcription as well as concomitant dSLBP-
dependent processing. Given the low levels of dSLBP protein
provided by the mother, zygotic dSLBP synthesis is immedi-
ately required for the normal production of histone mRNA in
the early embryo.

DISCUSSION

In this report, we demonstrate that dSLBP is required for
the production of all five replication-associated histone mRNAs
in vivo. The consequences of dSLBP mutation for histone
mRNA synthesis depends on developmental stage, and our
studies provide a picture of how dSLBP function is integrated
with the normal expression of histone mRNA during Drosoph-
ila embryogenesis.

Polyadenylation of histone mRNA occurs in the absence of
dSLBP. Each of the five Drosophila histone genes contains at
least one cryptic polyadenlyation signal that is utilized in the
absence of zygotic dSLBP expression. The efficiency of utiliza-
tion of these signals likely depends on the gene, cell type, and
stage of embryonic development. Poly(A)™" histone messages
accumulate slowly in young dSLBP mutant embryos, despite
high levels of histone gene expression early in wild-type em-
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bryogenesis. At late embryonic stages, the abundance of
poly(A) ™" histone mRNA is greater than the wild type, suggest-
ing the possibility that the efficiency of polyadenylation in-
creases as embryos age. The bulk of the poly(A)" histone
mRNA is present in the cytoplasm (reference 48 and Fig. 9H)
and is likely translated. The poly(A)™ histone mRNAs proba-
bly accumulate because these mRNAs are not degraded at the
end of S phase as are the normal histone mRNAs (25, 53). The
consequence of the increase in stability is that accumulation of
histone mRNA, and as a result most likely the synthesis of
histone protein, is uncoupled from the cell cycle (48). The
increased stability of polyadenylated histone mRNA was obvi-
ous only in continuously cycling cells (e.g., endocycling midgut
cells) and not in cells that exited the cell cycle. For instance,
there was no obvious persistence of polyadenylated histone
mRNA in epidermal cells upon entering G, for the first time
during cell cycle 17. Therefore, the turnover of polyadenylated
histone mRNA appears to vary depending on cell type or on
differences between cycling (i.e., proliferating or endoredupli-
cating) and quiescent cells.

Why are consensus polyadenylation signals found down-
stream of each Drosophila histone gene? One possibility is that
these signals are not actually cryptic but have a normal func-
tion. Termination of transcription requires the presence of a 3’
processing site, either a polyadenylation signal (3, 42) or a
histone 3’ end (4). Since the histone genes are actively tran-
scribed and the 3’ ends of adjacent genes are quite close
together, these signals may have been selected to ensure ter-
mination and prevent either read-through into the next gene,
possibly disrupting transcription or producing antisense his-
tone mRNA that might trigger RNA interference (1).

In contrast to the embryonic phenotype, polyadenylated hi-
stone mRNAs do not accumulate during oogenesis in dSLBP'’
hypomorphic mothers and the levels of maternal mRNAs for
each of the five histones are reduced at least 10-fold. This
suggests that mutation of dSLBP causes a dramatic defect in
histone mRNA biosynthesis in the female germ line. In mam-
malian cells, mutation of the stem-loop prevents accumulation
of histone mRNA and accumulation is restored only by addi-
tion of an efficient polyadenylation signal (40). Therefore, one
possibility is that the cryptic polyadenylation signals are not
utilized in the female germ line in the absence of dSLBP and
the misprocessed histone transcripts are rapidly degraded and
hence are not detectable in steady-state RNA (40). Other
examples of tissue-specific differences in polyadenylation have
been reported. For instance, usage of a cryptic polyadenylation
site in the murine H2a-614 gene occurs during spermatogen-
esis (35, 36), although this site is not utilized in somatic cells
even in the absence of the stem-loop (4). The molecular basis
for differences in polyadenylation efficiency in different devel-
opmental contexts (e.g., germ line versus embryo) is not
known.

Another possibility for the failure to accumulate maternal

expression reveals nascent transcription dots (arrow) in the nucleus of cells from dSLBP'/dSLBP"> mutant embryos. Mitotic domain 2 is shown.
(H) Stage 11 (cycle 17) dSLBP"’/dSLBP"> embryo showing that misprocessed H3 mRNA eventually accumulates in the cytoplasm. Nascent
transcription dots can also be seen at this stage (arrow). (I) A cellularizing blastoderm embryo where nascent transcription dots are observed during
S14. A single transcription dot is visible in some nuclei, while others have two (arrow). One versus two likely depends on the degree of pairing
between homologs and/or the orientation of the nucleus with repect to the focal plane (28).
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histone mRNA after reduction of dSLBP function is that poly-
adenylated histone mRNAs, if indeed synthesized, may not be
efficiently transported from the nurse cells to the oocyte. In
mammalian cells, the stem-loop has been implicated in the
transport of mature histone mRNA from the nucleus to the
cytoplasm, where SLBP is found as part of the mature mRNP
complex (10, 24). Perhaps dSLBP is required for histone
mRNA movement during nurse cell cytoplasmic transfer to the
oocyte.

The role of SLBP in histone pre-mRNA processing. Al-
though Drosophila U7 snRNP has not yet been identified, it is
likely that the overall mechanism of histone pre-mRNA pro-
cessing is similar in Drosophila, vertebrates, and echinoderms.
U7 snRNA is the smallest of the snRNAs (55 to 70 nt) in
vertebrates (5, 38, 44) and echinoderms (47), and the sequence
has not been well-conserved even among vertebrates. The 5’
end of the U7 snRNA is complementary to a short region in
the histone downstream element, which itself is not well-con-
served among the multiple histone genes in any species (51).
There is a novel Sm site in U7 snRNA (23) which probably
binds to the novel U7-specific Sm protein, Lsm10 (41), fol-
lowed by a stem-loop whose sequence has not been conserved.
Thus, it has not been possible to identify the U7 snRNA by
searching the genomic sequences of Drosophila or C. elegans.
Two mammalian U7-specific proteins have been identified:
Lsm10 and a large zinc finger protein, hZFP100, (8, 41).
Searches of the Drosophila and C. elegans genomes did not
identify obvious homologues of the Lsml0 protein (D.
Schumperli, personal communication). Because of the large
number of zinc finger proteins in metazoan genomes, it is not
possible to identify the orthologue of hZFP100 in Drosophila
or C. elegans. Drosophila apparently does not contain the Ul1
snRNA or Ul1 specific proteins, although it contains ATAC
introns that are spliced, and it does contain U12 snRNA (37).
Thus, it is formally possible that the mechanism of histone
mRNA formation is mechanistically different in Drosophila
than in echinoderms and vertebrates.

Nevertheless, the molecular data demonstrate that dSLBP
contributes in an important way to the processing of endoge-
nous histone pre-mRNAs in vivo, and it is essential for the
processing of all five Drosophila histone mRNAs in vitro (Z.
Dominski and W. F. Marzluff, unpublished data). Unexpect-
edly, some histone mRNA ending at the normal 3’ end was
present in the dSLBP’> mutants. Although dSLBP" acts ge-
netically as a null and produces no dSLBP protein detectable
by Western blotting, this allele retains the entire dSLBP coding
region and contains a P element sequence inserted in the 5’
UTR. Therefore, it is formally possible that very small amounts
of dSLBP are expressed from dSLBP’’. Very low levels of
dSLBP may be able to act catalytically to allow substantial
processing of histone mRNA. An alternative possibility is that
dSLBP is not absolutely required for the processing reaction
but rather acts to stimulate assembly of the 3’ end processing
machinery. For instance, vertebrate SLBP bound to the stem-
loop stabilizes the interaction of U7 snRNP with histone pre-
mRNA (11). In vitro, processing can occur in the absence of
SLBP if there is extensive base pairing between U7 snRNA
and the histone pre-mRNA (7, 10, 11, 45). Whether all the
histone mRNAs ending at the normal 3" end in the dSLBP
mutant embryos are produced by the normal processing path-
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way or an alternative pathway is not known. In vertebrates,
SLBP participates in the processing reaction and remains as-
sociated with the mature histone mRNA (10, 24). Even if
SLBP normally remains bound to the mRNA when trans-
ported to the cytoplasm, perhaps processed histone mRNA
lacking bound dSLBP can still accumulate to measurable levels
in the cell.

Developmental control of histone mRNA production. The
first 14 replication cycles of Drosophila embryogenesis occur
normally in the absence of zygotic transcription (34), indicating
that a supply of maternal histone protein and or mRNA is
sufficient to support chromosome duplication and segregation
until the blastoderm stage. As with other mRNAs encoding
components required for DNA replication (12), maternal his-
tone mRNA is depleted from the embryo at cycle 14 but is
rapidly replaced by zygotic expression. A probe derived from
sequences downstream of the normal histone H3 processing
site allowed us to discern the de novo transcription pattern of
histone H3 in dSLBP mutant embryos, since this probe does
not detect accumulation of the processed, wild-type mRNA
(Fig. 10). The earliest we could detect transcription, as indi-
cated by nascent, misprocessed pre-mRNA, was during the
synchronous 14th S phase that occurs during cellularization. By
the beginning of G, of cycle 14, which is the first G, phase of
development occurring just before the onset of gastrulation,
histone H3 transcription is reduced as determined by the fail-
ure to detect transcription dots.

Interestingly, histone H3 transcription resumes in the mi-
totic domain pattern. Accurate staging of individual embryos
by morphological criteria (18) and detection of chromosome
behavior with DNA binding dyes allowed us to precisely de-
termine the cell cycle phase at which histone transcription
resumed. mRNA accumulation begins in late G, of cycle 14 in
anticipation of S phase 15, which begins immediately after
mitosis, and continues throughout S phase 15. During cycle 15,
the accumulation of histone mRNA was not strictly restricted
to S phase. Either these G,-regulated cycles occur so rapidly
and/or histone mRNA half-life is sufficiently long that some
histone mRNA persists during G, (i.e., it never falls to unde-
tectable levels) before reaccumulation to high levels in S phase
16. Very tight coupling between histone mRNA accumulation
and S phase occurred in later embryos (e.g., in germ band-
retracted embryos >10 h), suggesting that the mechanism that
destroys histone mRNA at the end of S phase becomes more
efficient as development proceeds.

string is the only gene currently known to be transcribed
coincident with all of the mitotic domains (13). string encodes
a cdc25 phosphatase that activates cdc2 and induces the G,-M
transition (20). In most cells, string transcription is causal for
mitotic entry (15), and the control region of string serves as an
integrator of developmental patterning information that con-
nects the morphological events of embryogenesis with cell cy-
cle progression (13). The string control region is very large and
complex, being composed of modular enhancer elements that
direct tissue and stage specific expression. As the control re-
gion of the histone genes is simple by comparison, the corre-
lation of histone transcription with the mitotic domain pattern
suggest that histone transcription may depend on string. String
could either activate histone gene transcription directly by
modifying the activity of a transcription factor (e.g., YY1 [16]
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FIG. 10. Model of histone gene expression in the early Drosophila embryo. Maternal histone mRNA is rapidly destroyed at interphase 14.
Zygotic histone transcription occurs during S phase of cycle 14 as determined by transcription dots visible with the H3-ds 3" flanking probe and
terminates by the start of G,. Transcription reinitiates in late G, of cycle 14 in each mitotic domain in anticipation of S phase of cycle 15. A low
level of histone mRNA can be detected in all cells during G, of cycle 14, probably because both the maternal mRNA and mRNA synthesized during
S phase 14 are not quantitatively destroyed at the end of S phase 14. dSLBP protein is not provided maternally, and the timing of its accumulation
zygotically matches the onset of histone transcription in S phase 14. When zygotic dSLBP is not provided, misprocessed histone messages begin
to accumulate immediately in S phase 14 and subsequently in G, phase 14.

or NPAT (32, 57]) or indirectly as a result of a regulatory
cascade of events associated with cell cycle progression. That
is, some G;-S events like histone expression might be triggered
by String late in G, at this stage of development because these
cycles lack a bona fide G, phase. In mammalian cells, histone
gene transcription occurs in G, and even serum-starved G,
cells at a reduced rate (20 to 30% of the S phase rate) (6), and
the major regulation of accumulation occurs at the level of
histone mRNA processing (46). A similar situation could occur
in Drosophila embryos, such that once transcription is activated
via the action of String late in G, of cycle 14 it persists through
the entire next cell cycle.

Processing is also stimulated at the G;-S transition in mam-
malian cells (25, 53), and zygotic dSLBP function is required as
soon as zygotic histone transcription begins to process a newly
made message. Little to no maternal dSLBP protein is present,
providing an explanation for the very early zygotic requirement
of dSLBP function. We were somewhat surprised by the lack of
maternal dSLBP protein. Vertebrate SLBP accompanies his-
tone mRNA to the cytoplasm, where it is thought to contribute
to the stability of the histone mRNA as well as to stimulate
histone mRNA translation (19, 49). Therefore, either dSLBP is
not required for translation in the early embryo or translation
of maternal histone mRNAs does not occur or is inefficient.
Consequently, the histone protein needed during the early
syncytial cycles must also be deposited into the egg. Our pre-
liminary data indicate that dSLBP function is required in the
germ line for production of this maternal histone protein (data
not shown). dSLBP mutant embryos proceed normally through
embryogenesis and hatch into viable larvae. Thus, the maternal
histone protein and/or the production of histone protein from

the low level of cytoplasmic histone poly(A)* mRNA begin-
ning at gastrulation is sufficient to support all the syncytial
cycles as well as S phase 15 and 16. At subsequent stages,
higher levels of poly(A)" histone mRNA are present, and
presumably provide enough histone protein required for the
completion of embryogenesis.
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