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The 3’ ends of metazoan histone mRNAs are generated by specialized processing machinery that cleaves
downstream of a conserved stem-loop structure. To examine how this reaction might be influenced by tran-
scription, we used a Drosophila melanogaster in vitro system that supports both processes. In this system the
complete synthesis of histone mRNA, including transcription initiation and elongation, followed by 3’ end
formation, occurred at a physiologically significant rate. Processing of free transcripts was efficient and
occurred with a z;, of less than 1 min. Divalent cations were not required, but nucleoside triphosphates (NTPs)
stimulated the rate of cleavage slightly. Isolated elongation complexes encountered a strong arrest site
downstream of the mature histone H4 3’ end. In the presence of NTPs, transcripts in these arrested complexes
were processed at a rate similar to that of free RNA. Removal of NTPs dramatically reduced this rate,
potentially due to concealment of the U7 snRNP binding element. The arrest site was found to be a conserved
feature located 32 to 35 nucleotides downstream of the processing site on the H4, H2b, and H3 genes. The
significance of the newly discovered arrest sites to our understanding of the coupling between transcription and

RNA processing on the one hand and histone gene expression on the other is discussed.

The replication-dependent histone genes of metazoans en-
code a unique class of pre-mRNAs that are neither spliced nor
polyadenylated. Rather, the mature transcripts arise from an
endonucleolytic cleavage on the 3’ side of a conserved stem-
loop sequence, just downstream of the translation stop codon
(5). An activity that could accomplish this cleavage event in
vitro was examined and partially purified from Drosophila cul-
tured cell extract nearly 20 years ago (37). Since then, several
elements important for this processing reaction, including both
trans-acting factors and sequence elements of the pre-mRNAs
themselves, have been identified and characterized (5).

The replication-dependent histone pre-mRNAs all have a 3’
untranslated region that includes a stem-loop forming se-
quence and a purine-rich region just downstream, called the
histone downstream element (HDE). These two sequence el-
ements have been conserved throughout metazoan evolution,
in organisms as diverse as sea urchins and mammals (28). In
addition to these sequences, 3'-end processing requires the
stem-loop binding protein (SLBP) (6, 15, 52, 53, 59), U7
snRNP (30, 44, 49), and a heat-labile factor (13). The U7
snRNP interacts with the HDE through the 5’ end of the U7
RNA and is thought to act as a “molecular ruler,” determining
how far upstream of the HDE cleavage will occur (2, 42, 43).
The SLBP binds to the stem-loop in the nascent RNA and
stabilizes the interaction between the HDE and the U7 snRNP
(8, 47, 48). The HDE sequence is somewhat variable, particu-
larly in mammals (23), and from in vitro studies we know that
a weaker interaction between the HDE and the U7 snRNP
results in a more stringent requirement for SLBP (8, 47, 48).
Histone protein levels are tightly regulated in accordance with
the cell cycle, exhibiting a marked increase in S phase (28). It
has been shown that this regulation is predominantly posttran-
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scriptional and that SLBP plays a major role (16, 24, 32, 52).
SLBP remains bound to the stem-loop after cleavage and is
important for subsequent events, including nucleocytoplasmic
transport, translation, and degradation (5, 53).

The organization of the histone genes on their chromosomes
has been conserved in metazoans. Histone genes appear in
tightly linked clusters, and it has been suggested that the main-
tenance of this linkage reflects a particular subnuclear local-
ization of their biosynthesis. In Drosophila melanogaster, there
are five different replication-dependent histone genes, all con-
tained in a 4.8-kb element which is repeated in tandem about
a hundred times (22). Each of these genes has its own pro-
moter, and they are arranged in both convergent and divergent
orientations; in some cases adjacent genes are transcribed
from the same strand, and in some cases they are not. It is
therefore widely assumed that an efficient termination mech-
anism must exist between the genes to avoid transcriptional
interference. Chodchoy et al. (3) characterized an apparent
termination signal between the histone H2a and H3 genes in
mice that required an intact 3'-end-processing signal to func-
tion (3). Other groups have demonstrated termination sites for
polyadenylated genes that are dependent on intact poly(A)
addition signals (40). Metazoan histone genes contain cryptic
polyadenylation signals located 3’ to their processing sites
(50) and, when the SLBP of Drosophila is mutated so that
the normal endonucleolytic cleavage cannot occur, the histone
mRNAs become polyadenylated (21, 50).

Whereas the various aspects of RNA metabolism (transcrip-
tion, capping, 3’ end formation, decay, etc.) are separable in
vitro, an accumulation of data over the last decade has led to
a largely integrated view of these processes (1, 4, 40). Many
published studies point to the C-terminal domain (CTD) of
RNA polymerase II as a focal point in the interconnection of
these events, and a cotranscriptional paradigm has come to
dominate contemporary thinking, with the CTD being indis-
pensable for coordination of RNA metabolism (31, 40). Al-
though it is assumed that RNA processing is coupled to tran-
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scription, exactly what this means is not universally agreed
upon. Clearly, one process depends on the other and the ma-
chinery of both processes are physically connected, at least
through the RNA and perhaps through the polymerase. How-
ever, a more significant requirement for functional coupling
requires one of the processes to affect the progression of the
other. The CTD has been found to stimulate the rate of splic-
ing in vitro (17, 18, 60), but in those experiments free RNA was
used as substrate for the processing machinery. Several studies
have demonstrated that splicing (12) or polyadenylation (57,
58) can take place in a transcription reaction. Functional cou-
pling of 5" capping and transcription has recently been dem-
onstrated by using a human in vitro transcription system (29),
but in that study the CTD played only a minor role in the
coupling event.

Significant progress has been made in understanding events
controlling transcription by RNA polymerase II after initiation
(36). The elongating polymerase is first slowed by negative
transcription elongation factors (N-TEFs), which restrict the
polymerase to the promoter proximal region of genes (26). The
negative elongation factor (56), and the DRB (5,6-dichloro-1-
B-p-ribofuranosylbenzimidizolesensitivity)-inducing factor
(51), are two such N-TEFs that have been demonstrated to
slow the rate of elongation of RNA polymerase II in a defined
system (41). Positive transcription elongation factor b (P-
TEFDb) is a cyclin-dependent kinase comprised of Cdk9 and
cyclin T in Drosophila (34) and Cdk9 and cyclin T1, T2, or K in
humans (35) that phosphorylates the CTD of the large subunit
of RNA polymerase II (25) (27) and allows the polymerase to
enter productive elongation (36). The function of P-TEFb to
reduce the appearance of short promoter proximal transcript
and promote the generation of long runoff transcripts is inhib-
ited by the cyclin-dependent kinase inhibitor DRB (25).

In the present study, we describe an in vitro system, with
Drosophila nuclear extract and an immobilized DNA template,
that has enabled us to further investigate the biochemical re-
quirements and kinetics of the histone 3'-end-processing reac-
tion in the context of transcription. The kinetic data we col-
lected defied our expectations by demonstrating that the rate
of 3’-end processing was not enhanced by the presence of a
transcription complex. Our experiments identified a strong ar-
rest site about 15 nucleotides (nt) beyond the HDE, which was
present in all three of the histone genes that we examined.
Transcripts in complexes stalled at this site were processed less
efficiently than free RNA, a result potentially due to a confor-
mational change in the polymerase.

MATERIALS AND METHODS

Preparation of extracts. Drosophila K, cells were grown and nuclear extracts
prepared for transcription reactions as described previously (26, 38).

DNA constructs. All minigene constructs were derived from the Dm3000
plasmid, which contains the entire Drosophila histone gene cluster (33). For the
H4 construct, an upstream fragment of the gene, including the TATA box and
transcription start site, was generated by PCR. The primers included restriction
sites (BamHI 5’ and Xbal 3") for subsequent cloning. A downstream fragment
from the H4 gene, including the stem-loop and HDE, was also generated from
PCR primers that included Xbal (5') and Aval (3') sites. These two fragments
were then ligated with BarnHI- and Aval-cut pET21a(+) to form a minigene that
had a histone H4 promoter, start site, and processing site but from which most
of the intervening sequence had been eliminated. The H2b and H3 minigenes
were fashioned similarly, but both used the H4 upstream fragment and so were
actually hybrid minigenes, differing only in their 3" sequences. All three minigene
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transcription templates were generated by PCR from the pET21a(+) constructs
described above, with the same biotinylated 5’ primer and unique 3’ primers,
well downstream of the processing signals. The resulting 5’ biotinylated tem-
plates were purified with the UltraClean 15 DNA purification kit (MO BIO Labs,
Inc.) and incubated with streptavidin-conjugated Dynabeads M280 (Dynal) as
previously described (26) to form immobilized templates.

Transcription and processing reactions. All transcription reactions were car-
ried out in 20 mM HEPES (pH 7.6), 5 mM MgCl,, and 60 mM KCl and included
a 15-min preincubation with K. cell nuclear extract under these conditions to
allow the formation of preinitiation complexes. Pulses were done for 45 s in the
presence of limiting [«-3?P]CTP (10 w.Ci per reaction), with ATP, GTP, and UTP
at 600 uM. Individual preincubation reactions were in a 12-pl total volume, and
pulses and chases were in 15 pl. For simple pulse-chase protocols, the pulse was
ended by the addition of a chase mixture that contained 1.2 mM cold CTP. For
add-back experiments with an immobilized template, the pulse was ended by
addition of EDTA to a final concentration 12 to 16 mM. The resulting early
elongation complexes were isolated by three washes with high-salt Sarkosyl
solution (1 M KCl, 0.3% Sarkosyl, 20 mM HEPES, 5 mM MgCl,), followed by
two additional washes and resuspension in transcription buffer (20 mM HEPES,
5 mM MgCl,, 60 mM KClI, 200 pg of bovine serum albumin/ml). A typical “wash”
was accomplished in less than 60 s and involved concentrating the beads, remov-
ing the wash supernatant, and adding the next wash, with subsequent pipetting
up and down to fully resuspend the concentrated beads. For time course exper-
iments, identical reactions were done in bulk, with single reactions stopped by
removal into tRNA-Sarkosyl solution (1% Sarkosyl, 0.1 M Tris [pH 8.0], 0.1 M
NaCl, 10 mM EDTA, 200 pg of tRNA/ml) at the indicated time points. All
individual reactions were ultimately ended by the addition of tRNA-Sarkosyl
solution to a final volume of 210 pl, after which they were phenol extracted with
ethanol precipitation before being loaded onto the gel. The isolation of free
RNA for some experiments was accomplished by the same extraction procedure,
except that the RNA was extensively washed with 70% ethanol before being
dried and dissolved in water.

RESULTS

Histone genes are transcribed, and the resulting RNA is
rapidly processed in nuclear extracts from Drosophila cells.
Early experiments examining 3’-end processing of the Dro-
sophila histone H3 pre-mRNA, performed on dC-tailed tem-
plates, indicated that these transcripts could be accurately pro-
cessed in Drosophila K, cell nuclear extracts (37). Study of the
formation of the 3’ end of the mature histone mRNAs pro-
gressed thereafter in sea urchins and mammals and, more
recently, in Drosophila (5). There is still much to be learned
about the connection of this processing event to transcription
because this information is difficult to obtain from in vivo
experiments, and most in vitro processing experiments have
utilized presynthesized transcripts. To begin to understand
how transcription and histone mRNA 3’-end formation are
connected, we utilized a Drosophila in vitro transcription sys-
tem that supports transcription and efficient processing of Dro-
sophila histone pre-mRNAs.

We first performed a pulse-chase experiment with a plasmid
containing a full repeat of the Drosophila histone gene cluster
that supports strong initiation from the H3 and H4 promoters.
The plasmid was cut with Sacl, which cleaves between the H3
promoter and the H3 processing signal, thereby generating an
unprocessed, runoff transcript (Fig. 1A). The entire H4 gene is
left intact by the restriction digest and generates transcripts
that can be cleaved 4 nt 3’ of the stem-loop to give the mature
mRNA. The labeled transcripts were analyzed by denaturing
polyacrylamide gel electrophoresis (Fig. 1B), and the accumu-
lation of the H3 runoff and the processed H4 mRNA was
quantified (Fig. 1C). The H3 runoff reached its maximum level
after about 2 min and remained constant over the rest of the
15-min time course. The kinetics of accumulation of runoff is
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FIG. 1. Drosophila histone RNAs are transcribed and rapidly processed in nuclear extracts from Drosophila cells. (A) Transcribed region of the
Dm3000 plasmid showing H3 runoff transcript and H4 processed mRNA. (B) Pulse-chase assay using Dm3000 template and K, cell nuclear extract.
RNA was isolated at the indicated times and analyzed on a 6% denaturing gel followed by autoradiography. M, DNA markers of indicated sizes.
H3 runoff and H4 mRNA are indicated. (C) Quantitation of H3 and H4 transcripts. Transcripts in the dried gel were quantitated by using a Packard
InstantImager and the relative counts plotted. (D) Continuous-labeling assay. The Dm3000 template was transcribed in K, cell nuclear extract in
the absence or presence of 50 uM DRB, and the resulting transcripts were analyzed on a 6% denaturing gel. (E) Inhibition of RNA processing
in a mixture of HeLa and K, cell nuclear extracts. Reactions similar to those shown in panel B were carried out except that 70% HeLa and 30%
K. cell nuclear extract were used. Samples were collected at the indicated time points. For comparison purposes, one reaction was carried out for
8 min in the presence of only K, cell nuclear extract. The transcripts were analyzed in a 6% denaturing gel as described above except that the gel

was run longer to better separate long transcripts.

dictated by the elongation rate of RNA polymerase II and by
the kinetics of the function of P-TEFb (26, 36). Accumulation
of the H4 mRNA lagged behind that of the H3 runoff and
reached a plateau after about 5 min. The lag can be explained
by the added dependence of accurate 3'-end processing on the
appearance of the H4 pre-mRNA. To prove that P-TEFb was
required for the appearance of long transcripts, transcription
in the absence or presence of S0 .M DRB, a nucleoside analog
that inhibits P-TEFb, was compared (Fig. 1D). Because in this
experiment the transcripts were continuously labeled, there is
an accentuation of the long transcripts above the two major spe-
cies seen with a pulse-chase protocol (Fig. 1D). As was found
earlier (26), inhibition of P-TEFb by DRB eliminated all tran-
scripts seen in the portion of the gel shown (Fig. 1D). We con-
clude from these experiments that generation of the 3’ end of
histone H4 requires P-TEFbD for the synthesis of appropriately
long transcripts to be used as substrates for the processing ma-
chinery and that the processing occurs efficiently and rapidly.

Although the K, cell nuclear extract used here has been
shown to accurately carry out 3'-end processing of histone H3

mRNA (37), to confirm that the H4 transcript seen here was
generated by a processing event, we transcribed the same tem-
plate in a mixture of HeLa and K, cell nuclear extracts that
allows efficient transcription but does not allow 3’-end process-
ing (D. H. Price, unpublished result). Human SLBP has been
shown to bind to the Drosophila histone mRNA stem-loop and
inhibit efficient processing by the fly factors in a dominant-
negative fashion (7). A comparison of products generated in 8
min by Drosophila extract alone with those generated in a time
course by the mixture of human and Drosophila extracts shows
that appearance of the H3 runoff was increased, but the tran-
script attributed to processing of H4 was significantly de-
creased (Fig. 1E). This decrease in the H4 transcript was not
due to lack of initiation from the H4 promoter because a
template containing only that promoter generated a similar
amount of runoff transcript compared to the H3 promoter
(data not shown). When both extracts were present, other
longer transcripts appeared transiently, but these were chased
into very long transcripts at the later time points. The signifi-
cance of paused transcripts longer than processed H4 mRNA
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FIG. 2. Construction and transcription of an H4 minigene. (A) Di-
agram of H4 gene and derived minigene template. The minigene
template generated by PCR contained a biotin molecule on the up-
stream end and was missing 328 nt from the coding region of the H4
gene. (B) Pulse-chase assay with H3 minigene template and K, cell
nuclear extract. RNA was isolated at the indicated times and analyzed
on a 6.7% denaturing gel, followed by autoradiography. M, DNA
markers of indicated sizes. Runoff (RO), end-labeled tRNAs, and
processed transcript (arrow) are indicated.

will be discussed later. The results from the transcription re-
actions with a mixture of extracts strongly support the conten-
tion that the H4 transcript seen with only Drosophila extract is
generated by a processing event.

To further investigate the potential connection between tran-
scription and 3'-end processing, we created a histone minigene
that should generate a processed transcript of 101 nt. After con-
struction of a minigene plasmid, the template was PCR ampli-
fied by using a biotinylated upstream primer for immobiliza-
tion and a downstream primer that yielded a run off transcript
of 282 nt (Fig. 2A). We reasoned that this template would
allow the polymerase to reach the processing site faster and
provide better resolution of transcripts synthesized. To deter-
mine whether removal of the bulk of the coding region affected
the kinetics of the processing, a pulse-chase experiment similar
to that shown in Fig. 1 was performed. A transcript of the pre-
dicted size for the processed transcript appeared with similar
kinetics to that seen with the intact H4 gene and is visible
above the tRNAs that are extensively labeled during the reac-
tions by CCA addition at their 3" ends (Fig. 2B).
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The immobilized H4 minigene template was then utilized to
examine transcription through the processing site in the pres-
ence or absence of extract. The biotinylated template was first
bound to streptavidin-coated, paramagnetic beads. Then pre-
initiation complexes were formed by incubation with K. cell
nuclear extract. Early elongation complexes formed during a
short pulse under limiting CTP conditions were washed with
1 M salt and 0.3% Sarkosyl to remove labeled tRNAs, all
unassociated factors, and even factors potentially associated
with the polymerase. The isolated elongation complexes were
washed into normal transcription conditions, and transcripts
were chased by addition of all four nucleoside triphosphates
(NTPs), with or without extract. Reactions were stopped at the
indicated times, and the RNA was subjected to gel analysis
(Fig. 3A). We were surprised to find that, in the absence of
extract, ca. 90% of the polymerases arrested at one particular

extract
2 3 4 6 min.

A no extract
01 2 3 4 6 1

e e e—

250 1 Processed Transcript

minutes

FIG. 3. Kinetic analysis of transcription and processing from the
H4 minigene template. (A) Transcription from isolated early elonga-
tion complexes. Early elongation complexes were generated and iso-
lated as described in Materials and Methods and then allowed to
elongate with or without K, cell nuclear extract as indicated. RNA was
isolated at the indicated times and analyzed on a 6.7% denaturing gel,
followed by autoradiography. A, arrested transcript; arrow, processed
H4 minigene RNA. (B) Quantitation of processed transcript. The
processed transcript was quantified by using a Packard InstantImager,
and the relative counts were plotted.



4050 ADAMSON AND PRICE

site downstream of the processing site (Fig. 3A, transcript A).
A different pattern of transcripts resulted when nuclear extract
was added during the chase. In general, fewer long transcripts
were seen due to the negative effect of N-TEFs and the in-
complete action of P-TEFb (Fig. 3A). The transcript generated
by the major arrest site is seen but is now a minor species that
disappears in the longer time points. Figure 3 shows that the
processed transcript (Fig. 3A, arrow) appeared with kinetics
similar to those seen when full-length or minigene constructs
were used in experiments without isolation of elongation com-
plexes. We conclude that it is not necessary to load factors onto
the transcription complex during initiation to achieve rapid
3’-end processing. Our results are consistent with most pro-
cessing occurring on transcripts in complexes paused or ar-
rested about 32 nt downstream from the processing site.

Free RNA is processed more efficiently and more rapidly
than RNA in a transcription complex. We utilized the immo-
bilized minigene template to generate elongation complexes
that were predominantly arrested at one site downstream of
the processing signal to study the effect of the elongation
complexes on the rate of 3’-end processing. Early elongation
complexes were isolated by using the 1 M salt and 0.3% Sar-
kosyl wash protocol. The transcripts were then extended with
an 8-min chase in the absence of extract. As expected, the
RNA in the arrested complex was the primary transcript (Fig.
4, 0 min). These complexes were then split, and half were
phenol extracted to yield the free RNA. The other half were
left as intact elongation complexes. We then compared the
kinetics of processing of the two preparations of otherwise
identical RNAs. Since there have been conflicting published
results on the requirement for divalent cations for processing,
processing was carried out with the addition of nuclear extract
in the presence of EDTA or Mg. The free RNA efficiently
yielded processed transcripts with or without a divalent cation
(Fig. 4A). The percent processing was calculated by quantify-
ing the processed and arrested transcripts and dividing the
amount of the processed transcript by the sum of both pro-
cessed and arrested transcripts and multiplying this value by
100. These values are reported below each lane (Fig. 4). When
free RNA was used, >50% processing occurred by the 1-min
time point regardless of the presence of a divalent cation. The
inclusion of NTP at concentrations that are used during nor-
mal transcription reactions had a slight positive effect. This
could be due to activation of one of the components of the
processing reaction by phosphorylation. When RNA in elon-
gation complexes was subjected to identical processing condi-
tions, the results were different (Fig. 4B). In the presence of
EDTA or Mg, there was very little processing, even after 10
min. Only in the presence of NTPs was the extent and rate of
processing equal to that seen with free RNA.

A clue to what is responsible for this inhibition of processing
by the elongation complex comes in looking at the arrested
transcripts in the presence of Mg (Fig. 4B). Instead of being
processed, the bulk of the arrested transcripts are shortened,
presumably through the Mg-dependent function of the elon-
gation factor S-II (14). The mechanism of S-II cleavage is
thought to require the polymerase to backslide along the tem-
plate before the transcript is cleaved by the active site of the
polymerase (11). Inhibition of processing in the presence of
EDTA can be explained by backsliding of the polymerase with-
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FIG. 4. Comparison of processing of free RNA to RNA in a tran-
scription complex. Early elongation complexes generated during initi-
ation with a pulse-labeling on the H4 minigene template (lane marked
P) were isolated and washed with a high salt concentration and Sar-
kosyl as described in Materials and Methods. These complexes were
chased for 8 min, reisolated, and phenol extracted to obtain free RNA
or used directly as elongation complexes. (A) Processing of free RNA.
Free RNA containing predominantly the arrested transcript was sub-
jected to processing by nuclear extract for the indicated times with
EDTA, Mg, or NTPs with Mg added. (B) Processing of RNA in elon-
gation complexes. Reactions were identical to those in panel A except
that the RNA was in a transcription complex. For both panels A and
B, RNA was isolated at the indicated times and analyzed on a 6.7%
denaturing gel, followed by autoradiography and quantitation with a
Packard Instantlmager. The percentage of total RNA processed is
given under each lane. A, arrested transcript; arrow, processed H4
minigene RNA.

out cleavage occurring. In both cases (with or without divalent
cation), the polymerase may physically interfere with the bind-
ing of U7 snRNP by masking the required HDE. In the pres-
ence of NTPs, the backsliding and cleavage are quickly fol-
lowed by elongation back to the arrest site, resulting in efficient
processing. In the reactions with EDTA and elongation com-
plexes, another set of processed transcripts can be seen around
75 nt in length (Fig. 4B). These transcripts appear with kinetics
similar to those of the properly processed transcripts and are of
the appropriate length to represent cleavage of the arrested
transcript upstream of the stem-loop. We do not know why
these products are only seen in the elongation complex reac-
tions with EDTA, but perhaps SLBP is directing cleavage with
lower specificity due to the lack of U7 function.

Nucleotides stimulate the rate of processing of free RNA. To
follow up on the result in Fig. 4A that indicated that NTPs
have a stimulatory effect on processing of free RNA, process-
ing reactions were set up to determine whether ATP alone
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FIG. 5. Effect of nucleotides on processing of free RNA. Tran-
scripts were isolated from elongation complexes as in Fig. 4A and
processed with nuclear extract under the indicated conditions. RNA
was isolated at the indicated times and analyzed on a 6.7% denaturing
gel, followed by autoradiography. A, arrested transcript; arrow, pro-
cessed H4 minigene RNA. The percentage of total RNA processed is
given under each lane.

could account for this effect and if the kinase activity of P-
TEFb was involved. The stimulation of processing by NTPs was
unexpected, since the effect of S-II seen with elongation com-
plexes should not be a factor in the processing of a transcript
that was not associated with a polymerase. Because the source
of processing activity is a nuclear extract and RNA polymerase
II is present, it was not possible to rule out involvement of the
polymerase in processing of even free RNA. Transcripts pres-
ent in the arrested complex were isolated by phenol extraction
(Fig. 5, 0 min), and processing reactions were carried out for 1
or 4 min (Fig. 5). In this experiment the rate of processing was
similar in the presence of EDTA or Mg. The percent process-
ing at both the 1-min and the 4-min time points was greater
when ATP was included in the reactions. The effect of ATP is
apparently not due to the kinase activity of P-TEFb because
inclusion of DRB in the ATP-containing reaction did not in-
hibit the ATP stimulation. When all four NTPs were present,
there was a further stimulation of the processing activity, and
again DRB had no effect. Overall, these results are consistent
with a non-P-TEFb-driven phosphorylation of one of the com-
ponents of the processing reaction, resulting in a positive effect
on the rate of processing; however, we cannot explain the
additional small effect of NTPs over ATP alone.
3’-end-processing machinery does not associate strongly
with the elongation complex. Although the results from pre-
ceding experiments indicate that the elongation complex does
not have a positive influence on 3’-end processing, we per-
formed a dilution experiment to examine this possibility in
another way. Processing of free RNA was again compared to
that of RNA in transcription complexes, but this time the
processing machinery (extract) was diluted 0-, 4-, or 16-fold
before being added to the RNA or transcription complexes. If
the processing machinery associated with the elongation com-
plex, the processing of transcripts in complexes might be ex-
pected to have less dependence on the concentration of the
processing factors. Because processing was done in the pres-
ence of NTPs, the rate of processing was similar when the
extract was at the normal concentration (Fig. 6). Dilution of
the extract causes a slowing of the rate of processing for both
free RNA (Fig. 6A) and RNA in elongation complexes (Fig.
6B). The magnitude of the reduction was similar for both.
Although it is likely that SLBP binds to the nascent transcript,
these results provide evidence that at least one other compo-
nent of the histone 3'-end processing machinery does not
strongly associate with the elongation complex. The depen-
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dence of the rate of processing on the concentration of the
machinery could explain the differences in the rate of process-
ing seen in different studies and suggests that the nuclear
extracts we are using have a relatively high concentration of the
required factors.

Histone H2b and H3 genes also have arrest sites down-
stream of the processing site. To determine whether the strong
arrest site directly downstream from the H4 processing site was
unique to H4 or was a more general feature of histone genes,
transcription through the 3’ ends of H2b and H3 was exam-
ined. Minigenes with the H4 promoter driving H2b (H4/H2b)
and H3 (H4/H3) 3’ ends were constructed (Fig. 7A). The
templates were immobilized to paramagnetic beads and used
to generate early elongation complexes as was done with H4
earlier. The early elongation complexes were washed with high
concentrations of salt and Sarkosyl and then allowed to elon-
gate in the absence or presence of nuclear extract. Transcrip-
tion of the H4 minigene gave the expected major arrest down-
stream of the processing site in the absence of extract and the
properly processed transcript in the presence of extract (Fig.
7B). Both the H4/H2b and the H4/H3 minigenes gave rise to
transcripts indicative of a strong pause or arrest site down-
stream from their respective processing sites (Fig. 7B). The
two new minigenes also efficiently gave rise to the expected
processed transcripts (Fig. 7B). The sizes of the arrested and

A none 4-fold 16-fold
0 1 5 1 5 1

5 min.

- e A

- T

% processed: 78 87 46 78 19 49

B none 4-fold 16-fold
0 1 5 1 5 1

.h- —— - A

5 min.

e e e

% processed: 63 89 38 78 24 57

FIG. 6. Dependence of processing on extract concentration. Free
RNA (A) or isolated elongation complexes (B) were processed by
using nuclear extract for the indicated times. A constant amount of
extract was used for each reaction, but the concentration was changed
by dilution as indicated. RNA was isolated at the indicated times and
analyzed on a 6.7% denaturing gel, followed by autoradiography. A,
arrested transcript; arrow, processed transcript. The percentage of
total RNA processed is given under each lane.
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FIG. 7. Comparison of H4, H2b, and H3 genes. (A) Minigene
constructs. The 3" ends of the H2b and H3 genes were cloned down-
stream of the H4 promoter to give processed transcripts of the indi-
cated sizes. Templates were generated by PCR by using a biotinylated
upstream primer and a downstream primer that resulted in a runoff
transcript of the indicated size. (B) Transcription and processing of the
minigenes. Early elongation complexes were formed during a pulse-
labeling step with each of the three minigene templates. The early
elongation complexes were washed with a high salt concentration and
Sarkosyl and chased in the absence (—) or presence (+) of extract for
10 min. A, arrested transcript; arrow, processed transcript.

processed transcripts were determined by comparing the mo-
bility of the transcripts to that of markers. The difference
between the arrested and processed transcripts for all three
constructs was between 32 and 35 nt.

Transcription through the 3’ regions of H2b and H3 was
examined more thoroughly by taking time points during a
pulse-chase experiment similar to that shown in Fig. 7B. Tran-
scription by RNA polymerase II in the absence of factors (no
extract) gave rise to a progressive pattern of transcripts for
transcription through the H3 (Fig. 8A) and H2b (Fig. 8B) 3’
regions. The major transcript found to extend downstream of
the 3'-processing site on both templates was clearly an arrest
site because the levels of those transcripts rose early during the
time course and then remained constant during the later time
points. There was a relative reduction of transcripts of inter-
mediate length between the processed transcript and the
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transcript in the arrested complexes for both templates
(Fig. 8A and B), as was found for the H4 template (Fig. 3A).
This suggests that the polymerase proceeds relatively quickly
through this region and then abruptly stops at the arrest site. In
the presence of nuclear extract, both templates gave rise to
transcripts that were efficiently processed. The transcripts due
to arrest were seen in the early time points when transcription
was carried out in the presence of extract, but they disappeared
during the later time points, suggesting that the transcripts in
arrested complexes are substrates for the processing machin-
ery. The fact that all three genes have arrest sites at such
similar positions downstream from the processing site suggests
that this is a conserved feature of histone genes that might have
physiological significance to histone gene expression.

DISCUSSION

We have examined the kinetics of histone 3'-end processing
by using an in vitro system that supports both transcription and
processing. When the full-length H4 gene was used, the rate of
appearance of mature H4 mRNA was influenced by a number
of different processes, including initiation of transcription,
the P-TEFb-dependent transition into productive elongation,
elongation, and finally the processing reaction itself. Initiation
is very fast and was separated from the rest of the reaction
during a pulse-labeling. The #, , for all postinitiation events was
about 3 min. Since the t,,, for the actual processing event was
less than 60 s, the rate-limiting step must be elongation of the
transcript or the P-TEFb-dependent transition into productive
elongation. Because the H4 transcript is fewer than 500 nt long
and because elongation proceeds at about, 1,000 nt/min in the
presence of the factors found in K, cell nuclear extract (46), it
should take the polymerase less than 30 s to reach the 3’ end
of the gene (20, 39, 45). This leaves the function of P-TEFb as
the likely rate-limiting step. This factor has been shown to
function with a t,,, in the range of 1 to 2 min on a variety of
genes (26). The rate of appearance of full-length H4 mRNA
during transcription is appropriate for the combination of the
rates of the sequentially required steps. The production of
histone mRNAs in vivo is coupled to the cell cycle, and during
the maximal transcription found during S phase the initiation
rate is very rapid. Since transcription of the histone genes
occurs to variable extent throughout the cell cycle (28), it is
possible that the processing event is rate-limiting during other
(non-S) phases of the cell cycle due to limiting amounts of
SLBP (54). However, it is difficult to prove this is the case
because the level of histone mRNAs is dramatically affected by
cell cycle-controlled stability of the transcripts (19, 21).

To determine whether histone 3'-end processing is coupled
to transcription, we compared the rate of processing of tran-
scripts that are in arrested elongation complexes to that of free
RNA. Functional coupling of the two processes would result in
an increase or decrease in the rate of processing of transcripts
in elongation complexes. When the concentration of NTPs was
maintained at transcription levels, processing was only slightly
affected by the elongation complex. However, in the absence of
NTPs, the processing of transcripts in elongation complexes is
severely inhibited, with many transcripts remaining unproc-
essed. Because of this we suggest that under some conditions
processing is negatively coupled to transcription, and we
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FIG. 8. Kinetics of transcription and processing on the H4/H2b and H4/H3 minigenes. Transcription and processing as described in Fig. 7 was
carried out on the H4/H2b (A) and the H4/H3 (B) minigenes. RNA was isolated at the indicated time points and analyzed on a 6.7% denaturing
gel, followed by autoradiography. (C) The processed transcripts were quantitated by using a Packard InstantImager and plotted versus time. A,

arrested transcript; arrow, processed transcript.

present a model for how this might occur (Fig. 9). When the
polymerase encounters the arrest site 32 to 35 nt downstream
from the processing site, it is likely that the HDE is just barely
extruded from the RNA exit site of the polymerase (Fig. 9A).
If the polymerase backslides (Fig. 9B), the HDE is masked,
and processing is disrupted because the U7 snRNP cannot
bind. In the presence of NTPs and S-1I, such a polymerase may
cleave and reextend the nascent transcript to the arrest site. U7
snRNA can then associate, and the transcript can be pro-
cessed. This model is supported by the finding that in the
presence of Mg, but without NTPs the transcripts in arrested
complexes were shortened by S-II and were not substrates for
the processing machinery. Our results are consistent with the
polymerase backsliding into a processing-resistant conforma-
tion in the absence of NTPs. Further evidence for this process-
ing-resistant conformation came from the experiments done in
the presence of EDTA, which inhibits S-II mediated transcript
cleavage. Although no shortening of transcripts was observed,
processing was still inefficient.

Our results indicate that the transcription complex does not
stimulate histone 3’-end processing but do not rule out the
possibility that the transcription complex plays an important
role in processing. On the contrary, it is not likely to be coin-
cidental that all histone genes examined (H4, H2b, and H3)
have strong arrest sites similar distances downstream from the
stem-loop. If the arrest site was merely present to stop poly-
merases from transcribing downstream into nearby histone
genes, it would not have to be so precisely positioned but
rather could be present anywhere between the variably spaced
genes. Inspection of the sequences of the three histone genes
used indicates that there is a sequence element, AT,C or
AT,C, immediately following the purine-rich HDE (Fig. 9C,
boldface sequence). It is possible that this sequence may con-
tribute to the location of the pause-arrest site. Similar stretches
of T’s are found in analogous locations in the Drosophila H1
and H2a genes. Pausing transcription a specific distance down-
stream from the HDE may be important for 3’-end formation.
One possibility is that the transcription complex plays a nega-
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- U7 snRNP
SLPB-

Pol Il

H4  CCACCATTCAGTTTTTAAAAGGAGGAAGATTTTCAAAAAGTATTTAATTTT
H3 CCACARACCAGATTCAATGAGATAARRATTTTCTGTTGCCGACTATTTATAR
H2b CCACAATGTGTTATACCARAGAAATGCATTTTTCAACCACCAATCATCGAR
FIG. 9. Negative coupling of processing to transcription. The mod-
el explains how processing might be inhibited by RNA polymerase 11
arrested downstream of the processing site. (A) RNA polymerase 11
paused at the arrest site leaves just enough RNA exposed to allow
binding of SLBP and the U7 snRNP and processing of the transcript.
(B) When the polymerase backslides and enters the arrested confor-
mation, the HDE (black box) is no longer accessible to the U7 snRNP,
and processing is inhibited. (C) Comparison of the 3’ regions of H4,
H3, and H2b. Starting with the last two nucleotides of the stem-loop
RNA, sequences from H4, H3, and H2b were aligned. Underlined text,
purine-rich region; boldface text, T-rich region; boldface underlined
text, pause-arrest site.

tive role, stopping processing under certain conditions allowing
control of 3’-end formation. Another possibility is that the
arrest site facilitates termination. Since processing of histone
mRNA occurs rapidly on free RNA, termination should not
impede processing. It is possible that termination might actu-
ally stimulate 3’-end formation. The reduction in processing
activity seen in the absence of NTPs might be due to inhibition
of the ATP-dependent activity of transcription termination
factor 2 (55) or some other nucleotide-dependent termination
event. 3’-End formation and termination seem to be linked
during production of mRNAs with poly(A) tails (9, 10, 40), and
an intact 3'-processing site was required for termination to
occur close to the processing site of the mouse histone H2a
gene (3).

When processing was inhibited by carrying out transcription
with a mixture of HeLa and Drosophila nuclear extract (Fig.
1E), a transcript was detected the predicted size of the arrested
transcript. This appearance of this transcript and others that
were slightly longer was transient, indicating that polymerases
do not appear to reside at those sites for a long time in the
presence of extract. This is likely due to the extensively studied
action of DmS-II to reactivate arrested complexes (14) and
because of the elongation stimulatory activity of TFIIF (39).
However, since the t,,, for processing is about 1 min and the
t,,, for the duration of the pause sites downstream of the
processing site is 2 or 3 min (see Fig. 1E), the processed
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transcripts are likely primarily derived from the transcripts in
paused elongation complexes.

It is widely argued that RNA processing is coupled to tran-
scription. We have recently shown, by using an in vitro system
in which the rate of capping of transcripts is stimulated 2 to 4
orders of magnitude by the elongation complex, that capping is
functionally coupled to transcription (29). Most evidence for
the coupling of processing and transcription focuses on the
CTD and is based on in vitro association studies or chromatin
immunoprecipitation—cross-linking studies. In vitro systems in
which transcription and splicing or 3'-end cleavage at polyad-
enylation sites take place in the same reaction have been re-
ported (12, 57, 58). However, the rate at which processing
occurs in these systems does not seem compatible with in vivo
requirements for RNA processing, and in the splicing study
(12) it was not made clear if processing occurred on transcripts
that were in elongation complexes. In the studies from both
groups, the effect of elongation complexes was not examined
by comparing the rates of processing of nascent and free tran-
scripts. Our results indicate that 3’-end cleavage of the histone
mRNAs occurs with a reasonable rate and occurs on com-
plexes engaged in transcription. However, we do not see an
enhancement of the rate of processing by transcription. This
can be rationalized if polyadenylation is assumed to be the
default processing pathway. To form a histone mRNA 3’ end,
it is necessary to block polyadenylation by factors that might be
associated with the elongating polymerase. Since at least some
of the histone 3’-end factors are not associated with the elon-
gation complex (our results), a physical disruption of the poly-
adenylation-polymerase complex does not seem likely. It is
more likely that histone 3’-end formation is accomplished by
stopping the polymerase downstream of the processing site and
then rapidly processing the RNA in an RNA/SLPB/U7snRNP-
driven reaction. In support of this idea, if histone 3’-end pro-
cessing is blocked by removal of a required RNA element or by
reduction of SLBP, polyadenylated histone mRNAs result (3,
21). It is possible that histone 3’-end processing may be cou-
pled to transcription by a mechanism that increases transcrip-
tion termination downstream of the processing site (3). Fur-
ther work is needed to examine the connection between 3'-end
formation and termination and the possible role of the T-rich
sequence found following the HDE.
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