1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
RNA Biol. Author manuscript; available in PMC 2016 April 29.

-, HHS Public Access
«

Published in final edited form as:
RNA Biol. 2007 ; 4(1): 26-33.

Pre-mRNA 3’ Cleavage is Reversibly Inhibited In Vitro by
Cleavage Factor Dephosphorylation

Kevin Ryan

Abstract

During 3' end formation most pre-mRNAs undergo endonucleolytic cleavage and polyadenylation
in the 3' untranslated region. Very little is known concerning the role that post-translational
modifications play in the function and regulation of the factors required for 3' cleavage. Using the
reconstituted pre-mRNA cleavage reaction, we find that non-specific dephosphorylation of HeLa
cell nuclear extract leads to the loss of 3' cleavage activity. A variety of serine/threonine
phosphatases inhibited cleavage activity, while a tyrosine phosphatase did not. When the three
major cleavage factor activities—CPSF, CstF and CFy, (containing CFl,, and CFll,,)—were
separated and dephosphorylated individually, only CF, was found to lose activity, indicating that
the target of dephosphorylation resides within this fraction. In accordance with this result, only
CFp, was able to restore cleavage activity to HeLa nuclear extract whose 3' cleavage activity had
been completely inactivated by dephosphorylation. We conclude that at least one subunit of either
CFlpy, or CFlly, requires serine or threonine phosphorylation to function during 3' cleavage. Our
data suggest that cleavage factor phosphorylation may serve as a regulatory on/off switch to
control pre-mRNA 3' end formation.
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Introduction

For the majority of mammalian pre-mRNAs, 3' end formation is a two-step process
involving, first, the cleavage of the pre-mRNA in the 3' untranslated region (UTR) and,
second, poly(A) tail addition to the upstream, message-bearing fragment (reviewed in refs. 1
and 2). Cleavage and polyadenylation are coupled to one another, but can be studied
separately in vitro using systems reconstituted from HeLa cell nuclear extract or its
partially purified factors.4=8 At least thirteen polypeptides, including four multiple subunit
factors, CPSF, CstF, CFl,, and CFll,, are required for in vitro cleavage. The requirement for
S0 many proteins may reflect the need to cut the pre-mRNA sequence specifically, and to
coordinate 3' cleavage with other transcription related events. The combination of poly(A)
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site cis-acting elements in the 3-UTR with the sequence preferences of the RNA-binding
proteins found among the cleavage factors accounts for much of the cleavage site
definition.”2 However, actual cleavage site selection is known to vary in many pre-mRNASs,
and this can have important consequences on the outcome of a gene’s expression.1® For
example, many 3'-UTRs contain sequences that contribute to the stability and subsequent
localization of the mRNA. Additionally, most microRNAs appear to downregulate
translation through targeting mRNAs in their 3' UTR,11 which raises the possibility that
alternative poly(A) site selection may influence microRNA function, since removal of a
targeted sequence through alternative polyadenylation would permit a message to escape
translation repression by this mechanism. In addition to alterations in the 3' UTR, alternative
polyadenylation, often under the influence of alternative splicing, can produce changes in
the amino acid sequence near the C-terminus of a protein, even leading to exclusion of small
protein domains.19:12 |t was recently estimated that 54% of human genes undergo some
form of alternative polyadenylation.13 In most cases, the biochemical basis for choosing
among the different poly(A) signals is not known.

In vitro, the mammalian 3' cleavage reaction requires the cleavage polyadenylation
specificity factor (CPSF, five subunits), the cleavage stimulation factor (CstF, three
subunits), cleavage factor | (CFlyy,, a heterodimer composed of a 25 kD subunit bound to one
of three larger subunit of 59 kD, 68 kD or 72 kD), cleavage factor Il (CFll,, containing two
verified subunits), the RNA polymerase Il (Pol I1) largest subunit C-terminal domain (CTD)
and, for most substrates, poly(A) polymerase (PAP). The CFl, and CFll,, activities
cofractionate on anion exchange columns such as DEAE and are, when not separated,
referred to in this paper as CFpy,, similar to the CF designation of earlier reports.14 The
mammalian cleavage factor | activity has been reconstituted from the 25 kD and 68 kD
subunits,1® while cleavage factor 11 remains incompletely characterized.16 No snRNA or
other RNA component is required for the transcription-independent basal cleavage reaction
in vitro,® though coordination with splicing involves at least U2 snRNA.1” Many of the
mammalian cleavage factor subunits share sequence homology with proteins found in other
eukaryotes, with those in yeast being the most frequently studied.218 In mammals, among
the factors required for cleavage, only CPSF and PAP are necessary to begin the coupled
polyadenylation of the upstream fragment, suggesting that 3' cleavage must be immediately
followed by a large rearrangement of the precleavage complex, with most factors
dissociating from the cleavage site. In yeast, it has been proposed that protein
phosphorylation/dephosphorylation cycles within the large cleavage polyadenylation factor
(CPF) complex, which contains many of the mammalian cleavage factor homologs, are part
of the normal 3' end formation mechanism as it switches from cleavage to polyadenylation,
and that this mechanism may work by altering the composition of, or arrangement within,
CPF.19

Reversible phosphorylation is one of the most widespread post-translational control
mechanisms found in eukaryotic cells.2® Among 3' cleavage factors, the phosphorylation of
PAP and the C-terminal domain of Pol Il largest subunit (CTD) is known to affect 3'
processing. Hyperphosphorylation of PAP’s ser/thr-rich C-terminal domain during M phase
represses PAP’s catalytic activity,2! whereas the Pol 11 CTD becomes highly phosphorylated
during transcription.22 Within the 26 and 52 heptapeptide repeats found in the yeast and
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mammalian CTDs, respectively, low resolution analyses have shown the pattern of
phosphorylation to be dynamic, with Ser-5 of the heptad repeats being most heavily
phosphorylated near the promoter, and Ser-2 most heavily phosphorylated near the 3'-
end.”-23 Likely as a function of its changing phosphorylation pattern throughout the
transcription cycle, the CTD is believed to work as a staging area for the accumulation of a
variety of proteins, enabling the CTD to concentrate them near the site of transcription, from
which vantage point they presumably scan the nascent RNA for cis-acting sequences.?4
However, in vitro, in the absence of transcription, the CTD, whether as part of the Pol Il
holoenzyme or simply fused to an affinity tag, stimulates 3' pre-mRNA cleavage
independent of its phosphorylation status.2>26 Moreover, because PAP is not in all cases
required for cleavage, it has not been suggested that the mammalian cleavage reaction is
under the influence of protein phosphorylation control, though as stated above, this was
recently suggested to be the case in yeast.

A long-known but still unexplained feature of the in vitro mammalian cleavage reaction is
that a high concentration of creatine phosphate (or related phosphoamino acid) is required to
bring about efficient cleavage.2” An investigation of this requirement led to the proposal that
creatine phosphate may function as a phosphoprotein mimic, an idea which in turn led to the
discovery that the Pol 11 CTD plays a direct role in the cleavage reaction.28 However, as
pointed out above, the phosphorylation state of the CTD, at least as it is represented by its
hyper-, hypo- and unphosphorylated forms, does not substantially affect the cleavage
reaction, making it unlikely that creatine phosphate actually works as a phospho-CTD
mimic. The work presented in this report began with the idea that creatine phosphate, by
virtue of its structural similarity to a phosphorylated protein residue, may work instead as a
competitive inhibitor of a protein phosphatase that normally acts to suppress cleavage under
in vitro conditions. Were such a phosphatase to exist, the fortuitous inhibition of its activity
over the years by inclusion of creatine phosphate in standard in vitro cleavage reactions
might have masked a requirement for the phosphorylation of one of the highly purified core
cleavage factors. This idea has led in the work presented here to the finding that the cleavage
activity in HelLa cell nuclear extract, or in the cleavage factor activities fractionated from it,
is lost upon treatment with ser/thr-phosphatases, implying the existence of a functionally
phosphorylated cleavage factor. The susceptible component of nuclear extract is found in the
CFn, fraction, suggesting further that either CF I, or CF I, contains a subunit whose
phosphorylation allows cleavage to take place, but whose dephosphorylation prevents it.
Thus, reversible phosphorylation among the basal cleavage factors may provide higher
eukaryotes with an additional layer of gene expression control at the level of pre-mRNA
processing.

Materials and Methods

Buffers

Buffer D contained 20% glycerol, 20 mM Na-HEPES, pH 7.9, 0.2 mM EDTA, 0.2 mM
PMSF, 0.5 mM DTT and 50 mM ammonium sulfate. Buffer DMg, the CIP dialysis buffer,
contained 6.25 mM MgCl; in place of EDTA.
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Calf intestinal alkaline phosphatase (CIP)

CIP was purchased from Promega (cat. no. M2825) and dialyzed 2 x 4 h at 4°C each time
against 10,000 volumes of Buffer DMg, aliquotted and stored at —80°C or —20°C. Protein
content was estimated before and after dialysis using the Bio-Rad Bradford protein assay
with BSA (Roche, Molecular Biology grade) as the standard. The enzymatic activity was
estimated before and after dialysis using p-nitrophenyl phosphate as the substrate2® and
setting the predialysis activity equal to the vendor supplied value. On average, during
dialysis the phosphatase activity declined from approximately 4.7 units/ug to 3.8 units/ug. A
slight decline in phosphatase activity during long periods of storage was noticed when
prepared in this way.

Nuclear extracts and fractionated cleavage factor preparations

HeLa cells were purchased as pellets from the National Cell Culture Center (Biovest
International), and the nuclei were extracted according to Dignam et al.,2° with minor
modifications,® and dialyzed into Buffer D. Total protein content of nuclear extracts used in
cleavage reactions ranged from 2.2 to 2.7 mg/ml, measured as described above. For
fractionation, nuclear extract containing approximately 75 mg total protein was loaded onto
a 19 ml hand-packed DEAE-Sepharose Fast Flow (GE Healthcare) column and eluted as
previously described.2> Active fractions were identified either by in vitro polyadenylation
(CPSF, fractions supplemented with recombinant bovine PAP I1), or by in vitro cleavage
(CFpy) using small amounts of previously purified CPSF and CstF.2% CstF (along with PAP)
was assumed to be in the flow-through.1® Active fractions were pooled, precipitated at 70%
ammonium sulfate saturation, then resuspended in a minimum volume of Buffer D, and
dialyzed 2 x 4 h at 4°C in Buffer D. Protein concentrations of extracts and fractionated
cleavage factors were estimated as described above. Fractionated cleavage factor protein
concentrations were as follows: CPSF (2.4 mg/ml, 1 pl used per 12.5 pl cleavage reaction),
CstF (3.1 mg/ml, 0.5 pl used per 12.5 pl cleavage reaction), CF, (4.8 mg/ml, 2 pl used per
12.5 ul cleavage reaction).

RNA substrates

SV40 late pre-mRNA (233-nt) was transcribed in vitro by SP6 RNA polymerase (Promega)
from thepG3SVL-A plasmid linearized at the Dra | site.5 The Ad2 L3 RNA (178-nt) was
similarly made from the pG3L3-A plasmid linearized at the Bam H1 site.® The transcripts
were uniformly labeled by including [a-32P]-UTP (Perkin-Elmer Life Sci.), and 5' capped
during transcription by including the 7-MeGpppG cap analog (NEB), gel-purified, eluted,
precipitated and resuspended in 2 mM Tris-HCI, pH 7.

3' pre-mRNA cleavage reactions using nuclear extract = CIP, general procedure

Nuclear extract (4.25-5.25 pl) was mixed with Buffer D and, as indicated in the figure
legends, CIP or CIP dialysis buffer (indicated by dash), including 1 mM MgCl,, protease
inhibitors or p-phosphoglycerol as indicated, to a total volume of 6.25 pl, and placed at 30°C
for 30 min. EDTA was then added to a concentration of 2 mM above that of the total MgCl,.
This mixture was returned to 30°C for 20 min to incapacitate the CIP prior to creatine
phosphate addition, in order to rule out any possibility that CIP-mediated hydrolysis of
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creatine phosphate contributes to cleavage inhibition. This mixture was then iced, and the
following components were added (final concentrations): 2'-dATP (2 mM), tRNA (0.1 ug/
ul), DTT (1.85 mM), creatine phosphate (50 mM), RNAse inhibitor (Promega, 0.32 u/pl),
polyvinyl alcohol (2.5 %), pre-mRNA (1-3 nM), 10% glycerol, 10 mM HEPES (pH 7.9),
EDTA 2 mM above final MgCl, concentration, phenylmethylsulfonyl fluoride (PMSF, 0.1
mM), ammonium sulfate (25 mM). The resulting 12.5 pl processing reaction was incubated
at 30°C for 2 h and the isolated RNA was resolved on a 6% denaturing polyacrylamide gel
and visualized and quantitated using a Molecular Dynamics Storm Phosphorimager.

PP1 (a-Isoform from Rabbit), YOP and lambda phosphatase reactions

Identical to CIP procedure except: 0.4 mM Mn%* was used in place of 1 mM Mg for PP1
and A-PPase, and the YOP reaction contained no divalent cation. These PPases (NEB) were
not dialyzed, but were used with the supplied buffers. Mock reactions contained identical
buffer components without enzyme. Manufacturer units are shown.

3' pre-mRNA cleavage reactions using cleavage factor activities, general procedure

Similar to the above nuclear extract cleavage procedure except: the fractionated cleavage
factor preparations were mixed and supplemented with 0.5 ug BSA. When the factors were
treated with CIP individually, EDTA was added to 2 mM above the MgCl, concentration at
the end of the CIP pretreatment of an individual factor (containing the factor, 1 mM MgCl,,
BSA and CIP or CIP dialysis buffer for mock reactions), and the reaction was placed at 30°C
for 20 additional min to inhibit CIP activity. An independent phosphatase assay28 employing
p-nitrophenyl phosphate under simulated cleavage conditions was used to verify that CIP has
less than 0.7% of its original activity when treated in this way (not shown). In Figure 4,

lanes 10 and 20, the CIP was inhibited in this way before adding it to the mixture of all three
factors, verifying that CIP is rendered inactive when treated in this way. The reaction was
then iced and the other two (untreated) cleavage factor activities were added, followed by the
pre-mRNA and other ingredients to initiate 3' processing, as described above for the nuclear
extract cleavage reaction.

Cleavage factor add-vack reactions

5.25 pl nuclear extract was treated with CIP at 1 mM MgCl5 in 5.5 pl at 30°C for 30 min, as
described above. The reaction was iced and EDTA was added in a 0.5 pl volume to 2 mM
above the MgCl, concentration. The reaction was incubated at 30°C for an additional 20 min
to inhibit CIP activity, and then iced again. The amount of a single fractionated cleavage
factor activity normally used in a cleavage reaction was then added to the treated nuclear
extract in a volume of 2 ul and the reaction was incubated at 30°C for 15 min to allow for
protein complex subunit exchange, and once again iced. Pre-mRNA and other reaction
components were finally added for a total of 12.5 pl, and processing was allowed to proceed
as described above. In order to treat the added-back CF, fraction with CIP (or mock treat)
prior to add-back, 4 ul of the CF,, fraction was treated with CIP (1 U and 1 mM MgCls final
at this stage, added in 0.5 pl) at 30°C for 30 min, and the subsequent EDTA required to
inhibit the CIP activity was then added in 0.5 pl, followed by the usual 20 min 30°C
incubation to stop all CIP activity. Half (i.e., 2.5 pl) of these mixtures (CIP or mock CIP)
was added back to the CIP-inhibited nuclear extract and the mixture allowed to incubate at
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30°C for 15 min. Finally, the pre-mRNA and other reaction components were added, and
processing was allowed to proceed as described above.

The hypothesis that creatine phosphate may stimulate in vitro 3' cleavage by inhibiting a
negatively regulating phosphatase leads to a testable prediction: treatment of nuclear extract
with an exogenous, non-specific phosphatase prior to adding creatine phosphate should
prevent creatine phosphate from stimulating 3' cleavage, since the phosphatase would have
already dephosphorylated the substrate of the endogenous phosphatase before creatine
phosphate and the RNA substrate are added. In addition, the low ATP concentration found in
nuclear extract,30:31 should not support rephosphorylation by kinases in the extract. If
creatine phosphate were to work by another mechanism, for example by bringing about a
conformational change in one of the cleavage factors,2” non-specific phosphatase treatment
would not be expected to have an effect. Accordingly, calf intestinal alkaline phosphatase
(CIP), an enzyme that hydrolyzes phosphate monoesters indiscriminately,32 was used to
dephosphorylate the components of HeLa cell nuclear extract. This well-characterized
enzyme hydrolyzes phosphate monoesters of protein alcohol residues, and is regularly used
to dephosphorylate phosphoproteins.33:34 As shown in Figure 1B, CIP pretreatment of
nuclear extract inhibited in a concentration dependent manner subsequent processing of the
SV40 Late (SV40L) pre-mRNA substrate. This substrate does not require poly(A)
polymerase (PAP) for processing,1# rendering unlikely an effect due to dephosphorylation of
this phosphoprotein. As little as 0.01 units of CIP (lane 4, ~2.4 ng, or 2.9 nM) led to a
detectable reduction in cleavage activity, with 0.1 units reducing cleavage to 50%. In all
cases, 50 mM creatine phosphate was present during the subsequent processing reaction.
Thus, CIP appears to be a potent inhibitor of HeLa cell nuclear extract 3' cleavage activity,
possibly preventing creatine phosphate from stimulating cleavage.

We verified that 3' cleavage inhibition was indeed caused by CIP, and not some
contaminating activity, by using a known CIP inhibitor, B-phosphoglycerol.3> Adding this
compound to HelLa cell nuclear extract during the pretreatment reaction reduced the CIP-
mediated inhibition of 3' cleavage activity in a concentration dependent manner (Fig. 1C,
lanes 14-16). This result directly implicated the CIP phosphatase activity as the inhibitor of
3' cleavage. We also tested a variety of protease inhibitors to ensure that 3' cleavage
inhibition was not due to contaminating protease activity, and also used the chromogenic
protease substrate Azocoll to test the CIP preparation directly for protease contamination.36
No protease activity was detected, and protease inhibitors had no effect (Fig. S1). In
addition, a 6 pug sample of the CIP preparation revealed only a single Coomassie-stained
band, which at 1 ug per gel lane migrated at approximately 66 kD, close to the expected CIP
monomer size of 65 kD37 (not shown). Thus, a variety of protease inhibitors did not alter the
CIP effect, and the CIP preparation appears to be homogeneous and to have no detectable
protease activity.

In addition to CIP we tested other commercially available protein phosphatases (Fig. 2).
Protein phosphatase 1 (PP1) and lambda phosphatase are similar to CIP in that they are
known to dephosphorylate phosphoserine (pS), pT and pY residues in vitro, whereas YOP
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protein tyrosine phosphatase only dephosphorylates pY residues.38 Of these phosphatases,
YOP alone was unable to inhibit 3' cleavage activity in HeLa nuclear extract, suggesting that
removal of a phosphate from serine or threonine residue(s) on one of the 3' cleavage factors
is responsible for the loss of processing activity.

To explore the possibility that creatine phosphate stimulates in vitro 3' cleavage by
fortuitously inhibiting a negatively regulating mammalian phosphatase, we included
increasing amounts of creatine phosphate in a PP1 dephosphorylation reaction of nuclear
extract. As shown in Figure 2B, creatine phosphate reduced the loss of subsequent 3'
processing activity in a concentration dependent manner. This result demonstrated that at
these concentrations creatine phosphate is a PP1 inhibitor. However, in a 3' processing
reaction where no exogenous PP1 was added, the known PP1 inhibitors okadaic acid and
Inhibitor-2 could not substitute for creatine phosphate by stimulating 3' cleavage (data not
shown). Thus, although the phosphatase-inhibiting activity of creatine phosphate could be
responsible for its ability to stimulate 3' processing in vitro, creatine phosphate does not
appear to stimulate 3' cleavage by inhibiting PP1. More importantly, the creatine phosphate
hypothesis led us to find that the dephosphorylation of nuclear extract inhibits 3' pre-mRNA
cleavage.

As a first step towards identifying the component(s) of nuclear extract that are susceptible to
phosphatase treatment, HeLa cell nuclear extract was fractionated into its three major
component cleavage activities, CPSF, CstF and CF, (CFl,, and CFll,), by passing it
through DEAE-sepharose and eluting with increasing salt concentration, as previously
described?> (see Materials and Methods). Although these crude fractions contain many other
nuclear proteins, Figure 3 (lanes 1-5) shows that all three activities have been successfully
separated, since all three must be added to reconstitute efficient pre-mRNA cleavage.
Western blotting confirmed the identity of the CPSF and CstF fractions (Fig. S2). The trace
of processing in Figure 3, lane 2 is consistent with the low level of CPSF detected in the
CstF and CF, fractions (Fig. S2).

3' cleavage reconstituted from the three fractionated activities was also susceptible to
inhibition by CIP treatment. As shown in Figure 3, lanes 6-8, the cleavage of the S\V40L
containing pre-mRNA was completely inhibited by CIP pretreatment of the combined
fractions, just as it was when nuclear extract was similarly treated. This demonstrated that
the relevant CIP target copurified with at least one of the cleavage activities on the DEAE-
sepharose column.

While the SV40L poly(A) site is routinely used as a model pre-mRNA in reconstituted 3'
processing assays, it is unique in that it does not require poly(A) polymerase for the cleavage
reaction,14 and may therefore not be entirely representative of the majority of poly(A)
signals. To test the generality of dephosphorylation-mediated cleavage inhibition, the
adenovirus 2 L3 poly(A) sequence (Ad2 L3) was used with the separated cleavage factor
activities. As shown in Figure 3, lanes 9-11, the cleavage of this substrate was also inhibited
by pretreatment of the mixed factors with CIP. The two different 5' fragments normally
observed39 were affected equally. Thus, the loss of cleavage activity upon dephosphorylation
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of preparations containing the cleavage factors appears to be general with respect to the pre-
mRNA substrate.

Next, to learn which cleavage factor activity is susceptible to dephosphorylation, the
separated cleavage activities were treated individually with CIP. To ensure that only one
factor per experiment was exposed to the active phosphatase, the pretreatment was stopped
by the addition of EDTA prior to addition of the other two untreated factors. As shown in
Figure 4, lanes 9 and 19, dephosphorylation of the CF, fraction led to the loss of cleavage
activity, whereas pretreatment of CPSF and CstF did not significantly alter their respective
activities. Processing of both the SV40L and Ad2 L3 pre-mRNA substrates was inhibited
when CF, was treated with CIP. Thus, CF,, the fraction containing cleavage factors I, and
Iy, lost its activity when treated with this non-specific phosphatase, implying that one or
more of CFp,’s subunits requires phosphorylation to function or, alternatively, that DEAE-
separated CFy, contains a component which, when dephosphorylated, becomes a 3' cleavage
suppressor.

The results shown in Figure 4 suggest that the phosphatase-susceptible target in nuclear
extract is contained within the DEAE CF, fraction. To further test this possibility, the
DEAE-fractionated activities were added back individually to CIP-treated nuclear extract
after the CIP had been inactivated with EDTA. As shown in Figure 5A, only the CF,
fraction (lane 9) was able to restore 3' cleavage activity to the CIP-treated extract. However,
when the CF, to be added back was itself first treated with CIP, it was unable to restore
activity (Fig. 5B, lane 15). These results demonstrate that the activity lost during nuclear
extract dephosphorylation can be replaced by the DEAE CF, fraction, unless it too has been
dephosphorylated. This result suggests that CFl,, or CFll, contains the CIP-targeted
component required for the 3’ cleavage reaction, and that when added back, this putative
phosphoprotein can regain its place in CFl, or CFll, by exchanging back into these or any
other complexes requiring it for 3' cleavage. This experiment also supports the idea that the
unknown phosphoprotein is an active CF, subunit, and not an inhibitory protein unrelated to
3' processing that is activated by dephosphorylation, since adding back more of a masked
inhibitor should not restore activity. Furthermore, this experiment provides us with a
straightforward means to track future purification of CFp,, not by following its role in the
basal cleavage reaction, as has been done elsewhere,16:40 but by following its ability to
restore cleavage activity to CIP-inhibited nuclear extract.

Discussion

The experiments described here were undertaken to investigate the hypothesis that creatine
phosphate may fortuitously stimulate in vitro 3' pre-mRNA cleavage by inhibiting an
otherwise active inhibitor of the reaction, in particular a negatively regulating protein
phosphatase. Such a mode of action for creatine phosphate is reasonable since at high
concentrations many low molecular weight phosphate compounds competitively inhibit
phosphatases,3® and creatine phosphate is reported to be a substrate, and therefore a
competitive inhibitor at high concentrations, of at least two protein phosphatases, prostatic
acid phosphatase*! and alkaline phosphatase derived from cow’s milk and intestine.*? Used
here as unregulated surrogates for a hypothetical cleavage-regulating phosphatase, calf
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intestinal alkaline phosphatase (CIP), lambda phosphatase and PP1 were each found to
inhibit the 3' cleavage activity of HeLa cell nuclear extract, despite the presence of creatine
phosphate during subsequent processing. In contrast, a representative tyrosine phosphatase
did not inhibit 3' cleavage. The effect of the phosphatase treatment suggests that at least one
of the cleavage factors requires phosphorylation on serine or threonine to function in 3' pre-
mMRNA cleavage. This conclusion raises the possibility that basal cleavage factor
phosphorylation may be a previously undetected means of regulating mammalian gene
expression at the level of pre-mRNA 3' cleavage.

In support of the hypothesis that creatine phosphate may work as a phosphatase inhibitor, we
found that at the concentrations typically used in the cleavage reaction, creatine phosphate
inhibited protein phosphatase 1 (PP1). Interestingly, Glc7, the sole yeast ortholog of PP1,
was recently found to play a role in 3' processing.1® PP1 typically works in tandem with a
regulatory subunit, many of which have an RVxF motif that helps to bind PP1.43 Among the
cleavage factors, CstF-77 and the RNA Pol I largest subunit each have two such sequences.
However, many proteins that have the RVxF sequence do not interact with PP1,%4 and we
have not yet verified an association between PP1 and the 3' cleavage factors. Because two
specific PP1 inhibitors, okadaic acid and Inhibitor-2, did not stimulate in vitro cleavage in
place of creatine phosphate, this compound does not appear to work by inhibiting
endogenous PP1. This result does not rule out the involvement of related phosphatases, such
as PP2A and PP2B, whose catalytic domains are approximately 50% homologous with
PP1,45 or other phosphatases, any of which might be inhibited by high concentrations of low
molecular weight phospho compounds such as creatine phosphate.

Individual CIP treatment of the separated cleavage factor activities identified the CFp,
fraction as the sole cleavage activity susceptible to CIP dephosphorylation, and the
complementation experiments shown in Figure 5 confirmed this result. Though crudely
purified, CFp, contributes only the composite CFI/I1,, activity to the reconstituted reaction,
ruling out the possibility that CPSF or CstF is the target of CIP. In accordance with this
result, the CPSF and CstF preparations were unable to restore cleavage activity to CIP-
treated nuclear extract. These results do not rule out the possibility that factors other than
those contained in CF, are phosphorylated. Indeed, CPSF-100 and CPSF-160 have been
found in phosphorylated form in HeLa cell nuclear extract.46 However, by the results
presented here such phosphates do not appear to be of functional significance to the 3’ in
vitro cleavage reaction.

Why would it be necessary or advantageous to regulate the basal 3' cleavage reaction at all?
CPSF has been found to associate with model transcription units from beginning®’ to end,’
and also to associate with the transcription machinery.#8 Furthermore, the 73 kD subunit of
this factor was recently identified as the 3' cleavage endonuclease, during which study the
isolated protein was found to have intrinsic RNA degradation activity.*® The tethering of the
nuclease to the RNA synthesis machinery may have guided the evolution of reversible
phosphorylation of one of the cleavage factors as a safety mechanism to keep the nuclease
switched off until needed, in order to prevent cleavage of the pre-mRNA as it is made. Such
a switch could also be envisioned to be of use during cotranscriptional selection among
alternative poly(A) sites.
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In summary, the results presented here demonstrate that a component of the mammalian
CFp, activity fraction contains a functional phosphoprotein whose dephosphorylation leads
to loss of in vitro cleavage activity. Current work in our lab is directed towards identifying
the CIP-susceptible component of CFy,, and the enzymes that modify it, in order to learn
how this post-translational modification influences mammalian gene expression through the
modulation of pre-mRNA 3' cleavage activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Dephosphorylation of HeLa cell nuclear extract inhibits 3' pre-mRNA cleavage activity. (A)

Schematic diagram of the in vitro pre-mRNA cleavage reaction. (B) HeLa Cell nuclear
extract was dephosphorylated by calf intestinal alkaline phosphatase (CIP) pretreatment. CIP
activity was then inhibited with EDTA before adding the SV40L pre-mRNA to start the
processing reaction. EDTA and 2’-dATP were included in all experiments to prevent
polyadenylation. 6% denaturing polyacrylamide gel. Lanes 2 and 3: no CIP. Lane 2: no
MgCl,. Relative cleavage is expressed as: [5' fragment/(5' fragment + Uncut)] x 100. (C)
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The CIP inhibitor B-phosphoglycerol was added at the indicated concentrations during
pretreatment of the nuclear extract with CIP. In the absence of CIP, 50 mM inhibitor did not
affect normal 3' cleavage (not shown).
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Figure2.
Serine/threonine phosphatases inhibit 3' cleavage activity. (A) HeLa Cell nuclear extract was

dephosphorylated by treatment with the indicated phosphatases (PPase) before use in
processing the SV40L pre-mRNA substrate. Only YOP, a phosphotyrosine phosphatase,
failed to inhibit 3' cleavage. (B) Creatine phosphate antagonizes PP1 inhibition of nuclear
extract 3' cleavage activity. The indicated concentration of creatine phosphate was present
during PP1 pretreatment of the nuclear extract prior to use in SV40L pre-mRNA processing.
All reactions had 50 mM creatine phosphate during processing.
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Figure 3.

Processing of SV40L, a PAP-independent pre-mRNA substrate, and Ad2 L3, a PAP-
dependent substrate, is inhibited by CIP pretreatment of DEAE-fractionated Hel a cleavage
factors. Lanes 1-5 demonstrate DEAE-sepharose separation of the three main cleavage
factor activities in nuclear extract: CPSF, CstF and CF,, (containing CFly, and CFll,,). Pre-
incubation of the remixed cleavage activities with CIP prevents processing of both substrates

(lanes 6-11).
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Figure 4.

Only the CF, fraction, which contains mammalian cleavage factors I, and 1y, loses its
activity when dephosphorylated by CIP. The fractionated cleavage factors, as indicated
above lanes, were pretreated with CIP individually, and the CIP enzymatic activity was then
inactivated by addition of EDTA before the other two (untreated) cleavage factors were
added and processing begun by the addition of the pre-mRNA. In lanes 2-3 and 12-13 all
three factors were combined before dephosphorylation by CIP. *indicates control reactions
where the CIP was inactivated by EDTA treatment prior to being added to the mixture of the
three factors, demonstrating the efficacy of the CIP inactivation by EDTA.
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Figureb.

The CFy, fraction restores cleavage activity to nuclear extract that has been
dephosphorylated by CIP. (A) HeLa cell nuclear extract was pretreated with CIP (lanes 6-9),
or CIP dialysis buffer (lanes 2-5), before EDTA treatment. The partially purified cleavage
factors were then added individually, as indicated, followed by a brief incubation to allow
for protein complex exchange before processing. (B) Similar to A., except the added back
CFm was itself first treated with CIP (lane 15) (or CIP dialysis buffer, lane 14), and the CIP
was then inactivated by EDTA before the CF,,, was added to the CIP-inhibited nuclear
extract. Processing was then carried out as in (A).
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