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ABSTRACT

Histone mRNA levels are cell cycle regulated, and the major regulatory steps are at the posttranscriptional level. A major regulatory mechanism is
S-phase restriction of Stem-loop binding protein (SLBP) which binds to the 3’ end of histone mRNA and participates in multiple steps of histone
mRNA metabolism, including 3’ end processing, translation and regulation of mRNA stability. SLBP expression is cell cycle regulated without
significant change in its mRNA level. SLBP expression is low in G1 until just before S phase where it functions and at the end of S phase SLBP is
degraded by proteasome complex depending on phosphorylations on Thr60 and Thr61. Here using synchronized HeLa cells we showed that SLBP
production rate is low in early G1 and recovers back to S phase level somewhere between early and mid-G1. Further, we showed that SLBP is
unstable in G1 due to proteasome mediated degradation as a novel mechanism to keep SLBP low in G 1. Finally, the S/G2 stable mutant form of
SLBP is degraded by proteasome in G1, indicating that indicating that the SLBP degradation in G1 is independent of the previously identified
SLBP degradation at S/G2. In conclusion, as a mechanism to limit histone production to S phase, SLBP is kept low in G1 phase due to cooperative
action of translation regulation and proteasome mediated degradation which is independent of previously known S/G2 degradation. J. Cell.
Biochem. 115: 523-530, 2014. © 2013 Wiley Periodicals, Inc.
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D uring each S phase, bulk amount of histone proteins are
expressed in order to package the newly replicated DNA. In
metazoans, canonical histone mRNAs lack polyA tails but end in a
conserved stem-loop structure. These histone mRNAs are encoded by
so-called replication dependent histone genes which lack introns, and
the only processing reaction to produce mature histone mRNA is an
endonucleolytic cleavage after the conserved stem-loop structure at
their 3’ end [Marzluff et al., 2008; Millevoi and Vagner, 2010; Rattray
and Muller, 2012].
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Expression of metazoan histone mRNAs is limited to the S phase
due to both transcriptional and posttranscriptional mechanisms
[Marzluff et al., 2008]. At late G1, while the transcription of
replication dependent histone genes increases three to fivefold
[DeLisle et al., 1983; Heintz et al., 1983], the histone mRNA processing
efficiency increases 10-fold [Luscher and Schumperli, 1987; Stauber
and Schumperli, 1988; Harris et al., 1991]. At the end of S phase the
stability of histone mRNAs decreases along with the processing
efficiency to shut down the histone production [Marzluff et al., 2008].
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Stem-loop binding protein (SLBP) which binds to stem-loop
structure of histone mRNAs is a major factor that coordinates the
histone biosynthesis and cell cycle [Marzluff and Duronio, 2002;
Zheng et al., 2003; Marzluff et al., 2008]. SLBP is required for histone
pre-mRNA processing [Wang et al., 1996; Martin et al., 1997;
Dominski et al., 1999; Zhao et al., 2004], remains with mature mRNA
and is involved in all other aspects of histone mRNA metabolism
including nuclear export, translation and mRNA stability [Gallie
et al., 1996; Sanchez and Marzluff, 2002; Cakmakci et al., 2008;
Marzluff et al., 2008; Marzluff, 2009]. SLBP expression is cell cycle
regulated and is limited to S phase without significant change in its
mRNA level [Whitfield et al., 2000]. In G1, SLBP expression is low as
a major mechanism to limit histone mRNA processing and mature
histone mRNA production [Whitfield et al., 2000; Zheng et al., 2003].
At late G1, SLBP expression increases significantly and this is
proposed to be the main reason for the increase in histone mRNA
processing efficiency towards S phase [Whitfield et al., 2000; Zheng
et al., 2003]. Beside the relatively modest increase in transcription of
replication dependent histone genes, this increase in histone mRNA
processing efficiency appears as the major reason for rapid
accumulation of histone mRNAs in S phase [Harris et al., 1991;
Marzluff et al., 2008]. At the end of S phase, SLBP is rapidly
degraded by proteasome [Whitfield et al., 2000]. Cyclin A/Cdk1
which emerges as an important regulator of late S-G2 transition
[Katsuno et al., 2009; Koseoglu et al., 2010a; Enders, 2012; Merrick
and Fisher, 2012], phosphorylates SLBP at Thr61 and triggers its
degradation [Koseoglu et al., 2008]. Phosphorylation of Thr 61 by
cyclin A/Cdk1 primes the phosphorylation of Thr60 by CK2
and double phosphorylated SLBP is marked for degradation by
proteasome to shut down histone mRNA processing [Koseoglu
et al., 2008, 2010b].

Previously, Whitfield et al. [2000] demonstrated that SLBP mRNA
translation rate is low in G1 and proposed poor production efficiency
as the reason for low level of SLBP in G1 phase. Here, we report that
low production rate of SLBP is limited to early G1 phase. By labeling
the newly produced proteins with **S methionine, we showed that
somewhere between early and mid-G1 SLBP translation reaches to
the S phase level. As a novel mechanism to keep SLBP expression low
during G1 we found that SLBP is unstable in G1 due to proteasome
mediated degradation. Finally, using stably expressed S/G2 stable
mutant version of SLBP [Zheng et al., 2003] we showed that SLBP
degradation in G1 is independent of the previously identified S/G2
degradation mechanism.

CELL CULTURE AND SYNCHRONIZATION

HeLa cells were grown in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum and penicillin-streptomycin. All cultures
were maintained in a humidified incubator at 37°C and 5% CO2. Cells
were synchronized by double-thymidine block method. HeLa cells
were plated at density of 2.5 10° cells per 10 cm plate the day before
initiation of double-thymidine block. Cells were blocked for 19 h with
2 mM thymidine, released into fresh media for 9 h after washing with
phosphate-buffered saline (PBS), and then blocked again with 2 mM

thymidine for 16 h to arrest all the cells at the beginning of S phase.
The cells were released into fresh media after washing out the
thymidine by PBS, and collected at indicated time points and cell
cycle phases. The cells progress through the cell cycle phases S, G2, M,
and enter next G1 synchronously. The cell cycle distribution of the
cells was determined by propodium iodide staining and flow
cytometry analysis in either University of North Carolina (Chapel
Hill, NC) or Bogazici University (Istanbul, Turkey) flow cytometry
facility.

TRANSFECTION AND GENERATION OF STABLE CELLS

HeLa cells were seeded at 90% confluency on 6-well plate and
transfected with 2 wg DNA and Lipofectamine2000 (Invitrogen)
according to manufacturer’s protocol. 48 h after transfection 1/3 of
transfected cells were collected for verification of exogenous
protein expression by western blotting and 2/3 were seeded again
for generation of stable cells. For selection of stable cells, cells
were treated with 400 pg/ml of Geneticin (Gibco) for 3-4 weeks
until separate colonies were detected by eye on the plates and
these stably transfected cells were pooled together. To maintain
the stably transfected cells, 200 ug of G418 per ml was kept in the
medium and was removed just prior to synchronization.

LYSATE PREPARATION AND WESTERN BLOT ANALYSIS

Cells were collected, washed in PBS and lysed in NP-40 lysis
buffer (0.5% NP-40, 150 mM NaCl, 50 mM Tris-HCl (pH 8), 1 mM
dithiothreitol, 1mM phenylmethylsulfonyl fluoride, 1X protease
inhibitor mixture (Roche)) by 20 min of rocking in 4°C. The insoluble
material was pelleted by 10min. centrifugation at 16,0009 by a
microcentrifuge at 4°C. Western blots were performed according to
standard protocols. For western blot analysis typically 50 pg of total
cell protein was resolved in 129% SDS PAGE and tranferred to
nitrocellulose blot.

ANALYSIS OF SLBP SYNTHESIS RATE

Synchronized cells at indicated cell cycle phases were preincubated in
DMEM without methionine (ICN Pharmeceuticals, CA) supplemented
with 10% dialyzed fetal bovine serum, for 30 min prior to labeling
to deplete intracellular stores of methionine. Next, cells were pulse
labeled with 1 mCi of [>*S] methionine (NEN Life Sciences, MA) for
15 min and collected. Cells were lysed in NP-40 lysis buffer as above.
The insoluble materials were removed by ultracentrifugation. Equal
protein amounts of lysates were precleared by protein A agarose
beads (GE Healthcare) and were incubated with affinity purified SLBP
antibody. The SLBP-antibody complexes were recovered by binding
to protein A agarose beads (GE Healthcare) and were washed
extensively with NP-40 lysis buffer. The bound proteins were eluted
in SDS loading buffer and resolved by SDS PAGE for detection by
autoradiography.

ANTIBODIES AND INHIBITORS

SLBP antibody is raised against the C-terminal 13 aminoacids of the
protein [Wang et al., 1996]. Cyclin A antibody (sc-569) was purchased
from SantaCruz (Santa Cruz, CA). Cycloheximide and Mg132 were
purchased from Sigma (St Louis, MO).
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LOW SYNTHESIS RATE OF SLBP IS LIMITED TO EARLY G1

After the degradation of SLBP at S/G2, the SLBP level remains low
until prior to the next S phase (Fig. 1). As cells approach S phase,
SLBP level increases significantly, without a significant change in its
mRNA level [Whitfield et al., 2000]. The G1 stage of the cell cycle is
often the longest period of mammalian somatic cell cycle, and varies
greatly between different cell types and growth conditions. In rapidly
cycling HeLa cells, it lasts up to 6-8 h. In this study, using the cells
synchronized by double thymidine method, we defined early G1 as
first 2 h after M/G1 phase and it takes roughly another 4 h for SLBP to
recover back to the S phase level at G1/S (Fig. 1).

In parallel with previous findings by Whitfield et al., we found that
in HeLa cells SLBP production rate is low at early G1 (Fig. 2). In order
to compare production rate of SLBP in early G1 and S phases, we
synchronized the cells with double thymidine method and pulse
labeled the early G1 and S phase cells with media containing >°S
methionine for 15 min.

After labeling, first, we analyzed equal total protein amounts of
radiolabeled extracts by SDS PAGE. We showed that the general level
and pattern of newly produced radiolabeled proteins were compara-
ble demonstrating that the synthesis rates of the most abundant
cellular proteins are very similar in our early G1 and S phase cells
(Fig. 2A). From these lysates, we specifically immunoprecipitated
SLBP and ran the samples on SDSPAGE to compare the levels of
radiolabeled SLBP by autoradiography (Fig. 2B, top panel). Since

S M

SLBP islow in G1, we also compared the total amount of SLBP that we
can immunoprecipitate from early G1 and S phase cells, by
performing similar SLBP immunoprecipitation experiment, but this
time followed by western blot analysis (Fig. 2B, bottom panel).
According to the western blot results (Fig. 2B, bottom panel) the levels
of total SLBP immunoprecipitated form early G1 and S phase cell
lysates were comparable. However, the amount of >°S labeled newly
produced SLBP from early G1 cells was significantly lower than the
amount of newly synthesized SLBP precipitated from the S-phase
lysate (Fig. 2B) suggesting that the production rate in early G1 is much
slower than the S phase.

Although we labeled cells for very short time, in order to check
whether the low amount of the 3°S labeled newly produced SLBP is
due to very rapid degradation, we treated early G1 cells with the
proteasome inhibitor MG132 for 1h. The level of SLBP protein
remained low (Fig. 2C), indicating that the main reason for the low
amount of labeled SLBP is not rapid degradation but low production
rate. On the other hand, the level of Cyclin A protein, which is known
to be continuously produced and degraded in G1, increased
significantly in response to treatment with proteasome inhibitor
(Fig. 20C).

Next, in order to check whether the low level of SLBP production is
the case for the entire G1 or only limited to early G1, we compared the
production rate of SLBP at later points in G1 (2.5 h after M phase) with
the rate in S phase cells by again >°S methionine labeling followed by
SLBP immunoprecipitation experiments with cells at corresponding
cell cycle stages. We showed that in contrast to early G1, later in G1
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Fig. 1. SLBP level stays low in G1 until S phase. Hela cells were synchronized by double thymidine block and collected at indicated times after the release. A: Western blot analysis
was performed using anti-SLBP serum. Loading control is a cross-reacting band which is known to be stable throughout the cell cycle [Koseoglu et al., 2008]. B: FACs analysis of the

cells collected at indicated time points.
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Fig.2. SLBP production rate is low in early G1 cells. Hela cells were synchronized by double thymidine block method and labeled with **S-methionine for 15 min at early G1 (1.5—
2 h after M/G1) or S phase (1.5 h after release) after half hour incubation in methionine lacking media. A: Equal protein amounts of total lysates and (B) immunoprecipitates with
SLBP antibody or beads alone were run on SDS PAGE gel and detected with autoradiography (top panel). Cells at the same cell cycle points were lysed and SLBP was
immunoprecipitated from equal protein amounts of total lysates. Inmunoprecipitated SLBP was detected by western blot using SLBP antibody (bottom panel) (C) Early G1 cells
similarly synchronized by double thymidine method were collected after 1 h Mg132 (50 M), DMSO (carrier), or just media treatment and western blot analysis was performed
using Cyclin A or SLBP antibody as indicated. Cell cycle phases were confirmed by FACs analysis.

the level of newly produced SLBP is similar to S phase suggesting that
translation efficiency recovers to the S phase level somewhere
between early and mid-G1 (Fig. 3). We obtained similar results in at
least three different experiments.

SLBP IS UNSTABLE IN G1 DUE TO PROTEASOME MEDIATED
DEGRADATION

Although SLBP production rate increases to S phase level at
somewhere between early and mid-G1, the amount of SLBP
expression remains relatively low roughly for another 3-4 h until
late G1 or G1/S before recovering back to S phase level. This suggests
additional mechanisms that keep SLBP expression limited in G1 until
next S phase.

A possible mechanism to limit SLBP expression after the recovery
of SLBP synthesis rate could be regulated degradation. This is the case
in G1 for several other S phase related proteins like Cyclin A, Cdc6,
Ams?2 [Petersen, 2000; Harper et al., 2002; Trickey et al., 2013]. To
investigate this possibility, we compared the stability of SLBP in G1

after the recovery of the SLBP production rate, with different cell
cycle phases by treating the cells with cycloheximide, and checking
the change in SLBP expression in 1 h. After cycloheximide treatment
SLBP level did not change much in S phase cells. On the other hand,
in S/G2 and G1 cells, SLBP level significantly decreased after 1h
cycloheximide treatment indicating that similar to S/G2, SLBP is
unstable in G1 phase (Fig. 4A). Further when we treated these G1 cells
with proteasome inhibitor along with cycloheximide, SLBP became
stable suggesting that the instability we detect is due to proteasome
mediated degradation (Fig. 4B). In early G1 cells, the SLBP level is
already very low and it is difficult to make reliable conclusion about
the stability of the SLBP with a similar experiment.

Based on our findings, after the recovery of SLBP synthesis rate,
SLBP is simultaneously produced and degraded in G1. If this is the
case, we expected to see increase in SLBP level when the cells at this
point of cell cycle are treated with just proteasome inhibitor. When we
treated cells with proteasome inhibitor alone, SLBP level increased
significantly, confirming that at this point of G1 SLBP is produced
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Fig. 3. Low SLBP production rate is limited to early G1. HelLa cells were synchronized by double thymidine block method and labeled with 35S_methionine for 15 min at G1 (2.5-
3 h after M/G1) or S phases after half hour incubation in methionine lacking media. A: Equal protein amounts of total lysates and (B) immunoprecipitates with SLBP antibody or
beads alone were run on SDS PAGE gel and detected with autoradiography. Cell cycle phases were confirmed by FACs analysis.

efficiently but kept low by proteasome mediated degradation
(Fig. 4C).

G1 AND S/G2 DEGRADATIONS OF SLBP ARE REGULATED BY
DIFFERENT MECHANISMS

Finally, in order to check whether SLBP degradation mechanism at
G1, is different than previously identified S/G2 degradation, we
produced HeLa cells stably expressing mutant his-tagged SLBP
(Threonine 61 is mutated to Alanine) which is known to be stable at S/
G2 transition. When we treated those cells with cycloheximide for 1 h,
S/G2 stable mutant SLBP level did not change much in S or S/G2
phases whereas in G1 cells parallel to endogenous wild type SLBP, it
decreased significantly (Fig. 5). When we treated those G1 cells with
proteasome inhibitor along with cycloheximide, like endogenous
SLBP, mutant SLBP became stable suggesting that the instability we
detect is due to proteasome mediated degradation (Fig. 5B). Based on
these experiments, we showed that S/G2 stable mutant version of
SLBP is degraded in G1 indicating that SLBP degradation at G1 is
regulated by different site(s) on SLBP.

As a key player in histone mRNA metabolism, SLBP expression is
tightly regulated during the cell cycle. Previously, we showed that
Cyclin A/Cdk1 triggers rapid degradation of SLBP at S/G2 border
[Koseoglu et al., 2008]. In G1, SLBP level is kept low as major
mechanism to keep the histone mRNA processing thus histone

production closed [Whitfield et al., 2000; Zheng et al., 2003]. Here, we
found that in G1, along with the previously identified low translation
efficiency, SLBP is kept low by proteasome mediated degradation. We
showed that low production rate of SLBP is limited to early G1 and
SLBP is kept low by simultaneous synthesis and degradation during
rest of G1 until S phase. Finally, we found that the regulation
mechanism of this newly found SLBP degradation in G1 is different
than the previously identified degradation of SLBP at S/G2.

REGULATION OF SLBP TRANSLATION

Previously, Whitfield et al. [2000] found that SLBP expression is low
in G1 and towards the G1/S SLBP level increases without significant
change in its mRNA level. They proposed low translation efficiency of
SLBP mRNA as the reason for the low level of SLBP in G1. Using >°S
methionine pulse labeled cells, they showed that SLBP production
rate is low in G1 in comparison to S phase [Whitfield et al., 2000].
Here, we repeated similar experiments with HeLa cells and confirmed
that SLBP production rate is low in early G1 (Fig. 2). As new finding,
we showed that around 2h after the M phase somewhere between
early and mid-G1, SLBP production recovers to the S phase level
(Fig. 3).

Although the SLBP translation rate is low in early G1, the nature of
this regulation is still unknown. It is still not clear whether SLBP
translation is kept low in early G1 by active inhibition due to binding
of specific protein or miRNA, which is simply removed as cells
approach S-phase, or whether there is active triggering by activation
or expression of specific factors that facilitate SLBP translation
towards S phase.
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Fig. 4. SLBP is degraded by proteasome in G1. Hela cells were synchronized by double thymidine block method and treated with (A) Cycloheximide alone (100 M), (B)
Cycloheximide and Mg 132 (C) Mg132 alone for 1 h at indicated cell cycle phases. Western blot analysis is performed using anti-SLBP serum. The cross-reacting band recognized by
anti-SLBP serum serves as loading control. Cell cycle phases were confirmed by FACs analysis.

Since cap-dependent general translation is globally shut down
during M phase [Pyronnet and Sonenberg, 2001; Cormier et al., 2003],
we checked whether global translation had recovered in our early G1
cells (Fig. 2A). For this reason we compared the levels and pattern of
newly synthesized radiolabeled proteins by running equal protein
amount of extracts from our >°S methionine labeled early G1 and
S phase cells on SDSPAGE. There is no detectable difference in the
pattern and levels of the bands (Fig. 2A) suggesting that general
translation had recovered from the M phase shut down for the most
abundant proteins detected on the SDS PAGE.

Although we showed that translation for most proteins recovered
from the M phase inhibition in our early G1 cells (Fig. 24), it is
possible that the activity of translation machinery in early G1, is not
sufficient to induce translation of specific set of mRNAs including
SLBP mRNA. During M phase, cap-dependent translation is shut
down majorly due to inhibition of active elF4F complex assembly
[Pyronnet et al., 2001; Cormier et al., 2003]. From M to G1 cap-
dependent translation recovers to active state. In G1, mTOR and
MAPK pathways further boost the translation initiation machinery
and are important for progression to S phase [Pyronnet and
Sonenberg, 2001; Cormier et al., 2003; Mamane et al., 2006; Sivan
and Elroy-Stein, 2008]. It is known that translation of sizable fraction
of mRNAs, including several cell cycle related protein coding ones,
are more sensitive to the level of el[F4F complex and its helicase
activity due to their special sequence properties such as presence of 5’

secondary structures [Gebauer and Hentze, 2004]. It is possible that
SLBP mRNA is one those mRNAs vulnerable to decrease in the e[F4F
activity and although translation recovered for most of the mRNAs in
our early G1 cells, SLBP mRNA may require some more time possibly
for the complete removal of the M phase inhibition of e[F4F complex
formation or even further boost like the one by mTOR pathway.

SLBP DEGRADATION IN G1

We found that SLBP production rate recovers back to S phase level
somewhere between early and mid-G1. But SLBP level is kept low for
another 3-4 h until next G1/S (Fig. 1). When we concentrated on this
period of G1 where SLBP is produced as efficiently as S phase but kept
low, we found that SLBP is unstable due to rapid degradation by
proteasome (Fig. 4). Further, treatment of Mg132 alone accumulated
SLBP significantly confirming that SLBP is synthesized and degraded
simultaneously at this period of G1 (Fig. 4C). This kind of
simultaneous production and degradation is the case for several
cell cycle proteins [Brandeis and Hunt, 1996; Petersen, 2000] so that
when those proteins are needed cells can accumulate them in very
short time by shutting down the degradation mechanism.

In G1, before the recovery of SLBP synthesis neither Whitfield et al.
[2000] nor we could see significant accumulation of SLBP in response
to Mg132 alone (Fig. 2C). Since SLBP synthesis is off and the level of
SLBP is already very low (lowest during cell cycle) this data can not
totally exclude the activity of proteosome mediated SLBP degradation
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Fig. 5. S/G2 stable mutant SLBP is degraded by proteasome in G1. HeLa cells
stably expressing his-tagged mutant SLBP were synchronized by double
thymidine method and treated with (A) Cycloheximide alone (B) Cycloheximide
and Mg132 for 1 h at indicated cell cycle phases. Cells were collected before and
after treatment and western blot analysis is performed using anti-SLBP serum.
Cell cycle phases were confirmed by FACs analysis.

mechanism at early G1. Although this data shows that in early G1
there is no simultaneous synthesis and proteosome mediated
degradation of SLBP, it is difficult to make conclusion about whether
SLBP degradation mechanism is active at this period of G1.

SLBP is degraded by proteasome also at S/G2 [Whitfield
et al., 2000]. Previously, we found that cyclin A/Cdk1 phosphorylates
Thr 61 on SLBP and triggers this degradation [Koseoglu et al., 2008].
Since cyclin A is degraded in G1, we were expecting that the SLBP
degradation in G1 will probably be mediated by different site on
SLBP. In order to clarify this we checked whether S/G2 stable mutant
SLBP (Thr61 to Alanine) is degraded in G1. As expected we found that
S/G2 stable mutant SLBP is also unstable in G1 due to proteasome
mediated degradation (Fig. 5B). Based on these findings we concluded
that G1 and S/G2 degradations of SLBP are mediated by different
SLBP regions and most probably by different mechanisms.

The E3 ligase responsible for the G1 degradation of SLBP is yet to
be identified. Krishnan et al. [2012] recently suggested Ser20 and
Ser23 as a new phosphodegron involved in regulation of SLBP
stability. It is possible that there may be an phosphorylation
dependent degradation based on these sites in G1.

In G1, several other S phase related proteins like Cyclin A, Cdcé,
Ams2 [Petersen, 2000; Trickey et al., 2013] are similarly degraded.

Anaphase promoting complex (APC/C) which is activated in M phase
and remains active in the following G1 phase, ubigitinates, and
triggers degradation of all of these proteins. It is possible that similar
to these S phase related proteins, SLBP is ubiquitinated by APC/C for
degradation.

In conclusion, here we found that as a major mechanism to keep
histone production low in G1, SLBP is kept low by cooperative action
of translation regulation and proteasome mediated degradation. Low
production rate of SLBP is limited to early G1, and during rest of G1
SLBP is simultaneously produced and degraded, providing cells a
system to increase SLBP expression in very short time by shutting
down the degradations mechanism. Finally, we found that previously
known S/G2 and newly found G1 degradation of SLBP are regulated
by different mechanisms.
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