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ABSTRACT

The nuclear exosome, a macromolecular complex of
3’ to 5 exonucleases, is required for the post-
transcriptional processing of a variety of RNAs
including rRNAs and snoRNAs. Additionally,
this complex forms part of a nuclear surveillance
network where it acts to degrade any aberrantly
processed mRNAs in the nucleus. The exosome
complex has been implicated in the biogenesis
pathway of general messenger RNAs through its
interaction with the 3'-end processing machinery.
During the cell cycle, yeast histone mRNAs accu-
mulate in the S-phase and are rapidly degraded
as cells enter the G2-phase. To determine if the
exosome contributes to the cyclic turnover of yeast
histone mRNAs, we examined the pattern of accu-
mulation of ‘HTB1’ mRNA during the cell cycle in a
deletion strain of ‘RRP6’, a component of the
nuclear exosome. Our results show that cells
lacking Rrp6p continue to accumulate HTB1 mRNA
as the cell cycle proceeds. This continued accumu-
lation appears to result from a delay in exit from
S-phase in rrp6 cells. The accumulation of HTB1
mRNA in rrpé6 cells is influenced by the interaction of
the nuclear exosome with the 3’-end processing
machinery although there is no evidence for differ-
ential regulation of histone mRNA 3'-end processing
during the yeast cell cycle.

INTRODUCTION

Histones are a highly conserved group of DNA-binding
proteins required for the condensation of DNA in the
eukaryotic nucleus. Coordinated regulation is required to
ensure stoichiometric de novo production of the core

histones in a time frame within the cell cycle coincident
with DNA replication. The majority of histones are
therefore regulated in a cell cycle manner and are termed
replication-dependent histones (1,2). During S-phase of
the cell cycle there is an accumulation of histone mRNAs,
which are then rapidly degraded upon entry into G2.
Regulation of histone mRNA levels results from control
of histone gene transcription, mRNA 3’-end formation
and mRNA degradation (3-5).

In higher eukaryotes, replication-dependent histone
mRNAs are non-polyadenylated and the formation of
the 3’-ends of the mRNAs contributes to their accumula-
tion during the S-phase of the cell cycle. The 3’-ends of the
mRNAs are defined by a highly conserved stem-loop (S-L)
structure (6) and a loosely defined purine-rich element (7)
that lie immediately upstream and downstream of the
3’-end cleavage sites, respectively. A number of proteins
including a stem-loop-binding protein (SLBP) (8,9) and a
3’ to 5 exonuclease (h3’exo) (10) interact with the S-L
structure while the U7 snRNP interacts with the down-
stream element (11). Communication between the S-L and
the downstream element is mediated by a zinc-finger
protein (12). Recent studies have revealed that compo-
nents of the general mRNA 3’-end cleavage and poly-
adenylation machinery are also required for metazoan
histone mRNA 3’-end processing (13,14). The latter
finding provides the first indication that common mole-
cular machinery is involved in the processing of both
polyadenylated and non-polyadenylated mRNAs.

Histone mRNA biogenesis is also cell cycle regulated in
lower eukaryotes, such as fungi and protozoans, however,
here the 3’-ends of histone mRNAs are polyadenylated
(2,15,16). Both transcription and post-transcription events
contribute to the accumulation of histone mRNAs in
S-phase (17,18). Currently, little is known regarding the
contribution of the individual steps in mRNA biogenesis
towards the cell cycle accumulation pattern of histone
mRNAs in lower eukaryotes. In a previous study, we have
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identified a purine-rich region, termed the distal down-
stream element (DDE), which lies ~100 nt downstream of
the 3’-end cleavage sites for the H2B-encoding mRNA,
HTBI. Using a cell cycle-regulated chimera gene, neo-
HTBI1 (18), which contains the 3’ UTR, 3’-end cleavage
sites and downstream sequences of the HTBI1 gene fused
to an open reading frame of a neomycin phosphotransfer-
ase gene, we showed that mutations in the DDE appear to
prevent the cell cycle-dependent degradation of neo-
HTBI, leading to its accumulation in G2-phase of the
cell cycle. (19). The location of the DDE suggested that
aberrant transcription termination might contribute to
this effect although it is not clear how this could lead to
transcript accumulation during the cell cycle.

It has been known for sometime that the process of
mRNA 3’-end cleavage and polyadenylation is tightly
coupled to transcription termination (20-24). Mutations
in signal sequences on the primary transcript that control
3’-end cleavage and polyadenylation can reduce transcrip-
tion termination efficiency (25). Conversely, null muta-
tions in genes coding for certain cleavage/polyadenylation
factors including the components of cleavage factor IA
(CFIA), Rnald4p, RnalSp and Pcfllp, result in the
disruption of both 3’-end processing and transcription
termination (25) leading to the accumulation of unpro-
cessed read-through transcripts. These unprocessed
transcripts are substrates for the nuclear exosome, a
multi-subunit complex of 3’ to 5" exonucleases (26), which
rapidly degrades the transcripts in a process referred to as
nuclear surveillance (27). Surprisingly, if the nuclear
exosome component Rrp6p is deleted in a strain that
also has inactive Rnal4p or Rnal5p, functional mRNAs
can be produced from unprocessed ‘read-through’ tran-
scripts by a ‘chewing back mechanism’ mediated by the
core exosome, followed by polyadenylation (26). This
observation has led to suggestions that this redundant
function of the nuclear exosome may play a physiological
role in regulating the abundance of specific mRNAs under
certain conditions. There is evidence to show that the
nuclear exosome component Rrp6 is required for
the degradation of normal mRNAs that are retained in
the nucleus (28) and for the autoregulation of specific
mRNAs such as Nab2 and Nrd1 (29,30).

In addition to its role in nuclear surveillance, the
nuclear exosome is required for the processing of many
stable and unstable RNAs in the nucleus such as rRNAs,
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degradation of these pre-RNAs requires an initial poly-
adenylation of the substrates, mediated by a complex
consisting of the PolyA polymerases Trf4 and Trf5, the
putative ATP-dependent RNA helicase, Mtrdp/Doblp
and zinc knuckle-binding proteins, Airl/2p, referred to as
TRAMP. The polyadenylated substrates are subsequently
degraded by the nuclear exosome. Recently, Reis and
Campbell (32) have shown that loss of Trf4/5p or Rrp6p
results in elevated levels of histone mRNAs in
Saccharomyces cerevisiae suggesting that this may be a
preferred pathway for histone mRNA degradation.

To further explore the links between 3’-end processing,
transcription termination and the nuclear exosome in
regulating histone mRNAs levels, we have examined the
role of a number of RNA processing factors and the
unique component of the nuclear exosome, Rrp6p, in
the biogenesis of histone mRNAs. Our results show that
the components of CFIA, Rnal4p, Rnal5p and Pcfllp
are required for the 3’-end cleavage and proper termina-
tion of HTBI mRNA and in the rnal4/Arrp6 double
mutant, steady-state levels of functional polyadenylated
HTBI mRNA are restored to near wild-type levels.
Furthermore, in the absence of Rrp6p (Arrp6), the
normal pattern of HTB1I mRNA accumulation in the
S-phase is disrupted. Flow cytometry analysis indicates
that deletion of rrp6 leads to a prolonged S-phase and this
leads to HTB1 mRNA accumulation. The continued
accumulation of HTB1 mRNA in rrp6 cells is influenced
by the interaction of the nuclear exosome with the 3’-end
processing machinery. We propose a model to explain the
role of the nuclear exosome in the cell cycle regulation of
histone mRNAs.

MATERIALS AND METHODS
Yeast strains and growth conditions

Saccharomyces cerevisiae strains used in this study are
listed in Table 1. Yeast strains were cultured at 22°C or
30°C in YEP (1% and 2% (w/v) yeast extract and
bactopeptone, respectively), containing either 2%
dextrose (YEPD) or 2% galactose (YEPGal) to an optical
density at 660nm (ODggy) of between 0.6 and 2.0.
Plasmids containing a URA3 gene were introduced into
yeast strains by the lithium acetate procedure as pre-
viously described (33). The transformants were selected

snoRNAs and snRNAs (31). Processing and/or on synthetic complete (SC) agar medium without uracil.
Table 1. Strains used in this study

Strain Genotype Source
S150 MATa, leu2-3_112, ura3-52, trp1-289, his3A Ref. (19)
W303A MATa, leu2-3_112, ura3-52, trplA2, his3-11, ade2-1, canl-100 Euroscarf
W303B MATa, leu2-3_112, ura3-1, trpl-1, his3-11_15, ade2-1, canl-100 Ref. (34)
pefll-2 MATa, leu2-3_112, ura3-1, trpA2, his3-11_15, ade2-1, pcf11-2 Ref. (25)
rnal4-3 MATa, leu2-3_112, ura3-1, trpl-1, his3-11_15, ade2-1 canl-100, rnal4-3, Ref. (34)
rnal5-2 MATa, leu2-3_112, ura3-1, trpl-1, his3-11_15, ade2-1 canl-100, rnal5-2, Ref. (34)
rrp6 KO MATa, leu2-3_112, ura3-1, trpl-1, his3-11-15, ade2-1, canl-100, rrp6::KAN Ref. (34)
rnal4-3/Arrp6 MATa, leu2-3_112, ura3-1, trpl-1, his3-11_15, ade2-1, canl-100, rnal4-3, rrp6::KAN Ref. (34)
rnal5-2/Arrp6 MATa, leu2-3_112, ura3-1, trpl-1, his3-11_15, ade2-1, canl-100, rnal5-2, rrp6::KAN Ref. (34)
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For neomycin phosphotransferase expression, cells were
plated on YEPGal plates containing 200 pg/ml G418.

Synchronization of yeast cells

Strains were grown in YEPD medium to early log
phase. o;-mating factor was added (final concentration
of 2 ug/ml) and the culture was incubated for 3h at 30°C
or overnight at 22°C as indicated in figure legends 3 and 4
respectively. Cell cycle arrest was monitored by micro-
scopic examination of the culture. When 90% of the cells
were in Gl-phase, they were collected by centrifugation
and washed twice with sterile water. The pellets
were resuspended in 200 ml of pre-warmed YEPD media
and incubated at the temperatures indicated in
the figure legends. For the temperature-sensitive strains,
cells were incubated at either permissive (22°C) or non-
permissive (37°C) temperatures for 1h after o;-mating
factor removal. Samples were collected at 10 min or hour
intervals and the cell pellets were frozen at —70°C until
needed.

Flow cytometry analysis of cell cycle progression

Cells were synchronized with oy-mating factor as
described above. Cell samples were collected at 15min
intervals after removal of aj-mating factor, fixed in 70%
ethanol and stored at 4°C. The samples were washed in
water and resuspended in 50 mM sodium citrate, pH 7.0.
The cells were sonicated for 10 s at a setting of 5 amplitude
microns on a SoniPrep sonicator (MSE). RNase A in
S50mM sodium citrate was added to give a final
concentration of 0.1 mg/ml and the cells were incubated
at 50°C for 2h. Proteinase K was added to give a final
concentration of 1mg/ml and the cells incubated for a
further 2 h at 50°C. Propidium iodide was added to give a
final concentration of 4 pug/ml. Cell sorting as carried out
on a Beckman Coulter Exics XL FACs Analysis machine.
The data was analysed using Beckman Coutler Expo 32
ADC software.

RNA extraction and northern blot hybridization

RNA extractions, northern blotting and hybridizations
were carried out as previously described (19) but using a
slightly modified hybridization buffer [7% sodium dodecyl
sulphate (SDS), 2% casein, 0.75 M NaCl, 0.075 M sodium
citrate, 50 mM sodium phosphate (pH 7.0) and 0.1%
N-lauroylsarcosine] at 68°C for 15-20h Digoxigenin-
dUTP (dig-dUTP) labelled DNA hybridization probes
were prepared as described previously (19). Details of
primers are listed in Table 2. An alkaline phosphate
tagged anti-dig antibody and the CDP-star substrate were
used according to manufacturer’s instructions for detec-
tion of the hybridized probe.

Quantification of mRNA transcripts

Autoradiographs of northern blots were quantified using
the densitometry software (Quantity One, version 4.2.1,
Bio-Rad, Richmond, CA, USA). To account for varia-
tions in sample loading, the following normalization
protocol was adopted. For cell cycle experiments,

the 30min time point following release from o-factor
synchronization was used as a reference point (relative
value = 1.0) for each probe. The value for each other time
point was divided by this reference value to generate a
normalized value. The normalized value for each of the
time points for endogenous HTB1 was then divided by the
corresponding normalized values for actin.

Reverse transcriptase reactions

To remove any contaminating DNA, RNA samples
(30 pg) were incubated at 30°C for 1 h with RQ DNase
(Promega Inc., Madison, WI, USA) according to suppli-
er’s instructions. Following digestion, the RNA was
purified by adsorbing to silica columns (Sigma Chemical
Co., Poole, UK). Reverse transcription reactions (20 ul)
were carried out using 2pg of DNAse-treated RNA as
template, a transcript-specific reverse primer and reverse
transcriptase (ImProm-II; Promega Inc., WI, USA) as
specified by the manufacturer at 42°C for 60 min, followed
by 15min at 70°C. The PCR (25 ul) was carried out using
2 ul of cDNA and Taq polymerase (New England Biolabs,
MA, USA) according to manufacturer’s instructions.
The primers used for cDNA synthesis are shown in
Table 2 and in the figure legends. The cDNA was
amplified using 25 cycles of (95°C for 30s 55°C for
I min and 72°C for 45s) followed by final extension step
was at 72°C for 7min.

Real-time quantitative PCR

Real-time quantitative PCR was performed on Rotor-
gene RG-3000 (Corbett Research, Canberra, AU) using
Green Jumpstart ready mix as described by the manu-
facturer (Sigma Chemical) in 14 pl reaction volume and
2ul of template (reverse transcription reaction) using
10 pmol of primers (HTB1_Endo_F and HTB1_Endo R
for endogenous H7TBI and Actin_F2 and Actin_R2 for
actin, see Table 2) and an annealing temperature of 55°C.
The Cy values obtained were normalized to that of actin
as described in the section above.

Table 2. Oligonucleotides used in this study

Name Sequence

Forward 1 GTCTCTGAAGGTACTAGAGCTG
Reversel GGCCGCGGATTAAACTATTATACAA
Reverse2 TAAGCGCATTCCCTCTATGAGAC
Reverse3 TTTCTGAGTCATTAATAAGCAACACTA
Reverse4 GAAGTTAATCACAACAGAGGGTT
Reverse5 TTTTATACGTGCGTATTCTATTGTTCA
Reverse6 TGAAGTGCAGCTGACGATC

HTBI_F GAAAAGAAACCAGCCTCC

HTBI_R GAGTAGAGGAAGAGTACTTGG

Actin_F TAGATTTTTCACGCTTACTGC

Actin_R GGCTGCAGGTCGACTCTAGA

Neo_F TACCTGCCCATTCGACCACCAAGCG
Neo_R GTCATTTCGAACCCCAGAGTCCCGCTC
HTBI1_Endo_F GGCGCATGTCTGCTAAAGCCGAAAAG
HTBI1_Endo_R GCGCTTCTTGTTATACGCAGCC
Actin_F(2) CCGCCTGAATTAACAATGGATTCTGAGG
Actin_R(2) CTCTCAATTCGTTGTAGAAGGT
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Figure 1. (A) Diagram of the structure of the neo-HTBI chimeric gene. The gene is under the control of the GAL1 promoter. The HTBI gene
sequences (from nt position + 1005) include the last 17 amino acids of the open reading frame (+ 1005 to + 1062) (grey-shaded box), the 3'-UTR,
3'-end cleavage sites (arrow) and downstream sequences and are fused downstream of the neomycin phosphotransferase open reading frame
(unshaded rectangle). The location of the DDE is indicated by a black box (+ 1276 to + 1321). The sequences within the DDE are shown below the
diagram and the sequence changes in pSAC 15, 20 and 21 are indicated below. (B) CFIA mutants affect the steady-state levels of neo-HTB1 mRNAs.
The temperature-sensitive mutants rnal4-3, rnal5-2 and pcf11-2 were transformed with a plasmid containing the neo-HTBI gene. RNA was extracted
following incubation of the mutants for 1h at the non-permissive temperature 37°C. Following electrophoresis and gel transfer, the neo-HTBI
mRNAs were detected using a digoxigenin-labelled DNA probe prepared using the primers neo_(F) and neo_(R), Table 2. The upper panel shows
the 18S and 28S rRNAs used as a loading control. Note lane 3 is overloaded compared to the other lanes. Lane 1, 7: WT S. cerevisiae strain S-150B,
2: rnal4-3, 3: rnal5-2, 4: rnal4-3/Arrp6, 5: rnal5-2/Arrp6, 6: Arrp6, 8: pcfl11-2. *denotes processed mature mRNAs in lanes 4 and 5.(C) Growth of
mutant strains on G418 plates. Mutant strains containing the neo-HTBI1 plasmid were plated on YEPGal plates containing 200 pg/ml G418.
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Plates were incubated at 30°C.

RESULTS
3’-End processing of histone mRNAs is mediated by CFIA

Unlike in the higher eukaryotes, the mechanism of 3’-end
processing of the polyadenylated histone mRNAs in lower
eukaryotes has remained relatively unexplored. Since
histone mRNAs can be correctly cleaved and polyadeny-
lated in crude yeast whole cell extracts, it has been
assumed that 3’-end processing is mediated by the general
cleavage and polyadenylation machinery.

To test this assumption, the production of the GALI
inducible chimeric neo-HTBI mRNA (18,19), which
contains the coding region of the neomycin phospho-
transferase gene fused to sequences for the last 17 amino
acids and the downstream 1300nt of the HTBI gene
including the 3’-end cleavage sites, was examined in the
CFIA temperature-sensitive mutants rnal4, rnal5 and
pcf1l (Figure 1A) (34).

As shown in Figure 1B, accumulation of neo-HTBI
mRNA is significantly reduced at the non-permissive
temperature in the mutants rnal4 (lane 2) and pcf11 (lane
8) and to a lesser extent in rnal5 (lane 3). The reduction in

steady-state levels of mRNAs is consistent with the known
phenotype of CFTA mutants and reflects the rapid turnover
of unprocessed transcripts by the nuclear exosome (26,35).
Steady-state levels are partially restored when Rrp6p,
a component of the nuclear exosome is also deleted in the
rnal4 (Figure 1B, lane 4) and correctly sized mature WT
neo-HTBI1 transcripts are now apparent (Figure 1B,
lane 4%). The neo-HTBI transcripts produced in the rrp6
and rnal4/rrp strains are exported and can produce a
functional neomycin phosphotransferase protein as
observed by the growth on G418 plates, while under the
same conditions, no functional protein is produced in rnal4
cells (Figure 1C). Interestingly, compared to its WT
isogenic strain W303B (Table 1), more functional protein
is expressed in rnal4/rrp6 and rrp6 cells (Figure 1C). This
reflects the general instability of neo-HTBI1 in a number of
WT strains of S. cerevisiae at temperatures greater than
30°C (Canavan,R., unpublished data). While neo-HTBI
mRNA levels are less affected by mutations in rnals
(Figure 1B, lane 3), more functional mRNA is produced
in rnal5/rrp6 cells at the non-permissive temperature as
indicated by growth on G418 plates (data not shown).



6272 Nucleic Acids Research, 2007, Vol. 35, No. 18

Mutations in the DDE alter the steady-state levels of
neo-HTB1 mRNA in Arrp6 cells

Previous work from our laboratory (19) has shown
that mutations in a region lying ~100nt downstream of
the 3’-end cleavage sites of the HTB1 gene, termed the
DDE, can influence the steady-state levels of the neo-
HTB1 mRNA in asynchronous cells as well as during the
cell cycle. Specifically, we previously observed that levels
of neo-HTB1 mRNA were reduced in asynchronous cells
in the mutant pSAC20 while its accumulation pattern
during the cell cycle is altered in mutant pSAC21 (see
Figure 1A for mutated bases). The steady-state levels of
neo-HTB1 were unchanged in the mutant pSACIS in
asynchronous cells (Campbell and Bond, unpublished
data). In vitro transcription run off studies revealed
that the DDE lies in the region where transcription
termination occurs (19). This led us to speculate that the
DDE region may influence the steady-state levels of neo-
HTB1 mRNA through its interaction with the 3'-end
processing machinery. To examine this possibility, the
levels of the mutant neo-HTB1 mRNAs transcribed from
the mutants pSAC20, pSAC21 and pSACI15 were exam-
ined in the single mutants rnal4-3 and Arrp6 and in
the double mutant rnal4-3/Arrp6. As shown in Figure 2A
(lanes 1—4), the steady-state levels of DDE mutant neo-
HTB1 mRNAs are somewhat reduced at the permissive
temperature in rnal4-3 cells when compared to the levels
of the WT neo-HTB1 mRNA. In the rnal4-3/Arrp6
double mutant, the neo-HTB1 mRNA levels are restored
(Figure 2A, lanes 5-8). In the single mutant Arrp6, the
DDE-mutant neo-HTB1 mRNAs appear to be preferen-
tially stabilized relative to the WT neo-HTB1 mRNA
(Figure 2A, lanes 9-12). At the non-permissive tempera-
ture, the levels of the WT and the mutant neo-HTBI
mRNAs are reduced in rnal4-3 cells (Figure 2B, lanes
1-4). The DDE mutant neo-HTB1 mRNAs appear more
stable than the WT neo-HTB1 mRNA in the Arrp6
mutant background, although it should be noted that the
WT neo-HTB! RNA sample is under loaded (Figure 2B,
lanes 9-12). Additionally, we noted that the steady-state
levels of the WT and DDE mutant neo-HTB1 mRNAs
could be influenced by the physiological state of the cells
(our unpublished data). Taken together, the data indicates
that neo-HTB1 mRNAs containing mutations in the DDE
appear to be more unstable under conditions where 3'-end
processing is inhibited but are stabilized in Arrp6 cells.

The nuclear exosome contributes to the accumulation and
turnover of HTB1 mRNA during the cell cycle

We next questioned if the nuclear exosome may be
contributing to the cell cycle regulation of endogenous
histone mRNAs. The pattern of accumulation of the
endogenous HTBI mRNA was examined in WT and
Arrp6 mutant cells. As shown in Figure 3A, the steady-
state levels of the endogenous HTB1 mRNA steadily
increase and peak between 60 and 70min following
removal of a-factor and rapidly decrease thereafter.
Quantification of the northern blots and by real-time
RT-PCR, reveals 4- to 5-fold increase in the steady-state
levels of endogenous HTBI1 transcript between time 0 and

rnal4-3 rnal4-3/Arrp6 Arrp6

|wt 15 20 21 |wt 15 20 21 |wt 15 20 21
22°C actin

" TEEEE e
3 4 5 6 7 8 9

10 11 12

37°C

1 2

Figure 2. DDE mutants are preferentially unstable in rnal/4-3 and
stabilized in Arrp6 cells. Strains rnal4-3, rnal4-3/Arrp6 and Arrp6 were
transformed with plasmids containing the WT neo-HTB1 gene or the
DDE mutant genes pSACI5, pSAC 20 or pSAC 21. Cells were
incubated at the permissive temperature and prior to harvesting, were
incubated at 22°C or 37°C for 1 h. RNA was extracted and probed for
neo-HTBI and actin mRNAs. Lanes 1, 5, 9: WT neo-HTBI, Lanes 2,
6, 10: pSAC 15 neo-HTBI, Lanes 3, 7, 11: pSAC 20. Lanes, 4, 8, 12:
pSAC 21. Note lane 9 in the 22°C and 37°C panels is under loaded.

70 min followed by rapid turnover of the RNA with levels
returning to baseline by 110 min (Figure 3C). In the Arrp6
background, the endogenous HTB1 mRNA appears to
accumulate up to 50min in a manner similar to that
observed in the WT strain, however, thereafter, the RNAs
levels decrease slightly and remain at the same level for the
remainder of the time course (Figure 3B and C).

The observed difference in the accumulation of HTBI1 in
the WT and rrp6 cells may reflect difference in the growth
and division rate of the cells. As shown in Figure 3D, both
the WT and rrp6 mutant show very similar growth rate
patterns and display a doubling time of ~3.3 and 3.4h,
respectively at 30°C. To examine the cell cycle progression
in more detail, flow cytometry analysis of cells released
following a-factor synchronization was preformed. As
shown in Figure 3E, W303 and rrp6 cells enter S-phase at
the same rate. Cells with a 2n content appear at ~60 min
after release from a-factor, which coincides with the peak
in HTB1 mRNA levels. However, there is a slight delay in
exit from S-phase in the rrp6 cells. This delay in exit from
S-phase may account for the continued accumulation of
HTB1 mRNA in these cells. Taken together, the data
suggests that the nuclear exosome Rrp6 contributes to
S-phase accumulation of HTBI mRNA and appears
to alter the exit from S-phase.

Rrp6p influences HTB1 mRINA levels through its interaction
with the 3'-end processing machinery but not as a result of
differential 3'-end processing during the cell cycle

The nuclear exosome is known to play a role in degrading
unprocessed and/or read-through transcripts in the
nuclear surveillance pathway as demonstrated in
Figure 1. Therefore the possibility arises that the 3’-end
processing of histone mRNAs is differentially regulated
during the cell cycle leading to an accumulation of
unprocessed transcripts in the G,-phase and thus generat-
ing substrates for the nuclear exosome. To test this
hypothesis, the endogenous HTBI mRNA levels were
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Figure 3. Deletion of RRP6 decreases the turnover of HTB1 mRNA following the S-phase of the cell cycle. Yeast strains W303A (A) and Arrp6 (B)
were treated with a-factor as described in the Materials and Methods section. Samples were taken at 10-min intervals following removal of the a-
factor. The extracted RNA was electrophoresed on a denaturing gel and transferred to a nylon membrane. The HTBI1 and actin mRNAs were
detected as described in the Materials and Methods section. (C) Quantification of HTBI mRNA levels during the cell cycle. Normalized levels of
HTBI mRNA in strains W303A (black line) and A4rrp6 (grey line) following removal of a-factor. The data shown are the average levels obtained
from real-time RT-PCR and northern blot analysis of four independent cell cycle experiments. The error bars represent the SE between experiments.
The primers used for real time RT-PCR amplification of HTBI and actin mRNAs are HTBI_Endo_F/HTBI1_Endo_R and actin_F(2)/actin_R(2),
Table 2. (D) Growth curve of W303 and Arrp6 at 30°C. Error bars represent the average error of triplicate reading of optical density at 600 nm.
Black line, W303, grey line Arrp6. (E) Flow cytometry analysis of synchronized W303 and Arrp6 cells. Cells were synchronized as described in the
Materials and Methods section and samples taken every 15min after o-factor removal. The cells were stained with propidium iodide and sorted as
described in the Materials and Methods section. Flow analysis for every second sample is shown. Vertical lines show the position of 1z and 2n cells.

examined during the cell cycle in the rnal4-3/Arrp6
mutant.

The cell cycle accumulation pattern of HTB1 mRNA in
rnal4/Arrp6 and its isogenic parent W303 cells grown at
22°C is shown in Figure 4A. At this temperature, the
doubling time in both strains is ~6-7h (data not shown).

HTB1 mRNA levels persist for a longer period, up to 4h
in the absence of Rrp6p (Figure 4A, compare lanes 10—14
with lanes 1-5, 22°C panel). Inactivation of Rnaldp
by incubation of cells at 37°C for 1h after removal of
a-factor leads to an even greater persistence of HTBI1
mRNA with levels remaining high for the following 6 h
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1234567809 |
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Figure 4. Cell cycle accumulation pattern of HTB1 mRNAs in rnal4-3/
Arrp6 cells. a-factor was added to strains W303B and rnal4-3/4rrp6
and the cells were incubated overnight at 22°C. The o-factor was
removed and cells were then incubated for a further hour at either 22°C
or 37°C. The cells were then returned to 22°C for the remainder of the
experiment. Samples were collected at 1h intervals. HTBI mRNA
levels were detected as outlined in the Materials and Methods section.
(A) Lanes 1-9, W303B incubated at 22°C, lanes 10-18, rnal4/Arrp6
incubated at 22°C. (B) Lanes 1-9, W303B incubated at 37°C for 1h
after o-factor removal. Lane 1 sample was taken immediately after the
1 h incubation at 37°C. Lanes 10-18, rnal4-3/Arrp6 incubated at 37°C
for 1h after a-factor removal. Lane 10 sample was taken immediately
after the 1h incubation at 37°C. The numbers above the figure show
the time points after o-factor removal.

(Figure 4B, compare lanes 10-16 with lanes 1-7, 37°C
panel). Thus, both Rrp6p and Rnal4p appear to act in
concert to influence the steady-state levels of HTBI during
the cell cycle.

To determine if 3'-end unprocessed transcripts, which
might be potential substrates for the nuclear exosome,
differentially accumulate during the cell cycle, reverse
transcription reactions were carried out using a series of
reverse primers corresponding to sequences immediately
upstream or downstream of the 3’-end cleavage sites
(Figure 5A), followed by PCR using a forward primer
anchored in the 3’ UTR region of the HTBI mRNA. In
asynchronized rnal4-3/Arrp6 cells grown at the permissive
temperature, the majority of the transcripts correspond to
correctly cleaved mRNAs (R1 primer) while some
unprocessed transcripts are evident extending approxi-
mately to the region where the DDE lies (Figure 5B, 22°C,
lanes 3-5). At the non-permissive temperature, we observe
stabilized unprocessed pre-mRNA transcripts extending
up to 450 nts beyond the 3’-end cleavage sites (Figure 5B,
37°C, lanes 2-7).

When the same primers were used in RT-PCR reactions
using RNA isolated at 1 and 6 h following o factor release
of W303 cells grown at 22°C (Figure 4), transcripts
corresponding to correctly cleaved HTBI1 (R1 primer) are
evident at both time points (Figure 5C, 22°C panel lanes 3,
10*) and no read-through transcripts are apparent. Based
on HTBI accumulation patterns, these time points

correspond to the S-phase and post S-phase of the cell
cycle, respectively (Figure 4). Thus in WT cells, the
majority of the transcripts are correctly cleaved in both the
S-phase and the post-S-phase of the cell cycle. Products of
the correct size were amplified by primers R1 and R2 in
the 1 and 6 h samples of W303 cells that were treated at
37°C for 1h after removal of a-factor (Figure 5C, 37°C
panel, lanes 3, 4, 10, 11x). It should be pointed out that a
number of artifactual bands are also evident in all lanes.
This most likely reflects the relatively low levels of
available substrate for cDNA synthesis using primers R2
through R6. Thus, preincubation of cells at 37°C in the
first hour after a-factor release in of itself did not alter
the 3’-end processing pattern of HTBI mRNA during the
cell cycle.

Similarly, the accumulation pattern of unprocessed
read-through HTBI1 transcripts was also examined in
synchronized rnal4-3/Arrp6 cells using RT-PCR. At the
permissive temperature (22°C), only R1 and R2 primers
can reverse prime and amplify products in samples taken 1
and 6 h after alpha factor release (Figure 5, panel D, 22°C,
lanes 3, 4, and lanes 10, 11*). However, when the cells are
shifted to the non-permissive temperature for 1h after
removal of a-factor to inactivate Rnal4p, transcripts can
now be amplified with the reverse primers R1, R2, R3 and
RS (Figure SA) in both the 1 and 6 h samples (Figure 5D,
37°C panel, lanes 3-6, and lanes 10-13). Thus, the
efficiency of 3’-end processing does not appear to vary
significantly during the cell cycle and read-through
unprocessed transcripts only accumulate under conditions
when 3'-end processing is impaired (rnal4/Arrp6 at 37°C,
Figure 5D, 37°C panel).

DISCUSSION

The molecular mechanisms underlying the regulation of
histone mRNA levels during the cell cycle in S. cerevisiae
is poorly understood. In higher eukaryotes, the fluctua-
tions in the steady-state levels of histone mRNAs during
the cell cycle is mainly controlled by post-transcriptional
events, specifically by mRNA 3’-end processing mediated
by the interaction of unique protein factors with the
conserved S-L structure at the 3-end of the non-
polyadenylated histone mRNAs and by the U7snRNP.
Bioinformatic analysis of the yeast genome has not
identified homologues of the SLBP nor the 3’ hExo both
of which interact with the 3’-end of histone mRNAs in
higher eukaryotes, nor have homologues of the U7
snRNP been identified (Bond,U., unpublished data).
Since yeast histone mRNAs are polyadenylated but are
cell cycle regulated, it appears that an alternative
regulatory mechanism must have evolved to control the
accumulation of histone mRNAs in the S-phase of the
cell and their subsequent turnover in the G2-phase.
Previous studies in S. cerevisiae have indicated that
transcriptional regulation plays a major role in the
accumulation patterns histone mRNAs during the cell
cycle. Specifically, the transcriptional repressors Hirlp
and Hir2p act coordinately to repress transcription in the
Gl-phase and through their ability to recruit components
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Figure 5. The 3’-ends of HTBI mRNAs are not differentially processed during the cell cycle. (A) Diagram of the 3’-end of the HTBI. The location of
the 3’-end cleavage sites (arrows) and the DDE are shown. The locations of the forward (F) and reverse (R) primers used for RT-PCR are shown.
The expected sizes of the RT-PCR products using the common F primer and specific R primers are shown below each R primer. (B) RT-PCR
products of HTB1 mRNA from rnal4-3/Arrp6 cells grown at 22°C and then incubated for 1 h at either 22°C or 37°C prior to RNA extraction using
the forward and reverse primers shown in A. Lane 1; F and R1 but no reverse transcriptase added. 2; DNA 100 bp ladder molecular weight marker,
3; primers F and R1, 4; primers F and R2, 5; primers F and R3, 6; primers F and R4, 7; primers F and RS5, §; primers F and R6. (C) RT-PCR
products of W303 RNA extracted at 1 and 6h following alpha factor release using the forward and reverse primers shown in A. Lanes 1, §; DNA
100 bp ladder molecular weight marker. 2, 9; F and R1 but no reverse transcriptase added. 3, 10; primers F and R1. 4, 11; primers F and R2. 5, 12; F
and R3. 6; 13; F and R5. (D) As for C but with RNA extracted from rnal4-3/Arrp6 cells at 1 and 6 h following alpha factor release. Note: lane 12 is
under loaded.

of the SWI/SNF chromatin-remodelling complex, acti- 3’ untranslated region of the HTB1 gene can confer cell
vate expression in S-phase (2,36). Additionally, post- cycle periodicity to a neomycin phosphotransferase
transcriptional events appear to contribute to the mRNA (18). The 5 untranslated region appears to play
cell cycle regulation as chimera genes containing the a lesser role (17).
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In this article, we have explored the mechanisms
controlling histone mRNA 3’-end formation and cell
cycle regulation in S. cerevisiae. Our analysis using the
neo-HTB1 chimeric mRNA in CFIA mutants indicate
that the 3’-ends of HTB1 mRNA are generated for the
most part through the general 3’-end processing machin-
ery. The steady-state levels of the neo-HTBI mRNA
transcripts are significantly reduced in the temperature-
sensitive mutant rnal/4. Mutations in RNA1S5 (rnal5-2),
had a lesser impact on neco-HTB1 mRNA levels. This
same phenotype was observed with a second mutant allele
rnal5-1 (data not shown). The reduced effect of rnals
mutants on HTB1 mRNA levels most likely reflects the
fact that, in our hands, these temperature-sensitive
mutants are not completely inactivated following heat
treatment of the cells at 37°C: while cell growth is
significanly reduced at this temperature, some growth is
observed suggesting that these mutants only partially
inactivate 3’-end processing. It is interesting to note that
the differential effect of rnal4 and rnal5 mutants on the
steady-state level of the neo-HTBI transcripts was not
noted in the analysis of other mRNA transcripts such as
the Actl or Cycl (26), although in this study the cells were
incubated at 37°C for 2 h as opposed to the 1h treatment
used here. This may suggest that histone mRNAs show a
lesser requirement for the RnalS5p component of CFI1A
for 3’-end processing.

The neo-HTBI1 primary transcripts are inherently
unstable when 3’-end processing is inhibited, unlike actin
mRNA transcripts which persist under these conditions
(Figure 2). Deletion of RRP6 in CFIA mutant back-
grounds not only restores the levels of neo-HTB1 mRNA
but also generates correctly sized transcripts representing
fully processed mRNA. This RNA is exported from the
nucleus and can be translated to produce functional
proteins. Thus, even under conditions where 3’-end
processing is inhibited, mature functional transcripts can
be generated. Others have also observed similar ‘proces-
sing’ of read-through transcripts of a number of mRNAs
in an rnal4/Arrp6 background (26). It was postulated that
these processed transcripts result from a trimming back of
the read-through transcripts to the correct 3’-end by the 3’
to 5 exonucleases of the core exosome and subsequent
polyadenylation by Poly A Polymerase. An alternative
hypothesis is that a sub-optimal 3’-end processing machine
can now cleave and polyadenylate the unprocessed
transcripts, which have been stabilized through a lack of
action of Rrp6p. In either case, it appears that such
redundant mechanisms exist to ensure that the produc-
tion of key transcripts are generated despite adverse
conditions. While the precise mechanism is not clearly
understood, the data presented here verifies that Rrp6p
appears to play a role in the biogenesis of histone mRNAs
through its interaction with the 3’-end processing
machinery.

Our results also show that the steady-state levels of neo-
HTB1 mRNA appear to be influenced by the DDE
sequence, which lies in the region of transcription
termination of the HTB1 gene, specifically under condi-
tions when 3’-end processing is inhibited or when RRP6 is
deleted. Point mutations in the DDE region appears to

reduce the stability of neo-HTBI transcripts when the
3’-end processing is inhibited and conversely transcripts
are more stable when RRP6 is deleted. This inverse
relationship in mRNA stability in the two mutant back-
grounds suggests that mutations in the DDE region of the
HTB1 gene may alter the substrate specificity of the
exosome thus allowing the mutant transcripts to escape
degradation by the exosome or that some level of
competition for binding to the DDE may occur between
the 3’-end processing machinery and the nuclear exosome.
The stability of the WT and DDE mutants can be
influenced by the physiological conditions of the cell,
particularly by cell density (our unpublished data). It is
known that the 3’-end processing machinery communi-
cates with RNA Polymerase II as it reaches the transcrip-
tion termination site (23,25). It is possible that the DDE
may act as a gateway for various 3’-end processing factors
to access the transcription complex, thus establishing
communication to effect transcription termination and
subsequent processing.

The observation that the deletion of RRP6 alters the
pattern of HTBI transcript accumulation during the cell
cycle provides an insight into a possible mechanism of
histone mRNA regulation in S. cerevisiae. Quantification
of HTBI transcripts during the cell cycle by densitometry
analysis of northern blots and quantitative real-time
RT-PCR, indicates that while HTBI mRNA levels
appear to accumulate similarly in WT and Arrp6 cells,
thereafter, the levels decrease to baseline very quickly in
the WT cells but in the Arrp6 cells, HTB1 levels while
decreasing slightly, persist throughout the remainder of
the cell cycle. In fact, examination of HTBI transcript
levels in rnal4/Arrp6 at 22°C showed continued accumu-
lation up to 4h after alpha factor release, while in WT
cells, levels return to baseline after 2h The prolonged
accumulation of HTBI1 transcripts in Arrp6 cells appears
to be exacerbated by inactivation of 3’-end processing as
HTBI transcripts accumulate for an even longer time in
the double mutant rnal4/Arrp6 at the non-permissive
temperature.

Flow cytometry analysis of synchronized cells reveals
that the prolonged accumulation of HTBI in rrp6 cells
appears to result from a delay in exit of cells from S-phase
or entry into M-phase. The reason for this delay in rrp6
cells is currently unclear. Since RRP6 encodes for a 3’ to &’
exonuclease, it is possible that Rrp6p is required for the
decay of HTBI mRNA at the end of S-phase and in the
absence of this trigger, progression into M-phase is
delayed. Alternatively, Rrp6p may regulate the levels of
other mRNAs that encode for cell cycle checkpoint
proteins. Interestingly, Gill et al. (37) have shown
that accumulation of CLB2 mRNA, which encodes for
B-cyclin, accounts for the exit from mitosis defect
observed in RNase mitochondrial RNA processing
(RNase MRP) mutants. The CLB2 mRNA was found to
be a substrate for the RNase MRP endoribonuclease.
Cleavage in the 5" UTR region of CLB2 occurs at the end
of mitosis, removing the 5 cap and allows subsequent
degradation by the 5 to 3’ exonuclease Xrnlp. Thus,
regulation of check point mRNAs at the level of mRNA
stability may be a common theme in cell cycle regulation.



Recently Reis and Campbell (32) have identified a role
for the nuclear poly (A) polymerases TRF4 and TRF5
complex in the regulation of bulk histone mRNA levels in
yeast cells. Trf4/5p, together with Airlp, Air2p and
Mtrdp, form the TRAMP complex, which has a specific
function in the processing and/or degradation of rRNAs,
snoRNAs and snRNAs. The TRAMP complex appears to
‘tag’ its substrates for processing and/or degradation by
the nuclear exosome by adding a short polyA tail onto the
3’-end of these RNAs (31,38). Histone mRNA levels are
elevated in Trf4/5 double mutants and likewise in strains
bearing a deletion of RRP6, the HHF2 core histone
transcript level was at least twice as much of the wild-type
level. The level of HHF2 mRNA appears to come down at
the end of S-phase but appears to have increased 4-fold in
the subsequent S-phase. This is reminiscent of the
suboptimal HTBI transcript degradation we observed
here. Taken together, the data provide clear proof for a
role for the nuclear exosome in the regulation of histone
mRNAs in yeast cells.

How might the nuclear exosome regulate histone
mRNA levels during the cell cycle? Much of our under-
standing of how the nuclear exosome recognizes its
intended targets comes from the analysis of its known
substrates. First, the nuclear exosome is required for the
3’-end processing and transcription termination of
snoRNAs and is recruited to the transcription termination
sites via the RNA-binding proteins Nab3 and Nrd1 (38—
43). Secondly, microarray analysis has revealed a small
group of mRNAs whose steady-state levels are altered by
deletion of RRP6. These include the autoregulated
mRNAs Nrdl and Nab2 (44). Thirdly, as shown
previously and above, 3’-end unprocessed read-through
transcripts are substrates for the nuclear exosome
(26,27,45). A common theme among these exosome
targets is the requirement for Nrd1/Nab3-binding sites.
From the accumulated data, the model emerging is one in
which the exosome complex is recruited to its substrate via
its specific association with the RNA-binding protein
Nrdl (40). Substrates are then degraded in a 3’ to 5
direction unless they encounter any additional Nrdl
recognition sites upstream which would block the progress
of the exosome (39).

This model can also explain the ‘processing’ and
subsequent polyadenylation of read-through unprocessed
neo-HTBI transcripts seen in rnal4/Arrp6 strains. It is
likely that this processing to a specific location reflects the
presence of an Nrdl-binding site, which prevents further
degradation by the exosome. In the presence of Rrp6p,
complete degradation of the transcripts is observed
suggesting that Rrp6p may add processivity to the core
exosome or alternatively may prevent binding of Nrdl to
the transcript. It has been suggested that Nrdl and the
exosome may play a ‘back-up’ role in biogenesis of some
mRNAs to ensure the production of mature mRNAs
under certain conditions such as when the 3’-end proces-
sing machinery is inactivated (39). This suggests that the
3’-end processing machinery and the nuclear exosome may
compete for the same pre-mRNA substrate and that
physiological conditions in the cell will dictate the
outcome of the competition. Extending this model,
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the data presented here suggests that HTB1 primary
transcripts are recognized by the 3’-end processing
machinery and the nuclear exosome in S-phase facilitating
proper processing of the transcript. However, in G2-
phase, the nuclear exosome interaction is favoured over
the 3’-end processing machinery leading to an increase in
the mRNA turnover. Whether this alteration in substrate
specificity is due to changes in Nrdl binding or alterations
in 3’-end processing is currently unclear. However, our
results showing that 3’-end processing is not differentially
regulated during the cell cycle leads us to favour the
former mechanism over the latter.

Thus, Rrp6 may contribute to histone mRNA biogen-
esis through its role in the nuclear surveillance pathway or
through its interactions with the nuclear export pathways
where it ensures that only correctly processed and
functional mRNA can leave the nucleus (39).
Alternatively, histone mRNAs may be retained in the
nucleus in G2-phase thus evoking degradation of the
transcripts by the DRN pathway (degradation of mRNA
in the nucleus) (28). Rrp6p, along with nuclear cap-
binding protein Cbclp, has shown to be required for this
pathway, which degrades mRNAs that are retained in the
nucleus (46). It is interesting to note that the mammalian
orthologue of RRP6, PM/Scl-100 (47), associates with
the cytoplasmic exosome (48). Currently the role of the
cytoplasmic mRNA degradation pathways (49) in the
regulation of histone mRNAs has not been explored.

Finally, our finding that the nuclear exosome compo-
nent Rrp6p contributes to the correct cell cycle accumula-
tion pattern of HTB1 mRNA, acting in conjunction with
transcriptional controls to contribute to the steady-state
levels of histone mRNAs, provides further options to
investigate the mechanisms controlling the regulation of
histone mRNA during the yeast cell cycle.
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