3’ poly(A) is dispensable for translation
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In wild-type cells, the 3’ poly(A) structure is necessary for transla-
tion of mMRNA and for mRNA stability. The superkiller 2 (ski2), ski3,
ski6, ski7, and ski8 mutations enhance the expression of the
poly(A)~ mRNAs of yeast RNA viruses. Ski2p is a DEVH-box RNA
helicase and Slh1p resembles Ski2p. Both repress L-A double-
stranded RNA (dsRNA) virus copy number, further suggesting that
their functions may overlap. We find that s/h7A ski2A double
mutants are healthy (in the absence of viruses) and show normal
rates of turnover of several cellular mRNAs. The slh1A ski2A strains
translate electroporated nonpoly(A) mRNA with the same kinetics
as polyA*™ mRNA. Thus, the translation apparatus is inherently
capable of efficiently using nonpoly(A) mRNA even in the presence
of normal amounts of competing poly(A)* mRNA, but is normally
prevented from doing so by the combined action of the nones-
sential proteins Ski2p and Slh1p.

he 5" cap ("™GpppXp ... ) and 3’ poly(A) structures of

eukaryotic mRNAs have important roles in promoting
mRNA stability in the nucleus, its transport to the cytoplasm,
and its translation and stability in the cytoplasm. These
structures produce a synergistic effect on translation rates.
Electroporation of mRNA into living cells (1, 2) and in vitro
translation (3) indicate a 50-fold preference for polyA* (A+)
over poly(A)~ (A—) mRNA and a 24-fold preference for cap™
(C+) over cap~ (C—) mRNA. Although poly(A) tails are
essential for translation in wild-type cells, cells depleted of A+
mRNA can use mRNAs with =< 25 residues of poly(A) tail (ref.
4 and Discussion). The 3" poly(A) structure also protects
mRNA from degradation by 5’ decapping and subsequent
5" — 3’ degradation by Xrnlp/Skilp (5).

The superkiller 2 (ski2), ski3, ski6, ski7, and ski8 mutants,
isolated because they show elevated expression of the A—
mRNAs of the cytoplasmic L-A and M; viruses, also overexpress
electroporated A— mRNA. The ski2 mutant also overexpresses
cellular A— mRNA made from a RNA polymerase I promoter
(6-9). Ski2p is a nonessential 1,286 residue protein with motifs
characteristic of RNA helicases and nucleolar proteins (8). ski2
strains also have elevated copy number of another dsSRNA virus
called L-BC and a single-stranded RNA replicon called 20S
RNA (10, 11), both of which lack 3’ poly(A) (12, 13). The ski2A
(as well as ski3A, ski7A, and ski8A) cells express electroporated
C+ A— mRNAs 20-fold better than do wild-type cells, but still
use A+ mRNAs threefold more efficiently (9, 14). No effect of
ski mutations was seen on C— A+ mRNAs. Blocking the
predominant 5 — 3" mRNA degradation pathway also enables
detection of decreased 3’ — 5’ degradation of mRNA in ski2A
strains but whether this effect is secondary to a primary effect
on translation was not determined (15). Two human homologs
of Ski2p have been identified (16—18), one of which is both
nucleolar and associated with 40S ribosomal subunits and with
polysomes (19).

YGR271w (which we call SLH1 for SKI2-like helicase) encodes
a nonessential 1,967-residue protein with two copies of the
helicase motifs, and substantial homology to Ski2p outside the
helicase domains as well, suggesting that their functions might
overlap (20). As in ski2 mutants, the copy number of L-A dsRNA
was increased in the slhIA strain (20).

We show here that ski2A slhIA double mutants express
mRNAs lacking the 3’ poly(A) structure fully as efficiently and

for as long a duration as they express A+ mRNA. These strains
are nonetheless healthy in the absence of the L-A and M viruses.
This finding shows that, even in the presence of the normal
complement of competing cellular A+ mRNAs, the translation
apparatus does not inherently require (or even prefer) the 3’
poly(A) structure to translate a mRNA. Rather, this requirement
is imposed by the combined action of Ski2p and Slhlp.

Materials and Methods

Sacccharomyces cerevisiae strains 3221 (MATa his3 trpl ura3
L-A-o M-o Gal+), 3515 (3221 ski2::HIS3), and 4696-1B (MAT«
his3 ski6-2 Gal+), were described (8, 21). Strain 4709 (MAT«
his3 trpl ura3 ski2::HIS3 ski6—2 Gal+) was derived from a cross
between 3515 and 4696-1B. The slhl::URA3 disruption was
constructed in strains 3221 and 3515 with the disruption plasmid
described (20), forming strains 4106 and 4107, respectively. The
Ura+ colonies were examined by colony PCR, confirming the
absence of the normal gene and presence of the disruption
construct. Cytoduction from strain 3166 (MAT a karl-1 leul thrl
L-A M,) and 3431(MAT« leul karl-1 L-A M-o0) was used to
introduce either L-A and M; or L-A alone into p° derivatives of
strains 3221, 3515, 4106, and 4107.

The luciferase mRNA expression plasmids T7 LUC (A—)and
T7 LUC AS50 [poly(A)50] have been described (1). For RNA
synthesis, T7 LUC was linearized with Smal and T7 LUC A50
was linearized with Dral. C— transcripts were synthesized with
the MEGAscript transcription kit (Ambion, Austin, TX)
whereas C+ transcripts were synthesized with the Ambion
mMessage mMachine transcription kit. Electroporation of lu-
ciferase RNAs was performed as described (2).

For RNA extraction, yeast strains were grown in 10 ml of
liquid culture to an ODgg of 0.6. Cycloheximide was added to
100 wg/ml and the cells were centrifuged and washed in 1 ml of
water containing 100 pwg/ml cycloheximide. The cell pellets were
resuspended in 50 pl of SDS buffer (0.5 M NaCl/50 mM
TrissHCI pH 7.4/0.2% SDS/10 mM EDTA/1.5 mM B-mercap-
toethanol) and 50 ul of phenol:chloroform:isoamyl alcohol
(25:24:1). Glass beads were added and the tubes were vortexed
three times for 1 min each (on ice in between). After lysis, 100
ul of SDS buffer was added, and the tubes were vortexed and
centrifuged. The supernatant was removed to a new tube, 100 ul
of SDS buffer was added to the beads, and the extraction was
repeated. The clarified supernatants were combined and ex-
tracted with phenol:chloroform:isoamyl alcohol (25:24:1). Total
RNAs were precipitated with 2 vol of ethanol. Similar results
were obtained by using a similar procedure without cyclohexi-
mide addition.

To measure the effect of ski2A sih1A on mRNA decay, 200 ml
of mutant and wild-type cells were grown to ODgy = 0.6.
Transcription was inhibited by the addition of thiolutin (a kind
gift of Edmund Hafner, Pfizer, Groton, CT) as described (22),
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Fig. 1. Normal growth at 30°C of ski2A s/h1A cells. Isogenic wild type, ski2A,
slh1A, and ski2A slh1A mutants were grown on yeast extract/peptone/
dextrose plates at 30°C for 3 days.

and aliquots of cells were removed at intervals. RNA was
extracted by using the RNeasy Mini RNA extraction kit (Qiagen,
Chatsworth, CA) after breaking cells with glass beads. Extracted
RNA was analyzed by the Northern blot method. The mem-
branes were hybridized with either 5'-3?P-labeled oligonucleo-
tide probes complementary to regions of the coding sequences

w.t.  ski2A slh1A

ski2A slh1A  w. t.

of ACTI and PGKI (23) or to a RNA probe complementary to
18S rRNA.

Results

Ski2A slh1A Mutants Are Healthy in the Absence of L-A and M. To
determine the functional relation of SLHI to SKI2 and their
combined effects on poly(A)-dependent expression, we made a
series of isogenic single and double mutants. In the absence of
L-A and M; dsRNA viruses, the growth rates of either ski2A or
slh1A or the double mutants were normal on rich media at 15 or
30°C (Fig. 1), but the double mutants were slightly slow growing
at 37°C. We found that the known cold- and heat-sensitivity of
growth of ski2 mutants in the presence of L-A and M; (7, 24)
were more severe in the ski2A slhIA double mutant. The near
normal growth of the ski2A slhIA L-A-o M-o double mutant
suggests that Slhlp is not a component of the 5 — 3" mRNA
decay pathway because such mutations are synthetic lethal with
ski2A (15, 25).

Polysome gradients of extracts of the isogenic wild type, ski2A,
slh1A, and ski2A slh1A strains were all normal, with comparable
amounts and distributions of polysomes, no imbalance of free
60S and 40S subunits, and no halfmers (data not shown). This
result, and the normal growth rates at 30°C indicate that these
strains had normal amounts of endogenous mRNAs.

Ski2A slh1A Mutants Have Derepressed Copy Number of Two dsRNA
Viruses That Make Nonpoly(A) mRNA. The copy number of
the dsRNA viruses reflects the efficiency of expression of their
C— A— mRNAs (8). The s/h1A mutation increased the L-A copy
number in the absence of M; (20) or in its presence but had little
effect on L-BC (Fig. 2). The ski2A mutation increased L-A and
L-BC copy number (Fig. 2; ref. 10). In the absence of My, the
ski2A slh1A double mutant has higher levels of L-A and L-BC
dsRNA than either single mutant (Fig. 2).

ski2A  sIh1A  ski2A slh1A
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Elevated L-A and L-BC viral dsRNA copy number in slh1 ski2 strains. Two colonies of each strain were grown. Total RNA (5 ng) was loaded onto a 1.2%

formaldehyde-agarose gel. The size-fractionated RNAs were transferred to Hybond-N+ membranes (Amersham International) and hybridized under high-
stringency conditions to radiolabeled RNA probes corresponding to 18S ribosomal RNA and the ds L-A or L-BC RNAs. After hybridization, the membranes were

exposed to film for 16 h unless otherwise noted.
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ski2A sIh1A strains translate A+ and A— mRNAs alike. Isogenic strains 3221 (wild type), 3515 (ski2A), 4106 (s/h1A), and 4107 (ski2Aslh1A) were

electroporated (1.3 x 108 cells) with 2 ug of RNA. Cells were maintained at 25°C and assayed for luciferase activity at the indicated timepoints as described (9).
Protein concentrations of all lysates were measured by the Bio-Rad protein assay kit. The functional half-lives of each mRNA were calculated by determining the
time required for each to produce 50% maximal luciferase activity (1). The maximum rate of luciferase synthesis was the maximum rate change of the activity
curves (generally during the first 20-40 min of the assay). The results shown are an average of three experiments. The maximum luciferase translation rate (<0.4
units/ug cell protein/min) is about 107 part of total protein synthesis in these cells. (OJ) C+ A+; (m) C+ A—; (®) C— A+; and (O) C— A—.

Nonpoly(A) mRNA Is Translated As Well As Poly(A)* mRNA in ski2A
slh1A Cells. The mRNA electroporation method is uniquely
suitable for examining the effects of 5’ cap and 3’ poly(A) on
mRNA expression (1, 2, 9, 26). We examined the effect of slhIA
either alone or in combination with ski2A on the expression of
electroporated mRNAs with or without the cap or poly(A) (Fig.
3); slhiA alone showed only a small effect (< twofold) on
expression of electroporated mRNAs with little selectivity. In
contrast, ski2A specifically derepressed the expression of A—
mRNAs, affecting mainly the initial rate of expression, but also
modestly increasing the duration of expression (Fig. 3, ref. 9).
Nonetheless, the ski2A strain expressed A+ mRNA significantly
better than nonpoly(A) mRNA. In contrast, the ski2A slhIA
double mutant expressed nonpoly(A) mRNA fully as well as the
otherwise identical A+ mRNA (Fig. 3). Both the initial rate,
indicative of translation rate, and the duration of expression, a
measure of mRNA stability, were indistinguishable.

Nonpoly(A) mRNA Is Translated As Well As Poly(A)* mRNA in ski2A
ski6-2 Cells. Unlike SKI2, SKI3, SKI7, and SKIS8, the SKI6 gene
is essential, and temperature-sensitive ski6—2 mutants show
defective 60S ribosomal subunits and slow growth at 30°C. In
ski6-2 mutants, elevated viral dSRNA copy number and en-
hanced expression of A— mRNAs are observed even at the
permissive temperature (7, 21). Ski6bp/Rrp41p is a component of
the “exosome” complex of 3 — 5’ exoribonucleases (27) in-
volved in rRNA processing (21, 27). The ski6—2 effect on
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expression of nonpoly(A) mRNAs may be mediated by effects on
translation (21) or mRNA stability (15) or both.

Combining ski2A and ski6—2 mutations had an effect similar
to that observed in the ski2A slhIA strain. Although the slow
growth of ski6-2 strains produces reduced translation rates with
all mRNAs, including C+ A+ mRNA, the kinetics of expression
of C+ A— mRNA was essentially the same as that of C+ A+
mRNA in the double mutant (Fig. 4). Compared with the
wild-type strain, the double mutant showed a small increase in
the duration of expression of C+ A— mRNA and a dramatic
increase in the initial rate of expression.

Decay of ACT1 and PGK1 mRNA Is Normal in ski2A slh1A Cells. The
decay of ACTI and PGKI mRNA was examined in isogenic
wild-type and ski2A slh1A cells by arresting new mRNA synthesis
with thiolutin (ref. 22; Materials and Methods). Northern blot
analysis was used to measure the amounts of ACTI and PGKI
mRNA at various times, normalizing the blots by probing as well
for 18S rRNA. We found no difference between the wild type
and the double mutant in the decay rates of either mRNA (data
not shown), suggesting that Ski2p and Slh1lp do not function in
the degradation pathway for these mRNAs.

Discussion

Our data indicate that the translation apparatus is inherently
capable of efficiently using mRNAs lacking the 3’ poly(A)
structure, even in the presence of the competing A+ cellular
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Fig. 4. ski2A ski6-2 strains translate A+ and A— mRNAs alike. Strains 3221
(wild type) and 4709 (ski2A ski6-2) were electroporated with 2 ug of luciferase
mRNA and assayed for luciferase production as in Fig. 2.

mRNA. The nonessential systems involving Ski2p and Slhlp
normally prevent the utilization of such mRNAs. These systems
work on the naturally A— mRNAs produced by the L-A and
L-BC viruses, as indicated by elevated viral copy number in the
single mutants and particularly in the double mutant.

The roles of Ski2p and Ski6bp in mRNA expression are
controversial, with one group proposing translation as the
primary effect and turnover effects as secondary (9, 21) whereas
another group suggests 3 — 5" mRNA degradation is the
primary effect (15). The main mRNA turnover system is the 5’
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— 3’ system involving Xrnlp/Skilp (28). Only by blocking this
pathway in cis or in trans can an effect of Ski2p or Ski6p on
mRNA stability be detected (15). In our experiments, the 5" —
3’ degradation pathway is not blocked, but we nonetheless see a
dramatic effect of the ski2A and ski6-2 single mutations, and the
double ski2A slh1A or ski2A ski6—2 mutations on the ability to
translate nonpoly(A) mRNAs. A+ and A— mRNAs are trans-
lated at the same rate for the same duration in the ski2A slhIA
strain.

If Ski2p and Slhlp were solely involved in mRNA turnover,
our results would imply that translation in vivo in the wild type
only requires the 3’ poly(A) to slow mRNA degradation. If Ski2p
and Slhp are involved in the translation process itself, our results
imply that these proteins modify the translation apparatus to
impose the 3" poly(A) requirement. In either case, these pro-
teins, and their associated components, play key roles in the
treatment by the cell of mRNAs, preventing the utilization of
mRNAs lacking the 3’ poly(A), produced as a result of partial
degradation or errors in synthesis or splicing or because they are
viral mRNAs synthesized without poly(A).

Ski2p Acts Primarily on Translation. Unless the prevailing 5" — 3’
mRNA degradation pathway is blocked [in cis by a poly(G) tract
or in trans by mutating a gene encoding an element of the
pathway], there is no effect of a ski2ZA mutation on mRNA
stability (15). Nevertheless, without blocking the 5" — 3’ mRNA
degradation pathway, a ski2A mutation dramatically increases
the expression of (i) the natural viral nonpoly(A) mRNAs; (if)
nonpoly(A) mRNA made from a RNA polymerase I promoter;
and (iii) nonpoly(A) mRNA introduced by electroporation. This
indicates that mRNA stability is not the basis of action of Ski2p
in these cases. In this study, we have also examined the stability
of ACTI and PGKI mRNA, and find no difference between the
isogenic wild-type and ski2A slh1A strains.

Comparisons of the kinetics of luciferase synthesis from C+
A— mRNAs in wild-type and ski2A (9) or ski2A slh1A mutant
strains (this work) indicate that the functional half-lives are
only modestly changed in the mutants, but the initial rates are
dramatically increased. This pattern again indicates a primary
effect on translation, with an effect on stability that may be
secondary. Because inhibition of translation initiation gener-
ally leads to a shortened mRNA half-life (29), it is likely that
improved translation of a mRNA leads to a lengthened
half-life.

The effects of a ski2 mutation on the L-A and M; viral system
also support an action on translation rather than mRNA stabil-
ity. The M; dsRNA viral segment encodes the secreted killer
toxin. The M, viral (+) single-stranded RNA lacks a 3" poly(A)
tail and is both the toxin mRNA and an intermediate in
replication. Under conditions of excess coat protein availability,
a ski2 mutation increases expression from M; (+) single-
stranded RNA, but decreases the copy number of the dsRNA. If
the ski2 mutation inactivated an RNA-degrading system, the
effect on expression and dsRNA copy number should be in the
same direction (8). We suggest that the ski2 mutation diverts
viral (+) strands toward translation and therefore away from
packaging.

3’ Poly(A) Tails Are Dispensable for Translation. Other data, in
addition to that shown here, support the ability of cells to
translate nonpoly(A) mRNA. Proweller and Butler showed that
temperature-sensitive mutants in the essential poly(A) polymer-
ase gene (papl) at the nonpermissive temperature are depleted
of total mRNA, but accumulate poly(A)-deficient mRNA that is
found on polysomes as large as the corresponding A+ mRNA
(4). This indicates that under conditions of mRNA depletion,
ribosomes can use mRNA that has at most a short (<25 residues)
3’ poly(A). Mutants in the main 5 — 3’ exoribonuclease
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responsible for degrading mRNAs also have some polysome-
bound poly(A)-deficient mRNAs, but their relative translation
efficiency was not measured (23). Finally, the ability of cells to
propagate the L-A and L-BC dsRNA viruses and the 20S and 23S
RNA replicons, all of which lack a 3’ poly(A) tail, implies their
mRNAs are translated (albeit poorly) without this structure to
produce the encoded RNA polymerases and coat proteins (30).

The data presented here shows that a healthy strain, with the
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