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The cap and poly(A) tail tunction
synergistically to regulate mRNA
translational efficiency

Daniel R. Gallie

Department of Biochemistry, University of California, Riverside, California 92521 USA

The cap structure and the poly(A) tail are important regulatory determinants in establishing the translational
efficiency of a messenger RNA. Although the mechanism by which either determinant functions remains
pootly characterized, the interaction between the poly{A) tail-poly(A)-binding protein complex and events
occurring at the 5’ terminus during translation initiation has been an intriguing possibility. In this report, the
mutual dependence of the cap and the poly(A) tail was studied. Poly(A)" and poly(A)~ luciferase (Luc) mRNAs
generated in vitro containing or lacking a cap were translated in vivo in tobacco protoplasts, Chinese hamster
ovary cells, and yeast following delivery by electroporation. The poly{A) tail-mediated regulation of
translational efficiency was wholly dependent on the cap for function. Moreover, cap function was enhanced
over an order of magnitude by the presence of a poly(A) tail. The relative differences in stability between the

mRNAs could not account for the synergism. The synergism between the cap and poly(A) tail was not
observed in yeast cells in which active translation had been disrupted. In addition, the synergism was not
observed in in vitro translation lysates. These data demonstrate that the cap and the poly(A) tail are
interdependent for optimal function in vivo and suggest that communication between the two regulatory
determinants may be important in establishing efficient translation.
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Since their discovery, both the cap and the poly(A) tail
have been implicated as being involved in the regulation
of translational efficiency and message stability (Furui-
chi et al. 1977; Filipowicz 1978; Banerjee 1980; Brawer-
mann 1981; Green et al. 1983; Rhoads 1988; Sonenberg
1988; Bernstein and Ross 1989; Jackson and Standart
1990; Munroe and Jacobson 1990a,b). Recently, we dem-
onstrated that although the addition of a poly(A) tail to
poly(A)~ mRNA increased both its translational effi-
ciency and stability in plant and animal cells, the poly(A)
tail was predominantly a regulator of translational effi-
ciency (Gallie et al. 1989, 1991). Considerable evidence
has accumulated recently to support this view. The
poly(A}-binding (PAB) protein, a highly conserved pro-
tein in eukaryotes (Grange et al. 1987), mediates the reg-
ulation associated with the poly(A) tail and is essential
for viability in yeast (Sachs et al. 1987). Suppressor mu-
tants which overcome the loss of PAB protein affect 60S
ribosomal subunit biogenesis or function (Sachs and
Davis 1989). In an in vitro study, exogenous oligo(A) re-
duced the translation of capped, poly(A)* mRNA in rab-
bit reticulocyte lysate, possibly by competing for PAB
protein. Moreover, at certain concentrations, exogenous
oligo(A) could stimulate the translation of capped,
poly(A)” mRNA in trans (Munroe and Jacobson 1990a).
It has been postulated, therefore, that interaction be-

tween the poly(A) tail {as mediated by PAB protein) and
the 60S subunit is important in controlling 80S initia-
tion complex formation (Sachs and Davis 1989). We hy-
pothesized that the poly(A) tail-PAB protein complex
may not be limited to interaction with the 608 subunit,
but may be involved in earlier events in translation ini-
tiation, such as cap recognition. To test this possibility,
we synthesized mRNAs in vitro as poly(A}* or poly(A)~
that were either capped or uncapped and determined
their translational competence in vivo in tobacco proto-
plasts, Chinese hamster ovary (CHO) cells, and yeast fol-
lowing delivery using electroporation. Using the firefly
luciferase (Luc) reporter gene, the kinetics of translation
can be followed, and for the first time, the synergism
between the cap and the poly{A) tail in their role as reg-
ulators of translational efficiency can be demonstrated in
vivo.

Results

The function of the cap and poly(A) tail are mutually
dependent as regulators of translational efficiency
in tobacco

The debate concerning the functional role of the poly(A)
tail in increasing expression has not yet been resolved. In
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plants, however, the poly(A) tail has a dual cytoplasmic
regulatory role: mRNAs containing a poly{Als, tail are
two- to threefold more stable than their poly(A)~ coun-
terparts and translational efficiency is markedly stimu-
lated {Gallie et al. 1989). Because of this demonstrated
involvement in regulating translation, we wished to ex-
amine whether there might be a functional interaction
between the cap at the 5’ terminus of an mRNA and the
poly(A) tail. To directly assess the effect of the cap on
poly(A) tail function, Luc mRNA constructs were syn-
thesized in vitro as four different species: uncapped
poly(A)~, uncapped poly(A)*, capped poly(A)~, and
capped poly(A)* mRNA. The poly{A}* Luc mRNAs
were synthesized from a T7-Luc vector containing a
poly(A)s, sequence, thereby ensuring production of Luc
mRNA with a uniform poly(A) tail length. Moreover, the
conditions used for the in vitro synthesis of capped RNA
result in mRNA that is uniformly capped (Yisraeli and
Melton 1989).

To test the in vitro synthesized mRNAs in vivo, 1 pg
each of the four Luc mRNAs was electroporated into
tobacco protoplasts and the cells incubated overnight,
sufficient time to ensure complete degradation of the
Luc mRNAs. In tobacco protoplasts, luciferase expres-
sion was 1.5-fold greater from uncapped, poly(A)* Luc
mRNA than from uncapped, poly(A]~ Luc mRNA (Table
1). An excellent correlation can be made between the
impact of the poly(A) tail on LUC expression and its
effect on the physical half-life of the Luc transcript. The
half-life of poly(A)* Luc mRNA was 1.4-fold longer than
that for the corresponding poly(A)” mRNA (Fig. 1}, in
good agreement with eatlier measurements (Gallie et al.
1989, 1991). In contrast to the small impact of the
poly(A) tail on uncapped Luc mRNA, the addition of a
poly(A} tail increased expression dramatically when
added to the capped form of the mRNA. Expression from
the poly(A]* mRNA was 21-fold greater than the
poly{A)” mRNA (Table 1). The poly(A) tail, however,
increased capped Luc mRNA half-life only 1.9-fold (Fig.
1}, which is insufficient to account for the effect of the
poly{A| tail on capped Luc mRNA translation. Although
the poly(A} tail does stabilize Luc mRNA whether it is
capped or not, it is only when the mRNA is capped that

Cap and poly(A) tail function synergistically
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Figure 1. In vivo message stabilization conferred by a cap and
a poly(A] tail in tobacco. {A) uncapped Luc mRNA; (B) Un-
capped Luc-Ago mRNA,; (C) capped Luc mRNA; (D) capped Luc-
A, Aliquots of protoplasts electroporated with 5 pg of each
mRNA were removed at the time indicated at the top of each
lane. RNA half-life analysis was carried out as described in Ma-
terials and methods.

its second and more important function, that is increas-
ing translational efficiency, is apparent.

Examination of the data from the perspective of the
cap demonstrates the requirement for a poly(A) tail for
the cap to function optimally. Addition of a cap in-
creased expression 21-fold for poly(A)~ Luc mRNA but
increased expression 297-fold for poly{A)* Luc (Table 1).
Since the addition of a cap stabilized poly(A)~ and
poly(A)* Luc mRNA to approximately the same extent,
the effect of the cap on Luc mRNA half-life could not
account for the difference in cap activity. We conclude,
therefore, that although a cap does increase translational
efficiency in the absence of a poly(A) tail, its function is
enhanced by an order of magnitude by a poly{A) tail.

The monomethylated form of the cap (m’GpppG) was
used throughout these experiments. To examine the role
of the methyl group in the synergistic interaction with
the poly(A) tail, capped (GpppG) Luc mRNAs were tested
in tobacco protoplasts. The interdependence between
the cap and the poly(A) tail was observed with these
mRNAs, illustrating that, although the methyl group in-
creases the synergism, it is not absolutely required (Ta-
ble 1). We have repeated these experiments more than 15
times to rule out potential variation in protoplast qual-
ity. With each repetition, the interdependence was ob-
served. We conclude, therefore, that the cap and poly(A)
tail interact synergistically: In its capacity as a regulator

Table 1. Synergism of cap and poly(A) during translation in tobacco protoplasts electroporated with in vitro-synthesized

Luc mRNA
Luciferase activity Relative effect of Relative

mRNA (light unit/mg protein) poly(A) tail on expression effect of cap on expression
Uncapped

Luc 2,941 1 1

Luc-Ag, 4,480 1.5 1
Capped (GpppG)

Luc 35,442 1 12

Luc-Ag, 406,878 11.5 91
Capped (m’GpppG)

Luc 62,595 1 21

Luc-Asg 1,331,917 21 297
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of translational efficiency, the poly(A) tail is dependent
on the cap for function; the activity of the cap is not
entirely dependent on, but is enhanced by, a poly{A) tail.

If regulation of translational efficiency by the poly(A)
tail is stimulated by a cap, an increase in the rate of
appearance of luciferase should be observed. A similar
increase in the translational efficiency should be de-
tected for the poly(A) stimulation of cap function. To
address this possibility, the same four Luc mRNA con-
structs tested above were electroporated into tobacco
protoplasts, aliquots of cells were taken at time inter-
vals, and assayed for luciferase activity. Luciferase activ-
ity was plotted as a function of time (Fig. 2} and the
translational efficiency for each construct determined
from the first derivative of each curve (Fig. 2). Luciferase
is a stable protein under these conditions; t¥2 = 20 hr at
24°C in tobacco (D.R. Gallie, unpubl.}; therefore, its en-
zyme activity accurately reflects LUC protein produc-
tion. The translational efficiency of uncapped, poly(A)*
Luc mRNA was equivalent to that of the uncapped,
poly(A)” mRNA. In contrast, the addition of a poly{A)
tail to capped Luc mRNA increased translational effi-
ciency 15-fold, demonstrating that the poly(A) tail not
only regulates translational efficiency in tobacco but re-

28

quires a cap for function. In this experiment, as before,
cap function was stimulated by a poly{A) tail. Although
capped, poly(A)~ Luc mRNA was translated 23-fold
more efficiently than the uncapped form; the transla-
tional efficiency of the poly(A)* Luc mRNA was 365-
fold greater for the capped versus the uncapped form (Fig.
2).
The physical half-life of an mRNA may not be an ac-
curate measurement of its functional half-life. The loss
of a few nucleotides at either terminus would go unde-
tected by Northern analysis. For example, a transcript
which had lost just the cap through exonuclease attack
could not be resolved from the ““full-length’’ transcript
population in physical half-life determinations but
would be significantly compromised in its translational
competency. As the physical half-life for uncapped Luc
mRNA was 31 min, such decapped transcripts are not
immediately degraded. A better measure of the longevity
of a message is its functional half-life, defined as the
time required, following mRNA delivery, to reach 50%
of the final level of protein produced from a given mRNA
construct. Functional half-life, therefore, measures the
length of time over which the mRNA is actively engaged
in translation, in contrast to the physical half-life, which
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tervals and assayed; data were plotted as lu-
ciferase sp. act. vs. time. The translational effi- Luc-Ag, 88 0.96 26 37 3200 34
ciency for each mRNA construct was deter-
mined from maximum rate of the first Capped
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of the maximum accumulation of luciferase ac- Luc-Ag, | 32100 15 63 1.9 2,800,000 28
tivity.
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serves only as a measure of an mRNA’s physical longev-
ity without regard to its translational competence.

The functional half-life of the uncapped poly(A)™ Luc
mRNA was 3.7-fold longer than the corresponding
poly(A)” mRNA (Fig. 2). Increased message stability
should not affect the rate of translation but will directly
affect the final level of protein produced. This 3.7-fold
increase in half-life correlated well with the 3.4-fold in-
crease in the maximum accumulation of luciferase pro-
duced from the uncapped, poly(A)* mRNA when com-
pared to its poly(A)~ counterpart (Fig. 2). The transla-
tional efficiencies for the uncapped mRNA:s, it will be
recalled, were equivalent. The functional half-life for the
capped, poly(A)"™ mRNA was 1.9-fold greater than for the
corresponding poly(A]” mRNA. However, a 28-fold dif-
ference in the maximum accumulation of luciferase ac-
tivity was measured (Fig. 2). The effect that the poly(A)
tail has on the maximum accumulation of a protein is a
function of its impact on the translational efficiency
multiplied by its impact on mRNA stability. The differ-
ence in the translational efficiencies between the
capped, poly(A]* and poly(A})- mRNAs (14.8-fold) and
their functional half-life measurements {1.9-fold} ac-
counts completely for this 28-fold difference.

The functional half-life for three of the Luc mRNAs
was just 60% of the physical half-life, while for un-
capped, poly{A)~™ Luc mRNA, it was only 23%, results
reproducibly obtained in subsequent half-life measure-
ment experiments. These data suggest that functional
inactivation of the mRNA was occurring more quickly
than could be detected by the physical half-life measure-
ments. The functional half-life of a message, therefore,
was a more rigorous assessment of the inherent stability
of a message than physical half-life measurements. How-
ever, neither the physical nor functional half-life mea-
surements could account for the synergism between the
cap and poly(A) tail.

Synergism between the cap and poly(A) tail is present
in vivo in animal cells but not in an in vitro lysate

To determine whether the interdependence between the
cap and the poly(A) tail was common among higher eu-
karyotes, we examined Luc mRNA translation in Chi-
nese hamster ovary (CHO) cells. In electroporated CHO
cells, addition of a poly(A] tail increased expression 8.5-
fold for uncapped Luc mRNA but 156-fold when Luc

Cap and poly(A) tail function synergistically

mRNA was capped (Table 2), demonstrating that al-
though the poly(A) tail is partially functional in the ab-
sence of a cap, its function is stimulated by more than an
order of magnitude when the transcript is capped. As in
tobacco, the poly(A) tail in CHO cells increases Luc
mRNA half-life only 1.7-fold (Gallie et al. 1991). The cap
was almost entirely dependent on the poly(A) tail for
function. Addition of a cap increased translation of
poly(A})~ Luc mRNA 2.7-fold but increased by 50-fold
the translation of the poly(A)™ counterpart.

The translational efficiency and functional half-life
were also measured for the Luc mRNAs in CHO cells
(Fig. 3). As seen in tobacco, the presence of poly(A) tail
did little to increase the rate of translation or the func-
tional half-life of uncapped Luc mRNA. Only when the
transcript was capped was the poly[A) tail effective in
increasing the translational efficiency. Similarly, the cap
required a poly(A) tail to function as a regulator of trans-
lational efficiency. The synergism was observed for a
second gene, the uidA gene from Escherichia coli (data
not shown), demonstrating that the synergism is not spe-
cific to eukaryotic genes in general or the luciferase gene
in particular.

An in vitro translation lysate was used to examine
whether the synergism observed in vivo could occur in
vitro. The same preparations of Luc mRNAs used for the
in vivo analysis in CHO cells were translated in reticu-
locyte lysate. Cap stimulation of translation was the
same for both poly(A)* and poly(A)~ Luc mRNAs and
the poly(A) tail had virtually no effect {Fig. 4). Neither
the cap nor the poly(A) tail increased message stability in
vitro, verifying earlier observations for this lysate (Furui-
chi et al. 1977). Moreover, no synergism was observed
between the cap and the poly(A) tail in vitro. The lack of
synergism may be a consequence of the failure of the
lysate to reflect an in vivo environment in a number of
ways: Translation was an order of magnitude less cap-
dependent in vitro than in vivo; the poly(A) tail failed to
function in vitro; and the cap and poly{A) tail did not
increase message stability in vitro.

Synergism between the cap and the poly(A) tail
in Saccharomyces cerevisiae is influenced by the state
of translational competency

To extend our observations to lower eukaryotes, we es-
tablished the appropriate conditions for mRNA delivery

Table 2. Synergism between cap and poly(A) tail during translation in CHO 001 cells electroporated with Luc mRNA

Luciferase activity

mRNA (light unit/mg protein) Relative effect of poly(A) tail on expression Relative effect of cap on expression
Uncapped

Luc 160,000 1 1

Luc-Ag, 1,360,000 8.5 1
Capped

Luc 437,000 1 2.7 g

Luc-Ag, 68,000,000 156 50
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into yeast using electroporation (J.G. Everett and D.R.
Gallie, in prep.). The yeast cells were first spheroplasted
and allowed to recover for 90 min before electroporation
to allow active translation to resume. The addition of a
poly{A) tail to uncapped Luc mRNA resulted in a 31-fold
increase in LUC expression (Table 3). However, expres-
sion was increased by 201-fold when a poly(A) tail was
added to capped Luc mRNA. These data illustrate that
the poly(A) tail can increase expression in the absence of
the cap but is functionally stimulated by a cap. In yeast,
the cap is functionally active in Luc mRNA lacking a
poly(A] tail, but is enhanced when the mRNA is polyad-
enylated. The synergism observed in higher eukaryotes
is, therefore, also present in a lower eukaryote such as .
cerevisiae, but interestingly, to a lower extent.

Because spheroplasting disrupts active translation in
yeast, it was of interest to determine whether the syner-
gism between the cap and poly(A) tail would be similarly
disrupted. LUC expression from yeast electroporated im-
mediately following spheroplasting was significantly re-
duced when compared to the same spheroplast prepara-
tion allowed a 90 min recovery before electroporation
(Table 3), verifying that active translation is disrupted by
spheroplasting. The function of a poly(A) tail was not

adversely affected when added to uncapped Luc mRNA,
nor was cap function affected when added to poly(A)~
Luc mRNA. However, the synergism normally observed
in spheroplasts engaged in active translation was not de-
tected in the newly spheroplasted yeast. These data sug-
gest that the synergism between the cap and the poly(A)
tail is lost when active translation is disrupted by
spheroplasting and is only regained when active transla-
tion resumes.

Discussion

Since the discovery that RNAs terminate in a poly(A) tail
(Darnell et al. 1971; Edmonds et al. 1971; Lee et al. 1971}
and the subsequent discovery that the 5' terminus is
capped (Reddy et al. 1974), the central role that these
regulatory elements play in establishing efficient expres-
sion has been well documented (Filipowicz 1978;
Brawermann 1981; Rhoads 1988; Sonenberg 1988; Bemn-
stein and Ross 1989; Jackson and Standart 1990; Munroe
and Jacobson 1990b). The role of the cap as the recogni-
tion site for binding the eukaryotic initiation factor {eIF)
4E, a subunit of eIF-4F, has been demonstrated as an
early and essential step in translation initiation (Filip-
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ciferase activity.

owicz 1978; Banerjee 1980; Altmann et al. 1987, 1989;
Rhoads 1988; Sonenberg 1988). Genetic and biochemical
evidence suggests that the PAB protein, which binds to
the poly(A) tail, may interact with the 60S ribosomal
subunit as a means by which the translational efficiency
of a message may be regulated (Sachs and Davis 1989;
Munroe and Jacobson 1990a).

Our in vivo studies in both higher and lower eukary-
otes suggest that an interdependence exists between the
cap and the poly(A) for efficient function at the level of
regulating translational efficiency. Because of their dual
regulatory roles, translational efficiency and message
stability were both increased by the addition of either

the cap or poly(A) tail. However, the synergism was ob-
served only as a function of the translational efficiency.

The stabilizing effect of a cap and poly(A) tail together,
although not synergistic, was additive. The cap increased
message stability two- to fourfold, in good agreement
with other studies which examined the stabilization af-
forded by a cap. Reovirus mRNA was fourfold more sta-
ble when capped than was uncapped mRNA in microin-
jected Xenopus oocytes and threefold more stable in
wheat germ lysate (Furuichi et al. 1977). Chicken
lysozyme mRNA was stabilized fourfold by the addition
of a monomethylated cap and twofold by a dimethylated
cap in microinjected oocytes (Drummond et al. 1985).

Table 3. Synergism between cap and poly(A) tail during translation in yeast is dependent on translational competency

Yeast electroporated after 90 min of recovery
following spheroplasting

Yeast electroporated immediately
following spheroplasting

luciferase activity  relative effect  relative effect of  luciferase activity  relative effect

(light unit/mg of poly(A) tail cap on (light unit/mg of poly|A) tail relative effect of
mRNA protein) on expression expression protein) on expression cap on expression
Uncapped

Luc 26,930 1 1 3,700 1 1

Luc-A;, 844,410 31 1 160,730 43 1
Capped

Luc 100,170 1 3.7 41,620 1 11

Luc-Asy 20,141,220 201 24 1,854,320 45 12
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Polyhedrosis viral mRNA was twofold more stable when
capped than was uncapped mRNA in wheat germ lysate
{Shimotohno et al. 1977). The poly(A) tail increased
mRNA stability approximately two- to threefold, in good
agreement with our previous observations (Gallie et al.
1989, 1991). The functional half-life measurements for
the Luc constructs were shorter in plant cells than in
animal cells, as was reported previously for the physical
half-life measurements (Gallie et al. 1991}. In this regard,
it is interesting to note that addition of a cap or a poly(A)
tail had a greater effect on Luc mRNA stability in plant
cells.

One explanation for the low functional activity of the
cap or poly(A) tail when either was present alone in a
construct might have been that the Luc mRNA is too
rapidly degraded to allow the cap or poly(A) tail an op-
portunity to function. However, the four Luc mRNAs
were translationally active for 30-200 min in tobacco
and 150 to over 300 min in CHO cells, depending on the
construct. Since luciferase activity can be detected
within 3 min following electroporation (D.R. Gallie, un-
publ.), one cycle of translation is completed within this
time. Translation of capped Luc mRNA was markedly
enhanced over that seen for uncapped mRNA, even at
the earliest time point, demonstrating that the cap is
recognized and functional even during the first round of
translation. As the Luc mRNAs are sufficiently stable to
allow multiple rounds of translation, the cap and poly(A)
tail have ample opportunity to function before mRNA
degradation occurs.

If cap function is dependent on a poly(A) tail for opti-
mal function, how does the cap function in naturally
occurring poly{A)” mRNAs? In plants, the only known
poly{A}” mRNAs are plant viral mRNAs, for example,
tobacco mosaic virus (TMV). We have demonstrated that
the TMV 3’-untranslated region {3’ UTR) is the func-
tional equivalent of a poly(A) tail, serving to markedly
increase the translational efficiency of chimeric mRNA
constructs (Gallie and Walbot 1990). We have observed
the same interdependence between the TMV 3’ UTR and
the cap that we have seen between the cap and poly(A)
tail (D.R. Gallie, in prep.). These data suggest that al-
though efficient translation of TMV mRNA is not de-
pendent on a poly{A) tail, the synergism between the
terminal regulatory elements is nevertheless involved.

Much of our understanding of the regulatory function
of the cap—elF-4F and poly(A) tail-PAB protein com-
plexes has been made using cell lysates. Although an in
vitro approach has been useful in analyzing the binding
of these regulatory proteins with their target sites, it has
not demonstrated the interdependence between the cap
and the poly(A) tail. As we illustrate in this report, the
reason for this is that an in vitro lysate does not exhibit
the synergism. What might be the nature of this defi-
ciency? The impact of the cap or the poly(A) tail on ex-
pression in vivo is not reflected in vitro. Translation was
an order of magnitude less cap-dependent in vitro (retic-
ulocyte lysate) than in vivo (CHO cells). The poly(A) tail
had virtually no impact on translation in vitro. Studies
demonstrate, however, that elF-4F and PAB protein do
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bind to the cap and poly(A) tail, respectively, in vitro
(Sachs et al. 1987; Rhoads 1988; Sonenberg 1988). If in
fact the poly(A) tail-PAB protein and cap—eIF-4F do in-
teract so that they are functionally activated, a factor
mediating the interaction may be missing or nonfunc-
tional in the in vitro systems. The factor might be a
single protein, such as an initiation factor, or might be a
framework, such as the cytoskeleton. Cytoskeleton-as-
sociated polysomes have been observed {Lenk et al. 1977;
Cervera et al. 1981; Howe and Hershey 1984) and it has
been shown that eIF-4E preferentially associates with in-
termediate filaments (Zumbe et al. 1982). Association of
mRNA with the cytoskeleton may be a necessary pre-
requisite for the synergism between the two terminal
regulatory determinants to take place.

The synergism observed between the cap and poly(A)
tail suggest that these two regulatory determinants work
in concert to mediate the regulation associated with
each. One function of the poly(A) tail-PAB protein com-
plex may be to facilitate initiation factor or 40S subunit
interaction with the mRNA. The potential for interac-
tion between PAB protein and the 60S subunit (Sachs
and Davis 1989, 1990) supports the idea that the poly(A]
tail-PAB protein complex might be involved in several
early events during translation initiation. Although the
mechanism remains to be determined, the 3’ terminus
certainly plays a pivotal role in the regulation of events
occurring at the 5’ terminus. Current models concerning
translation initiation are often decribed as a series of
steps (Rhoads 1988; Sonenberg 1988). A model describ-
ing efficient initiation of translation, however, may be
one not so much sequential, as one in which the partic-
ipants, for example, the cap, elF’s, ribosomal subunits,
and the PAB protein—poly(A) tail, function in concert.

Materials and methods
Plasmid constructs and in vitro transcription

The Luc and uidA constructs have been described previously
(Gallie et al. 1989, 1991). The 3'-untranslated region from the
Luc construct has been removed for this study. The T7-based
constructs were linearized with the appropriate restriction en-
zyme and in vitro transcription of the DNA was carried out as
described (Yisraeli and Melton 1989). For poly(A)* mRNAs,
plasmid linearization with Dral results in a poly(A)s, tail ter-
minating in three uridylate residues. Virtually 100% of the
mRNA synthesized as capped mRNA is capped {Yisraeli and
Melton 1989). The integrity and quantitation of RNA were de-
termined by formaldehyde-agarose gel electrophoresis as de-
scribed (Melton et al. 1984). Equivalent amounts of each mRNA
construct were used for the in vivo analyses.

In vitro translation

Two hundred nanograms of each Luc mRNA construct was
translated in rabbit reticulocyte lysate according to the recom-
mendations of the supplier (Boehringer Mannheim), with the
exception that a complete mix of nonradiolabeled amino acids
was used. Aliquots were removed at time intervals and frozen
on dry ice. The extent of translation was determined by assaying
each aliquot for luciferase activity as described below.
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Preparation and electroporation conditions

Protoplast media and isolation methods for tobacco {cv. Xanthi)
were as described (Fromm et al. 1987), except that 1.0% Cyto-
lase {Genecor) was used in place of Rhozyme. Tobacco proto-
plasts were electroporated with a GeneZapper (IBI) by using 300
V and 500 wF capacitance.

CHO cells were collected from flasks by brief trypsinization,
washed twice with phosphate-buffered saline (PBS), and electro-
porated in PBS with 400 V and 250 wF capacitance.

Electroporation of yeast has been described in detail else-
where (J.G. Everett and D.R. Gallie, in prep.). Strain CRY1 Mata
can 1-100 ade 2-1 his 3-11,15 leu 2-3, 112 trp 1-1 ura 3-1, a
derivative of W303a, was generated by R. Fuller and provided by
A. Sachs. Briefly, mid-log-phase S. cerevisiae, grown in YPD
medium (1% yeast extract, 2% Bacto-peptone, 2% glucose), was
spheroplasted with Zymolyase — 100T (ICN) in 50 mm Tris (pH
7.5), 1 mm MgCl,, 30 mm dithiothreitol, 15 mm B-mercapto-
ethanol, 1 M sorbitol for 30 min, and subsequently washed twice
in the same buffer. The spheroplasts, allowed to recover in YPD
medium supplemented with 1 M sorbitol for 90 min, were
washed twice with 1 m sorbitol. One-hundred and eighty mi-
croliters of yeast was mixed with the test mRNA and electro-
porated using 800 V, 21 wF capacitance, 1000€).

For time-course experiments, aliquots of cells were removed
at time intervals, collected by centrifugation, and frozen until
assayed. Error in these experiments is 15%. Dose-response anal-
ysis of RNA electroporation is linear through 30 ug of input
mRNA (Gallie et al. 1989).

mRNA stability

Aliquots of tobacco protoplasts electroporated with 5 pg of each
mRNA were removed at time intervals, the cells collected by
centrifugation, and total RNA purified as described (Chomczyn-
ski and Sacchi 1987). The RNA was displayed on a formalde-
hyde-agarose gel, followed by Northern transfer, and probed
with anti-Luc RNA. The region of the membrane representing
the full-length form of Luc mRNA was cut from the membrane,
counted, and the log,, of the values plotted as a function of
time. k, the slope of the best-fit line through the data points,
was used to calculate the half-life according to the equation
tY2 = 0.693/k.

Analysis of luciferase activity

Following incubation, the cells were harvested and resuspended
in luciferase assay buffer [25 mm Tricine {pH 7.5), 15 mm MgCl,,
7 mMm B-mercaptoethanol, 2 mmM ATP), sonicated for 5 sec, and
the cell debris pelleted. Luciferase activity was measured using
0.5 mMm luciferin in luciferase assay buffer and a Monologht
2010 Luminometer (Analytical Luminescence Laboratory). Pro-
tein concentration was determined using the Bio-Rad protein
assay kit.
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The cap and poly(A) tail function synergistically to regulate mRNA
translational efficiency.
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