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ABSTRACT

Many DNA constructs are generated for
protein expression studies. Translational
properties and mRNA stability are crucial
aspects that have to be accounted for dur-
ing DNA construction. An optimized vector
for protein overexpression studies is de-
scribed considering elements in the mature
mRNA that influence translatability and sta-
bility. Recommendations regarding vector
construction for Xenopus laevis embryo in-
jection are provided, based on literature
and experimental data. The 5′ untranslated
region (5′UTR) should be non-regulated,
short, unstructured, and without AUG
codons. The sequence around the start
codon should match the initiation context of
the species studied (ACCAUGG, for verte-
brates), and the open reading frame should
be cloned with its own stop codon, followed
by a G or A residue. Furthermore, the
3′UTR should be non-regulated, and a
strong polyadenylation signal must be in-
cluded in DNA vectors. In RNA template
vectors, the presence of a poly(A) or AC tail
is essential for stability, as well as for trans-
lation efficiency in mRNA injection experi-
ments. These aspects result in high-level ex-
pression of exactly the desired protein.
Easily obtainable examples of the se-
quences [5′UTR, 3′UTR, and poly(A) sig-
nal] are suggested.

INTRODUCTION

In molecular biology research, many
DNA constructs are generated for pro-
tein expression studies. Protein overex-
pression is used to elucidate the biolog-
ical function of the protein of interest
and the process it is functioning in. Two
expression systems are often used: tran-
sient or stable transfection of tissue cul-
ture cells, or injection in a one-cell
stage embryo.

Transfection of tissue culture cells
requires a DNA construct with the gene
of interest cloned under the control of a
constitutive or inducible promoter. This
can be the gene’s own promoter, but
strong viral promoters, like the rous
sarcoma virus (RSV) or cytomega-
lovirus (CMV) promoters, are often
used. Two types of genetic information
can be injected into embryos, mRNA or
DNA. First, injection of synthetic
mRNA encoding the protein of interest
requires the construction of a DNA
construct with a promoter active in in
vitro transcription, such as the T7, SP6,
or T3 phage promoters. The advantage
of injecting RNA is that protein expres-
sion starts immediately after injection
in the vast majority of embryonic cells.
Second, DNA constructs containing the
gene of interest can be injected; this re-
quires the use of a promoter active in
the embryo. When protein expression is
required in specific embryonic cells or
tissues, a tissue-specific promoter can
be used. In contrast, when the protein
has to be overexpressed in the whole
embryo, a general promoter—such as
actin, histone, or a viral promoter—can
be used. The advantages of DNA injec-
tion are that protein expression can be

targeted by selection of the promoter,
and there is no need for RNase-free
work. The disadvantage is that protein
expression starts after transcription ini-
tiation in the embryo (in the often used
Xenopus laevis embryo after nine
cleavages, about 10 h). Furthermore,
injected DNA does not segregate as
well as mRNA, resulting in a very mo-
saic expression pattern (44).

Besides the choice of the promoter
and the gene of interest, there are many
more important aspects that need to be
considered in vector design. Often, the
gene is cloned into a commercially
available or laboratory-made vector,
without considering aspects such as
translatability and stability of the re-
sulting mRNA.

First, we will introduce translation
initiation, the first step in protein syn-
thesis, as this step largely determines
the efficiency of mRNA translation
(23). The mature mRNA consists from
5′→3′ of a 7-methyl guanosine cap-
structure, a 5′ untranslated region
(5′UTR), the start AUG (sAUG) at the
beginning of the protein encoding open
reading frame (ORF) terminated by a
stop codon (UAA, UAG, or UGA), a
3′UTR, and a poly(A) tail. The 5′ cap is
bound by the cap-binding complex eIF
(eukaryotic initiation factor) 4F, con-
sisting of eIF4E, 4A, and 4G. Sec-
ondary structures can be present in the
5′UTR by C-G, A-U, and G-U base
pairing. These structures are unwound
by the RNA helicase eIF4A. Through
this action a single-stranded landing
platform is created for the 43S pre-ini-
tiation complex, comprising the 40S ri-
bosomal subunit, eIF2-GTP, and Met-
tRNA. This complex scans along the
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5′UTR, normally 60–100 nucleotides
long, to the sAUG (17). The 60S ribo-
somal subunit joins, and protein syn-
thesis begins. This mechanism for
translation initiation is called cap-de-
pendent ribosomal scanning and satis-
factorily explains initiation on the vast
majority of mRNAs. In this process,
several determinants influence the effi-
ciency of translation initiation, such as
secondary structure and AUG codons
in the 5′UTR, the nucleotide sequence
surrounding the sAUG (18), and also
the 3′UTR and poly(A) tail. A few cel-
lular mRNAs and some viral RNAs use
a cap-independent mechanism for initi-
ation. These often very complex 5′
UTRs harbor an internal ribosomal en-
try site (IRES) in their 3′ part, able to
attract ribosomal subunits independent
of the 5′ end (26,41).

The 3′UTR and poly(A) tail greatly
influence mRNA stability. However,
during embryonic development both
the 3′UTR and mainly the length of the
poly(A) tail also determine translation-
al efficiency by controlling mRNA lo-
calization and translational activation
or repression (10,27,45,46).

All known aspects influencing the
translatability and stability of the mes-
sage will be the focus of this paper, by
presenting experimental and literature
data. The experiments deal with trans-
fection of Cos-1 cells and injection of
embryos of the clawed frog Xenopus
laevis. Furthermore, recommendations
regarding vector design are provided to
assist in constructing a vector, taking
care of special topics such as protein
synthesis and mRNA stability.

MATERIALS AND METHODS

Construction of the Plasmids

The T7TS plasmid for in vitro tran-
scription (24) contains the Xenopus β-
globin 5′UTR, sites for the insertion of
an ORF, followed by the globin 3′U T R
and a track of 30 A and C residues. The
GFP ORF was inserted as an NcoI-
BamHI GFP fragment (pEGFP; Clon-
tech Laboratories, Palo Alto, CA, USA).
The A30C30 tail was deleted by creating
a PstI site at the end of the 3′UTR by
PCR. Digestion with PstI and re-ligation
removes the A30C30 tail, resulting in

T7TS-glob-GFP(-tail) (gift from G.C.
Scheper, Dundee, UK). The T7TS-HRV/
EMCV/FMDV-CAT plasmids were con-
structed by inserting the 5′UTR-CAT se-
quences as EcoRV-BamHI fragments
into a blunt-ended HindIII/BglII-digest-
ed T7TS plasmid. The HRV fragment
contained the 3′ 592 bp of the 5′U T R
(32), the EMCV 5′UTR was a 3′ 607-bp
fragment (22), and the FMDV 5′U T R
was a 530-bp fragment described earlier
(39). The PV-CAT sequence (26) was
inserted as a HindIII-BamHI fragment
into the HindIII/BglII-digested T7TS, re-
sulting in T7TS-PV-CAT. 

CS2-GFP was generated by in-
serting the GFP ORF as a BamHI-XbaI
fragment (pEGFP) into the BamHI/
XbaI-digested pCS2+ (40). CS2-glob-
GFP was constructed by inserting the
globin 5′UTR-GFP sequence (HindIII-
EcoRV fragment, from T7TS-glob-
GFP) into a modified CS2+, in which
the HindIII site was cloned directly at
the start site for transcription.

In Vitro Transcription

T7TS-glob-GFP was linearized with
EcoRV (behind the ORF) or HincII (be-
hind the AC tail), T7TS-glob-GFP(-tail)
with HincII, and T7TS-PV/HRV/
EMCV/FMDV-CAT with SmaI. Capped
transcripts were made using the T7-
MEGAscript kit (Ambion, Austin,
TX, USA) in the presence of 7.5 mM
m7GpppG, ATP, CTP, UTP, and 1.5 mM
GTP. After DNase treatment, transcripts
were separated from the free nucleotides
and cap-analogue by gel-filtration of the
phenol-treated transcription mixture us-
ing a Pasteur pipet filled with Sepha-
dex (Amersham Pharmacia Biotech)
G50-fine in TNE (20 mM Tris-HCl, pH
7.5, 50 mM NaCl, 1 mM EDTA), fol-
lowed by ethanol precipitation.

In Vitro Translation

A Xenopus in vitro translation sys-
tem was prepared by washing stage 8
embryos twice with excess of 10 mM
HEPES, 100 mM KAc, 1 mM MgAc2,
0.05 mM EDTA, and 5 mM DTT. Sub-
sequently, they were suspended in the
same buffer (5 µL/embryo) supplement-
ed with 10 µg leupeptin and 1 µg pep-
statin/mL. The extract was centrifuged
three times for 10 min at 15 000× g, 4°C

to remove insoluble material. This ex-
tract was aliquoted, snap-frozen in liq-
uid N2, and kept at -80°C. For in vitro
translation for 90 min at room tempera-
ture, 6 µL of this extract were supple-
mented with 4 µL containing: 0.125
mM amino acids, 0.8 µg tRNA, 3 µCi
[35S]methionine (1300 Ci/mmol),
RNase inhibitor, an energy reconstitu-
tion system (30), 150 mM KAc, 6 mM
MgAc2, and 80 ng RNA. Translation in
homemade rabbit reticulocyte lysate
was described elsewhere (30). Transla-
tion products were analyzed by SDS-
PAGE and autoradiography.

DNA Transfection, Extract
Preparation, CAT Assay, and
GFP Analysis

Cos-1 cells were transfected with the
GFP DNA constructs as a calcium-phos-
phate precipitate. After 24 h, cells were
harvested from the culture dish using 10
mM EDTA in PBS and lysed by repeat-
ed freeze-thawing in 20 mM Tris-HCl
(pH 7.6), 100 mM KCl, 10% glycerol,
0.1 mM EDTA, 7 mM β-mercap-
toethanol (embryos were lysed similar-
ly). After centrifugation at 15 000× g
rpm for 5 min at 4°C, supernatants were
transferred to a new tube. CAT activity
was assayed as described previously
(28). The amount of GFP was measured
in PBS using a spectrofluorometer [Pho-
ton Technology International, Ford,
West Sussex, UK; λ(excitation) = 470
nm, λ(emission) = 508 nm].

Embryo Manipulation and
Micro-Injection

In vitro fertilized Xenopus eggs
were dejellied using 2% cysteine (pH
7.8) and kept in 25% MMR (modified
amphibian Ringers’ solution: 25 mM
NaCl, 0.5 mM KCl, 0.25 mM MgSO4,
0.5 mM CaCl2, 1.25 mM HEPES-
NaOH, pH 7.8, 0.025 mM EDTA). Em-
bryos were injected in 25% MMR con-
taining 3% Ficoll with 1 ng RNA.
After 4–6 h, the medium was changed
to 25% MMR, and the embryos were
allowed to develop at 18°C.

Northern Blotting

RNA (10 µg, glyoxylated in the
presence of DMSO) was separated by
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electrophoresis in a 1.5% agarose gel
containing 15 mM of phosphate (7.5
mM Na2HPO4 and 7.5 mM NaH2P O4)
and transferred to a nylon filter (Hy-
bond-N). After UV cross-linking, fil-
ters were hybridized overnight with a
randomly primed 32P-labeled CAT or
GFP probe in 180 mM Na2HPO4, 70
mM NaH2P O4, 1 mM EDTA, 1% BSA
(fraction V), and 7% SDS at 65°C. Af-
ter autoradiography and quantification,
filters were stripped in boiling 0.1%
SDS and subsequently hybridized with
a Xenopus Histon-3 probe as a control
for RNA loading.

RESULTS AND DISCUSSION

Cap-Structure

Translation initiation starts at the 5′
end of the message, by building a pre-
initiation complex at the cap. The vast
majority of cellular mRNAs absolutely
depend on the presence of a cap for
their translation in vivo.

After transfection or injection of
DNA, capping is not a concern, as the
addition of a 5′ terminal guanine and its
methylation automatically occurs sub-
sequently after transcription initiation
by guanylyl transferase and methyl-
transferases. Experimental data indi-
cate that RNA injection requires
capped mRNA (47), which can be syn-
thesized in vitro by adding an excess of
m7GpppG over GTP to the transcrip-
tion assay.

Picornavirus 5′UTRs are naturally
uncapped and initiate cap-independent-
ly using an IRES. We have investigated
whether the cap-structure is also re-
quired in Xenopus injection studies
when the mRNA contains an IRES. It is
known that the Mengo IRES, closely re-
lated to encephalomyocarditis virus
(EMCV), is recognized in Xenopus em-
bryos, whereas the poliovirus (PV)
IRES is not (8). We generated capped
and uncapped RNAs containing the PV
or EMCV IRES preceding the CAT
ORF. These transcripts were injected
into the one-cell stage Xenopus embryo,
and embryo extracts were assayed for
CAT activity at developmental stage 8
(Figure 1A). Both uncapped transcripts
were very inefficiently translated,
whereas only the capped EMCV-CAT

mRNA yielded high CAT activity. The
northern blot in Figure 1B shows that
the uncapped transcripts were very un-
stable in the embryo, explaining their
low translation into protein. This indi-
cates that, in spite of the ability of the
uncapped EMCV IRES RNA to recruit
ribosomes, this process does not prevent
mRNA degradation. From these data we
conclude that injected transcripts, even
with an IRES, need to be capped for
high stability and expression.

Capped RNA for injection is made
by transcription in the presence of mil-
limolar amounts of cap-analogue (see
Materials and Methods). Injection of
micromolar amounts of cap-analogue
results in embryonic death, as the ana-
logue efficiently binds eIF4E and
thereby severely inhibits protein syn-
thesis. We routinely use gel filtration
with Sephadex G50-fine of depro-
teinized RNA, which efficiently elimi-
nates the cap-analogue in contrast to
phenol extraction followed by ethanol
precipitation.

We have developed an in vitro sys-
tem derived from Xenopus embryos to
test uncapped mRNAs. This is not
helpful in protein overexpression stud-
ies but is useful to detect IRES activity.
A crude concentrated translation ex-
tract can be made within one hour from
Xenopus embryos of the desired stage.
Figure 2 shows translation of uncapped
PV, human rhinovirus (HRV), EMCV,
and foot-and-mouth disease virus
(FMDV)-CAT mRNAs in such a Xeno-
pus lysate and in rabbit reticulocyte
lysate. As is already known from litera-
ture (21), the PV IRES is recognized
with a lower efficiency than the EMCV
and FMDV IRESs in non-supplement-
ed reticulocyte lysate (Figure 2A). Nei-
ther the PV IRES nor the HRV IRES
was recognized by the in vitro Xenopus
system, whereas the EMCV and
FMDV IRESs were efficiently recog-
nized in this in vitro assay (Figure 2B).
The PV and EMCV results correspond
with the injection experiment (Figure
1), showing the reliability of this Xeno-
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Figure 1. Translation and stability of capped and uncapped IRES-containing transcripts in Xeno-
pus embryos. Fertilized Xenopus eggs were injected with in vitro synthesized capped (c) or uncapped (u)
CAT mRNAs containing the PV or EMCV IRES. Embryo extracts were prepared at developmental stage
8, and total RNA was isolated. Extracts were tested for CAT activity; extract from uninjected embryos
was used as a negative control (-). The percentage of chloramphenicol (Cm) converted to the acetylated
forms (1/3Ac-Cm) is indicated as % CAT activity (A). The band between the two acetylated forms is a
degradation product, also seen in the absence of CAT-activity. Total RNA was assayed by northern blot-
ting, first using a randomly primed 3 2P-labeled CAT probe, followed by a Xenopus Histon-3 probe (B).



pus extract. As known, FMDV RNA
contains two active initiation codons,
leading to two CAT forms (Figure 2);
the slower migrating form co-migrates
with an endogenous protein synthe-
sized in the Xenopus extract. Also
HRV-RNA translation can initiate at an
upstream AUG in vitro (2), explaining
the two CAT forms (Figure 2A). With
this assay, a potential Xenopus IRES
can be tested for activity in a homolo-
gous system using an uncapped
mRNA. As of now, no IRES-containing
Xenopus 5′UTRs are known, but it is
expected that they will be discovered in
the near future.

5′UTR

Scanning ribosomal subunits are
hampered by stable structures and AUG
codons present in the 5′UTR. A number
of reports indeed show that increasing
the secondary structure and uAUG con-
tent in a 5′UTR severely affects transla-
tional efficiency (14,16,18,25). Of
course, the presence of a uAUG may
cause the synthesis of an elongated iso-
form of the protein, when the uAUG is
in frame with the main ORF; because of
leaky scanning, the ribosome can also
reach the authentic start AUG, resulting
in a second protein.

Vol. 31, No. 3 (2001)

Figure 2. Efficiency of IRES-containing uncapped mRNAs in a Xenopus-derived translation lysate
and in rabbit reticulocyte lysate. In vitro synthesized uncapped PV (P), HRV (H), EMCV (E), and
FMDV (F)-CAT mRNAs were translated at a concentration of 40 and 80 ng/10 µL in reticulocyte lysate
(A) and at 80 ng/10 µL in Xenopus extract (B). Details on extract preparation and translation conditions
are described in Materials and Methods. 35S-labeled CAT protein was visualized by autoradiography.

Figure 3. Comparison of the efficiency of the natural β-globin and a synthetic 5′UTR in tissue cul-
ture and Xenopus embryos. The CS2-GFP and CS2-glob-GFP DNA constructs were either transfected
to Cos-1 cells or injected into one-cell stage Xenopus embryos. Protein extracts and total RNA were iso-
lated 30 h after transfection or at developmental stage 18 in Xenopus development. The amount of GFP in
the extracts was determined using a spectrofluorometer, and RNA was analyzed by northern blotting us-
ing a randomly primed 32P-labeled GFP probe.
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The average human 5′UTR has a
length of 120 nucleotides, is devoid of
secondary structure, and about 25% of
all cDNAs analyzed contain a uAUG
(37). This analysis contrasts with an
analysis from 1987 of 700 vertebrate
mRNAs, of which 9% contained a
uAUG (15); this figure may have been
skewed in favor of the simpler mRNAs.
A number of regulatory proteins, such
as growth factors (FGF-2, PDGF2,
IGFII, EGF, and TGFβ), proto-onco-
gene products (c-mos, c-myc, c-syn,
and c-bcl-2), receptors (RARβ2), and
poly(A)-binding protein, are encoded
by mRNAs with long, structured,
AUG-containing 5′UTRs. A number of
these 5′UTRs strongly suppress transla-
tion; furthermore, they can direct spe-
cific translational regulation (9,41).
Most studied proteins are regulatory,
and as the RT-PCR techniques rapidly
improve, more and more cDNAs are
found that contain complex 5′UTRs.
This complexity can reside in the
length of the 5′UTR, the CG content,
the potential to fold into stable struc-
tures, and the presence of multiple
uAUG codons.

In creating a vector for overexpres-
sion studies, two options can be used to
eliminate the inhibitory or regulatory
elements from a 5′UTR. (i) The major
part of the 5′UTR can be removed by
choosing a restriction enzyme that
leaves an unstructured, non-AUG-con-
taining part of the 5′UTR. However, to
avoid chimeric 5′UTRs with unknown
properties, the cleanest option is (ii) to
amplify the ORF and to add suitable re-
striction sites at both ends by high-fi-
delity PCR. The resulting fragment can
then be cloned into a commercially
available or laboratory-optimized ex-
pression vector behind a natural or syn-
thetic 5′UTR with proven efficiency.

An often-used expression vector,
both for transfection and Xenopus in-
jection is CS2+, designed by Turner
and Weintraub (40). It contains a rather
undefined sequence of 78 bp, without
AUG codons and palindromic se-
quences, between the CMV promoter
and polylinker. Cloning of a 5′U T R
into the polylinker would result in a
chimeric 5′UTR. We have tested
whether this non-natural sequence acts
itself as an efficient 5′UTR. For this
purpose, we cloned the GFP ORF be-

hind these 78 bp. For comparison the
efficient β-globin 5′UTR was linked to
GFP, precisely at the transcription start
site. These two constructs were trans-
fected and injected into Xenopus em-
bryos, and the amounts of GFP protein
and RNA were determined (Figure 3).
Given the almost equal amounts of
GFP RNA and protein, it can be con-
cluded that this synthetic 5′UTR can
serve as an efficient 5′UTR in embryos
and in tissue culture. Insertion of a
5′UTR in CS2+ is unnecessary and
even unadvisable.

Based on literature and experimental
data, we suggest the use of a naturally
occurring short 5′UTR. When a specif-
ic vector is required containing a syn-
thetic 5′UTR, it needs to be carefully
checked for palindromic sequences and
AUG codons (for example, present in
the NcoI, SphI, NsiI, BbuI, NdeI, and
StyI restriction sites).

Sequence Surrounding the sAUG
(Kozak Context)

Arrest of the scanning ribosomal
subunit at the sAUG is mediated by
codon-anticodon recognition between
the initiator Met-tRNA and the sAUG.
The sequence surrounding the sAUG is
important in this process, with a con-
sensus sequence for higher vertebrates
of GCCA/GCCAUGG (15). The most
highly conserved nucleotides within
this consensus are the purine, usually
an A at -3 and the G at +4; if these nu-
cleotides are present, then the others
only marginally contribute. Mutations
affecting A-3 or G+4 strongly impair
sAUG recognition in vivo and in vitro,
resulting in ribosomal scanning beyond
the sAUG and eventually initiation at a
downstream AUG (18,19). Different
species have a different consensus se-
quence. Therefore, applying the above-
mentioned consensus for expression in
lower or invertebrate cells, as is often
seen, may lead to lower expression lev-
els. The consensus sequences for vari-
ous species can be found in the
TransTerm database (6); it gives, for
example, A/GCCATGG for Homo
sapiens, AA/CA/CATGG for Xenopus
laevis, and AAA/CATGN for Droso-
phila melanogaster.

The ACC sequence upstream of the
sAUG can always be generated by

PCR. The G+4 can pose a problem, as
this could alter the first amino acid of
the protein, and thereby its stability (43)
and activity. Fortunately, analysis of
699 vertebrate mRNAs revealed that as
many as 46% contain the G at position
+4 (15). Ideally, an expression vector
suitable for human and Xenopus studies
contains an efficient 5′UTR, an A
residue at -3, directly followed by a
unique NcoI site (CCATGG). The ORF
with an NcoI site overlapping the sAUG
can then be cloned in the NcoI site.

Protein-Encoding ORF

Using RNA, the sequence of the
ORF from the start to the stop codon
should obviously be without intron se-
quences. Although some expression
vectors contain stop codons in the three
reading frames after the polylinker, it is
advisable to clone the ORF cDNA with
its own stop codon, and preferably with
the nucleotide behind the stop codon.
Similarly as for the initiation context,
the termination region also has a
species-specific consensus, which can
be found in the TransTerm database (6).
Especially, the nucleotide behind the
stop codon (+4 position) is well con-
served and is involved in the efficiency
of translation termination (35). In hu-
man and Drosophila genes, the G and A
are most often present, whereas an A is
preferred in Xenopus and invertebrates.

Cloning an ORF with its own termi-
nation region also assures that the re-
sulting protein has the original C-termi-
nus. This can be important for the
activity of the protein, for its targeting
to the peroxisome (1), plasma mem-
brane (7), or trans-Golgi network (13).

3′UTR and Poly(A) Tail

The 3′UTR can influence the trans-
latability of the mRNA by controlling
RNA masking (34), influencing poly-
adenylation [e.g., cyclins and c-mos
(48)], protein binding [e.g., caudal and
hunchback (28,33)], and mRNA local-
ization. Especially during embryonic
development, there is a wealth of exam-
ples of 3′UTRs and polyadenylation
events influencing translation efficien-
cy (9,31,46). This type of regulation is
not restricted to embryogenesis and is
also seen for lipoprotein lipase RPE65
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and 15-lipoxygenase expression (12,
20,38). Furthermore, adenylate/ uridy-
late-rich elements, which are found in
the 3′UTR of many proto-oncogenes,
transcription factors, and cytokines, in-
fluence mRNA stability (4).

These data indicate that cloning a
gene with its own 3′UTR, even in trun-
cated form, can interfere with efficient,
unregulated protein expression. We
have not investigated the effect of in-
serting various sequences between the
ORF and polyadenylation signal. In our
experience, however, part of the CAT or
luciferase 3′UTR, the β-globin 3′UTR,
and the vector sequence present in
CS2+ as 3′UTR do not interfere with
expression in transfection or injection
experiments. Therefore, we recom-
mend the above-mentioned sequences
as good candidates for a non-regulated
efficient 3′UTR.

Expression vectors often contain a
strong viral polyadenylation signal; the
late simian virus 40 (SV40) terminator
is most frequently used and is also pre-
sent in CS2+. This signal results in one
species of polyadenylated stable RNA
(Figure 3). In several baculovirus ex-
pression vectors, the SV40 early termi-

nator is present. Recently, it was shown
in insect cells that compared to the
original p10 3′UTR the early termina-
tor results in lower mRNA levels and
reduced protein expression (42). This
suggests that in this system a heterolo-
gous polyadenylation signal is less effi-
cient than the homologous one.

The most frequently used vector for
the generation of transcripts for Xeno-
pus injection is pT7TS, developed by
Patterson and Krieg (24), containing the
Xenopus β-globin 5′ and 3′UTRs, and a
track of 30 A and C residues. RNA tran-
scribed from this vector is much more
efficient in the embryo than, for exam-
ple, Bluescript RNA without tail (44).
We have determined the effects of re-
moving the AC tail (glob-GFP-3′UTR)
and the 3′UTR (glob-GFP), and replac-
ing the AC tail for 75 A residues. Three
capped transcripts—glob-GFP, glob-
GFP-3′UTR, and glob-GFP-3′UTR-
AC—were injected into Xenopus em-
bryos, and their stability and
translatability were determined at two
developmental stages (Figure 4). At
stage 5, the three mRNAs displayed
similar stabilities, whereas the transla-
tional efficiency strongly depended on

Vol. 31, No. 3 (2001) BioTechniques 579

Figure 4. Influence of 3′ sequences on the stability and translatability of injected mRNAs. In vitro
synthesized capped transcripts were injected into fertilized Xenopus eggs: glob-GFP (gG), glob-GFP-
3′UTR (gG3′), and glob-GFP-3′UTR-AC (gG3′AC). Embryo extracts were prepared at developmental
stages 5 and 14, and the amounts of accumulated GFP were determined. Data were corrected for the
background signal of uninjected embryos (-). Total RNA was isolated at the same stages and assayed by
northern blotting using a 3 2P-labeled GFP probe, followed by a Histon-3 probe.



the 3′ sequences; the RNA without
3′UTR and AC tail was translated with
a 90-fold lower efficiency than the
longest RNA. This effect was even
more pronounced at stage 14, when
both mRNA stability and translatability
interfere with expression. The northern
blot shows that the longest RNA was
hardly degraded from stage 5 to 14, re-
sulting in GFP accumulation linearly in
time. The 3′ truncated RNAs were more
labile; hardly any glob-GFP RNA was
present anymore at stage 14, explaining
the very modest increase in GFP. From
these results, it can be concluded that
both the 3′UTR and the AC tail are es-
sential for stability, as well as for trans-
latability in Xenopus embryos. Chang-
ing the AC tail for an A tail of 75
residues did not have an effect on the
RNA stability, nor on translation effi-
ciency (results not shown); therefore,
we do not see an advantage in using
polyadenylated mRNA in injection ex-
periments.

At first sight, it is difficult to imag-
ine how a 3′UTR and A tail influence
translation initiation at the 5′ end of the
message. Recently, it was suggested
that the 3′ and 5′ ends of the mRNA are
in close proximity because of circular-
ization. In yeast and in mammals, this
mRNA circularization is accomplished
by poly(A)-binding protein, which can
interact with both the poly(A) tail and
eIF4G, part of the cap-binding eIF4F
complex (11,29). Bridging the mRNA
termini might promote re-initiation of

terminating ribosomes or might effi-
ciently attract new ribosomal subunits,
both resulting in enhanced translation.

CONCLUSION

We have discussed the presently
known aspects in a mature mRNA im-
portant for efficient translation and
mRNA stability. Literature and experi-
mental data were predominantly based
on transfection of Cos-1 cells and injec-
tion of Xenopus embryos. Several liter-
ature examples can be found in which
cell-specific translation was observed
with picornaviral IRESs (3) and cellu-
lar IRESs, as described for c-myc (36)
and FGF-2 (5). This cell specificity
must reside in the untranslated regions,
as reporter genes were used in these
studies. Nonetheless, we assume that
the general ideas about constructing an
expression vector are also applicable
for other cell lines and embryos. In Fig-
ure 5, we summarize the mentioned
suggestions by presenting the construc-
tion of a stable mRNA with high trans-
lational potential.
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