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FIGURE 2

QUANTIFICATION OF THE EFFECT OF 5’ UTR ON TRANSLATIONAL
EFFICIENCY - P, SYNTHESIS
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FIGURE 2

QUANTIFICATION OF THE EFFECT OF 5’ UTR ON TRANSLATIONAL
EFFICIENCY - P, SYNTHESIS

The effects of the 5’ UTR on translational efficiency in the
Xenopus oocyte were quantified by densitometric scanning of
the fluorograms from experiments identical to Figure 1.
Relative protein synthesis was measured as 0.D.(arbitrary
units) and resulting data normalized to UTK. The densitometry
data are from two experiments, one done in quadruplicate.
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The observation that regions in the 5’ UTR increase
translation initiation, independently of the consensus
sequence for efficient initiation, is not predicted by the
scanning model for initiation (reviewed in Kozak, 1989).
While the model does suggest that secondary structure in the
5’ region may inhibit translation initiation by preventing
movement of the preinitiation complex along the RNA it does
not allow for regions of the 5’ UTR being involved in
enhancing initiation. The ability of the Xenopus 5’ UTR to
increase translational efficiency in such diverse systems as
rabbit reticulocyte lysate, wheat germ extract and Xenopus
oocytes suggests this region acts as a general enhancer of
eukaryotic translation initiation. For this reason the
Xenopus 5’ UTR provides a useful tool for increasing the
translation of almost any cloned gene, both in vitro and in
vivo.

The EMC (encephalomyocarditis) wviral 5’ leader has
also been found to improve translation both in vivo and in
cell-free systems (Pelham, 1978; Svitkin et al., 1978; Elroy-
Stein et al., 1989). The possibility that the mechanism by
which the Xenopus B8-globin 5’ UTR enhances translation
initiation is similar to eukaryotic viral leaders is presently
being examined in our laboratory. While the EMC and Xenopus
leaders share homology, in a polypyrimidine stretch, they are
not equally effective in increasing expression in oocytes

(Figure 1b and Figure 2 compare EMC, SD and UTK). This has
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been observed for other viral leaders as well and may be due
to requirements for species specific host translation factors
(Gallie et al., 1987b).

To establish that the UTK leader is effective in
improving expression of at least one more coding region in the
oocyte three constructs of the SRP-receptor alpha subunit
(SRPRa), containing different 5’ UTRs, were expressed in the
oocyte. Thes2 constructs were convenient choices since
antisera against the translation products were available in
the laboratory. The expression of SRPRa was also improved 4-5
fold by cloninc¢ the coding region into the UTK vector [Figure
3 lanes E/K(cognate 5’ leader with Kozak consensus sequence),
UTK/E(Xenopus B3-globin 5/ UTR inserted 5’ of 35 nt of SRPRa
cognate 5’ UTR) and UTK]. While the optimal 5’ leader
sequence was UTK the hybrid UTK/E improved translation 2-3 X
over E/K. This suggests that the position of the Xenopus beta
globin 5’ UTR does not have to be an exact match to the
initiating AUG to be effective in enhancing translation

initiation.
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FIGURE 3
EFFECT OF 5’ UTR ON SRPRa SYNTHESIS

FIGURE 3

EFFECT OF 5’ UTR ON SRPRa SYNTHESIS

The effect of replacing the 5’ UTR of SRPRa with the 5’ UTR of
Xenopus beta globin, on translational efficiency in Xenopus
oocytes. Oocytes were injected with normalized in vitro
synthesized transcript in a 1:1 mix with *°S methionine and
incubated for 6 hours. SRPRa translation products were
immunoprecipitated and separated on SDS-PAGE. The 1leader
region is indicated above each lane. E/UTK is a hybrid leader
containing the Xenopus beta globin 5/ UTR and 35 nucleotides
of the SRPRa 5’ UTR.



70

Based on these results the coding region of the

insulin receptor was inserted into the UTK vector and receptor
expression tested in both RRL and in Xenopus oocytes (see

section III-3).
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III-1-iv
CONCLUSION
The UTK leader sequence, shown previously to increase
expression in cell-free translation systems, was tested in the
Xenopus oocyte. The results in the oocyte were consistent with
those in RRL and WG extract suggesting that the UTK leader can
be used to increase expression of the insulin receptor in

cell-free translations as well as in Xenopus oocytes.
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II1-2-1
ABSTRACT

In the previous section the effect of the 5’ UTR on
translation in RRL and Xenopus oocytes was examined in an
attempt to improve expression of the insulin receptor in cell
free and oocyte translations. What follows, in this section,
is an examination of the role of the 3/ UTR. The results
suggest that acddition of the Sac I-Sph I fragment of the
prolactin 3’ UTR followed by 30-50 A’s at the 3’ end of the
insulin receptor construct will result in insulin receptor
transcripts which, when injected into Xenopus oocytes, will be

functionally stable for several days.
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ITI-2-ii
INTRODUCTION
One of the factors that determines the 1level of
expression of a gene is the abundance of the corresponding
mRNA molecule. The level of mRNA is determined by the rate
at which the gene is transcribed, the rate of processing of
the transcript to produce a mature mRNA and finally the half-
life of the mRNA once it is transported to the cytosol
(reviewed in Brawerman, 1989; Jackson and Standart, 1990;
Saini et al., 1990). Because RNA is injected directly into
Xenopus oocytes the only parameter relevant to expression of
in vitro synthesized insulin receptor in Xenopus oocytes is
the rate of degradation of the RNA. The sequences responsible
for determining the half-life (i.e. stability) of a given mRNA
(or in vitro synthesized transcript) have been localized
predominantly to the 3’ untranslated region of the molecule
(reviewed in Jackson and Standart, 1990). There is
considerable evidence that the poly A tail, at the 3’ end of
the 3’ UTR of most mRNAs, is involved in preventing mRNA
degradation and may also influence translation initiation
(reviewed in Bernstein and Ross, 1989). The tail is added
post transcriptionally to the 3/ end of an mRNA containing an
AAUAAA signal found within the 3’ UTR (reviewed in Wickens
1990, also Sheets et al. 1990, Bienroth et al. 1993). A poly
A tail, 30 nucleotides in length, was found to be as effective

as longer tails in preventing degradation of RNA microinjected
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into oocytes (Nudel et al. 1976).

Both the stability of the mRNA molecule and the
functional stability (protein synthesis) were improved by the
presence of th2 poly A tail (Nudel et al. 1976). mRNAS
containing poly A tails 16 nucleotides in length were found
to be as functicnally unstable as completely deadenylated RNaA,
suggesting a minimum length requirement for poly A function
(Nudel et al. 1976). Since many eukaryotic mRNAs are
polyadenylated to some extent it seems 1likely that other
sequences in the RNA molecule are responsible for the vast
differences in stability between different mRNA species (Ahron
and Schneider, 1993 and references within). This is supported
by the discovery of sequences which increase or decrease the
rates of deadenylation and degradation of adenylated and
deadenylated RNA (reviewed in Klausner and Harford., 1989;
Ratnasabapathy et al., 1990; Laird-Offringa et al., 1990;
Saini et al., 1.990; Saini and Summerhayes, 1991; Aharon and
Schneider, 1993). In general these sequences are found in the
non-poly A untrranslated sequences 3’ of the stop codon but
there have been reports of 5’ UTR sequences which are involved
in RNA stability (reviewed in Saini et al., 1990).

The Xenopus oocyte has been a useful model system for
determining the stability of in vitro synthesized mRNA (Kreig
and Melton, 19§4). Transcript can be radioactively labelled
during in vitro transcription of a cloned gene. This can then

be injected into oocytes and the molecular stability of the
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RNA can be determined by extracting the RNA at different times
post injection (Drummond et al., 1985). However, the
stability of the RNA molecule does not always correlate with
the ability of tthe RNA to be translated over time (Drummond et
al., 1985; Galili et al., 1988). Therefore it is more useful
to monitor the functional stability of an RNA in the oocyte by
following new protein synthesis by incorporation of 3°S
methionine. Functional stability is the most important
variable when attempting to express insulin receptors, both
wild type and mutant, in Xenopus oocytes.

The preprrolactin transcript is functionally stable for
up to several days 1in Xenopus oocytes (D.W. Andrews,
submitted). Here we report the results of experiments
designed to characterize the sequences responsible for the
observed stabil:ty and to test the transferability of the 3’

UTR (untranslated region) to other genes.
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ITI-2-iii
RESULTS AND DISCUSSION
PLASMIDS
The constructs used in the following experiments are
summarized in Table 1. The predicted sequence of the junction
at the 3’ end of the coding region and the 3’ UTR was verified
for each clone by sequencing. The complete preprolactin 3/
UTR was sequenced and found to contain a stretch of 17 A and
11 T residues at the end of the prolatin 3’ UTR sequence.
Unique sites within the 3’ UTR of prolactin are indicted in
Table 1. These sites were used to produce transcripts with

truncated prolactin 3’/ UTRs.
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TABLE 1
CONSTRUCTS
MADE BY §'UTR CODING REGION 83’'UTR MAC
OR REF. PLASMID
D.FALCONE/ UTK BOVINE PREPROLACTIN PROL 8'/A17T11 274
A_VASSIL.
. UTK XENOPUS BETA 253
GLOBIN 3' UTR
(Kreig and
Melton 1984)
* UTK Poly A830 250
(Promega/
psp64polyA)
D.W.ANDREWS UTR SRPRalpha MUTANT Coding region 74
(termination codon at past stop +
n: 1300) endogenous 3’
D.FALCONE UTR * PROLACTIN 8’ 446

inserted after

the stop at 1300

PROLACTIN 3' UTR SEQUENCE

0 90 130
Sac | Sph i Alwn | Eco
I | |
T L ]
PROLACTIN 3' UNTRANSLATED REGION A17T11

6'TAAGCCCACAT TCCTATCCTATCCAT TTCTGAGATGGT TCTTAATGATCCAT TCCCTG

GCAAACTTCICTGAGCT TTATAGCT T TGTAATG CATGCTTGGCCTCTAATGGGT T TCAT

SPH |

CTTAAATAAA/NACAGAC TCTGTAGCGATGTCAAAATCTA17T113"

POLY A SIGNAL ALWN |

TABLE 1
CONSTRUCTS

ECO Ri

Ri

Table one summarizes the 5/ UTR, coding region and 3’ UTR for
each construct. Unique restriction sites in the 3¢
prolactin are indicated. Each construct is referenced to the
researcher responsible for constructing this version of the

prolactin or SRPRa clones.

UTR of
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EFFECT OF THE 3’/ UTR IN RRL TRANSLATION

Previously, Domina Falcone in our laboratory was
examining the effects of the 5’ and 3’ UTR’s on translational
efficiency in RRL an WG extracts. Figure 1 was plotted from
her unpublished data (with permission).

The sequence 3’ of the coding region does not appear
to have an effect on the expression of RNA 1in vitro
translation reactions (D. Falcone unpublished data, Kreig and
Melton 1984). The results of experiments to test the
stability of irn vitro synthesized RNA in reticulocyte lysate
translation reactions are presented in Figure 1. 1In these
experiments, the stability of src and prolactin transcripts
containing different 3’ regions was tested in reticulocyte
lysate translation reactions. The 3’ UTR had little if any
effect on both the functional and molecular stability of the
src transcript (Figure la and 1b respectively). Functional
stability was cletermined by incubation of transcript in a RRL
reaction for a given time prior to addition of *°S methionine
and comparing the amounts of labelled full length product made
after a 1 hour incubation. Molecular stability was determined
by incubation of **S UTP labelled transcript in RRL reactions
not containing methionine label and subsequently examining the
amount of RNA bound to nylon filters (D. Falcone, unpublished
data). It :s obvious from these data that cell-free
translation systems are not suitable for RNA stability

studies.
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FIGURE la and 1k
FUNCTIONAL STABILITY OF PROLACTIN AND SRC TRANSCRIPTS IN RRL
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FIGURE la

FUNCTIONAL STABILITY OF PROLACTIN AND SRC TRANSCRIPTS IN RRL
The effect of the 3’ UTR on functional stability in RRL is
shown. CcSRC and preprolactin constructs containing no UTR
(=), Xenopus B-globin 3’ UTR (XBG), poly A30 (A30) or
prolactin 3’ UTR (PROL) were transcribed in vitro, normalized
by fluorometry and incubated in RRL reactions for 30 minutes
without 2°S methionine label. After 30 minutes **S methionine
was added and reactions incubated for an additional hour.
Translation prcducts were separated by SDS-PAGE and the gels
fluorographed, dried and exposed to film. Synthesis of full
length protein was quantified by densitometric scanning of the
fluorograms anc results plotted as synthesis vs 3’ UTR. Data
provided by MINA FALCONE

FIGURE 1b

MOLECULAR STABILITY OF SRC TRANSCRIPTS IN RRL

The effect of the 3’ UTR on transcript stability in RRL is
shown. cSRC constructs containing no 3/ UTR (NO UTR), Xenopus
B-globin 3/ UTR (XBG UTR), cSRC partial 3’ UTR containing only
approximately 20 nt (cSRC UTR) or poly A30 (A30 UTR) were
transcribed in vitro in the presence of **S-alpha-UTP. Labelled
transcript was translated in RRL not containing *®*S methionine.
At the times indicated samples were removed and RNA content
determined by binding of intact RNA to glass filters, washing
to remove free nucleotides and quantifying by scintillation
counting. Data provided by MINA FALCONE
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EFFECT OF THE 3’/ UTR ON TRANSLATIONAL EFFICIENCY IN XENOPUS
OOCYTES
Before attempting to dissect the regions of the
prolactin 3’ UTR involved in stabilization of RNA, the effect
of the 3’ region on translational efficiency was determined.
If the 3/ UTR is involved in translation efficiency, results
from experiments to test RNA stability may be difficult to
interpret. The translational efficiencies of prolactin
_ transcripts with different 3’ UTR sequences (polyA,,, Xenopus
B-globin 3’ UTR and prolactin 3’ UTR) were tested both in
reticulocyte lysate and in Xenopus oocytes. The concentration
of each transcript was normalized by fluorometry and
translated in a one hour reticulocyte translation reaction
and/or injectec¢ into oocytes and incubated for 4 hours. The
amount of transcript injected into the oocyte is not likely to
be saturating since the level of expression observed in this
experiment was not maximal (unpublished observation - in other
experiments, using considerably higher concentrations of
transcript, trenslation is not saturated). In both cases ?3°S
methionine wass included in the reactions to 1label the
translation products. Total prolactin synthesis was
determined by separating total reticulocyte products and
immunoprecipitation products from oocytes on SDS-PAGE,
followed by fluorography and densitometric scanning of the
fluorograms (Figure 2 - oocyte data only). In both the one

hour reticulocyte translation and 4 hour oocyte translation,
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prolactin synthesis was not affected by the 3’ untranslated

region.
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FIGURE 2
TRANSLATIONAL EFFICIENCY OF PREPROLACTIN CONSTRUCTS CONTAINING
DIFFERENT 3/ UTR SEQUENCES
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FIGURE 2

Translational efficiency of preprolactin constructs containing
different 3’ UTRs in Xenopus oocytes. Oocytes were injected
with equal amounts of in vitro synthesized transcript in a 1:1
mix with *°*S methionine and incubated for 4 hours. Prolactin
translation products were isolated by immunoprecipitation,
separated on SDS- PAGE, and the gels fluorographed and exposed
to film. Synthesis of full length protein was quantified by
densitometric scanning of the fluorogram and results plotted
as synthesis vs 3’ UTR. The results are from one experiment
performed in triplicate except poly A,, which was in duplicate.
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The abcve results suggest that the 3’/ UTR does not
infuence the rate of translation initiation or elongation.

Furthermore, while cell-free translation systems are

useful for a variety of translational studies they are not

suitable for observing differences in RNA stability. 1In a

relatively short translation incubation, such as the

reticulocyte lysate system, the effects of known RNA

stabilization signals, such as the Xenopus B-globin 3’ UTR,

are not observed (Kreig and Melton 1984b; and Figure 1la and

1b).

EFFECT OF THE FROLACTIN 3/’ UTR ON RNA FUNCTIONAL STABILITY IN
XENOPUS OOCYTES

To characterize the region of the prolactin transcript
responsible fo:r the previously observed functional stability
(D. Andrews unpublished data), several plasmids were
constructed, a.l with different sequences 3’ of the stop codon
(table 1). A Sacl restriction site was introduced immediately
after the stop codon to facilitate the construction of the
various clones. Linearizing the clone at this site also
provided a prolactin transcri
pt with no 3’ UTR region.

The functional stability of prolactin transcripts with
or without the 3’ UTR was tested in the oocyte (Figure 3a).
Oocytes were pulse labelled for 4-5 hours, as indicated, with

**s methionine at different times post injection of the
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transcript. Therefore, labelled proteins will be isolated
only if the RNA is still competent for translation at the time
of the pulse. Removal of the 3’ UTR dramatically decreased
the functional stability of the transcript in oocytes. By 2
hours post injection there was little prolactin synthesis and
by 11 hours there was no synthesis (Figure 3a lanes 2 and 3).
In contrast, transcript containing the 3/ UTR was stable for

at least 11 hours after injection (Figure 3a lane 6).
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FIGURE 3a/3b
FUNCTIONAL STABILITY OF PROLACTIN AND SRPRa TRANSCRIPTS IN

XENOPUS OOCYTES
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FIGURE 3a

FUNCTIONAL STABILITY OF PROLACTIN TRANSCRIPTS 1IN XENOPUS
OOCYTES

The functional stability of preprolactin transcripts
containing either no 3/ UTR (NO UTR) or the prolactin 3’ UTR
(3’ PROLACTIN) is shown. In vitro synthesized transcript was
injected into oocytes. 1, 2 and 11 hours after injection sets
of 5 oocytes were removed and incubated for 5 hours in media
containing **S ma2thionine (0.5mCi/10ml). Prolactin translation
products were immunoprecipitated, separated on SDS-PAGE and
the gels fluorographed, dried and exposed to film.

FIGURE 3b

FUNCTIONAL STABILITY OF SRPRa TRANSCRIPTS IN XENOPUS OOCYTES
The functional stability of SRPRa transcripts containing
either endogenous SRPRa 3’ UTR sequence (3’SR) or the
prolactin 3/ UTR (3’ PROLACTIN) is shown. In vitro synthesized
transcript was injected into oocytes. At the time of injection
(0) and at 7 and 15 hours after injection sets of 10 oocytes
were removed and incubated for 6 hours in media containing 3°S
methionine (0.%5mCi/10ml). SRPRa translation products were
immunoprecipitated, separated by SDS-PAGE and the gels
fluorographed, dried and exposed to film.
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The above experiment suggests that the prolactin 3’
UTR is necessary for the prolactin transcript to be stable in
oocytes. However, it does not show that the sequence is
sufficient to stabilize RNA in general. 1In some cases the 3’
UTR has been found to stabilize a transcript by interacting
with sequences in the 5’ UTR and/or the coding region
(reviewed in Seini et al., 1990). In these cases the 3’ UTR
is necessary but not sufficient for stabilization of foreign
RNA. To test this the 3’ UTR of prolactin was added to a
plasmid at the 3’ end of the coding region of an SRPRa(signal
recognition particle receptor, a subunit) deletion mutant.
Addition of the prolactin 3/ UTR stabilized the SRPRa
transcript up to 20 hours (Figure 3b panel 1). The 3’ UTR of
the control transcript contained both SRPRa coding sequences
and endogenous 3’ UTR sequences. This transcript was
relatively unstable (Figure 3b panel 2).

The polyA tract in the prolactin 3/ UTR is only 17
bases in lengtl.. Studies in oocytes have shown that a 16 base
polyA tail is not sufficient to stabilize transcripts (Nudel
et al., 1976). Furthermore, transcripts with 16 A residues
were found to lose functional stability at the same rate as
transcripts with no poly A tail (Nudel et al., 1978). The
prolactin poly A tail is only 1 A longer than what was
previously found to be ineffective for stabilization of
transcripts in oocytes. This suggested the possibility that

another sequence in the 3/ UTR was involved in stabilization
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of the RNA either in conjunction with the poly A sequence or
independently. Two unique restriction sites, SphI and AlwNI,
in the cDNA of prolactin are not present in the region of the
plasmid between the SP6 promoter and the stop codon.
Digestion of the prolactin clone with either of these enzymes
produced DNA which contained only part of the 3’ UTR of
prolactin (table 1). The Sph I site is found 5’ of the
AAUAAA, therefore digestion with Sph I removes the poly
adenylation signal. The functional stability of prolactin
transcripts made from this DNA was tested in the oocytes along
with transcripts containing the full length prolactin 3’/ UTR
and the Xenopus B-globin 3’ UTR. The full length prolactin 3’
UTR stabilized prolactin transcript as well as the Xenopus B-
globin sequence previously reported to stabilize RNA (Figure
4 panels 1, 2). The transcripts containing the truncated
prolactin 3’ UTR were stable longer than the transcript
containing no UTR sequences (Figure 3a panel 1 compared to
Figure 4 panels 3 and 4). By 20 hours the amount of prolactin
made had decreased by half for both truncated UTRs, suggesting
a loss of functional transcript and a requirement for a poly

A stretch for full stabilization (Figure 4).
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FIGURE 4
FUNCTIONAL STABILITY OF PREPROLACTIN TRANSCRIPTS CONTAINING
DELETIONS IN THE 3’ UTR

FIGURE 4a
FUNCTIONAL STABILITY OF PREPROLACTIN TRANSCRIPT IN XENOPUS
OOCYTES - EFFECTS OF TRUNCATING THE PROLACTIN 3’ UTR
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FIGURE 4

Functional stability of preprolactin transcripts containing
different regions of the prolactin 3’ UTR. The different
transcripts were produced by restriction digestion of the DNA
within the 3’ UTR (3’/PROL-ECORI/full length 3/ UTR, 3’/PROL-
ALWNTI /130 nt of 3’ UTR, 3’PROL-SPHI/90 nt of 3’ UTR).
Transcript was injected into oocytes and 0 (at time of
injection), 20 and 30 hours after injection sets of 5 oocytes
were removed and incubated for 5 hours in media containing *°S
methionine (0.5mCi/10ml). Prolactin translation products were
analyzed after immunoprecipitation by SDS- PAGE and
fluorography. The differences 1in functional stability,
although small, were consistent in other experiments.
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Removal of segments of the prolactin 3/ UTR did not result in
a dramatic loss of stability as was observed when the entire
region was deleted. This is not surprising given that 16 A
residues, only one less than the deleted A stretch, was as
unstable as fully deadenylated RNA. The first 90 bases (Sac
I - Sph I) and regions downstream of this region may be acting
either together or independently. The first 90 bases of the
3/ UTR are suff:icient to stabilize the transcript, relative to
transcripts wifthout a 3" UTR, but may require interactions
with downstream regions of the 3’ UTR for further

stabilization. This possibility remains to be tested.
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ITI-2-iv
CONCLUSION

The resilts presented here confirm that the 3/ UTR of
prolactin contains sequences necessary and sufficient to
stabilize mRNA :n Xenopus oocytes. Given the above results we
should be able to use the 3’ UTR of prolactin coupled to a
poly A tail, 30-50 nt in 1length, to stabilize insulin
receptor transcripts in Xenopus oocytes. In the next section
(III-3), the efrfects of the prolactin 3/ UTR on the expression

of insulin receptor in RRL and Xenopus oocytes is examined.
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III-3-1
ABSTRACT

Sections III-1 and III-2 provide an experimental basis for
optimizing the expression of cloned insulin receptor in
Xenopus oocytes. Based on these results an insulin receptor
construct conta:.ning the UTK 5’ leader sequence and the 3/ UTR
of prolactin was made. The results of experiments to test

expression of this construct are presented in this section.
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ITTI-3-ii
INTRODUCTION

A common feature in the upstream region of many
hormone receptors, such as the insulin receptor, is a large
number of G an C residues. These stretches have been shown
to inhibit translation and are thought to be involved in the
regulation of expression of the receptors in vivo (reviewed in
Kozak, 1991). To avoid the effects of the cognate 5’ UTR the
insulin receptor had been previously cloned into psp64T, a
vector containing an SP6é transcription promoter and the
Xenopus R-globin 5 ’ untranslated region (UTR). Initial
attempts to exoress this insulin receptor construct in cell
free reticulocyte 1lysate (RRL) translation system were
unsuccessful. The insulin receptor clone was sequenced to
determine the exact sequence of the 5/ UTR that resulted from
construction of the plasmid. Upon sequencing, it was
discovered that: the context of the start site had been altered
to CCCATGG, thus the initiating AUG was not in a favourable
context for initiation of translation.

Having established in section III-1 that the Xenopus
B-globin 5’ UTE improved translation in the oocytes as well as
in cell 1lysates, an insulin receptor clone was constructed
that had an optimized 5/ UTR (UTK leader). The construction
of this clone was simplified by use of the pspUTK vector made
by M. Falcone (Falcone and Andrews, 1991). Given the results
in section III-1 addition of the UTK leader alone should

increase the expression of the insulin receptor in the



95
oocytes. In section I1I-2 it was demonstrated that the 3’ UTR
of prolactin contains a transferable mRNA stabilization
sequence. These results along with the results of section
III-1 suggest that a construct in which both the UTK leader
and the prolact:in 3’ UTR are added to the coding region for
insulin receptcr will increase expression in Xenopus oocytes.
The results of expressing these constructs of the insulin

receptor in RRI, and in Xenopus oocytes are presented below.
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ITI-3-iii
RESULTS AND DISCUSSION
SEQUENCING OF THE INSULIN RECEPTOR CONSTRUCTS

The 5’ UTR and start site of the original insulin
receptor construct was sequenced by exo- vent polymerase
reaction (used as specified by the manufacturer). The
sequence surrounding the start site was CCCATGG (UTR-IR).
Therefore the irsulin receptor coding region was subcloned out
of this vector into pspUTK (UTK-IR). A construct of the
insulin receptcr was also made containing both the UTK 5’

leader as well as the 3’ UTR of prolactin (UTK-IR-UTRPROL)

EXPRESSION OF THE INSULIN PRORECEPTOR IN RRL

Expression of three constructs encoding the insulin receptor
were compared in RRL translation reactions (Figure 1). The
180 kDa proreceptor with the xenopus beta globin 5’/ UTR and
the Kozak consensus start site was expressed to higher levels
than a similar construct without the Kozak consensus start
site [Figure 4 <compare UTR-IR (not quantifiable by
densitometry) and UTK-IR]. As expected for a cell free
expression system, the construct with both 5/UTK and 3/ UTR of
prolactin was expressed as well as the 5’UTK construct

(compare UTK-IR and UTK-IR-UTRPROL).
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FIGURE 1
EXPRESSION OF INSULIN RECEPTOR CONSTRUCTS IN RRL

-IR-UTRPROL

£

« INSULIN
PRORECEPTOR

FIGURE 1

EFFECT OF 5’ UTR AND 3/ UTR ON INSULIN PRORECEPTOR SYNTHESIS
Translational efficiency of in vitro synthesized insulin
receptor transcripts in one hour RRL translations. Effect of
the 5’ UTR on expression. The leader region is indicated above
each lane. UTR-IR has the Xenopus B-globin 5’ UTR, UTK-IR has
both the Xenopus BR-globin 5’ UTR and a Kozak consensus
sequence for efficient translation initiation, UTK-IR-PROLUTR
has the prolactin 3’ UTR after the insulin receptor coding
region.
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EXPRESSION OF THE INSULIN RECEPTOR IN XENOPUS OOCYTES

Although we had sucess in optimizing expression of
human insulin proreceptor in RRL, initial attempts to express
the insulin receptor construct with the optimized 5’ and 3’
UTR’s in oocytes were unsucessful. After examining possible
reasons for this, it was concluded that the polyclonal
antibody used for isolating the receptor was unstable and not
suitable. The experiment was repeated using a monoclonal
antibody specific for human receptors and which has no cross
reactivity with Xenopus receptors and we found to efficiently
immunoprecipitete proreceptor from RRL translations (Oncogene
Science AB-1l).

The 5’ UTK leader had a dramatic effect on expression
of the insulin receptor in the oocytes (figure 2, compare
lane5 with 6 and 7). Expression of UTR-IR was not detected
(figure 2, compare lanes 4 and 5). The construct containing
the prolactin 3’ UTR expressed the same level of processed
receptors (a=-135 kDa and B-95 kDa subunits) but higher levels
of proreceptor (uncleaved precursor - approximately 200 kDa)
than UTK-IR (figure 2, compare lanes 3 and 4). This result
suggests that since this clone is, after 40 hours, making
higher 1levels of proreceptor, the transcript may be more
functionally stable than UTK-IR. More experiments are
required to verify this suggestion. From the results it
appears that the oocyte is able to efficiently process the

receptor into o and 8 subunits. Size comparison to the



99
molecular weights reported previously corresponds to
glycosylated and further modified forms characteristic of the
mature receptor. (Appendix A for references on insulin
receptor molecular weights). The larger molecular weight of
the oocyte proreceptor compared to RRL translation also
suggests the efficient addition of post-translational
modifications. The expression we observe with the optimized
construct is considerably higher than previous reports, in
which it was necessary to use high specific activity 32P
labelling of the B-subunit to demonstrate expression (Vera and
Rosen, 1990). In our experiments, using the optimized
construct, we are able to demonstrate insulin receptor
expression by 3*°S metionine labelling, immunoprecipitation,

SDS-PAGE and short exposure times (overnight exposures).



100

FIGURE 2
EXPRESSION OF INSULIN RECEPTOR CONSTRUCTS IN XENOPUS OOCYTES

UTK-IR-UTRPROL
UTK-IR

UTK-IR-UTRPROL

UTR-IR
UTK-IR-UTRPROL

JEE JEE

205 -:rx:::ﬁror
116.5 7 subunit
77
46.5

1 2 8 498 4 718 9 1 U 7 e
FIGURE 2

EFFECT OF 5’ UTR AND 3’/ UTR ON INSULIN INSULIN RECEPTOR
SYNTHESIS

Oocytes were injected with in vitro synthesized transcript, 50
nl/oocyte and incubated in 1 mCi *°S methionine/10 ml ND96(1mM
ca*) for 40 hours with a media change at 24 hours. The
oocytes were then homogenized, in sets of 6 oocytes, and
insulin receptor immunopprecipitated using AB-1 anti-human
insulin receptor antibody. The leader region is indicated
above each lane. Control lane- H,0 injected oocytes, UTR-IR
has the Xenopus B-globin 5’ UTR, UTK-IR has both the Xenopus
B-globin 5’ UTR and a Kozak consensus sequence for efficient
translation initiation, UTK-IR-PROLUTR has the prolactin 3’
UTR after the insulin receptor coding region.

The proreceptor, a-subunit and B-subunit are indicated. A
background band at approximately 60 kDa serves as an internal
control to ensure consistent injection and labelling.
Coomassie Blue staining of the SDS-PAGE gel indicated
equivalent recovery of antibody in each lane (not shown).
Included in this experiment were injections of two different
transcription reaction products for each construct in
duplicate for each construct at least for one of the two
transcripts (as indicated). In all cases the results were
consistent. '
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II1-3-iv
CONCILUSIONS

We have demonstrated, in this section, the highly efficient
expression of cloned human insulin receptors in Xenopus
oocytes by optimization of the 3/ and 5’ UTR’s. As discussed
below, the expression of the insulin receptor provides an
important tool for further investigations of insulin receptor

function.
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Iv-i
CONCLUSIONS

In examining the Xenopus oocyte as a potential model
system for studying the effects of extracellular calcium on
insulin action several short and long term experimental
factors were considered. The results, presented in chapters
IT and III, establish a basis for the oocyte as a model system
for examining the role of extracellular calcium in insulin
receptor function.

Prior to the experiments described here there were
several reports linking extracellular Ca** and various insulin
stimulated processes. However the extent to which ca* is
involved, the stage at which Ca** is required, and the
concentration required for maximal stimulation all vary
depending on whr.ich insulin stimulated process is investigated.
In contrast to previous studies, the results in chapter II do
not suggest a role for physiological concentrations of
extracellular calcium in insulin action. However, the time
dependent inhbition of ISDU by EGTA does suggest a mechanistic
requirement for calcium at the plasma membrane in an early
event in insulin action. While we have defined temporally an
event which is sensitive to EGTA we have not determined the
mechanism by which EGTA is inhibiting ISDU. Furthermore, the
results obtained made use of the endogenous Xenopus receptors.
Therefore contrasting reports on the effects of extracellular
Ca** on stimulation of mammalian receptors may be a result of

structural differences between the receptors (i.e. mammalian
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receptor function may be more sensitive to removal 6f
physiological c¢oncentrations of Ca** from the media than
Xenopus receptors). Alternatively, the conflicting results
may be due to d:ifferences in the the sensitivity of mammalian
cells and Xenopus oocytes to fluctuations in extracellular
calcium.

The above possibilities can be tested by expressing
human receptors in the oocyte and looking for changes in
calcium dependence. If the function of human receptors is
affected by free calcium it will be interesting to study the
structural differences between the human and Xenopus
receptors. If, however, the response mediated by the human
receptor is also resistant to free calcium it will support the
second possibility. If this is the case then the oocyte will
provide an ideal model system for further studies to determine
the signalling step(s) affected by calcium chelators.
Expression of normal and mutant insulin receptors in the
oocyte will be essential in determining which event is
inhibited by EGTA. Antibodies specific for human insulin
receptors can be used as probes for signalling events.
Immunofluoresence, chemical crosslinking and electron
microscopy (using gold cluster labelled antibodies) may be
used to follow aggregation and internalization of insulin
receptors at various times after insulin exposure (see
Appendix A for discussion of post-insulin-binding events).

Furthermore, autophosphorylation and tyrosine kinase
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activition of the expressed receptors can be determined by *?P
labelling the oocytes and immunoprecipitating with anti-human
insulin receptor antibodies and anti-phosphotyrosisne
antibodies after exposure, of oocytes expressing human insulin
receptors, to insulin (see Appendix A for discussion and
references for tyrosine kinase activity of the insulin
receptor). The effects of extracellular calcium and EGTA on
these events mey provide clues to the mechanisms involved in
inhibition by EGTA. These studies as well as mutational
analysis may also determine whether the Ca' required is
associated with the membrane or directly with the receptor.

Initial attempts to express the cloned human insulin
receptor in ococytes were unsucessful. For this reason we
addressed the problem of optimizing expression of cloned genes
in the Xenopus oocyte. Expression of the insulin receptor was
dramatically improved by optimizing the 5’ and 3’ UTR’s.
Furthermore th2 results of this study provide a good strategy
for increasing expression of many cloned genes by replacing
the cognate 5’ and 3’ UTRs with sequences found to increase
translation and RNA stability. In addition, results from
examining the effects of the coding region on translational
efficiency sujgest that, once the mechanisms involved are
better understood, expression may be further improved by
optimizing the nucleotide sequence of a gene without changing
the amino acid sequence. As outlined above we should now be

able to use receptors expressed in the oocyte to investigate
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further the role of extracellular calcium in the mechanism of
transmembrane signalling through the insulin receptor.

It has been suggested that changing the extracellular
concentration o Ca* outside physiological limits leads to
perturbations irn intracellular calcium levels and this may in
turn affect instlin signalling. While the results in chapter
IT show that reroval of Ca* from the media does not result in
a loss of bulk intracellular Ca* it does not exclude the
possibility that intracellular distribution of Ca** is altered.
Further studies, possibly using injection of Ca* sensitive
dyes such as Fura-2, on the effects of changing extracellular
Ca** concentration on the intracellular distribution of ca*
will be necessary to determine whether the oocyte does control
intracellular celcium independent of extracellular conditions.
If this is so then the Xenopus oocyte system will be useful
for examining the effects of extracellular calcium on other
processes as well.

The results presented here demonstrate that the
Xenopus oocyte is suitable for both preliminary and long term
studies of the effects of extracellular calcium on insulin
receptor function. Using the Xenopus oocyte, we have
demonstrated a requirement for extracellular calcium, likley
associated at the surface either on the receptor or the
membrane, in an early post-insulin-binding event in the
stimulation of deoxyglucose uptake by insulin. Furthermore,

having expressed the human insulin receptor a more extensive
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analysis of the role of extracellular calcium in insulin
receptor function will be possible. In addition, having
achieved high expression in a cell which has efficient
effector-coupling for insulin receptors opens the possibility
for studying other aspects of insulin receptor function in

addition to extracellular Ca** dependence.
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BACKGROUND

The insulin receptor is a large membrane protein usually
greater than 350 kDa in size (reviewed in: Olefsky, 1990; Roth
et al., 1992; Kahn et al., 1993). It is a tetramer consisting
of two alpha anc two beta subunits which are disulfide linked.
The insulin receptor has an N-terminal signal sequence which
directs synthesis to the endoplasmic reticulum via the
SRP/SRP Receptor pathway (reviewed 1in Olefsky, 1990).
Cleavage of the signal sequence in the ER results in a
completed proreceptor which is approximately 180 kDa in size.
In the ER and Golgi the proreceptor is disulfide linked and
cleaved at an ARG LYS ARG ARG site to produce an alpha-beta
dimer (Salzman 2t al., 1984; Olson et al., 1986; Olson et al.,
1987). Two dimers are further disulfide linked to produce
a complete tetramer. Without any post-translational
modifications the alpha and beta subunits are 82 500 and 69
700 Da respectively (reviewed in Olefsky, 1990). These
subunits undergo extensive modifications including
glycosylation, sulfation, acetylation and acylation in the ER
and Golgi to produce approximately 130 000 Da alpha and 95 000
Da beta subunits (Hedo et al., 1987; Collier and Gordon,
1991; Hayes et al., 1991). Post-translational modifications,
in particular N-linked glycosylation, has been implicated in
the transmembrane signalling mechanism of the insulin receptor
(Leconte et al., 1992)

The alpha subunit is entirely extracellular and contains
the ligand (inssulin) binding domain (reviewed in Yip, 1992).
From mutational studies several regions have been implicated
in insulin binding;
1. The cysteine rich region at the c terminus
(Yip et al., 1988, 1991; Rafaeloff et al.,
1989)
2. Phenalalanine 89 (Wedekind et al., 1989; Waugh
e:- al., 1989; [DeMeyts et al., 19901])
Further studies implicate both carboxy and amino terminal
residues of the alpha subunit in insulin binding to the
receptor (Anderson et al., 1992; ¥Fabry et al., 1992;
[Schumacher et. al, 1991] and 1993). While there are two
possible insulin binding sites on the a2B2 tetramer there is
some contravorsy as to whether there is only one high affinity
site per receptor with a lower affinity second site or whether
both are occupied (Pang and Shafer, 1984; reviewed in Yip et
al., 1992; Yip and Jack, 1992; Shoelson et al., 1993)
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Each bete subunit has several important functional
domains including;
1. Two consensus internalization sequences, NPXT
(presumed B-turns) on the cytoplasmic side of
the transmembrane domain (Backer et al., 1990;
Theis et al., 1990; reviewed in McLain, 1992).
2. A tyrosine kinase domain with a consensus ATP
binding site (GXGXXGG...20-25aa..K) (Ullrich
et al., 1985).
3. Several tyrosine phosphorylation sites
(1163, 1162, 1158 and some minor sites at C
term) (reviewed in Rosen et al., 1987).
4, A single transmembrane domain (reviewed in
Clefsky, 1990)
The above regions have all been shown to be involved in the
transmembrane signalling mechanism (reviewed in Olefsky,
1990). It has been suggested that the transmembrane domain
plays a passive role in signalling. Mutational studies and
domain swap experiments suggest that the residues in the
transmembrane i1region are not specifically required for the
receptor to transmit a signal (Fratteli et al., 1991). A
study comparing the membrane spanning residues of 16 integral
membane proteins and 11 receptors, including the insulin
receptor, revealed no significant sequence differences
between the twc groups (Brandl et al., 1988). This suggests
that the receptor transmembrane domain is functioning
primarily as an anchoring domain and that other regions are
responsible for transmitting the signal upon insulin binding.
These results are in contrast to results from more recent
mutational studies which suggest a more active role for the
transmembrane clomain (Yamada et al., 1992; Longo et al., 1992;
reviewed in Murray-Rust, 1993)

The insulin receptor primary sequence shares homology
with other tyrosine kinase active receptors and oncogenes
(Evans and Gralam in Membrane Structure and Function In Focus
series D. Rickwood Ed. 1989; Ullrich and Schlessinger, 1990).
While the extracellular domain is relatively unique, the
cytoplasmic domain is highly homologous to a variety of
proteins all bearing a tyrosine kinase domain (Ullrich et al.,
1985; Ullrich and Schlessinger, 1990). These include a group
of tyrosine kinase receptors such as EGFR PDGFR CSF-1R and
IGFIR as well as the src and ros families of oncogenes
(reviewed in Ullrich and Schlessinger, 1990).

While the 1ligands that bind to the tyrosine kinase
receptors differ considerably there is evidence for a common
early response to ligand binding. This is consistent with the
above sequerce comparisons in which the 1ligand binding
regions are un..que while the intracellular regions responsible
for signalling are conserved to a greater extent. Within
seconds of ligand binding to the receptor several tyrosine
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residues on the cytoplasmic domain of the beta subunit are
phosphorylated. There is a concomitant activation of the
tyrosine kinase. This may suggest common or similar
transmembrane signalling pathways. While the early events in
signalling are common to a number of receptors, the downstream
events vary greatly for each receptor (reviewed in Ullrich and
Schlessinger, 1990).

There are several well characterized cellular changes that
can be used as indicators of insulin binding and of activation
of the receptcr. Phosphorylation of the beta subunit on
several tyrosine residues is the earliest indicator of binding
and signal transduction (Tavare et al., 1991). For this reason
it is often used to assay for insulin receptor function.
Phosphorylations on Tyr 1158, 1162 and 1163 appear to be the
most important ffor acute insulin action and phosphorylation of
all three sites appears to be necessary for full kinase
activation and for acute insulin action (examples: Ellis et
al., 1986; Morgan and Roth., 1987; Wilden et al 1992).
Phosphorylation of these tyrosines occurs sequentially with
phosphorylation at 1158 and 1162 occuring earliest and 1163
being phosphorylated subsequent to these residues (Dickens et
al., 199%92). Furthermore, phosphorylation of the two B8
subunits in the tetramer appears to occur assymetrically (Lee
et al., 1993). There is evidence that while phosphorylation is
an early event involved in the acute response to insulin it
may not be rejuired for all insulin actions in the cell
(Simpson and Hedo, 1984; Debant et al., 1988; Debois et al.,
1992; Sung et al., 1992; reviewed in Sung, 1992).
Phosphorylation was initially believed to be
autophosphorylation but recent evidence from EGF receptor and
insulin receptor studies suggest an intermolecular reaction
between adjacent receptors which may act to amplify the signal
(Honegger et al.., 1989; Shoelson et al., 1991; Hayes et al.,
1991).

Several studies have also shown that the insulin receptor
and EGF receptor are, in their activated state, aggregates on
the cell surface (Fugita-Yamaguchi et al., 1989; Kubar and Van
Obberghen, 1989; reviewed in Ballotti et al., 1992). The
observation that the aggregated receptors are highly
phosphorylated and have higher kinase activity suggested a
role for receptor aggregation in signal transduction (Fugita-
Yamaguchi et al., 1989; Kubar et al., 1989). Mutations in
Tyrlle2 and Tyrllé63 result in a loss of some receptor
functions. Several of the lost functions can be restored by
crosslinking the receptors. This result provides further
evidence for the importance of receptor aggregation in
receptor activation and for kinase independent signalling
mediated by the insulin receptor (Debant et al., 1989).

The exact mechanism or event responsible for
transmembrane signalling is not clearly defined. There is
evidence, using conformation dependent antibodies, that
suggests binding of insulin leads to conformational changes in
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the intracellular domain of the B-subunit and that these
conformational changes are distinct from, and possibly
precede, those which occur upon autophosphorylation and
activation of the kinase activity (Baron et al., 1992).
Binding of insulin may cause extracellular conformational
changes which may be transmitted either by subsequent
aggregation of the receptors (as proposed in Kubar et al.,
1989), or directly throughout the receptor transmembrane
domain.

Considerable work has been done in identifying the
second messencers involved 1in propagating the signal
transmitted by the receptor. While many proteins are
phosphorylated in response to insulin stimulation, of cells in
culture, many of these are serine/threonine phosphorylations.
Few direct substrates for the tyrosine kinase function of the
receptor have Dbeen characterized (reviewed in Rosen, 1987;
Roth et al., 1992).

Recently a protein of approximate molecular mass 180,000
(ppl85 or IRS-1) has been found to be tyrosine phosphorylated
in response to 1insulin stimulation within minutes of
activation of the insulin receptor kinase (Del Vecchio and
Pilch, 1989). IRS-1 is phophorylated on tyrosyl residues and
was found to be a direct substrate of the insulin receptor
tyrosine kinase (Rothenberg et al., 1991; Saad et al., 1992;
Sun et al., 1992; ). IRS-1 contains a consensus YMXM sequence
which is posphorylated by the insulin receptor (Shoelson et
al., 1992). Initial characterization of IRS-1 suggested it
was a microsomal protein but recent evidence suggests it may
be associated with the cytoskeleton (Okamoto et al., 1991).
PI3 kinase activation in response to insulin has been found to
be medited via interactions of the SH2 domain of the 85 KDa
alpha subunit of PI3 kinase to the tyrosine phosphorylated
IRS-1, thus formining a ternary signalling complex with the
activated insulin receptor (Cohen et al., 1990; Backer et al.,
1992; Hadri et al., 1992; Sung and Golfine, 1992; Yonezawa et
al., 1992; Myers et al., 1992; Folli et al., 1992; Lavan et
al., 1992; Backer et al., 1992 and 1993). Interstingly IRS-1
appears to be a common substrate for both the insulin receptor
and IGF-1 receptors tyrosine kinases and is responsible for
coupling activation of both receptors to PI3 kinase activation
(Yamamoto et al., 1992; Myers et al., 1993).

ERK’s, or MAP kinases (MAPK), are another set of proteins
found to be act:ivated via tyrosine and serine phosphorylation
in response to growth factors and peptide hormones (Boulton et
al., 1991a 1991b; Lee et al., 1992; reviewed in Pelech and
Sangera, 1992; Nishida and Gotoh, 1993). These are a family of
serine/threonine kinases that are each activated by a
different set of extracellular signals. While early work
suggested that. these could act as adaptors for receptors,
converting the tyrosine kinase function to serine/threonine
kinase, more recent studies do not support this hypothesis.
ERK’s require Dboth tyrosine and serine/threonine
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phosphorylation for maximal activation of their kinase,
suggesting they act as a point of integration of signals. This
is supported by the identification of MAP kinase Kkinase
(MAPKK) which is a dual specificity kinase, i.e. it recognizes
and phosporylates threonine and tyrosine residues which are in
close proximity on the MAP kinase (reviewed in Pelech and
Sangera, 1992; Nishida and Gotoh, 1993). MAPKK is itself
activated by another kinase which interacts with activated
receptors thus completing the phosphorylation cascade. Map
kinase activation in response to insulin stimulation has been
reported 3T3-L1 adipocytes and in intact rat liver and is
thought to play a role in insulin activation of glucose
transport (Ciaraldi and Maisel, 1989; Tobe et al, 1992; Inoue
et al., 1993)

As well as IRS-1 and MAPK there is work being done on
other protein mediators of the insulin signal. Evidence for
the role of G proteins has been reported and appears to
involve the association of the insulin receptor with G
proteins of molecular weight 41 and 67 kDa (Jo et al., 1992).
From the above study and studies using GTP-gammaS it appears
that G proteins associated with the receptor may be involved
in modulatng the kinase activity of the receptor (Russ et al.,
1993). ppl20/ecto-ATPase, a liver specific protein, appears
also to be a substrate for the insulin receptor kinase
(Margolis et al., 1990; Najjar et al., 1993 and references
within). A summary of other putative substrates of the insulin
receptor kinase are described in a review by Roth et al.,
1992.

Along with protein mediators of the insulin response,
there is growing evidence for increased levels of other
molecules that may act as second messengers. Diacylglycerol
and inositol-g.ycan are both found in increased levels after
insulin stimulation of cells (reviewed in Walaas and Walaas,
1988; Suzuki ez al., 1991). Generation of these molecules in
response to insulin requires the kinase activity of the
insulin receptor. Furthermore the increase in diacylglycerol
is found to be dependent on phosphorylation of insulin
receptor Tyr 1163 and 1162 (Cherqui et al., 1990; Suuki et
al., 1992). Phospholipase Cy has not been found to be
activated in response to insulin and so is probably not
responsible for the observed insulin induced increase in
inositol-glycan (reviewed in Walaas and Walaas, 1988; Nishibe
et al., 1990; reviewed in Cockcroft and Thomas, 1992).
Instead there is a novel phoshpholipase C responsible for
insulin mediated 1inositol-glycan production (Walaas and
Walaas, 1988; 3altiel and Cuatrecasas, 1986). The production
of DAG in response to insulin suggests protein kinase C (PKC)
may be stimulated in response to insulin but it is not clear
what role PKC plays, if any in insulin action (Heindenreich et
al., 1990 and refernces within; Caro et al., 1992; Chin et
al., 1993; Welsh et al., 1993).
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Minutes after insulin binding several measureable
changes occur in the cell (the following intracellular events
are reviewed in: Moore, 1983; Goldfine, 1987; Housley, 1989;
Denton, 1990; Olefsky, 1990; Roth et al., 1992). Some of these
are as follows;

1. Internalization of the insulin/receptor
complex. Internalization requires two NPXY
consensus sedquences on the B subunit. Studies
have shown that internalization is not
necessary for activation or deactivation of
the insulin receptor or subsequent cellular
events. Receptor phosphorylation is not
necessary for internalization. Proteolytic
cleavage of the B-subunit upon internalization
may be involved in downregulation of the
receptor (Knutson, 1991)

2. Mobilization of insulin regulated glucose
transporters to the cell surface resulting in
an increase in glucose uptake (reviewed in
Joost and Weber 1989; Czech et al., 1992).

3. Changes in enzymatic activities. The effects
of insulin on several metabolic enzymes are
well characterized i.e. phosphorylase kinase,
phosphorylase, glycogen synthase, pyruvate
dehydrogenase etc.

4, Increased transcription of some genes and
regulation of RNA and DNA synthesis.

5. Increased ion transport.

6. Increased serine/threonine phosphorylation of
insulin receptor B-subunit (possible
downregulatory mechanism or mitogenic
signalling).

7. There are also some long term growth factor

effects of insulin stimulation such as
increased 1lipid, protein and nucleic acid
synthesis. The mitogenic effects of insulin
are not dependent on Tyr 1163 and Tyr 1162
phosphorylation and may be mediated through a
different pathway than the early cellular
responses to insulin. C terminal regions of
the B subunit appear to be involved in the
mitogenic effects of insulin.
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APPB-i
ABSTRACT

We have previously observed that SRPRae and preprolactin are
not translated with equal efficiency even when the two coding
regions are flanked by the same 5’ and 3’ UTRs (unpublished
data). Therefore, the extent to which the coding region is
involved in translational efficiency was examined to determine
if it may play a significant role in expression of the insulin
receptor. Whiles we have shown that sequences in the coding
region can significantly inhibit translation it remains to be
determined whether improvement can be achieved by changing
these sequences. The implications of these results for
expressing the insulin receptor and other cloned genes in
oocytes are discussed.
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APPB-ii
INTRODUCTION

The effect of the coding region on translational
efficiency is rnot clearly defined, but there are a growing
number of examples of how the coding region affects the
ability to translate a given transcript both in cell free
lysates and in vivo (reviewed in Kozak, 1987 and 1991; Baim
and Sherman, 1988; Wolin and Walters, 1988 and 1989;
Rabinovich and Kreinin, 1991; Kim et al., 1991; Krasheninnokov
et al., 1991; Doohan and Samual, 1992; Tate and Brown, 1992;
Kim and Hollingsworth, 1992).

One mechanism by which the coding region controls
expression is the translational pause (Wolin and Walters, 1988
and 1989; Kim et al., 1991; Kim and Holligsworth, 1992).
Experimentally, using a novel nuclease protection assay,
ribosomes have been shown to "pause" and stack over a 29 nt
stretch at 2 positions on preprolactin RNA, at GGC codons, in
both wheat germ and reticulocyte lysate translation reactions
(Wolin and Walters, 1988). This same assay was used in an in
vivo study to show pause sites in spinach chloroplast mRNA
(Kim and Hollingsworth, 1992). While pause sites have been
identified, the extent to which they affect total synthesis is
unknown. While it is clear that the ribosomes stop at these
sites and thereby decrease the rate of elongation, the
sequences responsible for signalling pausing of ribosomes on
internal sites of an mRNA have not been clearly defined.
Furthermore, tre mechanism(s) involved in ribosome pausing is
as yet unknown.

In a mrore general study, the translation of total
mitochondrial polypeptides was followed over time (Rabinovich
and Kreinin, 1991). The translation patterns of the major
proteins being synthesized fit into 3 groups according to
their rates of synthesis over time. Some of the mitochondrial
proteins also displayed pausing of the ribosomes within the
coding region of the RNA (Rabinovich and Kreinin, 1991). The
same pattern of a non-uniform distribution of ribosomes was
also demonstrated for translation of chloroplast membrane
protein mRNA, rabbit globin mRNA and reoviral S1 mRNA (Kim et
al., 1991; Krasheninnkov et al., 1991; Doohan and Samual,
1992). All of these studies support a model in which
elongation occiars at different rates along the length of an
RNA and this results in a non-uniform distribution of
ribosomes (Rabinovich and Kreinin, 1991). The rate of
translation initiation and elongation is also affected by the
nucleotide sequence immediately 3’ of the initiation site
(Liebhaber et al., 1992). These studies clearly demonstrate
that the coding region of an RNA can be involved 1in
controlling translation and therefore gene expression.
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Even with optimized untranslated regions the SRP
receptor & subunit was one of the poorest expressing clones
tested in the 5’ UTR and 3’ UTR studies (Mina Falcone,
unpublished data). It was therefore a good candidate for
examining the putative effects of the coding region on
translational efficiency. We have identified a region of SRP
receptor alpha subunit which inhibits translation both in
reticulocyte lysate and microinjected Xenopus oocytes. The
effects of delei:ing this region on translational efficiency of
SRPRa are presented here, along with experiments to more
precisely define the sequence involved in inhibition of
translation.
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TABLE 1
CONSTRUCTS
MADE BY 5'UTR CODING REGION 3'UTR MAC
OR REF. PLASMID
D.FALCONE UTE SRPRalpha - full length ENDOGENOUS 191
D.W.ANDREWS * SRPRalpha - nt 1-232 - 3
deleted
J.YOUNG * SRPRalpha - nt 1-114 ° 458
deleted
J.YOUNG * SRPRaipha - nt 114-237 * 459
deleted
D.W.ANDREWS SRPRalpha - nt 1-84 * §5
deleted
A.VASSIL./ * SRPRalpha - nt 469-762 ° 456
D.W.ANDREWS deleted
A.VASSIL./ SRPRalpha - nt 1186-1623 * 457
D.W.ANDREWS deleted
A.VASSIL. * SRPRalpha - nt 1-232/469-7§2 489
deleted
A.VASSIL. . glycoGLOBIN(N terminal 70nt) ENDOG. 518
SRPRalpha (nt 5§28-7365) prot.A
protein A
F.JANIAK . glycoGLOBIN(N terminal 70nt) . 486
protein A
TABLE 1
CONSTRUCTS

Table one summarizes the 5’ UTR, coding region and 3’ UTR for
each construct. Each construct is referenced to the reseagcher
responsible for constructing this version of the prolactin or

SRPRa clones.
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APPB-iii
RESULTS AND DISCUSSION

EFFECTS OF CODING REGION ON TRANSLATIONAL EFFICIENCY 1IN
RETICULOCYTE LYSATE (RRL) AND WHEAT GERM EXTRACT (WG)

Experiments done previously in this 1laboratory
suggested a role for the coding region in translational
efficiency in RRL and WG extract reactions (D. Falcone,
unpublished datia). The results from this study are presented
in Figure 1la, 1b and 1lc. Translation of a variety of coding
regions shows a consistent pattern of expression which is
independent of the 5’ and 3’ UTRs (D. Falcone unpublished data
used to generate Figure la panels KD, UTK and UTR). For
example, prolactin transcript is consistently translated
better than SRPRa. The only variable that correlates with
translational efficiency in these experiments was the coding
region, suggesting that the coding region plays a role in the
translational efficiency of a given transcript. In these
experiments the 3’/ UTR was removed by linearizing the plasmids
after the translation termination codon. While this
eliminates differences in the 3’ context of the coding
regions, we previously showed that the 3/ UTR does not affect
translational efficiency or RNA stability in RRL translations
(chapter III-2).

The coding regions were of a variety of 1lengths
ranging from 142 to 638 amino acids. It was possible that the
differences in translation were simply related to the length
of the coding region translated. If this correlation was
correct the insulin proreceptor, which is 180,000 Da in size
(Ullrich et al., 1985), would be very poorly translated in
spite of the optimized UTR’S. The relative protein synthesis
in both wheat germ and RRL was determined by densitometric
scanning of the fluorograms and correction for the number of
methionines in each coding region (D. Falcone, unpublished
data). This was plotted against the length of the coding
region (Figure 1b). No correlation between the length of
coding region and level of protein synthesis was observed.
For example, PrP and protein A are approximately the same size
and yet in RRL protein A is translated 10 fold better than Prp
(Figure 1b compare translation of constructs indicated by <).

Because the genetic code is degenerate, in most cases
there is more than one codon, and therefore more than one tRNA
for an amino acid. The codon usage in a given species varies
considerably and the availability of tRNA molecules and amino
acyl tRNA synthetases for a particular codon may reflect the
codon usage (For review see Shields, 1990; and codon usage
table for several hundred species given in Wada et al., 1992).
Studies in which mammalian proteins were expressed in bacteria
or yeast show that when expressing cloned genes from other
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species, synthesis may be impaired if there are a large number
of rare codons present (e.g. Mandrup et al., 1991; Adams et
al., 1992; Demoulder et al., 1992). Furthermore, even within
a given species codon usage has been correlated with the level
of expression and mRNA translation rate for various genes
(e.g. Sharp et al., 1988; Sharp and Devine, 1989; Sorenson et
al., 1989; Karlin et al., 1990). Although the RRL and WG
translation reactions are supplemented with exogenous tRNA,
amino acyl tRNA synthetases may still be limmiting. Analysis
of the rare codon content of the coding regions for the 5
rarest codons in rabbit (source of the reticulocyte lysate) is
shown in Figure 1c. The content of a particular rare codon
does not correlate with synthesis (compare CGA: Prolactin -
20/1000, cSRC - 4/1000).

Together these results suggest that some other feature
of the coding region influences the rate of translation.



FIGURE 1
EFFECT OF THE CODING REGION ON TRANSLATIONAL EFFICIENCY IN
CELL-FREE TRANSLATIONS
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FIGURE 1la

EFFECT OF THE CODING REGION ON TRANSLATIONAL EFFICIENCY IN RRL
In vitro synthesized transcripts were normalized by
fluorometry and translated in RRL for 1 hour. Translation
products were separated Dby SDS-PAGE and the (gels
fluorographed, dried and exposed to film. Protein synthesis
was quantified by densitometric scanning of the fluorograms.
The results are plotted as protein synthesis (0.D. in
arbitrary units- corrected for the number of methionines in
the coding region) vs the 5’ UTR and the coding region [G-
globin, T-truncated bovine prolactin, P-bovine prolactin, R-
prion related pirotein, C-cSRC, S-SRD4(SRPR deletion mutant)].
Data provided by MINA FALCONE.

FIGURE 1b

EFFECT OF CODING REGION LENGTH ON TRANSLATIONAL EFFICIENCY IN
RRIL. AND WG

In vitro synthesized transcript was normalized by fluorometry
and translated for 1 hour in RRL or WG. Translation products
were separated by SDS-page and protein synthesis quantified as
in Figure la. The results are plotted as protein synthesis
(0.D. in arbitrary units corrected for the number of
methionines) vs length of coding region. CODING REGIONS
(abbrev. as ir. l1a) AND LENGTH - G (l42aa), T (174aa), P
(229aa), R (254aa), C (533aa), ATIII (432aa), SRPRa (638aa),
Protein A (269aa). Data provided by MINA FALCONE.

FIGURE 1c

CODON USAGE

The coding sequences of the proteins used for the experiment
described in Figure la were analyzed for the incidence of 5
rare rabbit codons (<5/1000). The results are plotted as
frequency/1000nt vs coding region and rare codon.
Abbreviations are as in Figure 1la.
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TRANSLATIONAL EFFICIENCY OF SRPRa DELETION MUTANTS

SRPRa was one of the most poorly expressed of the
coding regions studied. Therefore it was selected for further
study. A variety of deletion mutants were available from
previous studies on SRPRa function (Table 1). Expression of
the deletion muiants was tested in RRL and in Xenopus oocytes
in an attempt to identify regions responsible for inhibiting
translation. Two regions of SRPRa were identified which, when
deleted, increased translation of SRPRa in both RRL and
Xenopus oocytes (Figure 2a and 2b compare SRPRa, 1-232 and
469-~752 NOTE: deletion mutants are indicated by the nucleotide
numbers deleted in the construct. Nucleotides are numbered
from the A residue of the initiating methionines). Deletion
of another region, nt 1186-1623, similar in size to 469-752,
did not result in increased translation compared to full
length SRPRa /NOTE: deletion of nt 1186-1623 removes 5
methionine residues and so quantitative comparrisson between
this mutant anc the other mutants requires correction of the
densitometric data for methionine number, Figure 2c). This is
consistent witl. the results in figure 1b in which the length
of coding region per se does not decrease translation, i.e.
decreasing the length of the coding region per se in mutant
469-752 is no: responsible for the observed increase 1in
translation (2a, 2b and 2c). The mutant in which both
inhibitory regions were deleted translated better than either
of the single deletion mutants (Figure 2c 1-232/469-752).
Results from densitometric scanning of fluorograms from
several RRL experiments were normalized to full length SRPRa
and the results plotted as synthesis vs coding region (Figure
2c). The 1-232 region did not improve translation to the same
extent consistently, resulting in the largest error of the
single deletion mutants.
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TRANSLATIONAL EFFICIENCY OF SRPRa. DELETION MUTANTS IN RRL
AND XENOPUS OOCYTES
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FIGURE 2a-c

TRANSLATIONAL EFFICIENCY OF SEVERAL SRPRa DELETION MUTANTS IN
RRL AND XENOPUS OOCYTES

For both the RRL and oocyte experiments in vitro synthesized
transcript was rormalized by fluorometry. RRL translations and
treatment of translation products were as described in la. 2a
is a representat.ive autoradiogram of results obtained from RRL
translations. Results of densitometric scanning of fluorograms
from several such experiments are shown in 2c. Results are
plotted as protein synthesis (corrected for number of
methionines and normalized to WT) vs SRPRa mutant {full length
SRPRa is shown as WT, nucleotides deleted is given for the
mutants and (numbered from A of the initiating AUG)]. Figure
2b is represerntative of the results obtained in Xenopus
oocytes. Oocytes were microinjected with normalized
transcript:®*® (1:1 mixture) and incubated for 6 hours. SRPRa
(full length and deletion mutant) translation products were
immunoprecipitated, separated by SDS-PAGE and the gels
fluorographed, dried and exposed to film.
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In making such extensive deletions in the SRPRa
molecule there is the possibility the observed increase in
translation reoresents changes in the stability of the
transcript in RRL or oocytes. Functional RNA stability was
tested by adding transcript to unlabelled RRL reactions or
injecting transcript without label into oocytes and incubating
for 30 minutes and 3 hours respectively. *°S methionine was
then added after the incubation and samples incubated another
30 minutes (RRL) and 5 hours (oocytes). The relative
translational efficiency was not affected suggesting that no
one transcript was more or less stable during translation and
that the rate of translation was responsible for the observed
differences (DNS).

The rate of initiation of full 1length SRPRa was
compared to both 1-232 and 469-742 deletion mutants (table 2).
Both mutants hed higher rates of initiation than full length
SRPRa (table 2).
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TABLE 2
RATE OF TRANSLATION INITIATION OF SRPRa MUTANTS

TABLE 2
CONSTRUCT INIT.RATE MAC PLASMID
FULL LENGTH 499 3
1-232 1909 191
469-752 1348 456
1-232/469-752 3141 489

TABLE 2

RATE OF INITIATION OF SRPRa MUTANTS

Cumulative initiation was measured by removing aliquots of RRL
translations at 0, 3, 6, 9, 15, 20, 25 minutes and adding them
to 4mM 7-methy.guanosine and 0.1mM aurin tricarboxylic acid to
block new initiations. Translation was continued for 60
minutes to ensure complete synthesis of molecules initiated
prior to addition of inhibitors. Results of densitometric
scanning of the full length products (0.D. in arbitrary units)
were plotted against the time of addition of initiation
inhibitors to give a plot of cumulative initiations. The slope
of the resulting line gave the cumulative initiations/minute.
The rate of translation initiation is presented as cumulative
initiations (protein synthesis 0.D. in arbitrary units)/time
(min). :



150

The dist:ribution of rare codons over the coding region
does not correlate with the inhibition of translation. The
frequency of rare codons in both of the inhibitory regions (1-
232 and 469-742) is lower than the incidence in full length
SRPRa. Therefore it is unlikely that differences in codon
usage account for the relative translational efficiency of
these regions.

To define more precisely the region responsible for
inhibition in the 1-232 region smaller deletions were
analyzed. These deletions were non-overlapping and together
covered the entire 1-232 region. The translational efficiency
of these deletion mutants in RRL was not significantly higher
than full length SRPRa (Figure 3a and 3b). Deletion mutant
114-237 was translated slightly better than full length but
not to the extent of the mutant with entire deletion (Figure
3a and 3b compere 114-237 and 1-232).
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FIGURE 3
EFFECT OF NON-OVERLAPPING DELETIONS IN THE 1-232 REGION OF

SRPRa ON TRANSLATIONAL EFFICIENCY IN RRL.
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FIGURE 3

EFFECT OF NON-OVERLAPPING DELETIONS IN THE 1-232 REGION OF
SRPRa ON TRANSLATIONAL EFFICIENCY IN RRL.

In vitro synthesized transcript was normalized by fluorometry
andtranslated for 1 hour in RRL. Translation products were
separated by SDS-PAGE and the gels fluorographed, dried and
exposed to film. Figure 3b is representative of the results
obtained. In 3a the results shown in 3b were quantified by
densitometry and the results plotted as protein synthesis
(O.D. in arbitrary units normalized to full length SRPRa) vs
SRPRa construct.
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These r2sults suggest that the increased translation
of the 1-232 de_.etion mutant was not due to the removal of an
inhibitory region but 1likely the result of increased
translation iniziation due to changing the region immediately
3’ of the translation start site. A number of studies have
shown that the region surrounding the initiation site can
affect the translational efficiency of a protein (Sharp et
al., 1988; Gross et al., 1990; Liebhaber et al., 1992;
reviewed in KXozak, 1991). In addition, Liebhaber et al.
(1992) showed that secondary structure downstream of the
initiating AUG could inhibit translation. This inhibition was
dependent on the secondary structure being close to the
initiating AUG (Liebhaber et al., 1992). In an earlier study,
in which secondary structure was introduced between the coding
region and the 3’ UTR translation was not inhibited
(Lingelbach and Dobberstein, 1988). These studies suggest
that secondary structure around the initiating AUG inhibits
translation by inhibiting initiation and not elongation.
Given that the 1-232 region changes the region immediately 3’
of the start site it is possible that the observed effect on
translation iss due to changes in secondary structure.
Analysis of the first 50 nucleotides after the start site of
full length SRPRa and the deletion mutants showed that 1-232
has a 44% G/C content while the others are all about 56% G/C
content (see Arpendix 2 for data). The difference in the free
energy, and possibly secondary structure, resulting from fewer
G/C residues 3’ of the start site, while not dramatic, may
explain the observed differences in translational efficiency.
This is also consistent with the finding that the rate of
initiation of the 1-232 deletion mutant was higher than full
length SRPRa (table 2).

Deleting the region from nucleotide 469~752
consistently increased translation 2-3 fold over full length
SRPRa (Figure 2c). The increase in synthesis upon deletion of
this region was also higher than the 1-232 region.
Furthermore the 469-752 deletion mutant is more interesting in
that the inhibiting region appears to occur after 1/3 of the
SRPRa molecule has been translated. Removal of this region
(deletion mutant 469-752) also increases the rate of
initiation compared to full length SRPRa. Ribosomes have been
shown to stack 5’ of pause sites during translation and in
doing so may inhibit the rate at which new ribosomes can
initiate translation (Wolin and Walters, 1988)).
Alternatively sequences in the 469-752 region may inhibit
translation by interacting with other regions of SRPRa RNA.
While it is pcssible that secondary structure is involved in
the observed inhibition, evidence from other studies has shown
that secondary structure per se is not sufficient to inhibit
the movement of ribosomes along an RNA molecule (Lingelbach
and Dobberstein, 1988). If this region is a general inhibitor
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of translation the effect should be transferable to an
unrelated coding region. A passive passenger routinely used
in this laboratory for targeting studies is gPA [a glycoglobin
/protein A fusion protein ](Janiak et al., submitted). To
determine whether the 469-752 region can inhibit translation
independent of the rest of the coding region, nucleotides 528-
735 of SRPRa were cloned into gPA to produce gGSRaPA. The
translational efficiency of this construct was 2 fold less
than gPA (Figure 4a and 4b). The inhibition of translation by
this region in gPA is consistent with the observed 2 fold
increase in translation when it is removed from SRPRa
suggesting a sequence in the 528-735 region can inhibit
translation independent of the rest of the SRPRa coding

region. Consistent with this result, mapping of ribosome
pause sites in S3RPRa has identified a pause in this region (J.
Young, unpublished data). These results suggest that

sequences in the 469-752 region of SRPRa are sufficient for
inhibiting translation. However, further studies are required
to determine more precisely the sequences involved in
inhibiting translation in SRPRa. Furthermore, the 469-752
region may not contain the only coding sequence involved in
regulating translation of SRPRa. In Figure la the translation
of SRD4, a deletion mutant of SRPRa, is 30 fold lower than
preprolactin, the highest expressed coding region. Both the
SRD4 and preprolactin constructs have the same 5’ UTR,
suggesting the diffences observed are due to the effects of
the coding region on translation. Deletion of region 469-752
improves translation only 2-3 fold, suggesting there are other
sequences in the coding region of SRPRa involved in
translational efficiency. When the effects of these sequences
are combined they may affect translation to even a greater
extent than the 5’ UTR.
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FIGURE 4a and 4b
EFFECT OF INSERTING SRPRa nt 528-735 (gGSRPA) INTO

GLYCOGLOBIN/PROTEIN (gGPA) ON TRANSLATIONAL EFFICIENCY IN RRL
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FIGURE 4
EFFECT OF INSERTING SRPRa nt 528-735 (gGSRPA) INTO

GLYCOGLOBIN/PROTEIN (gGPA) ON TRANSLATIONAL EFFICIENCY IN RRL
In vitro synthesized transcript was normalized by fluorometry
and translated for 1 hour in RRL. Translation products were
separated on SDS-PAGE, the gels fluorographed, dried and
exposed to film. A typical result is shown in Figure d4a.
Figure 4b shows the result of densitometric scanning of the
fluorograms from 2 experiments done in duplicate (normalized

to gGPA).
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APPB-iv
CONCLUSION

There is growing evidence in the literature that the
coding region o mRNA molecules can be involved in the control
of gene expression. The observations described above are
consistent with previous studies which demonstrated that
coding sequences 1in a variety of mRNA species affect
translational efficiency and that ribosome distribution on an
mRNA is non-uniform during translation (Rabinovich and Kreinin

1991). Further characterization of these regions and the
precise sequences involved will allow elucidation of the
mechanisms by which they affect translation. As coding

sequences which affect translation are identified and
characterized, the significance of the coding region in
control of protein expression will be fully understood.
Furthermore, these studies will determine the relative
importance of the coding region in translation in general. 1In
the case of SRPRa the coding region was found to affect
translation to a similar extent as the 5’ UTR. Replacement of
the endogenous 5’ UTR and start site of SRPRa with the UTK
leader results in a 4-5 fold increase in translation (III-1
Figure 3). Removal of the 469-752 region improved translation
2-3 fold over full length SRPRa. While this is only one
example, the results make it clear that translational
efficiency can be as dependent on the coding region as well as
the 5’ UTR. For this reason when attempting to express the
insulin receptor in Xenopus oocytes we must also consider the
effects of the coding region on translational efficiency. 1If
each inhibitory region identified decreases translation by a
factor of 2, as does the SRPRa469-752 region, then the
combined effects of the entire coding region may affect
translation considerably, especially in Xenopus oocytes where
the effects of the coding region were more pronounced (compare
Figures 2a and 2b).

The mechanisms by which the coding region affects
translation is not understood at this time and therefore,
there is no a priori basis for changes in coding sequence that
could improve translation. Until these mechanisms are better
understood, optimizing the 5’ and 3’ regions will be the only
reliable method of improving translation through manipulation
of the DNA sequence. Deletion analysis, the experimental
approach taken to identify inhibitory regions in the SRPRe,
may be too difficult for larger molecules such as the insulin
receptor. There are likely many regions involved in
translational efficiency and removal of just one may not
result in as significant a change in insulin receptor
expression as seen in SRPRa. The gGPA construct provides a
convenient method to screen for inhibitory regions in the
insulin receptor. Instead of deleting regions and looking for
increased insulin receptor expression, regions of the insulin
receptor can Dbe cloned into gPA and tested for translation
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inhibition. The smaller size and fewer restriction enzyme
sites in gPA wnake further analysis of inhibitory regions
easier. Furtkermore, it would not be feasible to map

translational pause sites in insulin receptor mRNA by the
primer extension assay described by Wolin and Walters (1988)
because of the number of primers necessary to cover the entire
molecule. If an inhibitory region is found by using gGPA
constructs with insulin receptor sequences, then the pause
could be easily mapped in the gG-IR-PA construct using the
same gG primer for all the constructs with different insulin
receptor regioni. Once the inhibitory sequences are precisely
mapped it may be possible to change the DNA sequence to remove
inhibition without changing the amino acid sequence of the
insulin receptor.

The results presented here establish that the coding
region plays a significant role in translational efficiency.
Furthermore, the approach taken can be used in the future to
identify inhibitory sequences in the insulin receptor and
other cloned genes.
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