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Does codon composition influence ribosome function?

S.G.E. Andersson, R.H. Buckingham! and C.G. Kurland*

Department of Molecular Biology, Biomedical Center, Box 590, 751 24
Uppsala, Sweden, and !Institut de Biologie Physico-Chimique, 13 Rue
Pierre et Marie Curie, 75005 Paris, France

*To whom reprint requests should be sent

Communicated by C.G. Kurland

Escherichia coli ribosomes pre-initiated with N-acetyl-Val-
tRNAV4 elongate strictly alternating poly(U-G) at a rate bet-
ween eight and 12 peptide bonds per second per ribosome in
vitro. Comparisons with poly(U)-primed poly(Phe) synthesis
show that these systems function with the same rates which
are close to those of protein synthesis in vivo. This indicates
that, at least in vitro, codon composition has no marked in-
fluence on the speed of elongation when the concentration of
ternary complex is saturating. Furthermore, the missense fre-
quencies for the two polymers are within the same range: the
missense substitution of Trp for Cys is 10~ 4 and that of Met
for Val is 10~ 3 in the poly(U-G)-primed system. These data
argue against models that explain the codon preference of
certain gene families by postulating effects of high or low GC
content of codons on the performance characteristics of ribo-
somes.
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Introduction

Nucleotide sequences from a wide variety of sources indicate
that the degenerate codons for any particular amino acid are
not used at equal frequencies to specify proteins. Instead,
there are characteristic codon preferences associated with dif-
ferent genomes and, within a given organism, characteristic
preferences associated with highly or weakly expressed
mRNAs (Fiers et al., 1971; Grantham and Gautier, 1980;
Grantham ef al., 1981; Wain-Hobson et al., 1981; Grosjean
and Fiers, 1982). Although the data are nowhere near as ex-
haustive, there is also evidence that the distribution of
aminoacyl-tRNA isoacceptor species reflects to some degree
the codon preference of the organism (Garel, 1974; Chavancy
and Garel, 1981; Ikemura, 1981). It is clear that balance bet-
ween the codon frequencies and the corresponding isoaccep-
tor distributions is a prerequisite for optimal speed and ac-
curacy of translation (von Heijne and Blomberg, 1979;
Chavancy and Garel, 1981). A corollary notion is that rare
codons translated by minor tRNA species can be used to
regulate the rate of translation. Quite direct experimental sup-
port for the putative regulatory role of minor codons is found
in the recent demonstration that the individual rates of
translation of several proteins in Escherichia coli are
significantly different from each other and are inversely
related to their content of rare codons (Pedersen, 1983).

It has been suggested that the major codons of highly ex-
pressed genes are favoured because the energy of interaction
between them and their cognate anticodons is optimal (Gros-
jean and Fiers, 1982). Thus, measurements with model
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systems in the absence of ribosomes are consistent with the
idea that the stability of cognate codon-anticodon inter-
actions can vary significantly depending on the base composi-
tion of the codon (Frieier and Tinoco, 1975; Grosjean et al.,
1978). Accordingly, Grosjean and Fiers (1982) have accoun-
ted for the tendency of the major codons to have an inter-
mediate G-C content in terms of a model in which extremes
of codon-anticodon stability of interaction are avoided.
Thus, translation will ‘proceed most smoothly if the energy
between codons and corresponding anticodons were rather
uniform’ (Grosjean and Fiers, 1982).

Here, we attempt to test the supposition that the nucleotide
composition of the codons influences the speed or accuracy
of ribosome function. We employ an in vitro system derived
from E. coli that was previously shown to translate the codon
UUU at a rate and with an accuracy very similar to those for
polypeptide synthesis in vivo (Wagner et al., 1982; Andersson
et al., 1982). The present data indicate that poly(U-G), which
contains the alternating codons UGU and GUG is translated
at the same rate and with comparable missense errors as is
poly(U). These data suggest that the performance characteris-
tics of the ribosome may not be sensitive to the presence or
absence of G nucleotides in the mRNA.

Results

Figure 1 summarizes an experiment in which the tRNACYs
and tRNAY2 dependence of poly(Cys-Val) synthesis is
measured with the poly(U-G)-primed system. The data show
that the incorporation of either amino acid is dependent on
the concentration of both tRNA species, but that the incor-
poration of each is always equal to the other, and that at
amounts >20 pmol for both tRNA species the synthesis of
poly(Cys-Val) is virtually at a maximum. Since we are in-
terested in the effect of codon character on the rate of
ribosome function and since we wish to avoid any influences
of tRNA concentration on the kinetics of ribosome function,
the experiments described below were usually done in the
presence of 100 pmol of each tRNA species.

We have previously measured the elongation rate of
poly(Phe) synthesis with poly(U)-programmed ribosomes by
incubating the ribosomes with [3H]NAc-Phe-tRNA and
measuring the rate of [*C]Phe incorporation per [(H]NAc-
Phe incorporated into polypeptide in an elongation burst; the
elongation rates so obtained were close to 10 peptide bonds/
s/active ribosome (Andersson et al., 1982; Wagner et al.,
1982). We have performed the analogous measurement for
poly(U-G)-programmed ribososomes by pre-incubation with
[BH]NAc-Val-tRNA and normalizing the incorporation of
Cys and Val to the amount of [*H]NAc-Val incorporated into
polypeptide. Data summarized in Figure 2 show that a burst
of elongation at 37°C could be maintained at a linear rate for
5—10s, after which the rate decelerated. The amount of
[BH]NAc-Val incorporated was constant throughout. When
the poly(U-G)-ribosome mixture had been pre-incubated at
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Fig. 1. Incorporation of radioactive Cys and Val was measured in the
presence of different amounts of tRNACY and tRNA# as described in
Materials and methods. Mixture I contained 60 pmol of ribosomes in

50 ul. For the experiment in A, mixture II contained 100 pmol of tRNAY#
and the indicated amounts of tRNACY, For the experiment in B, mixture
11 contained 100 pmol of tRNA®Y and the indicated amounts of tRNAY2.
The reactions were carried out for 10 min at 37°C, and the incorporation
of isotope into hot acid-precipitable material was followed for (O) Val and
(A) Cys.

37°C, the amount of [*H]NAc-Val incorporated corresponds
to 1% active ribosomes, and the incorporation of Cys plus
Val per active ribosome corresponds to eight peptide bonds
per second.

The fraction of active ribosomes calculated in the poly(U)
assay is routinely 10 — 20 times greater than that which we ob-
tained with the poly(U-G)-programmed system (Figure 2A).
Furthermore, we could not improve the activity with poly(U-
G) by changing the concentrations of different critical com-
ponents such as the NAc-Val-tRNA. It has been suggested
that poly(U-G) has a stable secondary structure (Gray and
Ratliff, 1977). If this putative structure lowers the affinity of
the polymer for ribosomes, pre-incubation at higher tempera-
tures might disrupt the structure and favour ribosome
association.

The data summarized in Figure 2 are consistent with this
guess. Ribosomes were pre-incubated with poly(U-G) at 37°,
44°, 47° and 49°C, and then the activated ribosomes were
assayed at 37°C. As the pre-incubation temperature was in-
creased, the percentage of active ribosome rose from 1.0%,
to 2.25%, to 2.9% and finally to 3.5%, respectively. Never-
theless, the elongation rate per active ribosome was relatively
constant at 8.2, 9.5, 10.3 and 10.0 peptide bonds per second,
at the respective temperatures. When the pre-incubation was
carried out at higher temperatures, the ribosomes were inac-
tivated.
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Fig. 2. The time course of (®) Cys plus Val and (B) [*H]-NAc-Val incor-
poration into acid-precipitable material was studied as described in
Materials and methods. Each sample contained 20 pmol of ribosomes and
50 pmol [3H]NAc-Val-tRNA in the 50 ul mixture I which was pre-
incubated at 37°C (A), 43°C (B), 47°C (C) and 49°C (D). After the pre-
incubation mixture was chilled, 50 pul of mixture I were added and the in-
cubation was carried out for the indicated times at 37°C.

In another experiment, we compared the elongation rates
at 37°C obtained as in Figure 2 with poly(U) and poly(U-G)
after pre-incubation at 37°C; they are 10.2 and 9.3 peptide
bonds per active ribosome per second. When the systems are
pre-incubated at 49°C the corresponding rates are 8.6 and
11.2, respectively. In other words, there is no significant dif-
ference between any of these rates if an uncertainty of +15%
is allowed for these measurements.

We have also studied the missense errors generated at the
UGU and GUG codons. Here, we measure the ratio of two
competing amino acids incorporated into polypeptide when
the ratio of the competing tRNA species is varied (Ruusala et
al., 1982). It is possible to calculate from the slope of this plot
(Figures 3 and 4) a characteristic error frequency (E), which
corresponds to the missense substitution rate when the two
species are at equal concentrations.

The Trp missense substitution for Cys at the UGU codon is
analyzed in Figure 3. Here, the Trp incorporation was
measured at a fixed tRNACYS concentration and the amounts
of tRNAT™ were increased. The characteristic error frequen-
cy calculated by linear regression from this titration is
1.0 x 10~% a comparable figure was obtained when the
tRNAT™ concentration was fixed and tRNACYS concentra-
tion was changed (data not shown). When the same titration
was performed with streptomycin-resistant ribosomes, the
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Fig. 3. The determination of the characteristic error frequency for tryp-
tophan misincorporation with the UGU codon was carried out as described
in Materials and methods. Mixture I contained 60 pmol of ribosomes. Mix-
ture II contained 100 pmol of tRNACY and 40— 160 pmol of tRNAT™,
Assays were incubated for 15 min. Calculated ratio of Trp incorporation
over cysteine incorporation for D14 Ram ribosomes ( ¢), O17 wild-type
ribosomes ( ®) and UK235 str-R ribosomes (A). E was calculated from the
slopes as described by Ruusala ez al. (1982).
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Fig. 4. Determination of the characteristic error frequency for methionine
misincorporation with the GUG codon was carried out as described in
Materials and methods. Mixture I contained 100 pmol of ribosomes. Mix-
ture II contained 100 pmol of tRNAC¥. 10 pmol of tRNA# and

20— 180 pmol of tRNA,",ﬁ'*". Assays were incubated for 15 min. The ratio of
Met incorporation over valine incorporation for D14 Ram ribosomes ( ®),
017 ribosomes (A) and UK235 str-R ribosomes ( ¢). E was calculated
from the slopes as described in Ruusala er al. (1982).

characteristic error frequency for tRNATP was only slightly
reduced (0.8 x 10~ %), but when ribosomes from a Ram mu-
tant were present the characteristic error frequency increased
to4x 10~4

We have also measured a missense substitution frequency
at the GUG codon by studying the competition between
tRNAMet and tRNA\2! (Figure 4). When wild-type ribosomes
are present the characteristic error rate for tRNAMet is
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1 x 10-3. This frequency is reduced to 6 x 10-% by
streptomycin-resistant ribosomes and it is raised to 3 x 10~3
by ribosomes from a Ram mutant.

Discussion

The experiments described here were carried out with an in
vitro system that had been optimized for the speed and ac-
curacy of poly(U) translation into poly(Phe) (Jelenc and
Kurland, 1979; Pettersson and Kurland, 1980; Wagner et al.,
1982). Nevertheless, the rate of elongation of poly(Cys-Val)
programmed by poly(U-G) was indistinguishable from that
for poly(Phe). Likewise, the missense substitutions of Trp for
Cys and Met for Val respond in the expected way to changes
in the ribosome phenotype (Gorini, 1971; Bouadloun et al.,
1983). Furthermore, these missense frequencies are within the
same range as the Leu missense frequencies expressed by
wild-type and mutant ribosomes translating poly(U) in the
same in vitro system (Ruusala et al., 1982; Andersson and
Kurland, 1983). In other words, the data suggest that the per-
formance characteristics of the ribosomes during elongation
are unaffected by the presence or absence of guanine nucleo-
tides in mRNA, at least in vitro. Unfortunately, an extrapola-
tion from these data to the situation in vivo is not without its
uncertainties.

Estimates of polypeptide elongation rates for E. coli at
37°C tend to cluster around 17 peptide bonds per second per
active ribosome (Kjeldgaard and Gausing, 1974; Kennell and
Riezman, 1977; Andersson et al., 1982). More detailed
studies of six different proteins in E. coli suggest that the
average rates at which they are elongated can vary by as much
as 60%, i.e., from 0.18 to 0.29 seconds per peptide bond at
24.5°C (Pedersen, 1983). In addition, Talkad et al. (1976)
have suggested that conventional estimates of 3-galactosidase
synthesis rates are biased towards the very fastest ribosomes
and that the rate of elongation varies from ribosome to
ribosome at values between eight and 15 peptide bonds per se-
cond. Indeed, our estimate of 10 peptide bonds per second is
close to the average that would be predicted from the data of
Talkad et al. (1976).

According to the calculations of Gouy and Grantham
(1980) the concentration in vivo of an average ternary com-
plex and that of an average codon-programmed ribosome are
such that the elongation rate should be limited primarily by
the maximum rate of ribosome function. Accordingly, the
high frequency codons found in highly expressed mRNA
species, that are translated by major tRNA isoacceptor species,
should be processed at the maximum rate supported by
ribosomes. It is for this reason that we have focused our at-
tention on the influence of guanine nucleotides on the max-
imum rates of elongation in vitro. Our data suggest that there
may be no influence of codon composition on these rates.
Although more data will be required to substantiate this
tendency, there are at least two conclusions that are consistent
with our observations.

It is possible that the differences between the stabilities of
interaction seen with GC-rich and GC-poor oligonucleotides
(Freier and Tinoco, 1975) are not characteristic of codon-
anticodon interactions at the ribosomes A-site. Indeed, a
tendency in this direction has already been noted in model
system studies of tRNA-tRNA interactions in the absence of
ribosomes (Grosjean et al., 1978). Alternatively, the rate-
limiting step in elongation, which has not as yet been iden-
tified, may be insensitive to the character of the codons.

Whatever the explanation turns out to be, and bearing in
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mind the caveat mentioned above, we have begun to explore
explanations of codon preferences that do not involve directly
the physical characteristics of codon-anticodon interactions.
As we show elsewhere, it is possible to view the development
of codon preferences as a growth optimization strategy and to
account for the major codon preference as a statistical reflec-
tion of the nucleotide composition of the DNA, rather than
vice versa (Kurland and Ehrenberg, 1983).

Materials and methods

Chemicals

ATP, GTP, phosphoenolpyruvate (PEP) trisodium salt, putrescine, sper-
midine, L-cysteine, L-valine, L-methionine and L-tryptophan were purchased
from Sigma, [*H]cystine, [*H]tryptophan, [*H]methionine, [3H]- and [“C]-
valine were obtained from Amersham International, Bucks, UK and [*C]-
cystine from New England Nuclear. E. coli tRNA, myokinase (EC 2.7.4.3),
pyruvate kinase (EC 2.7.1.40), and DNA polymerase | were obtained from
Boehringer Mannheim, FRG and d(A-C);, d(T-G); from Collaborative
Research Inc., Waltham, MA.

Purifications and preparations

Poly(U-G) was prepared by transcription of poly d(A-C):d(T-G): this was
synthesized according to Wells e al. (1965). The DNA-polymer was purified
on a Sephadex G-50 column. The pooled polymer fractions were precipitated
in EtOH, resuspended in H,O and stored at —20°C.

RNA polymerase was prepared by a procedure described by Burgess and
Jendrisach (1975).

Using purified poly d(A-C):d(T-G) as a template for DNA-dependent RNA
polymerase, poly(U-G) was prepared according to Nishimura et al. (1965).
The RNA-polymer was passed through a G-50 column. The ethanol-
precipitated polymer was resuspended in H,O and stored at —80°C.

Ribosomes were prepared from E. coli strains O17, D14 (Olsson and
Isaksson, 1979) and UK235 (Bohman, unpublished) as described by Jelenc
(1980) except that the ribosomes were stored at —80°C in polymix buffer. The
purification of elongation factor (EF)-G (Wagner and Kurland, 1980), EF-Tu
(Lebermann et al., 1980; Wagner et al., 1982) and EF-Ts (Arai ef al., 1972)
has been described. Cysteine-tRNA synthetase (Cys-S), tryptophan-tRNA
synthetase (Trp-S), methionine-tRNA synthetase (Met-S) and valine-tRNA
synthetase (Val-S) were partially purified to remove cross contaminations as
well as Ts. The synthetases were obtained as a by-product of the standard EF-
Tu preparation from a DEAE-Sepharose CL-6B column followed by an
Ultrogel Aca 44 column as described in Leberman et al. (1980). They were then
applied to a DEAE-52 column according to Kern and Lapointe (1979). The
synthetases were stored in polymix containing 25% v/v of glycerol at —20°C.

Cysteine-specific tRNA as well as valine-specific tRNA were purified with
the aid of BD-cellulose (Gillam e al., 1967). Tryptophan-specific tRNA was
charged with tryptophan prior to chromatography on BD-cellulose. The Trp-
tRNAT™ was discharged in Bicine buffer as described by Joseph and Muench
(1971). The pure tRNAT™ was free of cross-contamination by tRNAY* and
tRNAY2. Purification of tRNAM® was performed by a procedure described
by Seno et al. (1968).

Preparation of N-acetyl-Val-tRNA was done according to Ruusala et al.
(1982) except that [*H]valine and tRNAlval were used instead of [*H]Phe and
tRNAPhe,

Translation assay

The standard protocol was as follows: two mixtures, initiation mix (I) and fac-
tor mix (II) were prepared on ice. Both of them contain the polymix buffer
components, 5 mM Mg,*, 0.5 mM Ca,*, 8 mM putrescine, | mM sper-
midine, 5 mM phosphate, 5 mM NH,*, 95 mM K* and 1 mM dithioerythi-
tol (DTE) at pH 7.5. Mixture I in addition contains in 50 ul: 0.005 OD of
poly(U-G) as well as ribosomes and NAc-Val-{tRNAY? as indicated in the
figure legends. Mixture II contains in 50 ul; 2 mM ATP, 2 mM GTP, 12 mM
PEP, 5 ug pyruvate kinase, 0.3 ug myokinase, 50 pmol EF-G, 300 pmol EF-
Tu, 30 pmol EF-Ts, 15 units of Cys-tRNA synthetase and Val-tRNA syn-
thetase, 100 pmol tRNA®Y and tRNAY? (unless otherwise stated), 100 uM
cysteine and valine (5 —30 c.p.m./pmol). One unit of synthetase can produce
1 pmol of aminoacyl-tRNA from free amino acid and tRNA in 1 s at the
substrate concentration used here. When misincorporation is assayed, 10 uM
[*H]tryptophan or 10 uM [3H]methionine (500 c.p.m./pmol) and 2 units of
Met-S and Trp-S are included. The amounts of tRNAT™P and tRNAM® are in-
dicated in the figure legends. [*H]- or [*C]cystine is reduced to cysteine prior
to addition to the factor mix, by incubating it with DTE for 10 min at 37°C.
Mixture I is pre-incubated for 10— 15 min at 49°C unless otherwise stated in
the figure legends. Mixture 1l is pre-incubated for 15 min at 37°C. The
elongation reaction is started by transferring 50 ul of mixture I (using a pipette
tip pre-warmed in water at 37°C) to an aliquot of mixture I1I. The whole mix-
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ture is incubated for the indicated times at 37°C. The reaction was stopped by
the addition of 5 ml trichloroacetic acid containing 0.5% w/v of Val, Cys,
Trp and Met.

Filtrations and calculations were done as described by Jelenc and Kurland
(1979). Backgrounds for cysteine, valine and methionine were measured by
omission of poly(U-G) in control samples and were 20— 30 ¢.p.m. in the 4C
channel. Backgrounds for tryptophan and methionine were obtained by the
omission of IRNAT™ or tRNAM in control samples and were
200—400 c.p.m.
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