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SUMMARY. The relation between codon usage and tRNA content for proline and glycine,
the major constituents of collagen, was studied in two tissues : the magnum of laying hen
oviduct and the leg tendoej of chick emlgrgo where collagen is produced. Although the
relative contents of tRNA )’C and tRNAI rG in tendons, as compared to magnum indicate
a specialization of the tR(!iSA population g'or collagen synthesis, the distribution of the
preponderant codons in collagen mRNA is correlated but at a lesser extent to that of their
cognate tRNAs. © 1988 Academic Press, Inc.

The adjustment of tRNA populations to the needs of protein synthesis has
already been described in the case of multicellular organisms (1). A well documented
example of the so called functional adaptation of tRNA comes from studies performed on
the silkworm Bombyx mori using electrophoretic mapping of tRNA and structural
characterization of major isoacceptor species (2,3). Indeed in the posterior silk gland, the
relative amounts of the main tRNAs needed for decoding fibroin mRNA strictly correlates
with the frequency of the corresponding codons. In vertebrates, a correspondance was
already observed between the levels of aminoacid acceptance of tRNA and the aminoacid
composition of abundantly synthetized proteins (4,5,6,7). The occurrence of codons in
globin mRNA was also shown to be well correlated with the codon recognition properties
of iso-tRNAs separated by reverse-phase chromatography (5). However a quantitative
relationship between the tRNA content and the codon frequency could not be deduced
from the latter studies.

The question was, whether the phenomenon observed in Bombyx mori could be
generalized to vertebrates or not ? In the present work, we attempted to evaluate how
closely codon usage and tRNA content are related to each other in two highly specialized
tissues, the magnum of laying hen oviduct and the leg tendons of chick embryo. The main
proteins synthesized in magnum display a fairly average aminoacid composition. In
contrast, chick tendon cells devote approximately 60 % of their protein synthesis to
procollagen (8), the collagenic region containing 33 % of glycine, 23 % of proline and 11 %

of alanine residues. We studied therefore the relation between the abundance of codons
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for proline and giycine and that of their cognate tRNAs in overall cellular and polysome

bound tRNAs from magnum and tendon cells.

MATERIALS AND METHODS

Leg tendon cells were isolated from 1é6-day-old chick embryos by a
modification (9) of the Dehm and Prockop (8) procedure.

Total tRNA was isolated from (i} chicken liver and from the magnum of hen
oviduct as described by Rogg et al. (10), (ii) leg tendon cells and (iii) polysomal particles
as previously described (ll%. The preparation of polysomes was as described (12) except
that 10 mM vanady! ribonucleoside complexes were used as ribonuclease inhibitor.

To improve the separation of tRNA species, several modifications were made
to the electrophoresis conditions previously described (11). The two dimensional
polyacrylamide gel electrophoresis (2D gel) was performed at 6°C on 9.6 % acrylamide in
presence of 7.5 M urea (first dimension) and on 20 % acrylamide in presence of 4 M urea
(second dimension) both containing 20 mM Tris-borate buffer pH 8.3, 2.5 mM EDTA.

Aminoacid accepting activity of tRNAs extracted from the gel, 3' end
labelling of tRNAs and quantification of 32P tRNAs in gel spots were performed as
previously described (11). 2p tRNA was submitted to 2D gel electrophoresis in presence
of unlabelled carrier bulk cellular tRNA. Gel spots were precisely located by staining with
methylene blue. In order to avoid major errors in the quantitative estimation of individual
32p jabelled tRNA species due to the close location of some spots, tRNA was extracted
from 2D gel spots and submitted to a further electrophoresis on one dimensional
denaturing gel as described. The relative amounts of tRNA species were determined by
calculating the amount of an individual spot as percent of total radioactivity recovered in
the 2D gel spots.

tRNAGlY was purified by benzoylated diethylaminoethy! cellulose column
chromatography, using the procedure of naphtoxyacetylation as described by Gillam et al.
(14). The RPC-5 system (15) was used to purify tRNAPro, Further purification and
separation of isoacceptors were performed by successive electrophoresis on 2D gel and
one dimensional denaturing gel as described above. The materials and methods used to
determine the nature of the anticodons of iso-tRNAsGIY and iso-tRNAsPTo were described
elsewhere (13).

For high performance liquid chromatography (HPLC) analysis of nucleosides
tRNA was hydrolyzed as described by Gerhke et al. (16). HPLC conditions were as
described by Buck et al. (17), using a LKB system connected to a Merck D 2000 integrator.

RESULTS

Estimation of codons frequency in mRNAs from hen oviduct magnum and chick embryo
tendon cells. In magnum of hen oviduct, ovalbumin, ovomucoid, lysozyme and conalbumin
mRNA represent respectively 50.0, 6.6, 3.4 (18) and 10.0 % (19) of the total poly A
containing mRNA, whereas, type [ procollagen mRNAs (2/3 a, 1/3 @) represent about
60 % of mRNA from tendon cells (20). In all cases, the synthesis level of mRNA is well

correlated with that of protein (20,21). The relative proportions of each codon could be

deduced from the percentages of the main mRNAs synthetized in magnum and in tendon.
They were calculated from the published sequences of magnum mRNAs (22-25) and
procollagen mRNA (26) or genes (27) and from the mean distribution of codons in
vertebrates (Genbank release 38) for the 30 to 40 % of the mRNA that remains (Table 1).
From all main mRNAs mentionned above, only the nucleotide sequence of pro
a) () mRNA is not completely known yet. Indeed, only the 3' region including all of the C
termina! region and one fifth (201 codons) of the helical coding region have been
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Table 1. Codon usage for proline and glycine in vertebrates and chicken tissues and relative
content of isoaccepting species in chicken tissues

Codons %la) Iso-tRNAs %(c)

Codons Verte- Magnum Tendon®  Anti- Total tRNA Polysomal tRNA

brates codons Liver Magnum Tendon Magnum Tendon
Proline
ccc/u 27 2.1 115,96  IGG 2.5 2.5 5.4 3.2 TR
CCA 1.0 1.0 1.3,2.1 U*GG 0.6 0.4 0.6 ) i
CCG 0.5 0.2 0.4,0.8
Glycine
GGC/U 3.8 2.7 157,131 GCC 3.0 2.3 4.0 3.2 4.8
GGA 1.4 L4 21,31 ucc 2.1 2.4 2.7 2.6 3.6
GGG 1.4 0.8 1.0,19  ccc 1 1.3 1.3 1.0 0.9

(a) Relative amounts of codons in coding sequence of vertebrates and in mRNA from chicken
tissues.

(b) The percent values in tendon mRNA were calculated by assigning to the non sequenced
region of procolla%en aj (1) helical domain either the codon choice observed for the

sequenced region {Ist value) or that characteristic for vertebrate (2nd value) (see the
text).

(c) Relative amounts of iso-tRNAs expressed as a percentage of total radioactivity recovered
from electrophoretic 2D gels. For magnum and tendon tRNAs, each given value represent
the an of five digterminations derived from separate gels. The relative amounts of
tRNAT 'S and tRNA rfG in total tRNA were calculated by correcting the percentage of
total E)%%Apro by tHe rgative proportions of 1 and U* as determined by HPLC analysis
(Fig. 2).

sequenced (26). 14 exons {395 codons) had also been sequenced in the helical domain of the
mouse pro aj (I) gene (28). Apart from 9 residues {(other than proline or glycine), the
sequences of the first 6 exons (132 codons) are the same as that of the homologous region

of the chicken gene. Moreover the pattern of glycine and proline codon usage in the
sequenced chicken region is very close to that observed for the fourteen mouse exons.
Supposing that the codon choice would be the same in the sequenced as in the
nonsequenced region, we calculated the percentage of glycine and proline codons in pro
a ] (I) mRNA by extrapolating the values obtained for the sequenced region to the whole
helical domain. However, the possibility of an overestimation of the main codons for
glycine and proline in pro aj (I) could not be ruled out because of the strong U/C bias of
the sequenced helical region. This led us to another calculation, by assigning to the
aminoacid residues of the non sequenced region (based on its aminoacid sequence (29)) the
codon choice characteristic of vertebrates. The relative values of GGC/U and CCC/U are
then only slightly different, they are lesser by a factor of 1.2 as compared to those
previously calculated. The results for codon frequency thus calculated show that the
predominant glycine and proline codons (GGC/U, CCC/U) in collagen are about 5 times

higher in tendon cells than in magnum mRNA, the codon usage pattern of the latter being
close to that of vertebrates.

150



Vol. 1560, No. 1, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Fig. 1. Autoradiograms of 2D gel electrophoresis fractionation of 32p labelled chicken
tRNAs. A,B : tRNA from magnum of hen oviduct ; C,D : tRNA from chick embryo tendon.
A andcﬁ:y are total tREQ ;Band D %?ypolysome-‘bound tRNA. Spot 35, tRNAPro ; 41,
tRNACCC 3 45, RNA e 5 33, IRNAG A~

Characterization of iso-tRNAsGlY and iso-tRNAsPro. 1so-tRNAsGlY and iso-tRNAsPro

were detected by aminoacylation on spots extracted from 2D gel electrophoresis of total
cellular tRNA (Fig. 1, A and C). The nature of their anticodon was determined by primary
sequence study.

tRNAPTO (spot 35) has a unique primary sequence except the first nucleotide
of the anticodon, I or U*, as was previously found for murine tRNAPro (30). U* has been
found to be ncm?U and is identical to the modified U in Torulopsis_utilis tRNAPTo,
Saccharomyces cerevisiae tRNAValza (31), Saccharomyces cerevisiae and beef liver
tRNAPrO (G. Keith, to be published). tRNAfc‘;g was thus not separated from tRNAEr*OCG
on 2D gel. However, their relative proportions in total tRNAPTO could be determined by

HPLC analysis of the constituent nucleosides. HPLC patterns of tRNAPro digests are

shown in Fig. 2, whereas yeast tRNAEr*OGG was used as a reference for the elution time of
(SL8

The iso-tRNAsGLY were located in spots 41, 45 and 53 (Fig. 1). The sequence of
tRNAggC (spot 41) determined from nucleotides | to 53 and that of tRNAggC (spot 53)
determined from nucleotides 1 to 10, 13 to 44 and 54 to 75 are similar to the

corresponding sequences in tRNAsGlY from human placenta (32a and b). In the case of
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Fig. 2. Determination of the relative proportions of I and ncm3U in chicken tRNAPTO by
HPLC analysis of nucleosiiges. A, tendon tRNAPro ; B, magnum tRNAPro ; C, liver
tRNAPro ; D, yeast tRNAT O .. The elution time of T (which occurs at position 54 in
yeast tRNAPro jnstead of ih chicken tRNAPT0) is very close to that of I. The relative
proportions of I and ncm3U (U*) in chicken tRNAPrO were calculated from peak areas
using extinction coefficient (£) at 260 nm : €. 10-3 = 7 and €y. 10-3 = 10. €y was
applied to U*. The ratio I/U* in tRNAPro from tendon, magnum and liver is respectively
of 9.1, 6.2 and 4.2.

tRNASiCyC (spot 45) the determined sequences (nucleotides | to 19 and 32 to 46) are

identical to those of the corresponding regions of the murine tRNASly gene (33). The

CcC
sequences include the anticodon regions.

Comparison between the distribution of codons for glycine and proline and that of the
cognate tRNAs in the magnum of hen oviduct and in chick embryo tendon cells.
Autoradiograms of 2D gels of total and polysome-bound tRNA from magnum and tendon
cells are shown in Fig. 1. The relative proportions of total radioactivity of iso-tRNAsGly
and iso-tRNAsPro (located by staining) are presented in Table 1. These tRNA species were
also quantified in total tRNA from chicken liver. As determined by 2D gel mapping of
total tRNA (not shown), the patterns of tRNA distribution in magnum and liver are similar
and ressemble to the pattern of tendon tRNA with only one noticeable exception :
tRNAPro (spot 35) which is found in higher amounts in tendon tRNA.

tRNAfGrg : As determined by nucleoside analysis on HPLC (Fig. 2), the high

level of tRNAPTO in tendon, twice that in other tissues (magnum and liver) depends on a
higher level of tRNAfGr%. Indeed, it is the most abundant species in tendon, although its
relative amount (5.4 %) is lesser by a factor of about 2 than that of the corresponding

major triplets CCC/U coding for proline in collagen.
tRNAGGgC : In tendon, the relative content of tRNAggC (4 %) is about 40 %

higher than in magnum, but lesser by a factor of about 3.5 as compared to the major
triplets GGU/C coding for glycine in collagen.

. . R . Pro Gly
It is obvious that in magnum, the relative contents of tRNAIGG and tRNAGCC
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closely fit the codon usage. In addition, the remaining tRNA species, tRNAg:oGG,

Gly
tRNAUCC
Nevertheless the most significant difference between the distribution of those tRNAs and

that of their cognate codons was observed in the case of tRNAEr*oGG. Indeed, this

and tRNAggC have about the same relative values in tendon as in magnum.

tRNAPTO is relatively less abundant by a factor of 2 (or more) than its cognate codon

CCA. Moreover tRNAPIO with a CGG anticodon has not been found in chicken. If

Pro Pro
tRNACGG U*GG
although some modifications of U at the anticodon were shown to produce a preference

is really lacking, tRNA should recognize CCG in addition to CCA,
for codons ending in A over codons ending in G (34,35).

Moreover, in polysomal tRNA from tendon, the relative amount of tRNAP"O,
which is twofold higher than in total tRNA is closely related to that of the corresponding
codons. But the amount of tRNAggC is only slightly higher in polysomal than in total
tRNA and lower by a factor of about 3 from the corresponding codons. The possibility that
a spot containing a tRNAggC species could have escaped from our analysis cannot be
completely ruled out. However, none of the spots in the gel map of tendon tRNA is

abundant enough to fit, even when added to spot 53, the GGC/U codon usage.

DISCUSSION

In the case of the magnum of hen oviduct in which the most abundantly
synthetized mRNAs display a fairly average codon compcsition, the content of the iso-
tRNAs studied mainly fits the codon choice. In the case of embryonic chick leg tendons,
mRNA synthesis is dominated by type I procollagen genes sharing an unusual codon
composition. However tRNA distribution does not converge in the same highly unbalanced
pattern. The relative increases of tRNA;)Gr% (100 %) and tRNAggC (40 %) in tendon as
compared to other tissues may be associated with collagen synthesis, but they are far
from reaching that of their corresponding codons in mRNA, 5 times more abundant in
tendon than in magnum. The very close correlation observed in Bombyx mori between the
relative amounts of the main tRNAs in the silk gland and their cognate codons in mRNA
(2,3) would thus not appear as a generalized characteristic.

It should further be pointed out that the relative amounts of total tRNAPro
and total tRNAG!Y in tendon are very similar to those previously determined by
aminoacylation of total tRNA in the same tissue by Christner and Rosenbloom (7).
Moreover these authors reported an increase in tendon of about 33 % for tRNAGIY and 90
% for tRNAPTO over the average acceptor activity of tRNA from other embryonic tissues.
These values are of the same order of magnitude that the differences observed here
between tendon and magnum tRNA.

The low relative amount of tRNAggC as compared to the corresponding codon
usage in mMRNA was also found in the polysomal fraction from tendon cells, whereas that
of tRNAPTO closely fits the codon usage. Such a result does not agree with the assumption

that an efficient translation needs a close correlation between the relative abundance of
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polysome-bound tRNAs and that of their corresponding codons. Nevertheless, as
previously discussed by others (4) the extent of tRNA attachment to ribosomes would be a
function not only of the frequency of codons but also of the life time of ribosome
interaction itself related to tRNA availability. However it is obvious that tRNAGly must

GCC
occur in an amount compatible with a high translation level.

In addition, the amount of specific tRNAs in the cell is probably dependent on
at least two factors : (i) the efficiency of promoter elements and (ii) the copy number of
iso tRNA genes. It could furthermore be modulated by variations in the rate of tRNA
degradation and of pre-tRNAs processing and maturation.. In an attempt to evaluate the
role of the copy gene number we analyzed the correlation between the relative amount of
each tRNA species hybridized to DNA and that of mature species in magnum and tendon
tRNA as determined from their 2D gel maps (unpublished results). Although,the
correlation degree was somewhat lower in embryonic tendon ( T = 0.84) than in magnum (1

= 0.90), the strong positive correlation found in both cases is suggestive of a tRNA gene
distribution similar to the average tRNA distribution in the organism. The gene copy

number would thus be an essential factor in determining the content of tRNAs. However,
as shown here, tRNA content can be somewhat modulated in relation with tissue
specificity. We are now investigating at what extent the relative amounts of specific

tRNAs are modified as a function of the level of collagen synthesis in tendon cells.
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