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Abstract 

In several Can&da species belonging to the same monophyletic group, CUG - one of the six triplets coding leucine in 
the universal genetic code - is read as an additional codon for serine. CUG for serine is rarely employed but in the lipase 
genes of Can&da rugosa, where it is the major serine codon. This yeast secretes multiple lipase isoenzymes (CRLs) tightly 
related in their amino acid sequence. CRL proteins contain 16 to 19 CUG-serines comprehensive of Ser 209 in the catalytic 
center and other serines having an obvious structural role. In this paper, results obtained from sequence analysis and 
mutagenesis are discussed and shown to be consistent with an evolutionary pathway in which the codon was reassigned via 
ambiguous decoding by a novel seryl-tRNA whose abundance conferred positive selection pressure for the extensive use of 
CUG as a serine codon. 
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One of the most exciting recent findings in 
molecular biology has been the discovery that 
the genetic code, previously thought to be un- 
changing in all living beings (universal), is in- 
stead flexible to a certain degree in that a few 
codons may change their meaning during the 
course of evolution. The first evidence of such 
codon reassignment was detected in mitochon- 
dria, where some universal stop codons code for 
amino acids (e.g., Met and Trp) [l]. In the 
following years, similar changes were discov- 
ered in nuclear genomes of both prokaryotes 
and eukaryotes, as reviewed in [2] and summa- 
rized in Table 1. It is worth to be mentioned 

that the reassignment of CUG from leucine to 
serine observed in a number of Can&u species, 
is so far the only known change in an amino 
acid codon, i.e. non involving a stop codon. 

* Corresponding author. Tel.: +39-Z-70644801; fax: +39-2- 
7063281 1; e-mail: l.alberg@imiucca.csi.unimi.it. 

The occurrence of an unusual serine codon in 
Candida yeasts was first suggested by the work 
of Kawaguchi and colleagues on the cloning of 
a C. rugosa (C. cylindrucea) lipase mRNA [3]. 
These authors noticed a discrepancy between 
the number of serines/leucines predicted on the 
basis of the gene sequence and the experimental 
determination of amino acid composition. The 
ability of cell-free extracts of C. rugosa to 
translate a synthetic poly-CUG to poly-serine 
suggested a ‘non universal’ decoding of the 
triplet CUG. The subsequent isolation of a 
tRNAS”’ with anticodon CAG definitely as- 
signed this codon to serine and ruled out the 
possibility that codon change evolved via a 
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Table 1 
Deviations from the universal genetic code in nuclear genomes 

Organism Codon Assignment ‘Universal’ 
assignment 

Prokaryotes 
Mycoplasma 
Spiroplasma 

Eukaryotes 

UGA Trp 
UGA Trp 

STOP 
STOP 

Candida CUG 
Ciliate protozoans UAR 

R = A or G; adapted from [2]. 

Ser 
Gln 

Leu 
STOP 

mutation in the corresponding aminoacyl-tRNA 
synthetase [4]. Later on, the same codon change 
was reported also in other related Cundida 
species [5,6]. Phylogeny based on 18s rRNA 
sequences showed that the genus Candida is 
polyphyletic with a monophyletic group enclos- 
ing all the species having CUG as a serine 
codon [7]. At the present, taking together all 
data available in literature and in sequence 
databases, ten different species are included in 
the group of CUG-serine organisms (Table 2). 

Codon changes have been interpreted on the 
basis of the codon capture theory proposed by 
Osawa and Jukes in 1989 [8]. In this context, 
the force driving the evolution of the genetic 
code is the directional mutation pressure, that is 
the tendency of a genome to accumulate either 
C + G (CG pressure) or A + T (AT pressure) 
nucleotides in processes of neutral mutation. 
Mutation pressure would cause codon frequency 
to change and the occasional disappearance from 
the genome of disfavored codons, with a conse- 

Table 2 
Candida species decoding CUG as serine 

Species 

Candida parapsilosis 
Candida zeylanoides 
Candida albicans 
Candida cylindracea JMC1613 
Candida rugosa ATCC 14830 
Candida melibiosica 
Candida maltosa 
Candida guillermondii 
Candida tropicalis 
Candida uiswananthii 

Ref. 

[51 
151 
PI 
El 
[31 
151 
[61 
tRNAserCAG in database 
tRNAse’CAG in database 
[71 

quent loss of the corresponding tRNA. Unas- 
signed codons might reappear by mutation and 
be captured by new tRNAs with mutated anti- 
codons. Accordingly, CUG may have become 
unassigned under strong selective AT pressure, 
causing in turn a loss of the corresponding 
leucyl-tRNA,,o. At a later stage, the emer- 
gence of a new tRNA, made it possible the 
reassignment of the codon to serine. The codon 
capture theory however, implies a stage during 
evolution where genes containing the unas- 
signed codons at non dispensable sites become 
non functional (pseudogenes). Moreover, since 
two mutations are required to change UCN to 
CUG, also the intermediate UUG and CCG 
codons (leucine and proline) should be lost. 
Therefore codon changes are expected to in- 
volve rare codons because otherwise the process 
of reassignment would be extremely harmful, if 
not lethal, for the cell. 

CUG-Ser is very rare in most Cundidu pro- 
teins. Thus, for example in over 60 C. albicans 
coding sequences available in databases, CUG 
accounts for only 2% of the serine codons. 
Accordingly, a number of genes cloned from 
CUG-Ser Cundidus have been successfully ex- 
pressed in universal host organisms that intro- 
duce leucines at CUG sites. In such cases one 
can assume that CUGs occur at positions of 
minor structural and functional importance 
within the protein. This picture would be consis- 
tent with the mechanism of reassignment pro- 
posed by the codon capture theory, although 
doubts have been recently raised by Santos and 
Tuite on the CUG reassignment in C. albicuns 
via codon disappearance and two-steps muta- 
tions [9]. 

1. CUG-serines in C. rugosa lipase genes 

C. rugosa is unique in the group of CUG-Ser 
Cundidu yeasts for its strong preference in the 
use of CUG. We have isolated from strain 
ATCC 14830 five genes coding for lipase where 
CUG is the predominant serine codon and it is 
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used for residues with a central functional and 
structural role [lo]. This exceptional bias for 
CUG-Ser raises issues about both the mecha- 
nism of CUG reassignment and the evolution of 
CRL genes as we discuss in the following. 

In the genes coding for the lipase isoen- 
zymes, CUG accounts for about 40% of all 
serine codons [lo]. All six universal serine 
triplets occur, although UCA and UCU only 
rarely. Otherwise, only three codons codes 
leucine since, besides the lack of CUG, even 
UUA and CUA are never employed, at least in 
lipase sequences (Table 3). The high frequency 

Table 3 
Codon usage in Crugosa genes 

Gly GGG 0.12 Glu GAG 0.92 Asp GAU 0.07 
GGA 0.92 GAA 0.08 GAC 0.91 
GGU 0.15 
GGC 0.71 

Val GUG 0.8 Ala GCG 0.35 Ser AGU 0.06 
GUA 0.02 GCA 0.07 AGC 0.28 
GUU 0.06 GCU 0.13 UGC 0.14 
GUC 0.11 GCC 0.46 UCA 0.01 

ucu 0.02 
ucc 0.09 
CUG 0.39 

Lys AAG 0.96 Asn AAU 0.04 Met AUG 1.00 
AAA 0.04 AAC 0.96 

Be AUA 0.01 Thr ACG 0.22 End UGA 0 
AUU 0.22 ACA 0.02 UAG 0.8 
AUC 0.77 ACU 0.06 UAA 0.2 

ACC 0.69 

Trp UGG 1.00 Cys UGU 0.37 Tyr UAU 0.08 
UGC 0.69 UAC 0.92 

Leu UUG 0.44 Phe UUU 0.39 Arg AGG 0.01 
UUA 0 LJUC 0.61 AGA 0.04 
CUA 0 CGG 0.30 
cuu 0.14 CGA 0 
CUC 0.42 CGU 0.11 

CGC 0.54 

Gin CAG 0.96 His CAU 0.09 Pro CCG 0.49 
CAA 0.04 CAC 0.91 CCA 0.03 

ecu 0.09 
ccc 0.39 

Calculated based on the sequences on the five C.ruRosa genes 
sequenced to date, all coding for lipase. 

247 
389 

349 349 
209 241 292305 I 386 436 440 496 \I I 
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Fig. 1. Evolutionary conservation of serines within the 
esterases/lipases family. (A) Location of CUG-serine sites con- 
served in five C. rugosa lipase genes. Conservation of serines in 
G. candidurn lipases (B) and in a number of 
esterases/acetylcholinesterases (C). In B and C bold lines repre- 
sent serines conserved in all proteins of the family, whereas 
dashed lines mark a partial conservation. Arrows and stars indi- 
cate serines occurring in all related proteins. 

use of CUG relates well with the high abun- 
dance of the seryl-tRNA,,o. The C. rugosa 
genome contains five copies of tRNACAo genes 
per haploid genome [ll]. In contrast, a single 
gene encodes seryl-tRNA,,o in the other 
CUG-serine Candidus, where CUG is rare [9]. 
Thus, it is obvious that the use of the new 
codon was not disfavored. This emerges not 
only from the codon usage, but also from the 
comparative analysis of the sequences of CRLs 
and related proteins (Fig. 1) Within the CRLs 
family, 13 CUG-serines are conserved in all 
five lipase genes sequenced to date [lo]. Some 
of these residues are conserved at equivalent 
positions in other highly related enzymes, such 
as the lipases produced by Geotrichum can- 
didum (GCLs) and/or several esterases and 
acetylcholinesterases belonging - as CRLs do 
- to the structural family of esterases/lipases ‘. 
This strict requirement of serine at some CUG 
sites suggests that CUG-Ser evolved from a 
previous codon for serine and not for any other 
amino acid. The alternative hypothesis that the 
lipase activity evolved in C. rugosa after CUG 
reassignment. can be rejected because of the 

--i---- Sequences found on ESTHER at 
http://www.montpellier.inra.fr:70/cholinesterase. 
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high homology between CRL and the lipases 
secreted by the universal-code mould G. can- 
didurn (40% identity in the amino acid se- 
quences). 

Considering their occurrence in structurally 
and functionally related proteins it is reasonable 
to assume that at least some of the CUG-serines 
play an important structural/functional role in 
the CRL proteins. This hypothesis was tested by 
a mutational analysis on the CRLl enzyme that 
contains 19 serines CUG encoded. The UP1 
gene was overexpressed in the yeast Succha- 
romyces cereuisiae, this process of heterologous 
expression in universal code cells causing the 
insertion of leucine at every CUG site. The 
recombinant protein was inactive, since 19 ser- 
ines enclosed the catalytic Ser 209 were misde- 
coded as leucine [12]. CUGs were stepwise 
replaced with universal codons for serine; after 
every step the mutated genes were expressed in 
S. cereviskze and the protein tested for activity. 
Interestingly, restoring serines 209, 241 and 247 
- the residues strictly conserved in the 
lipase/esterase family - was not sufficient to 
obtain an active protein, neither was it to rein- 
troduce a group of other six serines selected on 
the basis of their position in the enzyme three- 
dimensional structure (unpublished results of 

our laboratory). Though recombinant proteins 
were correctly processed and glycosylated by 
the host cells, they accumulated intracellularly 
in an inactive form, possibly due to misfolding 
caused by the replacement of serine with the 
hydrophobic leucine. Once more, the existence 
of strict sequence requirements in regions of the 
protein not obviously involved in the maintaine- 
ment of the three-dimensional structure, points 
to the importance of CUG serines in C. rugosa 
proteins. 

The information presently available on C. 
rugosa sequences - unfortunately limited to 
the only lipase encoding genes - is hardly 
compatible with a change in CUG assignment 
through subsequent lost-reassignment of this 
codon, even taking into account the redundancy 
of lipase genes [ 101. Recently, Schlutz and Yams 
proposed an alternative mechanism of codon 
reassignment that better frames our experimen- 
tal observations on C. rugosa genes [13]. This 
mechanism is based on the finding that muta- 
tions at sites outside the anticodon can affect 
tRNA specificity. Mutated adapters in fact have 
been shown to read codons usually not allowed 
by the base-pairing and wobble rules [ 141. Since 
mutated tRNAs can mediate ambiguous decod- 
ing (i.e., the same adaptor recognizes both nor- 

- CKGRARE - LOs6OFCuGbu - I.l&Ser CODONS 

. lNEFFlCtENTtRNA *AMBIGUOUS CUG SmtRNA *MUTATIONS ??HMiH COPV WNA 
UINA EFFlmNCVt -nowL 

. A+TF’RESSURE EJWCIENCY t 

GENERATION OF A PGSITIVTZ SELECTIVE PGES!3UGE lMPGOVlNG THE USAGE OF CU6SW CODONS 

Fig. 2. A model for the reassignment of CUG to serine in C. rugosa. 
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mal and unusual codons), it is reasonable to 
assume that the same mechanism could catalyze 
codon reassignment. One could imagine an ini- 
tial background with CUG codons sparely used 
because of the scarcity or low translational effi- 
ciency of the cognate leucyl-tRNA. The appear- 
ance by mutation of a novel tRNA (seryl- 
tRNAc-o) able to translate CUG ambiguously, 
possibly let the leucyl-tRNA to succumb to 
competition and disappear. Mutations both in 
the tRNA and in the UCN serine codons should 
have gradually improved translational efficiency 
until reassignment was accomplished (Fig. 2). 
This scenario is consistent with all available 
experimental observations: (i> the strong bias in 
the use of leucine codons by C. rugosa shown 
in Table 2; (ii) the close sequence relatedness of 
seryl-tRNA,,o with other seryl-tRNAs [ 11,7] 
and (iii) the unusual structure of seryl-tRNA,,o 
and its ability of equivocal decoding in vitro [9]. 
At this stage one can reasonably assume the 
occurrence of a process of adaptation of the 
Cundidu protein sequences towards an optimal 
use of codons, conferring an improved fitness 
for the mutated biochemical background. Muta- 
tions in the UCN serine codons that further 
improved their translability by the new abun- 
dant tRNA, should have favored their conver- 
sion to CUG. Though two sequential mutations 
have to accumulate to change UCN to CUG, the 
process of reassignment should be tolerable for 
cells since it never implies loss of protein func- 
tion. On the contrary, a positive selection for 
functional proteins may be considered, exerting 
a sort of biochemical pressure on the evolution 
of the genetic code. 

In the above framework, the key role in 
codon reassignment is played by tRNA 
molecules, whose abundance and efficiency is 
the major selection tool for codon choice. Ex- 
perimental support to this hypothesis is pro- 
vided by the finding that heterologous expres- 
sion of eukaryotic coding sequences using rare 

codons is improved if the level of the corre- 
sponding tRNA is increased [ 151. In this per- 
spective, codon reassignment may be consid- 
ered a special case of codon bias, i.e. the prefer- 
ential use of certain codons observed both in 
prokaryotes and eukaryotes. Codon bias in fact 
relates very well with the abundance in the cells 
of specific tRNA molecules [ 161. The competi- 
tion among isoacceptor adapters would be the 
basis for the enrichment in those codons for 
which more (or more efficient) tRNAs are avail- 
able. 
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