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ABSTRACT 

By extending the standard genetic code into a temperature 

dependent regime, we propose a train of molecular events leading 

to alternative coding. The first few examples of these 

deviations have already been reported in some ciliated proto

zoans and Gram positive bacteria. A possible range of further 

alternative coding, still within the context of universality, 

is pointed out. 
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Recently some deviations of the standard genetic code have been observed 

with respect to the stop codf.ns, which have Instead been found to code for an 

amino acid (cf. Table I). These deviations concern thermophilic and 

mesophilic eukaryotes (ciliated protozoans) , as well as mesophilic 

prokaryotes (Gram positive bacteria) . We wish to suggest that this data 

should be interprets within the context of genomic responses to challenges 

affecting the process of translation at an earlier stage in evolution. 

In order to achieve this aim, we propose a train of molecular events, 

leading to coding deviations. Our arguments are based on a new physically 

motivated extension of amino acid coding: we introduce the hypothesis that the 

standard genetic code is temperature dependent; its motivation is to be found 

in the environmental conditions in which ancestral life evolved. From recent 

preliminary experience in protein engineering (cf. "Dis'-ussion", below, 

especially question (ii)), we will infer that the habitat of the common 
7 8 

ancestral state of the three primary kingdoms ' - the progenote - was 

subjected to temperatures considerably higher than room temperature. 

Our hypothesis of a temperature dependent genetic code leads to some 

suggestions for the coding of specific amino acids by the standard code stop 

codens (cf. Table II); in particular, in ciliated protozoans of the genera 

Colpidium and Glaucoma within the order Hymenostomatida, and the genera 

Euplotes and Uronvchia within the order Ilypotrichida, as well as in Gram 

positive bacteria of the genera Spiroplasma. To our knowledge, no deviations 

have been looked for in archar-bacteria, though the present discussion should 

apply to these also. 
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RESPOHSES OF THE GENOME TO CHALLEHGE 

During the development of translation, at an early stage the genome had 

to respond to the challenges of decreasing temperature, as well as to 

mutations. As in other well documented cases, the genome may respond in a 

programmed manner : 

Such a programme may consist of responses in the form of 

(a) intergenic suppressors 

(b) development of adequate stop codons, so as to achieve some degree 

of control of gene expression. 

We shall consider both parts of this programme in turn. Although part 

(a) is well-known , we review it briefly, since we shall need it 

afterwards. 

(a) We restrict our attention to all possible mutations of the type 

of spontaneous single base substitutions of the codons UAG, UAA 

and UGA, which presently code for termination of protein synthesis 

in the standard code: 

(I) UAG relates itself to. 

CAG DUG UAU 

AAG UCG UAC 

GAG UGG UAA, 

that is, the codon UAG relates itself by spontaneous single 

base substitution to amino acids which are presently 

assigned in the standard code to: 

Gin, Lys, Gly, Leu, Ser, Trp, and Tyr. 

We have ignored the substitution UAG UAA, both triplets 

having presently assumed the role of stop codons. 
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Similarly, 

(II) UAA relates itself to, 

CAA UIJA UAU 

AAA UCA UAC 

GAA UfIA UAG 

that is to, 

Gin, Lys, Clu, Leu, Ser, and Tyr. 

Ignore the substitutions UAA UCA, UAG, which presently 

assumed the role of stop codons. 

(III) UGA relates itself to, 

CGA Ul/A UGU 

AGA UCA UGC 

GGA UAA UGG 

that is to, 

Arg, Cys, Cly, Leu, Ser, ->nd Trp. 

(Ignore the substitutions UGA UAA, since both triplets 

are normally, it present, stop codons). 
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(b) We can approach the second part of the programme with the 

following question: 

What is the significance of the set UAG, UAA, and UGA at the 

earlier stage of evolution that we are considering? 

In order to answer this question, let us recall that the high 

temperature niches of the thermophilic progenote may have 

prevented the codons UAG, UAA, and UGA, from acting as stop 

signals, in view of the probable instability of the release 

factors (RFs) (cf. Table III), i.e. proteins that induce the 

release of nascent polypeptides from the (thermally more stable) 

ribosomes. This specific mechanism for the termination of protein 

synthesis has been clarified in recent years 
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THE RF IHSTABILITY 

The increased stability of the translation machinery may be due to the 
12 

RHA-protein interactions, as experiments have shown . In other words, the 

instability of some of the RFs may have rendered one, or more, of the present 

code stop codons Incapable of concluding protein synthesis, by ruling out a 

favourable mRMA - protein (RF) interaction. This breakdown of the interaction 

would have occurred due to exposure to the elevated environmental temperature, 

which may have led to irreversible thermoinactlvation of the RFs. In the 

absence of an active role as a terminator, the codon cognate to the originally 

unstable RF, may have acquired a normal role as an amino acid codon since 

missense mutations would tend to be ruled out by Intergenlc coding of 

missense, or nonsense tRUA suppressors. Although the precise mechanism which 

rendered some RFs stable with respect to their habitat's temperature is 

unknown, there must have been strong selection pressure for the adoption of at 
13 

least one of the various mechanisms known to us: like Salt bridges , or 

hydrophobic interactions, or even appropriate amino acid substitutions, as fcr 

instance, the arganine for hist idine replacement In a temperature sensitive 
14 

mutant of T4 phage lysozymc ; finally, some cumulative replacements of Asn 

residues at the subunit interface of the dimeric enzyme yeast triosephosphate 

isomerase is known to nearly double the enzyme half-life at 100 C (pH 6). 
15 

Mechanisms such as these may have played an active role in stabilizing 

at least one RF to allow protein termination at the high temperatures of the 

environment of the progenote. 

However, as temperature decreased, the main physical motivation for the 

RF instabilities was removed allowing the possibilities of contemporary 

organisms, as is the case for the three RFs known to be operative in 

E. coli. This may have provided a new option for codons to play the role 

of stop signals, as more complex phenotypes, with faster growth Requirements 

(as in the prokaryolic case), found it necessary to ensure the complete 

termination of protein synthesis, and to rule out the production of 

"readthrough" proteins: there are abundant examples of such double stop codon 

arrangements in prokaryotes This, in turn, provides a rationale for the 
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absence of more than one stable RF in eukaryotes, as in rabbit reticulocytes, 

since once a single stable RF fixes a given codon as a stop signal, eukaryotos 

may not have a strong requirement for the more elaborate double stop signal 

characteristic of the fast growing prokaryotes, organisms which may have less 

resemblance to the genome of the progenote than the eukaryotic nuclear genome 

We shall consider this point in more detail. 

Gilbert ' has conjectured that genes in eukaryolic cells arose as 

collections of exons (that is, coding DNA), brought together by recombination 

within intron i.e. non informational DNA sequences (this is referred to as 
19 

"exon shuffling"). This part of this conjecture was further extended in 

the sense that the earliest organism - the progenole • should have had split 

genes (the second part of the hypothesis is that introns are the remnants of a 

process that speeded up evolution). Contemporary prokaryotes were subject to 

selection against retention of introns, since fasl growing cells (i.e. 

prokaryotes) require considerable biocnergetic expense Tor 

replication, 

transcription, 

excision. 

This is to be contrasted with eukaryotes that did not become fast 

growers. In the presence of environmental problems, thoy generally opted out 

for the solution of forming multicellular masses ("protoplants" or 

"protoanimals"), instead of losing their introns (which opened a pathway 

towards genome expansion and, hence, to variation, and finally to 

development). In other words, the present day intron-less genomes would be 

the result of streamlining motored by evolutionary pressure for rapid 

replication. The exon shuffling conjecture has not only been supported by 
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convincing experimental data , but it may have some bearing on the 

observed more numerous set of (three) RFs in (the fast growing) 

E. coli n with its streamlined genome, than in the eukaryotic genomes. 

Having considered the interplay of the roles of the set UAC, UAA, UCA, 

and the challenges affecting the process of translation, we may now turn to 

some suggestions. 
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ALTERMATIVE CODING 

We know from experiments with ciliated protozoans that the triplets UAG 

and UAA may code for Gin and Glu; it is clear, on the other hand, that the 
21 

only stop codon identified so far is UGA . Therefore, the ciliate genomes 

have coded genes (intergenic suppressors) for structural tRUAs (the minor 

species), that is tRNA and tRNA , as already observed in Tetrahymena 

thermophila ' , Stylonichia lemnae , Paramecium primaurelia , and 

Paramecium tetraurelia . These minor species tRNAs have transformed a 

small number of nucleotides, so as to allow them to pair with a given codon 

ri-om the set UAG, UAA, and UGA. 

By the same token, it may be possible that the minor species tTNA * 

tRNA ' , and tRNA may have become efficient missense intergenic 

suppressors, since such minor species LRUAs would also be responsible for the 

elongation of the nascent polypeptide with similarly large hydrophilic amino 

acid residues, as in the previously observed cases of Gin, and Glu. 

Since both Tetrahymena and Paramecium are in the order llymenostomatida 

and Stylonychia is in the order Hypotrichida, we suggest that the novel amino 

acids coded by the termination codons UAG and UAA (i.e. Lys, Tyr and Trp) may 

be characteristic of the order Hymenostomatida in the genera Colpidium and 

Glaucoma, and in the order Hypotrichida in the genera Euplotes and Uronychia. 

On the other hand, the prokaryotic bacterial deviation of the genetic 

code has been observed in Mycoplasma capricolum, a species of Gram positive 

bacteria. In this case, the termination codon UGA has been relegated to 

coding for tryptophan . This, in turn, implies that the genome of 
. Trp 

H. capricolum codes for the minor species tRHA , as observed. However, 
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by questioning which other amino acid residues might play a similar role to 

tryptophan, from the possible point mutations considered in III above, we find 

that tRHA r 6 would also add a large hydrophilic residue to the synthesis of 

the specific proteins required for M. capricolum. 

This novel additional option for a standard code deviation, i.e. UGA 

coding for arganine may be typical of closely related genera to Mycoplasma. 

for example, in Spiroplasnia; in particular, in the species 
22 

S. citri. given the close phylogenetlc relationship with M. caprlcolum 

These novel coding deviations may be a signature of the temperature 

dependence of the standard genetic code. 
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DISCUSSIOM 

It is worth emphasising that some of the triplets may not have acquired 

their amino acid assignments through mutation alone but, rather, that the high 

temperature habitat of the early organisms prevented some of the code triplets 

from the beginning from actinfc as stop codons, due to RF instability. 

However, special mechanisms were discussed above (cf. Table 1X1) for 

stabilization of at least one HF, so as to guarantee the faithful termination 

of those proteins that we d<j know must have been synthelized by the early 

organisms: ubiquitin is a very good example in this respect, in view of the 

fact that this protein shows uniformity by such diverse phylogenetically 

sources as plants and mammals. It may be concluded that ubiquitin antedates 
23 

formation of the three primary kingdoms . This suggests the early 

presence of an efficient stable RF in spite cf the progonole's high 

temperature habitat. 

To complete our arguments we should attempt to answer the following two 

related questions: 

(i) Have the thermophiles (growing at temperatures from 55 C to just 

above the boiling point) developed directly through a thermophilic 

line, and not through mesophiles (growing in the temperature range 

25 to about 45 ), or even through psychrophi let; (growing at 

lower temperatures, an example of which is the yeast C_anrtida_ scottj_, 

which grows in the range 0 to - 10 C, but not at f!5 c )? 

(ii) Was the common ancestor indeed a thermophile? 

These questions must be considered, so as to underlin<> the relevance of 

the temperature dependent inactivation of the KKs at an early stage in the 

evolution of life, a thesis which has been defended in ttiis work. 
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We have already mentioned various special mechanisms, known from some 

experience with protein engineering, that can raise the melting temperature of 
13-15 

proteins . From these works it follows that many genetic changes must 

take place for a thenr.ophi lie organism to be derived from either a tnesophile, 

or a psychrophile. This i:iplies that the answer to the first question is that 

a mesophilic or psychrophiIic origin of thermophiliclty can probably be ruled 

out. 

On the other hand, it :.e«ms reasonable to answer the second question with 

the statement that the pror.eiiote was indeed a thermophile, since it is 

plausible that a temperatuie sensitive mutant may arise which will lose its 
25 

ability to grow at higher temperatures ; however, we may still expect that 

phylogenetically closely related genera (such as Tetrahymena and Paramecium) 

may still retain the overall features of their translation machinery after the 

temperature-sensitive mutations had occurred, which tendered the new genera 

better adapted to an ever decreasing temperature of their environment. This 

remark provided us with a < orrjnon basis for discussing thermophiles and 

mesophiles in the above section on "Alternative lading". 

To conclude, we would like to underline the fact that deviations of the 

genetic code were first ob^orved in the mitochondrial genomes of organisms, 

ranging from fungi to humar.j; but the deviations which we have discussed here 

do not refer to a specific mitochondrial genome, hut to the genome of whole 

cells ranging from bacteria to protozoans. Nevertheless, we (eel that the 

evidence for alternative coding presented so far is not sufficient to 

rule out the universality of the standard genetic code , in view of its 

temperature dependence. Finally, our hope is that the hypothesis of a 

temperature dependent standird genetic code - retaining its universality - may 

serve for the design of several new experiments, and us a framework for 

discussion of the recent alternative coding experiments. 
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.'A;ILS CAPTIONS 

Table I: Deviations or *h" standard genetic code 03tablinhed in recent 

experiments. 

Table II; Suggestion:; for further amino acid coding by the presently 

adopted stop cr. Ions of the standard code. 

Table III; Graphic illu.iti it ion of the still unknown mechanism selected 

by one or more T .;, during pro/denote evolution ( ponsibly for 

lack of selective pressure on nimnlo organisms for multiple 

stop codon arm i.'-iments ). 
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C r n a n i s n a 

( s p e c i e s ) 

t h e r m o o h i l a 

P . p r i m a u r e l i a 

UAG / UAA 

Gl.i 

Gin I Glu 

UGA 

s top 

s t o p 

? . t o t r a u r c l i a 

3 . leranae 

!•!. ca-nricoluis 

01 n 

Gin 

s t o p 

s t o p 

s t o n 

Trp 

Tab le I . 

Glaucoma 

Huo lo te s 

Uronych ia 

Sp i rop l a sma 

Lys / Trp / Tyr 

Lys / T rp / Tyr 

Lys / Trp / Tyr 

s t o p 

s t o p 

s t o p 

s t o p 

Arg 

T a b l e I I 



.'.uc.iani:i:3 

Protein denaturation 

Raising the donaturation temperaturo 

by se lec t ive pressure for the adoption 

of ( a s t i l l untaown ) specia l mecha

nism as, for example: 

- Salt bridges 

- Amino acid subs t i tu t ions 4 , e t c . 

Table I I I 


