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ABSTRACT The convergence of ancestral sequences in-
dependently constructed from different branches of a phylo-
genetic tree can be used as a test of homology of data sequences.
This criterion has shown that all phenylalanine tRNAs are re-
lated to a common ancestor, whereas eukaryotic and prokaryotic
tyrosine tRNAs may have independent origins. All glycine
tRNAs share a common ancestor. The glycine tRNA family splits
according to the purine or pyrimidine nature of the first anti-
codon base prior to the divergence of eukaryotes and prokar-
yotes. The structural similarity between some prokaryotic gly-
cine and valine tRNAs is the result of their derivation from a
common ancestor that existed previous to the divergence of the
different glycine tRNAs. These results support models of genetic
code evolution involving the incremental elaboration of earlier,
simpler codes.

Hypotheses on the evolution of the protein translation apparatus
often assume that the present-day genetic code has emerged
from simpler, less precise versions in which fewer than the
current 20 amino acids were implicated (1-8). Although rather
speculative at the moment, it is conceivable that the identity
of only one and later two nucleotides of the triplet codon
specified amino acids in the earlier codes leading eventually
to a code where some amino acids required all three letters of
the codon to be unambiguously assigned. This scenario implies
the emergence of different tRNA species that could transport
the newly added amino acids. Therefore, in addition to pro-
viding a molecular record of species divergence, the comparison
of tRNA sequences may permit the determination of rela-
tionships between amino acids which led to the expanded and
refined present-day genetic code.
Even though well over 120 tRNA sequences have been de-

termined, the hopes of deducing the early evolutionary events
described above remain largely unfulfilled; a random evolu-
tionary fluctuation or convergent evolution (or both) have
seemingly introduced enough noise to obliterate many phylo-
genetic relationships (9, 10). Fig. 1 is indicative of this noise
effect; the distribution of structural differences between tRNA
specific for the same amino acid and tRNAs of different
specificities overlaps extensively. It follows that phylogenetic
trees based solely on difference matrix methods may be mis-
leading because the common origins of distantly related se-
quences will be largely hidden among random similarities (10).
On the other hand, most comparisons of tRNAs within the same
kingdom (i.e., eukaryotic or prokaryotic) having the same an-
ticodon clearly indicate that this restrained group of tRNAs are
evolutionarily related.
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FIG. 1. Distribution of nucleotide differences in pairwise com-
parisons of tRNAs. -, Distribution in comparisons oftRNAs specific
for the same amino acid; average value, 25.8. -- -, Distribution of
nonisoacceptor tRNA pairwise combinations; average value, 34.6. - - -,
Distribution of differences from pairwise comparisons oftRNA spe-
cific for the same amino acid, containing the same anticodon, and
within either the eukaryotic or prokaryotic group. The dashed curves
were smoothed by averaging adjacent values.

Thus, phylogenetically relevant information has been at least
partly conserved and, consequently, we examine sequence data
here with the idea of a stepwise approach to the deduction and
evaluation of early evolutionary events in genetic code elabo-
ration (11): tRNAs are progressively clustered into families
according to their anticodon, their amino acid specificity, and,
finally, the sequence similarities when different acceptor ac-
tivities are involved. At each step, the evolutionary relationships
are evaluated by a "convergence" criterion, described below,
in conjunction with minimal mutation methods to see whether,
in a phylogenetic tree constructed for a tRNA family, the in-
termediate ancestral sequences show significantly more simi-
larity than data sequences.

Convergence criterion
Given the nucleotide sequence of a set of tRNA molecules, there
are various methods for construction of the most likely phylo-
genetic tree and ancestral or nodal sequences (12, 13); "most
likely" in this sense means the tree or sequence that is com-
patible with the minimal number of mutational events neces-
sary to account for the data. However, even with a set of totally
random sequences, it is always possible to construct a minimal
tree.

Abbreviation: tRNAAx, tRNA specific for the amino acid, AA, and
having the anticodon XXX.
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Implicit in any representation of divergent evolution by a

tree diagram is that, as one moves toward the root, the nodal
positions should become more similar, as is shown in [1],

A1

1)--2 3 \4

if a homologous relationship (representing a common line of
descent) exists between the four sequences; the nodal sequences

A and B. independently constructed from 1-2 and 3-4, re-

spectively, should be closer to each other than the average of
the 1-3, 1-4, 2-3, and 2-4 distances. No such convergence
towards a unique root, however, should exist if the two groups
of sequences are evolutionarily unrelated. We have incorpo-
rated this principle into a procedure for assessing the relation-
ships between eukaryotic and prokaryotic branches of the
phenylalanine, tyrosine, and glycine tRNA families as well as

between isoaccepting species of tRNAGIY and tRNAval.

Data treatment

Most sequences were taken from Gauss et al. (14), although
some newly determined sequences were also available for this
analysis. Sequences were aligned according to their common
structural elements as described (11, 14). Positions in the vari-
able loop region that are often unfilled and the three anticodon
nucleotides were not considered in the analysis. Ancestral se-

quences were determined with the aid of a computer as de-
scribed (15). Mutational distances between sequences were
established by counting the number of positions that are not
identical as a result of either a replacement or an insertion/
deletion. Because the reconstruction of ancestral sequences leads
to uncertainty in some positions, the contribution of each po-
sition is taken to be the average distance of each nucleotide
combination from the two sequences.

Phenylalanine tRNA family
The first type of question we examine is whether our conver-

gence criterion can confirm that prokaryotic and eukaryotic
branches of a given tRNA family are related. Based on the
availability of data, the obvious first choice to study is the

phenylalanine family which has a single anticodon type (GAA)
and is represented by sequences from five true prokaryotes, two
chloroplasts, five eukaryotic cytoplasms, and one mitochon-
drion. The matrix of differences between each .tRNA pair is
given in Table 1. All intrabranch comparisons except for those
involving the tRNAPhe from Schizosaccharomyces pombe in-
dicate a significant relationship (see Fig. 1). This matrix was
then used to derive the eukaryotic and prokaryotic phylogenetic
trees in Fig. 2 by the minimal mutation method, with the ex-
ception of the Euglena tRNA position (see below). In a first
experiment, the protoprokaryotic sequence was constructed
and compared to the protoeukaryotic sequence, which was
calculated without the use of the Schizo. pombe sequence
(judged to be too distant from the other eukaryotes to be certain
of its lineage). The two protosequences constructed differed
by 25.6 positions, whereas the average distance between
present-day prokaryotic and eukaryotic tRNAs is 27.0. Al-
though these values are consistent with the notion of conver-

gence, a dramatic improvement is obtained when the Schizo.
pombe sequence is incorporated in the eukaryotic tree as in Fig.
2. In this revised tree the eukaryotic and prokaryotic protose-
quences differ by only 22.2 positions and the average inter-
branch distance is 27.7. The full significance of this figure ap-
pears when it is realized that the minimal distance calculated
for the entire tree between the prokaryotic and eukaryotic
ancestors (convergence is calculated independently from the
two branches) differs by 19 positions; this value represents the
best possible convergence and illustrates the large divergence
between the two branches. Furthermore, we calculated the
distance between the ancestral nodes of 100 pairs of prokaryotic
and eukaryotic subtrees; each subtree was obtained by ran-

domly permuting the species labels in the original tree. Only
one of the 100 permuted trees converges better than the tree
of Fig. 2 (22.1 positions different between ancestral sequences).
Incidentally, this single exception is not at all credible biologi-
cally and requires far more than the minimal number of
mutations to account for the data sequences. This illustrates the
balanced use of the minimal mutation and convergence criteria
to assess evolutionary hypotheses.

Another use of the convergence test is seen in consideration
of the position of Euglena. Based only on minimal mutation

Table 1. Difference matrix for comparisons among tRNAPhe isolated from various sources

13 12 11 10 9 8 7 6 5 4 3 2 1

Escherichia coli 1 28 24 33 22 27 28 12 17 19 21 19 18
Bacillus

stearothermo -
philus 2 33 28 30 28 29 33 13 20 21 17 3

B. su6tilis 3 33 27 27 27 26 30 14 21 22 16
Mycoplasma 4 32 29 33 29 27 28 18 25 24 pro-pro
Euglena

chloroplast 5 28 27 30 25 23 29 13 6
Bean chloroplast 6 31 27 29 25 25 31 11
Anacystis

nidulans 7 33 25 32 23 23 31 eu-pro
Saccharomyces

cerevisiae 8 28 15 27 17 13
Wheat 9 29 16 26 14
Mammals 10 29 4 21
Schizo. pombe 11 32 25 eu-eu
Euglena

(cytoplasm) 12 31
S. cerevisiae

mitochondria 13
eu and pro, eukaryotic and prokaryotic sequences, respectively.
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FIG. 2. Phylogenetic tree derived from the tRNAPhe se-
quences.

criteria, the Euglena sequence should diverge from the
mammalian branch (see Table 1). The convergence test pro-
vides a quantitative counterargument to this biologically odd
solution: when, in fact, Euglena is attached near mammals, the
resulting protoeukaryotic sequence converges less (24.7 com-
pared to 22.2) to the protoprokaryotic sequence than does the
tree in Fig. 2. Although Euglena is placed here with the plants,
there is little to choose between this position and a branching
prior to the divergence of plants and animals based on con-
vergence or number of mutations. Similarily, Schizo. pombe
could be branched prior to the yeast divergence without
changing the results significantly.

Attempts were made to integrate the mitochondrial sequence
into the phenylalanine tree. First, from mutational distances
in Table 1, this tRNA is not obviously related to either eukar-
yotes or prokaryotes. In order to establish a possibly very ancient
relationship, we experimented with various possible topologies.
When positioned as the first divergence in either the prokar-
yotic or the eukaryotic branch, the mitochondrial sequence did
not improve convergence between the two branches. In addi-
tion, the mitochondrial sequence is no closer to the sequence
resulting from the combination of the prokaryotic and eukar-
yotic ancestral sequences than it is to all other actual tRNAPhe
sequences on the average.
Tyrosine tRNA family
By use of the seven known sequences of tRNATYr, which also
has only one possible anticodon (four eukaryotic and three
prokaryotic), the ancestral sequences were constructed and
compared. Although there is an average of 32.0 differences in
interbranch comparisons, the ancestral sequences differ by 32.9
positions. This lack of convergence could indicate that the eu-
karyotic and prokaryotic branches have independent origins.
In support of this proposal, we note that there is no heterologous
aminoacylation of either the prokaryotic or eukaryotic species
by aminoacyl-tRNA synthetases isolated from the opposite
branch (16); more significantly, the prokaryotic sequences
possess a large variable loopll not found in eukaryotes. This
feature is unique to tRNATYr; no major length differences exist
between the prokaryotic and eukaryotic branches of any other

tRNA family having the same anticodon. Again, as in the pre-
ceding example, the mitochondrial tRNATYr appears unrelated
to the other tyrosine tRNAs although it is structurally somewhat
closer to the prokaryotic sequences and possesses the large
variable loop typical of prokaryotic tRNATYr. it is possible that
when other mitochondrial sequences become available a con-
vergence of mitochondrial and prokaryotic ancestors will be
evident.

Glycine tRNA family
Unlike the preceding families, the analysis of the glycine tRNA
family is complicated by the existence of three isoacceptor
species having GCC, CCC, or UCC as the anticodon sequence.
In the following studies, we have not considered the tRNAGlY
sequences from Staphylococcus epidermis, which do not par-
ticipate in protein synthesis and are not, therefore, subject to
the same evolutionary pressure as other tRNAs. The eukaryotic
tRNA&C and tRNAutC were eliminated as well because these
sequences are distant from other tRNAGlY and, since they are
single sequences, no ancestral sequence can be calculated. The
single prokaryotic tRNA 3c was used, however, because it is
closely related to the three known prokaryotic tRNAU3'c se-
quences and could be converged with them. In all, the 10 re-
maining glycine tRNA sequences are rather well distributed
among prokaryotes and eukaryotes as well as representing the
remaining isoacceptor activities.
Our analysis started with the prokaryotic and eukaryotic

tRNA&3C as arranged in [2]. These sequences are shown to be
related; the distance X between the prokaryotic and eukaryotic
ancestor is 23.7, whereas the average interbranch distance is
26.7.

X [2]

B. subtilis E. coli Yeast Wheat Human Bombyx

Although the tRNA&C and tRNAGc sequences could be re-
lated to this tree in two ways, if at all, a first experiment showed
that the ancestor of these tRNAs does not converge toward ei-
ther the protoprokaryotic or the protoeukaryotic tRNAGIGC
sequences considered separately. The alternate topology in [3],
however, showed significant convergence:

C ~~~X [3]

GCC GCC CCC Prokaryote UCO
Prokaryote Eukaryote

The ancestral sequences shown above in [3] differ in 23.9 po-
sitions, whereas the average distance between these two
groupings is 26.8. This topology clearly shows that all tRNAGJY
share a common ancestor and that the differentiation at the first
anticodon position occurred between purines and pyrirmidines,
before the divergence of prokaryotes and eukaryotes. Because
not enough data from eukaryotic tRNAUc and tRNA c are
available, it is impossible to assign the correct chronology to the
distinction between the eukaryotic UCC and CCC anticodon-
containing tRNAs with respect to the divergence of eukaryotes
and prokaryotes.

11 Differences in the variable loop cannot account for the lack of con-
vergence because these positions are omitted from the analysis.

Evolution: Cedergren et al.
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Relationship of tRNAGIY to tRNA~!C
Because it had been previously noted (9, 17) that prokaryotic
tRNAGAC and tRNAA were quite similar (falling in the lowest
1% of the comparisons of tRNAs having different activities
shown in Fig. 1), the ancestral sequence of the tRNAAC was
compared with those previously constructed for the tRNAG1Y
tree. Here again many different topologies are possible if, in-
deed, there is a relationship between members -of these two
families. First, the convergence of the tRNAac ancestor to
either eukaryotic or prokaryotic tRNA&C ancestors was tested,
but gave a negative result. However, the experiment depicted
in [4] showed that the ancestral proto-tRNAic does converge
toward the tRNAZAlC ancestor, X = 23.2 in contrast to 28.0 av-
erage.

X. [4]

GCC GCC Val GAC
Prokaryote Eukaryote Prokaryote

A comparable amount of convergence is obtained as in [5],
when all tRNAG1Y are first used to construct a common ancestor
which, when compared to the tRNAZAJC ancestor, differs in only
25.5 positions in contrast to 29.6 average.

x ~~~~~~~~[5]

GCC GCC UCC/CCC Val GAC

A corollary of this arrangement is that the combination of the
tRNAec ancestor and the tRNA&C/tRNAuGC ancestor should
converge toward the tRNAGc ancestor as in [6]. Indeed, the
most significant convergence is found, X = 21.2 in contrast to
27.7 average distance.

[6]

UCC/CCC GACGCC GCC

We conclude therefore that tRNAGIY and tRNAvc are mem-

bers of one homologous superfamily (Fig. 3). Any speculations
on the origin of tRNAv" must await the availability of new
sequence data because preliminary tests with available data do
not indicate any clear option.

tRNAGVaB. stearothermophilus

E. colt

'RN l yE. coli
Proto-tRNAU C =e T4_ r l ~~~~~~. subtifis
Proto-tRNA Gly E ol Bombyx

Eukaryote
CCC Humn

Prokaryote ---S. cerevisiae
t GCCHB utls E. coli

40 30* 20 10 0

FIG. 3. Phylogenetic tree of the tRNAGIY/tRNAVal superfamily.
The horizontal distance represents the actual number of structural
changes between nodal or actual sequences.

Discussion

The convergence test, although developed here for the specific
purpose of examining tRNA evolution, is universal in its scope
and design because it is based on the essentially divergent nature
of molecular evolution. In principle, it can be applied to detect
homology between any group of related sequences of the same
type, be they RNA, DNA, or protein. The choice of tRNAs as
the subject of this investigation, justified by their intimate link
to the genetic code evolution, is a hazardous one. Indeed, tRNAs
most likely constitute a macromolecular family that approaches
mutational equilibrium and whose history involves speciation
and gene duplications. Consequently, their phylogeny should
be most difficult to decipher. Nevertheless, the identification
of tRNAG1Y and tRNAVAC as members of the same homologous
superfamily shows that some aspects of the evolutionary history
of the genetic code may be deduced. The multifamily tree (Fig.
3) can still be interpreted in many ways because it is not possible
to rigorously determine the position of the root. It seems most
probable, however, to assume that the earliest evolutionary
event was the divergence of the valine (anticodon GAG) from
the glycine tRNA family. The two amino acids have quite
different properties, and it is hardly conceivable that they could
be interchanged in a modern-type protein without destroying
its function. Alternately, it is always possible that one of the two
tRNAs changed both its anticodon and acceptor activity after
the initial gene duplication, thus avoiding the misreading of an
already existing code. Also, it is possible, even probable, that
other tRNA families are related to the same root. Unfortunately,
not enough sequences of other likely families are available for
this analysis.
One major finding is that the three present-day tRNAGlY

isoacceptor types are derived from two ancient protosequences
(which themselves have a common ancestor): one branch has
produced the tRNAGlY with the GCC anticodon which, ac-
cording to the wobble hypothesis (18), should read the two
glycine codons ending in a pyrimidine; the second branch has
produced a prototype which subsequently diverged into two
tRNAGlY each of which, again following the wobble rules,
should read only one glycine codon having a terminal pu-
rine.

This filiation nicely complements recent protein translation
studies showing that all four valine (19) or glycine (20) codons
can be read by a single isoacceptor species in vitro and that
third-codon position misreading can occur in vivo (21). These
results have been analyzed in terms of a "two out of three"
reading mechanism (22) which may, in fact, be a vestige of a
previous genetic code. The distinction between the purine- and
pyrimidine-reading tRNAs, as indicated by the tRNAGIY tree,
would seem to have been the first step in the refinement of this
early genetic code.

Consideration of the tRNAvalc/tRNAGIY tree and, in par-
ticular, the tRNA&c part, where the eukaryotic/prokaryotic
divergence is established, leads to another major conclusion:
namely, that the mutational fixation rate varies in each branch
of the tree, since the branch lengths in Fig. 3 are drawn pro-
portional to the mutational distance. Disregarding these dif-
ferent rates during sequence comparisons can lead to erroneous
conclusions: for example, the tRNAGalc differs very little from
the prokaryotic tRNAc&. One would thus be tempted to cluster
these families together, but, in fact, the closeness of these two
groups of tRNA is more representative of extremely slow
mutation rates in these two branches than a recent common
ancestor. Different mutation rates may also explain the in-
consistencies in the eukaryotic tRNAPhe tree where Euglena
is close to the mammalian sequence and S. pombe is inordi-
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nately distant from other eukaryotic sequences. As shown in
a recent work (23), S. pombe tRNAPhe is the only member of
this family in which multiple mutational changes have touched
the D stem and extra loop regions: in fact, the rest of the se-
quence is more highly conserved than in other eukaryotes. Fi-
nally, the effect of gene splicing in eukaryotic tRNA is difficult
to evaluate because, at least for the tRNAPhe family, no par-
ticular anomalies have been found that would indicate inde-
pendent origin of the two branches of the family even though
this tRNA is known to be spliced (24).
From the results presented here we would like to propose a

general model based on the tRNAVaI/tRNAGIY tree which, al-
though tentative, does explain the available tRNA structure
data. We propose that each branch and each tRNA family has
a different mutation fixation rate. Eukaryotic tRNAs seem to
have incorporated natural mutations much faster than proka-
ryotic tRNAs. The many structural differences between eu-
karyotic and prokaryotic tRNAs emanate, therefore, mostly
from the rapid tRNA evolution in the emerging eukaryotes. A
corollary of this hypothesis is that tRNA evolution may be most
dramatic among the lower eukaryotes or Protista. Although
based on sketchy data, mitochondrial tRNA could stabilize
mutations even faster than eukaryotic tRNA. This high rate
would necessarily make it extremely difficult to place mito-
chondrial tRNAs in evolutionary schemes as attempted above.
A cursory comparison between mitochondrial and cytoplasmic
initiator methionine tRNAs from Neurospora crassa and S.
cerevisiae lends some credibility to the above hypothesis;
mitochondrial sequences differ at 26 positions and the cyto-
plasmic sequences at only 16 positions.

In conclusion, tRNA sequences, if used with care in a stepwise
approach, can yield significant information about the origins
of the translation apparatus. Particularly interesting will be the
analysis of the leucine, serine, and arginine tRNA families.
These amino acids are encoded by six codons, and important
knowledge about the basic structure of the genetic code may
be obtained.
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