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ABSTRACT

We have determined the nucleotide sequence of the major species of E.coli
tRNASeT and of a minor species having the same GGA anticodon. These two
tRNAs should recognize the UCC and UCU codons, the most widely used codons for
serine in the highly expressed genes of E.coli. The two sequences differ in
only one position of the D-loop. Neither tRNA has a modified adenosine in the
position 3'-adjacent to the anticodon. This can be rationalized on the basis
of a structural comstraint in the anticodon stem and may be related to optimi-
zation of the codon-anticodon interaction. Comparison of all E.coli serine
tRNAs (and that encoded by bacteriophage T,;) reveals characteristic (possibly
functional) features. Evolutionary analysis suggests an eubacterial origin of
the T;tRNASeT gene and the existences of a recent common ancestor for the
tRNA(S;‘éZ and tRNAg%E genes.

INTRODUCTION

The degeneracy of the genetic code is such that most of the twenty amino
acids are specified by more than one code word. In particular, serine is enco-
ded by six codons arranged in two blocks that differ in the first and the
second codon, i.e., the quartet UCN (where N = C,U,G or A) and the doublet (AGY
where Y = C or U). In order to read these six codons during mRNA decoding,
tRNAs with different anticodons are required. In mitochondria, only two tRNA
isoacceptors are needed, since one having a UGA anticodon reads the entire
family of UCN codons and another tRNA with a GCU anticodon reads the two AGY
codons. In the eukaryotic or prokaryotic cytoplasm a minimum of four isoaccep-
tors are needed. The analysis of more than 33 tRNAsSe€T from different
origins shows that there are mainly five anticodon types: IGA, U*GA, (U* is
modified), GGA, CGA, and GCU. In addition to these isoacceptors (having diffe-
rent anticodons), other isoacceptor species have been found which differ in
only the modified nucleoside levels (isocoding species) (for reviews see refs
1-2). In E.coli three types of tRNASeT yere sequenced; they had the
anticodon U*GA, GCU and CGA (3). The object of this article is to present
the sequence of the fourth type of E.coli serine tRNA (GGA anticodon) which
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reads UCC and UCU codons.

Some time ago, one of us (D.S.) reported the identification and the
purification of five serine tRNAs from E.coli K12. A major species (called Ser
I) and a minor (Ser V) exhibited a coding response to poly UC and were taken to
have the GGA anticodon (4). Subsequently, these two tRNAs were shown to form
anticodon-anticodon complexes with E.coli tRNA%¥%C and yeast
tRNAuigu (5-6). We report here the complete primary structure of these
two tRNAs. Since these sequences complete the structural work on the serine
tRNA family of E.coli, it is now possible to consider the hypothesis concerning
the role of these tRNAs in regulation and mRNA decoding.

MATERIALS AND METHODS

Ser Ser Ser
The two tRNAGGA (corresponding to l:RNA.I and tRNAV )

were isolated from E.coli K12, strain CA 244 as previously published (4). Due

to the inconsistencies of nomenclature in the serine tRNAs (see Table 1), we
will distinguish them by their anticodon sequence. The tRNAs have been main-
tained at -80°C, since that time.

3'-labelling of 1 ug samples was performed by the incubation of tRNA
with [32P]pCp (3000 Ci/mmole) and T4-RNA ligase (from P.L. Biochemicals) as
described in (7). Purification followed on 0.08 cm thick, 50 cm long gels made
of 15% polyacrylamide with 50 mM Tris-boric acid buffer at pH 8.3 containing 7M
urea and 10 mM EDTA. Both tRNA samples gave a single radioactive band, and
their sequences were determined by the now standard rapid gel sequencing
techniques (8). .

The modified nucleosides were determined by a variation of the Gupta and
Randerath method (9). A sample of 5 ng of each tRNA was partially hydrolyzed
in 5 ul of deionized formamide at 100°C for 4 min. Chromatographic analysis
was done by the separation of nucleoside diphosphates on PEI-cellulose thin
layer plates in 0.55 M ammonium sulfate at 4°C or by the separation of nucleo-
side monophosphates (produced by an additional digestion by Pl nuclease) on

two-dimensional cellullose thin layer plates.

RESULTS AND DISCUSSION
The serine tRNAGgGp sequences and their analysis

The two serine tRNAs are composed of 88 nucleotides, 16 of which are
located in the long extra arm (Fig.la). These tRNAs along with the E.coli
tRNAggx have the shortest extra arms among all sequenced serine tRNAs
(3). The two tRNAs differ by one nucleotide; there is a C in position 20 of

5698



Nucleic Acids Research

AoH Fig.la

C.7s
E.colt QHNA:QJA C

G
pG~-C
G- C
3-U - A-7
6—
A=V

Fig.1b

»-C-G G A
mispaired G { E-nl G C
cC-G

[4 A
33V A non isopentenylated
G A_se
G

nonpaired

.*G A
Gym) e C o
G 1 “¢*®°0IGe |

c.o °G ° “ e ¥ Fig.lc 2, o
’ A [ — o

4 oWz, Cc=G%e o 16-22nucheor. no u | ‘M’A
o

¢ -0
.

G,C-G.C . . 19-CG—C,G-*°
(G)~(¥) e o VA-Y.A

Y- V.Com A

Cm) A Amg¢’i®
2-v Ami2BA  PA -37 13-V AN A——
. . PG

Ser
Figure 1. a) The two sequenced tRNAGga isoacceptors: position 20 is D in major

and C in minor species. A37 is unmodified. C* is a mixture of C and an
unknown derivative. Boxed-in positions correspond to nucleotides which are
unique in that they occur in less than 10% of all other eubacterial tRNAs
(10).

b) Composite of E.coli tRNAsSer (with T4 sequence): identical
nucleotides are those found in all sequences. Y is pyrimidine, R is purine.
Nucleotides in parenthesis are present in six out of seven sequences analyzed.
Boxed-in regions indicate characteristic features of the serine tRNA family.

c) Consensus sequence in anticodon loops and stems of fifty eubac-
terial tRNAs having fully modified msfiP43; (3,21).

tRNAger and a D in this position of tRNAger. it is unusual
although not altogether without precedence that one nucleotide change can so
affect the mobility of tRNA on BD-cellulose chromatography (3). A more surpri-
sing finding is that neither of the two tRNAs contains a modified adenosine in
the position 3'-adjacent to the anticodon. Often this A37 is modified to
either a 6-threonylcarbamoyl (t6A) or a 2-methylthio-6-isopentenyl derivative
(mszi6A) in E.coli (39) as in other serine tRNA isoacceptors (see Table I).
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Table 1 : Codon and anticodon usage in serine tRNA

Species Relative Anticodon Expected Frequency* Gene symbol,map
number amount + 3'planning recognized H L position

(%) base codon(s)
1 (4) 40 Goa.a vecC 16 9 unknown
v (4) 5 Gea.a <7u cl 18 7 unknown
IV (4) 19 VG A . ms2i6a vucA 1 7 serT, 16 min(28)
I (36)
2 (27) 5 Cca.ns260 —ucG 2 13 serT, 43 min(37)
11 (4) 13 Gecu. tba AacC 9 12 serW. 61 min(28)
3a(29,30) < —
III (4) 19 Gecu. a acl 2 1
3b(29,30)

Heavy letters correspond to "wobble" base of anticodon or the corresponding third letter
of the codon. *Frequency of each codon is expressed per thousand codons for highly
expressed genes (column H) and lowly expressed genes (column L) (24). Amount of serine
tRNAs (VGA and GCU) relative to other tRNA isoacceptors of E.coli can be found in
ref.(38). Numbers in brackets correspond to the reference list. V is uridine-5-oxyacetic
acid; ms2i64A 1s N-6-(A2-isopentenyl)2-methylthioadenosine; tbA is N-[9-(B-D-ribo-
furanosyl)purin-6-ylcarbamoyl] threonine.

Position 48 is likely a mixture including C and another derivative that is not
m°C.

In order to highlight particularities of the two tRNAs reported here, we
compared them to the statistical tRNA maps previously published (10). These
maps show the distribution of the four parent nucleotides in each position of
the cloverleaf and thereby can easily be used to note unusual structural featu-
res. Boxed-in positions in Fig.la denote the nucleotides of these sequences
which occur in less than 10%Z of all other prokaryotic elongator tRNAs. Atten-
tion is thereby drawn to the U3-A7g base pair, a sizeable portion of the
D-stem, the umnmodified A37 and finally the unusual pseudouridine at posi-
tion 40. The Ujpo-Azs5 pair 1is seen in only two other tRNAs:
tRNA%é: from S. pombe and tRNAg:-JZ from bacteriophage T5, aside from
some occurrences in mitochondrial tRNAs. This feature may have structural
implications, since nucleotides in these positions are involved in tertiary
structure stabilization (2,11). Equally rare 1is the G3g9-¥49 pair.
Finally these tRNAs have only three base pairs in the D-stem, a general feature
of tRNAs having long extra arms (3).

Similarities in E.coli serine tRNAs.

Since all E.coli serine tRNAs are aminoacylated equally well by the
single seryl-tRNA synthetase present in E.coli (4,12), we have made a composite
from these tRNAs (Fig. 1B). Although the tRNASer encoded by the
bacteriophage T4 has been included in the compilation, the two T5 serine tRNAs
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have been excluded (see below). If we ignore invariant or semi-invariant posi-
tions common to most prokaryotic elongator tRNAs (10), those nucleotides that
are characteristic of the serine family are located at the end of the acceptor
stem (boxed nucleotides). This region includes the U3-Ayg base pair and
the fourth nucleotide, the subject of a structure-function correlation (13,14).
The nucleotides at the end of the CCA arm are also implicated in the mis-
charging mutation of tyrosine tRNA by glutamine, glutamine tRNA by tryptophan
(15) and the suppressor lysine tRNA (16). Equally noteworthy in this position
is the rare G3-Ujg mispair which is restricted to alanine tRNAs (10).
Perhaps this region, at least partially, defines the recognition site for a
class of tRNA synthetases such as in the aforementioned examples. Using the
same reasonning Thorbjarnardottir et al have proposed different sites in leu-
cine tRNAs to be responsible for synthetase recognition (17). If these hypo-
theses are correct it follows that the elusive synthetase recognition site can
differ among tRNA families.

On the other hand, the structural factors recognized by a given synthe-
tase are more likely defined in the three-dimensional structure rather than by
a primary sequence (18a,18b). 1In that view, the large extra arm and the lack
of the fourth base pair in the D-stem may also play a role in the specific
interaction with the seryl- and leucyl-tRNA synthetases. The structural varia-
bility would exclude the length and the sequence of the extra arm from playing
a major role. In the same way, the anticodon region of the tRNASeT yould
not be involved, since both its sequence and its hydrophobic nature generated
by the 3'-adjacent adenosine (or a modification thereof) vary.

The modification of Aj7

Earlier studies suggested that the major species of tRNAggz had no
methylthio-isopentenyl modification at the position adjacent to the anticodon:
this tRNA, contrary to many others, including E.coli tRNA%gZ had no cyto-
kinin activity in plant extracts (19-20). Due to the limited amount of E.coli
tRNASer, no firm conclusion could be made as to the presence of the modi-
fication (19). Originally m8216A37 was thought to be found 3'-adjacent
to all anticodons ending with A3g in E.coli (1), however, we have found no
modified A37 in the serine tRNAs reported here. More recent evidence
however suggests that  Asg, A37, A3g and the five base pairs
of the anticodon stem are involved in the recognition of A37 by the isopen-
tenylation enzyme (31). Although our two tRNAs do have the same three A's
36-38, the very unusual pair G3p-¥40 1s at variance with the five base

pair requirement and could perturb the conformation of the anticodon loop
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sufficiently so that enzymatic modification is no longer possible. This hypo-
thesis could be tested in a direct way by changing Y,9 for C4p by site-
directed mutagenesis. Further examination of the 15 sequenced tRNAs from
E.coli which have the fully modified mszi6A37 (see Fig.1C) would
indicate that the presence of a A-Y or a U-A at positions 31 and 39 rather than
the C31-G39 in our tRNASer is strongly correlated with
modification. Again this correlation could be verified effectively by
site-directed mutagenesis.

The evolution of the serine tRNA family

Given the complete set of six E.coli tRNAsSe€T and three bacterio-
phage tRNAs from T; and Ts5 which presumably operate with the same protein
synthesizing machinery, we have compared them to deduce their evolutionary
origin. Based on a simple test which we have previously described (2,22a), the
T4 tRNA is homologous to the E.coli tRNAs, whereas the T5 tRNAs are not statis-
tically related. This result demonstrates the origin of the T4 to be within
the Gram negative bacteria. Parallel analysis with the leucine tRNA family
reveals that TS tRNA genes may be related to other bacterial phyla (Cedergren,
unpublished results). The high degree of similarity of the tRNASeT and
tRNASeT from E.coli, more similar than isocoding species (tRNAs having
the same anticodon) from E.coli and B.subtilis, is unexpected. Normally, tRNAs

coding in a different box of the genetic code should have had a very early
common ancestor, in order to have read their codons continuously since the
establishment of the present genetic code. However this data supports a strong
case for a recent gene duplication event followed by divergence. The regular
distribution of differences along the entire length of the two molecules would
argue against a gene conversion event (22b).

The close relationship of these tRNAs suggested the examination of their extra

arm area.
UAUACGG-CAA--~--CGUAUC in tRNA%EZ
UAUGCGGUCAAAAGCUGCAUC  in tRNASEL

Above is the optimal alignment of these regions for positions 44 to 48 in the
conventional tRNA numbering system. Indeed, in spite of the length difference
of the two loops, strong similarity can be observed; the optimal alignment
shown infers three base replacements and two insertion/deletions of one and
four bases (underlined). Since overall length in this region does not seem to
be a major consideration, DNA polymerase slippage during replication of ome of
the duplicated genes (perhaps in the A stretch) is conceivable.
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Multiplicity and decoding in the serine tRNA family

For several years we have entertained a model concerning the role of
modified nucleosides in the anticodon region in modulating codon-anticodon
interactions so that the lifetime of all tRNAs in the decoding site of the
ribosome are similar (optimal codon-anticodon theory (2,23,24). Since base
composition and nucleotide sequence of anticodons vary, the need for a modula-
ting effect will vary from one tRNA to another: as a general rule, tRNAs with
anticodons containing mostly A and/or U require strengthened stabilization by
hypermodification of the 3'-adjacent base, while tRNAs with G-C rich anticodons
are naturally less dependent on hypermodified adjacent nucleotides (or other
features of the anticodon loop and stem, ref.25). Each organism has a distinct
tRNA population. E.coli has at least six tRNAsS€T yhich are encoded by

at least four genes (see Table 1). The minor species tRNAggj, a
product of the serU genme is not essential, since it can be mutated to a sup-
pressor (26,27). Two of the other tRNAS®T are redundant in that they
duplicate decoding responses. The two tRNA(S;gg isoacceptors originate
from the same gene (serW) (28) as the redundancy emanates from an incomplete
modification of A37 to t6A (29,30). Because this hypermodification stabi-
lizes energetically weak U-A and U-G base pairs (5), we expect that the serine
codon, AGU, will be more efficiently read by the tRNA containing the t.6 modifi-
cation; the AGC codon, on the other hand, may be decoded equally well by the
modified or unmodified tRNA. In addition the AGU codon may be avoided in
highly expressed genes of E.coli (23,24). Differential codon reading by isoco-
ding tRNAsLY® having different levels of hyper-modification of A3y
has been demonstrated in a reticulocyte cell free system (31).

As demonstrated in this paper, tRNAsé?;Z is also redundant. The
major species 1s seven times more abundant than the minor and makes up 40% of
the total tRNASET in E.coli. Differing in only one position, it 1is
possible that the two tRNAs are transcribed from the same gene, if one assumes
the presence of a new type of insertase. Alternatively, this heterogeneity
could be evidence for a region of the gene subject to tramscriptional (hot
spot) mutation. We do not know if this variance in tRNA(S;EX has any inci-
dence on the coding property of these tRNAs.

Recent studies on anticodon-anticodon complexes reveal that
tRNA(s;gZ forms a particularly stable complex with tRNAGLY: the rate
constants for association and dissociation are similar to that of other tRNA
pairs stabilized by mszi6A37 (6). Thus the methyl-2-thio group is

indeed a major factor in the stabilization of anticodon interactions of
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mszi6A37 containing  tRNAs. tRNAgZX is intrinsically "sticky” and
may not need a hypermodified A37 to efficiently read the UCC and UCU codon.
The frequency of these codons is very high particularly in highly expressed and
other genes (Table I). A direct consequence of this logic that the reading of
the predominant serine codons UCC, UCU and AGC in highly expressed mRNA should
not be affected by the E.coli miaA mutation (32), which are unable to make
either 16A or m3216A. Only the translation of mRNA containing the rarely used
codon UCA and UCG, which are decoded by tRNAsSer containing fully hyper-
modified m8216A37, should be affected. E.coli miaA mutants have only
slightly impaired growth, but are drastically derepressed for the enzymes of
tryptophan, phenylalanine and tyrosine biosynthesis. In the same mutants,
metabolism of serine, leucine and cysteine are affected little, if at all (33).
To rationalize these facts consider 1) that the aromatic aminoacids have only
one type of tRNA, and 2) that these have A-U rich anticodons which are the most
sensitive to the stabilizing effect of the flanking ms216A37. The less
efficient tRNA, lacking the ms216 group in miaA mutants mimics amino acid
starvation thus turning on the biosynthesis of these genes which are regulated
by the attenuation mechanism (34).

On the contrary, the most frequently used codons for serine and leucine
are read by tRNAs that are not dependent on the isopentenylating enzyme; while
cysteine is infrequently used in most proteins and thus, should not influence
much overall protein synthesis. Similar arguments may apply to the growth of
E.coli in iron deficient media which results in a drastic reduction of methyl-
thiolation of 16A (39). The methyl-2-thio group is indeed a major factor in
the stabilization of  anticodon-anticodon  interactions of m8216A37
containing tRNAs (6). An intriguing possibility exists that because of its
unique Y49, (which 1is also present in tRNALEU) E.coli tRNASET

CAG GGA
target for regulation by a specific pseudouridylate synthetase similar in

is a

effect to hisT mutants in Salmonella typhimurium (35). Consequently, a judi-

cious use of certain codons together with a careful control of built-in fea-
tures of the anticodon loop, including modification of adjacent positions, may
be part of a coordinated structure modification strategy that allows cells to
adapt to physiological stresses.
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NOTE ADDED:
During the processing of this manuscript we have learned of the determination
of the E.coli tRNASer gequence reported here, by Fisher, W. and

GGA
Sprinzl, M. (1985 Banz tRNA Workshop).
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