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Nucleotides in Yeast tRNAP" Required for the
Specific Recognition by Its Cognate Synthetase

JEFFREY R. SAMPSON, ANTHONY B. DIRENZO, LINDA S. BEHLEN,

OrLkE C. UHLENBECK

An analysis of the aminoacylation kinetics of unmodified yeast tRNA™ mutants
revealed that five single-stranded nucleotides are important for its recognition by yeast
phenylalanyl-tRNA synthetase, provided they were positioned correctly in a properly
folded tRNA structure. When four other tRNAs were changed to have these five
nucleotides, they became near-normal substrates for the enzyme.

HE ACCURATE INCORPORATION OF
amino acids into proteins depends
on the correct aminoacylation of
each tRNA by its cognate aminoacyl-tRNA
synthetase. How each synthetase recognizes
its set of iso-acceptor tRNAs among all of
the tRNAs in the cell remains unknown. We
have used a biochemical approach to identi-
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fy nucleotides in yeast tRNAP* (Fig. 1A)
that are required for its specific recognition
and subsequent aminoacylation by yeast
Phe-tRNA synthetase (FRS). Anticodon
loop replacement experiments established
that substitution of any one of the anticodon
nucleotides Gsa, Ass, or Asg resulted in a 3-
to 12-fold reduction of the rate of amino-

acylation with purified FRS (7). When yeast
tRNA™" was modified to have a Phe antico-
don by changing {35 — Ass, it became a
much better substrate for misacylation by
FRS, yet still aminoacylated poorly when
compared to tRNAP" (2). These data sug-
gested that although FRS, like many other
synthetases (3), requires the anticodon for
the specific recognition of tRNAP", other
features in tRNA™™ must contribute as
well. A method that allows substitution of
nucleotides elsewhere in the tRNAP™ se-
quence involves in vitro transcription by T7
RNA polymerase (4). Although the wild-
type tRNA™™ transcript lacked all of the
modified nucleotides normally found in
yeast tRNAP', it was a good substrate for
FRS, thus allowing extensive structure-func-
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Fig. 1. Three tRNAs [(A) yeast tRNAP™, (B) S. pombe tRNAP", and (C) wheat germ tRNAPP] that are active substrates for yeast FRS. The circled
nucleotides are conserved in all cytoplasmic yeast tRNAs and the nucleotides in S. pombe tRNAFP® and wheat germ tRNAP® that differ from yeast tRNAP"®
are shaded. S. pombe tRNAF" aminoacylates with the same ke, and Ky, as yeast tRNAPP (7), whereas wheat germ tRNAPP has the same keq, and 1.3-fold
lower Ky, (6).
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tion studies. Substitution of Gy or A;; with
a U reduced the rate of aminoacylation by
12-fold (4, 5). In contrast, substitution of
four other single-stranded residues (Usjg,
U7, Usg, and Cgp) resulted in less than a
twofold reduction in the rate of aminoacyla-
tion. These results suggested that although
Gy and A7; are also potential recognition
nucleotides, not all residues are important
for the recognition process.

The phenylalanyl-tRNAs from both
wheat germ and Schizosacchromyces pombe are

A &
©

c 8
©
G ~—A
G-c¢C
c-6
G - U7
c-6 v
peiles o}
i c e
@G cuucc@ ®
u uh@ 106 l:,tl-.é ¢
DT I CoR
ACGC A
@C@ G AGC
20 v - A
|
c v - A
30G - Cueo
A -0
(o4 A
O) A
v .U
/g
G A A

aminoacylated by yeast FRS with kinetics
virtually identical to that of yeast tRNAPhe
(6, 7). These two tRNAs contain Gy, Gag,
Ass, Asg, and Az;, but differ from the yeast
tRNAPP sequence at 13 and 27 positions,
respectively (Fig. 1). Most of these differ-
ences involve base pairs in the acceptor and
TYCG stems, suggesting that FRS does not
make nucleotide-specific contacts with these
helices. In addition, S. pombe tRNAP" has
six substitutions in the D stem that are
believed to form tertiary interactions struc-
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Fig. 2. Alteration of four tRNAs to be substrates for FRS. The sequences of unmodified (A) E. coli
tRNAP" (23), (B) yeast tRNAM™ (24), (C) tRNA'E (25), and (D) tRNAT" (26) are given with the
conserved nucleotides circled and the residues that differ from tRNA™* shaded. A indicates the absence
of a nucleotide. The nucleotide substitutions used to change each tRNA into a substrate for FRS are
indicated by arrows. The C3-G7o — G3-Cyo change in E. coli tRNAP, the G49-Cgs — Cy9-Ges and Asg
changes in tRNAM®! = Phethe Cso — Usg change in tRNAA™ = Ph¢ and the U,-A7; = C,-G7; and
Cs —> Gy —> G3-Cyp changes in tRNAT" ~ PP occur at positions that vary between the tRNAs in Fig.
1 and thus are not expected to contribute to recognition by FRS. Each mutant tRNA gene was
constructed from six synthetic DNA oligonucleotides between an upstream T7 promoter and
downstream Bst NI restriction site and inserted into a plasmid. The tRNA transcripts were synthesized

and purified as previously described (4).
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turally similar to those in yeast tRNAP (8).
Thus, the nucleotides involved in tertiary
interactions may only be required for the
stabilization of the folded structure and not
involved in FRS recognition. This is sup-
ported by aminoacylation kinetic data for
mutations in the nine tertiary interactions in
the yeast tRNAP" transcript (5, 9, 10). In
general, mutations that disrupted tertiary
interactions aminoacylated poorly, whereas
mutations that resulted in structurally simi-
lar tertiary interactions aminoacylated well.
We therefore propose that the five single-
stranded nucleotides Gy, G34, Ass, Ase, and
A53 constitute most if not all of the nucleo-
tides required for recognition by FRS, pro-
vided that they are positioned as dictated by
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Fig. 3. Sequence requirement for FRS recogni-
tion. (A) The yeast tRNAP"® sequence with cir-
cles around nucleotides present in all tRNAs,
arrows indicating the five proposed recognition
nucleotides and small, medium, and large dots
indicating positions where the nucleotide had
been changed to one, two, or three other nucleo-
tides, respectively, without altering the activity
with FRS. (B) The structure of yeast tRNAF®
(27) with the five proposed recognition nucleo-
tides indicated in red.
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the tRNAP™ secondary and tertiary struc-
ture. We tested this model by attempting to
improve the misacylation of four other
tRNAs with FRS by making the necessary
nucleotide changes predicted by the model.

Escherichia coli tRNAP™ is a rather poor
substrate for FRS, showing a ratio of the
rate constant to the Michaelis constant
(kcat/ Km) 30-fold less than that of yeast
tRNAP" (6). According to our model, this
reduced rate of aminoacylation should be
the result of Uyg in E. coli tRNAP® instead
of the required Gyo. Thus, we synthesized an
E. coli tRNAP" transcript and a mutant
having a G at position 20. Both molecules
also contained the C3-G79 — G3-Cyp change
to ensure that the nucleotides 1 to 5 of the
tRINA gene are consistent with an active T7
promoter (Fig. 2A). Consistent with the
data on the fully modified tRNAs, the E. coli
tRNAP" transcript showed a 24-fold lower
keat/ K than the yeast tRNAPhe transcript
(Table 1). As predicted by the model, the
U,p— Gy substitution in the E. coli
tRNAPP transcript substantially improved
its ability to aminoacylate, resulting in a
kcat/ K only twofold lower than that of the
yeast tRNAP" transcript. This Gyp— Upg
mutation reduced the kc./Ky, by nearly the
same amount in both tRNA sequence back-
grounds (Table 1), supporting our earlier
conclusion that G,y is one of the FRS
recognition nucleotides.

Since FRS only encounters yeast tRNAs
in vivo, it would be of greater interest to
change other yeast tRNAs into substrates
for FRS. The yeast clongator tRNAM®! is a
good candidate because the k¢,/K,, for the
misacylation of this tRNA by FRS has
been measured to be about 0.5 percent of
yeast tRNAP™ (11). Our model suggests
that only three nucleotide substitutions,
Az — Gy, C34— Gy, and Usze—> Ase,
would be required to change tRNAM®' into
an active substrate for FRS. Thus, we syn-
thesized a tRNAM® ~ Ph¢ that incorporated
these three changes as well as the nonessen-
tial Asg— Usy substitution, to create the
proper Pb?* cleavage domain for structural
a.nalysis, and a Gyo-Cgs — C49-G65, to de-
stroy an internal Bst NI restriction site (Fig.
2B). The tRNAMe! = Phe exhibits relatively
normal aminoacylation kinetics with FRS
(Table 2), supporting the importance of
Gao, Gas, and Ay for the specific recogni-
tion by FRS.

Inspection of the yeast tRNA*™E sequence
indicated that all five of the essential nucleo-
tides needed to be changed to convert this
tRNA into a substrate for FRS. To ensure
that the structure of this tRNA would be
similar to tRNAPP, U}; was inserted to give
the correct number of nucleotides in the D
loop. We constructed tRNAA™ = Phe with
these six substitutions as well as the nones-
sential Cso —> Usg for structural analysis by

Table 1. Aminoacylation of the wild-type and mutant yeast and E. coli tRNAFP® transcripts. The final
aminoacylation levels for each tRNA were determined in a 60-ul reaction mixture containing 30 mM
Hepes-KOH (pH 7.45), 4 mM dithiothreitol, 25mM KCl, 15mM MgCl,, 10 pM [*H]phenylalanine, 2
mM adenosine triphosphate (ATP), 0.4 pM tRNA, and 6.0 U/ml (40 nM) FRS. Each tRNA was
renatured in 10 mM tris-HCl, and 1 mM ETDA (pH 7.6) by heating to 80°C and slow cooling to 25°C
before the addition of the reaction mixture. At 15-s intervals, 7-ul aliquots were spotted on Whatman 3-
mm paper and treated as previously described (5). The aminoacylation kinetics were performed in the
same buffer by using six tRNA concentrations at a final FRS concentration of 0.1 U/ml (0.8 nM). The
apparent K, and k., values were calculated from an Eadie-Hofstee analysis of the initial rates with the
use of a least squares analysis. The values of k../K,, for two or three separate determinations were
within +10%. A, absorbance at 260 nm.

kea KealK,
tRNA pmol/Azgo Kp (nM) (miili‘) (rclattiv:)
Yeast Phe 1400 350 160 (1.0)
Yeast Phe (Uyg) 1300 2100 80 0.083
E. coli Phe 1300 1800 35 0.042
E. coli Phe (Gao) 1400 420 100 0.52

Table 2. Aminoacylation of tRNA transcripts. The final aminoacylation levels and kinetics for each
tRNA were performed as described in Table 1. All tRNA transcripts were renatured before the addition
to the aminoacylation reaction mixture as described above, with the exception of tRNATY" = Phe which
contained 15 mM MgCl, in the renaturation buffer.

pmol/ K keat keat/ K
tRNA Aneo (nM) (min~") (relative)
Yeast Phe 1400 340 160 (L.0)
Yeast Met — Phe 1400 410 130 0.68
Yeast Arg — Phe 1400 380 110 0.64
Yeast Met — Phe (Gy3) 1200 1000 60 0.13
Yeast Tyr — Phe 1400 360 250 15
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Pb** cleavage (Fig. 2C). Again supporting
the model, tRNAA® ™ Phe  oyhibited a
kcat/Km similar to tRNAP™ (Table 2). In
addition, a mutant tRNAA™ * Phe thag re-
tained the G at position 73 showed a five-
fold lower ke./Ky as compared with
tRNAAE = Phe - indicating that As; is an
important recognition nucleotide in this
tRNA background.

Finally, yeast tRNA™" (Fig. 2D) contains
three of the five essential single-stranded
nucleotides, but has only three base pairs
in the D stem and a larger D loop than
tRNAP™. The kco/Km for misacylation of
the fully modified tRNA™" with FRS is
about 10™* lower than tRNAP™ (2). Intro-
ducing a Phe anticodon into tRNA™" by
substituting Uss — Azs improved kea/Kp
only 15-fold, despite the fact that the tRNA
now contained four of the five essential
single-stranded nucleotides (2). To convert
tRNA™" into an efficient substrate for FRS,
the two missing essential nucleotides must
be supplied and the overall structure al-
tered to be more similar to tRNAP™, Thus,
tRNA™" = Ph¢ was designed by replacing
the three uridines in the D loop with a single
Gy and substituting Uss with Aszs. To main-
tain the base triples found in tRNAP, the
D stem was closed with a C3-G,-Gyg, and
Ujz-Ay; was introduced to combine with
Ag. Finally the first three base pairs in the
acceptor stem were changed to make them
consistent with an active T7 promoter. The
resulting tRNATT = Phe showed a keo/Kop
1.5-fold greater than that of the tRNAFh®
transcript (Table 2). However, it is likely
that not all 13 of the changes we made were
necessary to convert tRNA™" into an effi-
cient substrate for FRS. Our recent data
showing that tRNAP" mutants having Ujs-
Ag-Ays and Cy3-Gy3-Gy are fully active (5)
suggest that only Ag— Gy and A3 — Uy
would have been sufficient to make tRNAT"
structurally similar to tRNAP, In addi-
tion, S. pombe tRNAP™ differs from yeast
tRNAP" at base pairs 2 to 71 and 3 to 70,
suggesting that these pairs are not specifical-
ly recognized by FRS. Although no conclu-
sion can be made for G;-C;,, these data
indicate that only four changes (Uag, Usgy,
Uaob = Go; Ag— Go; Aj3— Uys; and
Uss— Ajs) may be sufficient to convert
yeast tRNA™" into an active substrate for
FRS.

The availability of four more active sub-
strates for FRS makes it possible to elimi-
nate a substantial number of additional nu-
cleotides as potential recognition sites for
FRS. For example, the A-Uy; base pair in
yeast tRNAP™® is a Gy-Cy in E. coli
tRNAPhe (Uyg— GZ()) and a Uz9-A4y In
tRNAAE = Phe_ Ty addition, tRNAA™ — Phe
differs from tRNAP™ at six positions that

REPORTS 1365



are involved in three separate tertiary inter-
actions. Of the 76 nucleotides in tRNA"®,
16 can be eliminated from consideration
because they are conserved in all cytoplasmic
yeast tRNAs. Of the remaining 60 nucleo-
tides, 25 have been changed to at least two
other nucleotides and an additional 23 to
one other nucleotide without altering the
aminoacylation kinetics (Fig. 3A). Although
this suggests that these 48 residues are not
required for FRS recognition, the possibili-
ty remains that an essential functional group
could be conserved. For example, position
15 can be an A or a G, but neither pyrimi-
dine has been tested, leaving open the possi-
bility of a contact with the purine N-7. Of
the remaining 12 nucleotides, 5 have been
identified as recognition nucleotides and the
remainder have not yet been tested. Thus, a
limited number of additional nucleotides for
FRS recognition could still emerge.

The evidence indicates that the five purine
residues in tRNAPP®, G, Ga4, Ass, Asze, and
Ag3 are important components of the FRS
recognition site. Since all five of these nucle-
otides are single stranded it is unlikely that
the reduction in aminoacylation rate for
mutations at these positions is caused by a
large change in the folding of the molecule.
Furthermore, in two cases presented here,
the removal of one of the essential nucleo-
tides in a totally different tRNA background
resulted in a similar reduction in k., /Ky, as
was observed with tRNAP". Finally, when
a different tRNA acquired all five of these
nucleotides, it inevitably improved the abili-
ty of the tRNA to be misacylated by FRS
with nearly normal kinetics.

Are only five nucleotides required for
FRS to successfully discriminate tRNAP"
from other tRNAs in yeast? A survey of all
the available yeast tRNA sequences reveals
that many share one or more of the essential
nucleotides with tRNAP, Although Gy is
unique to tRNA™, each of the three anti-
codon nucleotides are present in about 25%
of yeast tRNAs and A3 is present in about
60%. Although only yeast tRNA™ has all
five of the essential nucleotides and none
has four, there are a substantial number of
yeast tRNAs that have two or even three
of the five essential nucleotides. It is there-
fore important to understand why these
yeast tRNA are not misacylated by FRS in
vivo.

If we assume that each of the essential
nucleotides contributes to the k.,/Ky, inde-
pendently, as was found with yeast Tyr-
tRNA synthetase (12), then it is possible
to estimate the kg, /K, of misacylation for
other yeast tRNAs based on the data ob-
tained from tRNAF™ mutations. For exam-
ple, a tRNAP™ with recognition nucleotides
changed to those of tRNAM®' (A, Cis,

1366

Ass, Usg, and A7) would be expected to
have a ka/Kp, reduced by a value equal to
the product of the amounts that the three
individual mutations reduce kq,/Ky. Such a
calculation predicts that tRNAM' should
misacylate with a ke, /Ky, about 300-fold
less than tRNAP", which agrees well with
the experimental 200-fold decrease (11).
The other eight known yeast tRNAs that
share two of the five discriminator nucleo-
tides are calculated to have k../K,, reduced
by two to three orders of magnitude de-
pending on the position and type of substi-
tutions. While such discrimination observed
in an in vitro misacylation experiment with
purified tRNA and synthetase is much less
than is observed in vivo, the presence of the
competing homologous tRNA synthetases
would be expected to greatly decrease misac-
ylation by FRS.

The discrimination by FRS against yeast
tRNAs that share three of the five essential
nucleotides with tRNAP™ is illustrated by
yeast tRNATY", Although tRNAT has Gsq,
Ase, and Az, the kea/ K of misacylation for

this tRNA by FRS is nearly 9000-fold lower

than tRNAF" (4). If only the five essential
nucleotides contributed to ke./Kn, we
would predict that tRNA™" should have a
keat/ K only 1100 that of tRNAP". This
discrepancy probably arises because the dif-
ferent tRNA™" structure excludes it from
the tRNA binding site of FRS despite the
presence of three recognition nucleotides. A
similar argument could explain the discrimi-
nation of yeast tRNA™" by FRS, which
also has three of the essential nucleotides.
Thus the combination of the tRNA tertiary
structure and the five sequence-specific con-
tacts should be sufficient to ensure specific
recognition of the cognate tRNA™,

The five nucleotides used for discrimina-
tion by FRS are well suited for ensuring a
specific RNA-protein interaction. Since all
five are single-stranded and on the surface of
the molecule, their functional groups are
available for specific contact by the protein
(Fig. 3B). That the five nucleotides are
located very far apart from one another in
the tRNA tertiary structure implies that the
protein contacts the entire surface of the
RNA molecule. Footprinting studies of the
tRNA-FRS complex by ethylnitrosourea
support this view (13).

Potential recognition nucleotides have
been identified in several other synthetase-
tRNA interactions. Similar biochemical ex-
periments have established that the antico-
don nucleotides in E. coli tRNAM®* and
tRNA"# are the major determinants for rec-
ognition by their cognate synthetases (74,
15). The alteration of amber suppression
specificity has been used to identify nucleo-
tides important for the in vivo identity of E.

coli tRNAS™ (16, 17), tRNAST (18),
tRNAPP (19), and tRNAAR (20, 21). How-
ever, it is presently difficult to relate these in
vivo results with the biochemical data, since
full activity and complete accuracy of amino-
acylation are not needed for suppression. In
fact, the yeast tRNAP™ amber and ochre
suppressors are quite efficient in vivo (22)
even though Gs4 and Ajzs have been mutat-
ed. When an E. coli tRNA®YS su?pressor was
successfully altered to a tRNA*" suppressor
by transplanting a single G-U pair, the
resulting tRNA was not fully active when
assayed with purified Ala-tRNA synthetase,
suggesting that additional elements in
tRNA*" contribute to its recognition (21). A
combination of genetic and biochemical ex-
periments need to be performed to identify
all the nucleotides in the tRNA necessary to
define its specific interaction with its synthe-
tase.
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