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such as phosphorylase kinase and phosphorylase b and its 
aggregates suggests that near-field techniques such as STM 
can make a major contribution to protein chemistry. STM 
techniques have resolved individual atoms in crystalline 
structures under optimal conditions. It is possible that they 
could be used for imaging multiprotein complexes and en- 
zyme-substrate complexes. 
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Modeling with in Vitro Kinetic Parameters for the Elaboration of Transfer RNA 
Identity in Vivo? 
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ABSTRACT: A tRNA with “double identity” was created, and this tRNA was demonstrated in vitro to 
aminoacylate quantitatively with either of two amino acids. In contrast, acceptance of only one of these 
amino acids was observed in vivo, and a simple manipulation determined which one was accepted. Kinetic 
parameters were obtained for aminoacylation with each amino acid of the tRNA with double identity and 
of related tRNAs. Modeling with these parameters largely explains which amino acid specificity is observed 
in vivo. The results delineate some of the kinetic boundaries for the design and accommodation of tRNA 
sequence variations in the elaboration of identity in vivo. 

x e  identity of a tRNA is established by its interaction with 
the cognate aminoacyl-tRNA synthetase (Schimmel & Soll, 
1979; Schimmel, 1987). Investigations of the nucleotide de- 
terminants that are responsible for identity have been carried 
out either in vivo or in vitro (Schulman & Abelson, 1988; 
Yarus, 1988; Schimmel, 1989). A fundamental difference 
between the two approaches is the environment in which the 
spectificity of a tRNA is established. The specificity of am- 
inoacylation in vitro is evaluated on the basis of kinetic pa- 
rameters of a tRNA substrate with a specific enzyme 
(Schulman & Pelka, 1985, 1988; Park et al., 1989; Sampson 
et al., 1989). Misacylations have been observed in vitro, al- 
though the overall catalytic efficiency of aminacylation, ex- 
pressed as the ratio (kat/&,) of the catalytic rate constant 
k,, to the Michaelis constant K ,  for tRNA, is greater for the 
cognate tRNA than for the noncognate tRNA by a factor of 
I O 4  or more (Schimmel & Soll, 1979; Schimmel, 1987). 
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For studies in vivo, variants of an amber-reading tRNA 
suppressor are created so as to alter the amino acid that is 
inserted at an amber codon (Normanly et al., 1986a; Hou & 
Schimmel, 1988; McClain & Foss, 1988a,b; McClain et al., 
1988; Roger & Soll, 1988). This system examines the identity 
of a tRNA in the context of 20 aminoacyl-tRNA synthetases, 
each of which can compete for the same tRNA substrate. The 
relative amounts of synthetases and tRNAs have been shown 
to be important for the specificity of aminoacylation in some 
cases (Yarus, 1972; Hoben et al., 1984; Yarus et al., 1986; 
Swanson et al., 1988). In addition, the aminoacylated tRNAs 
are rapidly sequestered by the abundant elongation factor 
EF-Tu so that the degree to which editing can be achieved by 
a specific enzyme may be limited. Recent work suggested that 
editing may have a role in the overall recognition process in 
vivo (Hou & Schimmel, 1988). 

Both approaches have demonstrated that a set of individual 
nucleotides can be transferred from one tRNA to another and 
thereby confer upon it the identity of the “donor” tRNA. 
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Although we have demonstrated that transformation of tRNA 
identity in vivo is accompanied by acquisition of the new amino 
acid acceptance in vitro (Hou & Schimmel, 1988), no study 
has yet addressed the question of whether in vitro kinetic 
parameters on "transformed" tRNA substrates can account 
for aminoacylation phenotypes in vivo where over 1000 
pairwise interactions between synthetases and tRNAs are 
possible (Yarus, 1972). In this study, we designed a special 
system to investigate in some detail the quantitative rela- 
tionship between tRNA identity in vitro and in vivo. We 
created for this purpose a tRNA that has double identity in 
vitro, such that it can be completely aminoacylated with either 
of two amino acids. We then investigated the kinetic param- 
eters associated with aminoacylation of this species with each 
amino acid and of the individual parental molecules that accept 
only one amino acid. Investigations were also done in vivo 
where the identity of the specially designed tRNA could be 
manipulated. This enabled us to determine whether modeling 
of this system with kinetic parameters could in principle explain 
the behavior observed in vivo and to explore and delineate some 
of the kinetic boundaries in vivo on the design and accom- 
modation of sequence variations. 
RATIONALE AND DESIGN 

For this work we introduced the element for the identity 
of an alanine tRNA into a tyrosine tRNA. A G3sU70 base 
pair in the acceptor helix has been shown to be a major de- 
terminant of the identity of an Escherichia coli alanine tRNA 
(Hou & Schimmel, 1988). Alteration of the G3.U70 base pair 
to A3W70, G3C70, or U3sG70 prevents aminoacylation with 
alanine in vitro and inactivates a tRNAAlaICUA for suppression 
of an alanine-requiring amber mutation in vivo (Hou & 
Schimmel, 1988). Introduction of this base pair into the 
analogous position of a cysteine tRNA (Hou & Schimmel, 
1988) and a phenylalanine tRNA (Hou & Schimmel, 1988; 
McClain & Foss, 1988a) confers upon each the ability to be 
aminoacylated with alanine. Furthermore, it recently has been 
shown that an RNA minihelix comprised of the amino acid 
acceptor-TW stem of an alanine tRNA, or of a tyrosine 
tRNA in which its U3eA70 base pair was replaced with 
G3eU70 (Francklyn & Schimmel, 1989), is aminoacylated 
with alanine. (The RNA minihelices lack the dihydrouridine 
and anticodon stems and loops and the variable loop.) These 
results suggest a dominant role of this base pair in directing 
recognition by alanine tRNA synthetase even in the context 
of entirely different tRNA sequence frameworks. 

To create a tRNA species that has a potential for "double 
identity", we chose E.  coli tyrosine tRNA as the framework. 
While the determinants for the identity of tyrosine tRNA are 
largely unknown, there is evidence that the amino acid acceptor 
and T\kC stems are not the primary discrimination sites for 
the tyrosine tRNA synthetase (Francklyn and Schimmel, 
unpublished results). This suggests that introduction of 
G34J70 into tRNATyr may yield a tRNA species that carries 
the "identity elements" for both alanine and tyrosine. 

In order to test the tRNA substrates in vivo, and because 
a tRNA with double identity may be toxic to the cell, an amber 
suppressor variant (tRNATYrICUA) was used for these studies. 
Thus, this tRNA cannot insert amino acids at internal sense 
codons, but only is used to suppress amber mutations. Earlier 
work had established that the amber-reading CUA anticodon 
variant of tRNATyr retains specificity for tyrosine [see below 
and cf. Ozeki et al. (1980)l. 
MATERIALS AND METHODS 

Materials. E .  coli tRNAAIaIUGC was purchased from Su- 
briden RNA (Park et al., 1989). Boehringer tRNATYr/GUA 

was purchased from Boehringer Mannheim. Alanine and 
tyrosine tRNA synthetases were purified as described (Regan 
et al., 1986; Calendar & Berg, 1966b), whose concentrations 
were determined by active-site titrations (Fersht et al., 1975). 
Restriction enzymes and DNA-modifying enzymes (New 
England Biolabs and Boehringer Mannheim) were used ac- 
cording to instructions. 

Plasmid Constructions. A M13mp8 construct that harbors 
an insert encoding the wild-type E.  coli tyrosine amber sup- 
pressor tRNA was obtained from H. Edwards of this labo- 
ratory. An EcoRI and a PstI restriction site were introduced 
immediately preceding and following the suppressor gene, 
respectively, by oligonucleotide-directed mutagenesis (Am- 
ersham). The tRNA insert was removed from this construct 
and ligated into pGFIB-I (Masson & Miller, 1986). The 
construct that enables overproduction of alanine tRNA 
synthetase was made by introducing the tRNA suppressor gene 
into the BalI site of pMJ301 (Jasin et al., 1984). 

Preparations of tRNAs. Crude tRNAs were prepared (Park 
et al., 1989) and fractionated on a 12% polyacrylamide-7 M 
urea gel (20 X 40 X 0.3 cm) at 50 mA. The plasmid-encoded 
overproduced tRNAs were cut out from the gel and eluted. 
The concentration of tRNA was estimated by A,, absorbance 
and by the maximum aminoacylation capacity. 

Aminoacylation. Purified enzyme ( 5  pL) was added to an 
assay mixture (45 pL) containing 0.1 mg/mL bovine serum 
albumin, 10 mM MgC12, 2 mM dithiothreitol, 2 mM ATP, 
40 mM potassium phosphate, pH 7.5, 6 pCi of 3H-labeled 
amino acid (specific activity 60 mCi/mol for [3H]alanine and 
40 mCi/mol for [3H]tyrosine), and 20 pM alanine or tyrosine 
at 37 "C (Hou & Schimmel, 1988). The concentration of 
alanine used in the assays is subsaturating because saturation 
requires impractical amounts of the radiolabeled substrate. 
In an earlier study, it had been shown that the K ,  for tRNAfi 
shows little sensitivity to the concentration of alanine (Jasin 
et al., 1985). 

RESULTS 
G34J70 tRNATy'ICUA Has a Dual Identity for Alanine and 

Tyrosine in Vitro. The ability of G34J70 tRNATyrICUA (see 
Figure 1 for sequence and cloverleaf structure) to be amino- 
acylated with either alanine or tyrosine was tested in vitro. For 
this experiment, the genes coding for the wild-type and the 
G3sU70 variant of tRNATpICUA were expressed in E .  coli, and 
the overproduced tRNAs were purified by elution from a 
preparative polyacrylamide gel. We determined (by amino- 
acylation measurements) that each tRNATyrICUA species was 
overproduced 10-fold relative to the endogenous tRNATplGUA 
species. 

We examined whether the G3U70 base pair has conferred 
the alanine specificity to tRNATY'ICUA. The tyrosine tRNA 
sequence framework differs from that of alanine tRNA in 48 
nucleotides (Figure 1). These differences are located 
throughout the entire structure. Nonetheless, under the normal 
assay conditions, the G3~U70 tRNATyTICUA is rapidly and 
completely aminoacylated with alanine to a level of 1600 pmol 
per (absorbance) unit. In contrast, wild-type 
tRNATyr/CUA does not aminoacylate with alanine even after 
an extended incubation period with substrate levels of alanine 
tRNA synthetase (Figure 2). 

The tRNA concentration dependence of the initial rate of 
aminoacylation with alanine of G3eU70 tRNATyrICUA was 
compared to that of wild-type tRNAfiICUA. At concentrations 
of tRNA that are below the K ,  for alanine tRNA synthetase, 
the slope of the linear plot of initial rate versus tRNA con- 
centration gives kca, /Km. This second-order rate constant 
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FIGURE 1: Sequence and cloverleaf structure of tRNATv/CUA. The 
numbering system is according to that of Sprinzl et al. (1987) for 
the major species of E. coZi tRNATv. Nucleotides that are different 
from tRNAA'*/CUA [based on the sequence of tRNAA'a/GGC (Mims 
et al., 1985)] are shaded. Substitutions at the G30U70 base pair are 
indicated by arrows. 
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FIGURE 2: Aminoacylation of G 3 W 0  tRNATv/CUA with alanine. 
Aminoacylation with alanine of the G30U70 tRNATY/CUA mutant 
suppressor and of the wild-type counterpart. Each tRNA species was 
incubated at a concentration of 4 pM with excess (10 pM) purified 
alanine tRNA s nthetase. The plateau level for aminoacylation of 

(kmt/Km) is an overall measure of catalytic efficiency. Com- 
parison of kmt/Km for the G3U70 tRNATYICUA and wild-type 
tRNAAIajCUA shows that the relative efficiency of alanine 
acceptance for G34J70 tRNATylCUA is 10-fold below that for 
wild-type tRNAAIalCUA (Table I). This corresponds to a 
difference in apparent free energy of activation of 1.2 kcal/mol. 
Furthermore, the value of k,,/K, for aminoacylation with 
alanine of G34J70 tRNATyrlCUA is within 20% of that for 
aminoacylation of a synthetic RNA minihelix (Francklyn & 
Schimmel, 1989) comprised of just the acceptor and T W  
stems of G34J70 tRNATyrlCUA (Table I). 

G34J70 tRNA Y YrICUA is within 15% for that of wild-type tRNAAIa. 

Table I: Kinetic Parameters for Aminoacylation of tRNAs with E. 
coli Alanine tRNA Synthetase at DH 7.5. 37 "C 

katlKm 

2.8 1.4 0.5 X IO6 
tRNA K m  (PM) kat (s-I) (M-' S-I) 

tRNAAla/UGC 
tRNAAla/CUA 2.3 1.1 0.47 X lo6 
G34J70 tRNATylCUA 14.0 0.6 0.043 X IO6 
G3470 minihelixTya 8.8 0.5 0.053 X 106 
G3470 minihelicTy is comprised of the acceptor-TW helix and 

loop of tRNATy' with G34J70 replacing the U3oA70 base pair. Data 
on G3eU70 minihelixTy are from Francklyn and Schimmel (1 989). 

Table 11: Kinetic Parameters for Aminoacylation of tRNAs with E. 
coli Tyrosine tRNA Synthetase at pH 7.5, 37 OC 

kcatlKm 
tRNA K,,, (pM) kat (&)  (M-l s-I) 

Boehringer tRNATyIGUA 5.0 18.5 3.7 X lo6 
tRNATYr/GUA 5.0 20.5 4.0 X lo6 
t RNATypUA 8.2 1.4 0.17 X IO6 
G3*U70 tRNATy/CUA 8.3 1.24 0.15 X IO6 

The kinetic parameters for aminoacylation of G 3 4 7 0  
tRNATyr/CUA with tyrosine are shown in Table 11. The kcat 
and K, are nearly the same for G34J70 tRNATYICUA as for 
wild-type tRNATyr/CUA. Thus, introduction of G34J70 into 
tRNATyrlCUA does not perturb the interaction with tyrosine 
tRNA synthetase. 

The role of the anticodon sequence for the interaction with 
the alanine and the tyrosine tRNA synthetases was also as- 
sessed. The relative specificity (kat/Km) of alanine tRNA 
synthetase for the wild-type tRNAAIalCUA and for the isoac- 
ceptor tRNAAIaiUGC is virtually identical (Table I). These 
measurements are in close agreement with those reported 
elsewhere and indicate that the anticodon has little or no role 
in alanine tRNA synthetase recognition (Park et al., 1989). 
This observation parallels tRNA footprinting experiments 
which suggest that the anticodon loop does not interact with 
the alanine enzyme (Park & Schimmel, 1988). On the other 
hand, the anticodon sequence influences tyrosine tRNA 
synthetase recognition because substitution of G34 [modified 
to queuosine (Q) in E. coli (Nishimura, 1980)] to C34 in each 
tRNATyr species yields a 20-fold reduction in kat/Km for 
tyrosine acceptance (Table 11). This reduction results mostly 
from a defect in kcat rather than a defect in K,, indicating that 
position 34 is involved in the transition state of the complex 
with the tyrosine enzyme. Although these in vitro data show 
that tRNATYlCUA has a reduced efficiency of interaction with 
tyrosine tRNA synthetase, it nonetheless retains its amino acid 
specificity for tyrosine in vivo (Ozeki et al., 1980). 

G3dJ70 tRNATyrICUA Inserts Tyrosine a t  Amber Codons 
in Vivo. Wild-type tRNATYICUA and G3eU70 tRNATyrlCUA 
were introduced into E. coli, and their specificities were tested 
by the amino acid that is inserted at an amber mutation. E. 
coli strain trpA(UAG234) has an alanine-requiring amber 
mutation at position 234 of the gene coding for the a-subunit 
of tryptophan synthetase. This strain is a tryptophan auxo- 
troph in the absence of an alanine insertion at position 234 
(Murgola & Hijazi, 1983). We used this strain to determine 
whether G34J70 tRNATylcUA is aminoacylated with alanine. 
The only other amino acid that is known to restore the Trp+ 
phenotype is glycine. Therefore, unless G34J70 tRNATYICUA 
is misaminoacylated with glycine, detection of a Trp+ phe- 
notype in trpA(UAG234) would strongly suggest that this 
tRNA is recognized by alanine tRNA synthetase. 

Neither wild-type nor G34J70 tRNATylcUA can restore the 
Trp+ phenotype of trpA(UAG234) (see below). The result 
suggests that aminoacylation of G34J70 tRNATYrlcUA by 
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alanine tRNA synthetase does not w u r  in vivo and therefore 
can not suppress trpA(UAG234). The result with the wild- 
type suppressor is expected because insertion of tyrosine does 
not suppress the Trp- phenotype of trpA(UAG234). 

To establish the amino acid specificity of G3W70 
tRNATylCUA and of the wild-type suppressor, we analyzed the 
protein product of the plasmid-encoded mutant fol,, gene, 
which has an amber codon at position 10 in the sequence of 
dihydrofolate reductase (DHFR) (Normanly et al., 1986a,b). 
The protein resulting from suppression was purified by me- 
thotrexate affinity chromatography and sequenced. In these 
experiments, the chromosome-encoded DHFR (which has a 
valine at position 10) was normally detected as present at less 
than 3% of that of the product obtained with a suppressor. 

Figure 3 presents evidence that both the wild-type 
tRNATylCUA and G34J70 tRNATylCUA insert tyrosine. Only 
tyrosine is detected at position 10 of the DHFR that results 
from the tRNATVICUA suppressor (Figure 3a). Except for the 
carryover of alanine from position 9, there is little of any other 
amino acid at this position. The observation confirms that 
tRNATyr/CUA retains its amino acid specificity for tyrosine. 
In the case of the DHFR obtained with the G34J70 
tRNATylCUA suppressor, essentially the same elution profile 
is observed (Figure 3b). Tyrosine accounts for 95% of the 
amino acid recovered at position 10 with a trace of glutamine. 
We calculate that the amount of alanine present at position 
10 is no more than the carryover of alanine from position 9. 
Thus, in agreement with the Trp- phenotype at trpA- 
(UAG234), G30U70 tRNATYrlCUA does not appear to insert 
alanine at an amber codon in the context of at least two 
different sequences. Instead, this tRNA is aminoacylated with 
tyrosine and a small amount of glutamine. 

The lack of alanine insertion at an amber codon by G34J70 
tRNATylCUA suggests that there is an effect of synthetase 
competition in vivo. The result shows that while G3LJ70 
tRNATYrlCUA has the potential to be a substrate for both the 
alanine and the tyrosine enzymes in vitro, the rate of amino- 
acylation with tyrosine by the tyrosine enzyme apparently 
predominates in vivo. In order to demonstrate the competition 
between the two enzymes for the same tRNA substrate, we 
sought to elevate the intracellular concentration of alanine 
tRNA synthetase to determine whether the alanine identity 
of G34J70 tRNATVICUA could be uncovered in vivo. 

Overexpression of Alanine tRNA Synthetase Switches the 
Identity of G3wU70 tRNATyrlCUA from Tyrosine to Alanine. 
A DNA fragment that encodes a suppressor gene was inserted 
into plasmid pMJ301, which harbors the gene for alanine 
tRNA synthetase (Jasin et al., 1984). We introduced this 
construct into trpA(UAG234) to see if G34J70 tRNATylCUA 
could be aminoacylated with alanine as a result of the addi- 
tional alanine tRNA synthetase. As shown in Figure 4, a 
transformant of trpA(UAG234), which harbors G34J70 
tRNATylCUA, is Trp’ in the presence of elevated alanine 
tRNA synthetase. Thus, overproduction of the alanine enzyme 
allowed G34J70 tRNATYICuA to suppress the alanine-re- 
quiring amber mutation. In contrast, transformants harboring 
wild-type tRNATYrlCUA remain Trp” despite the higher level 
of alanine tRNA synthetase. 

The protein sequence of the mutant fol,, gene product was 
also analyzed. In this case, alanine predominates at position 
10 of DHFR without any trace of tyrosine (Figure 3c). No 
other amino acid is detected at this position except for the trace 
of glutamine that was also observed in the absence of alanine 
enzyme overproduction (Figure 3b). Thus, the identity of 
G30U70 tRNATYrlCUA has been switched from tyrosine to 
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FIGURE 3: Amino acid sequence analysis of the first 15 residues of 
DHFR. The picomolar yields of alanine, glutamine, and tyrosine of 
DHFR variants are plotted versus the residue number for thefol,, 
gene products whose amber codon was su ressed by (a) wild-type 
tRNATyr/CUA, (b) G34J70 tRNATYrfiA, and (c) G34J70 
tRNATFlCUA in the presence of overproduced alanine tRNA 
synthetase. The sequence of the gene product is given across the top 
of each diagram. 

alanine upon elevation of the concentration of alanine tRNA 
synthetase. 

To estimate how much alanine tRNA synthetase was ele- 
vated, we prepared total cell extracts from the overproducer 
and control cells and assayed for enzyme activity. Each extract 
was assayed at a series of dilutions to obtain a linear rela- 
tionship between the enzyme activity and the amount of total 
cell extract. The slope of the line was normalized to the protein 
concentration, and this was then compared for the two extract 
preparations. On average, the overproducer strain had a 17- 
fold increase of alanine tRNA synthetase above the level of 
the wild-type strain. 

Our results show that the relative levels of aminoacyl-tRNA 
synthetases play a significant role in establishing the identity 
of a tRNA in vivo. Although G34J70 tRNATYrlCUA is 
quantitatively aminoacylated with both alanine and tyrosine 
in vitro, competition between alanine and tyrosine tRNA 
synthetases prevents aminoacylation with alanine in vivo. As 
the concentration of the alanine enzyme increases, the identity 
of G34J70 tRNATYrlCUA is switched from a tyrosine to an 
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FIGURE 4: Suppression of trpA(UAG234) by suppressor tRNAs. Transformants of trpA(UAG234) that expressed a suppressor tRNA were 
streaked on M9 minimal plates containing am icillin (40 pg/mL) with (left) or without (right) tryptophan (20 ,ug/mL). Suppression by (a) 
wild-type tRNATYICUA, b) G34J70 tRNATYrycUA, (c) G34J70 tRNATYICUA in the presence of overproduced alanine tRNA synthetase, and 
(d) wild-type tRNATYrlC c A in the presence of overproduced alanine tRNA synthetase is shown after incubation at 37 OC for 48 h. 

alanine tRNA. The conversion is specific to the G30U70 base 
pair because the identity of tRNATYr/CuA remains unaltered 
under the same conditions. 

KINETIC MODELING AND DISCUSSION 
The rate of aminoacylation by a given enzyme is expressed 

as V = [k,,(enzyme)(tRNA)]/[K, + (tRNA)], according 
to the Michaelis-Menten equation. It is difficult to apply this 
expression in vivo because of uncertainty in the concentrations 
of free enzyme and tRNA. Recognizing this limitation, we 
nonetheless attempted to evaluate the results obtained in vivo 
in the light of the kinetic parameters given in Tables I and 
11. We assumed that the enzyme concentration is less than 
that of the overexpressed tRNA species (approximately 10-20 
pM) and applied the Michaelis-Menten approximation. For 
example, the rate (VTyr) of aminoacylation of G3LJ70 
tRNATrIcUA with tyrosine by the tyrosine enzyme (enzymer,) 
is given by [k,,/K,,,(enzymer,)(tRNA)]/[ 1 + (tRNA)/Km]. 
Under this condition, the extent to which this tRNA is ami- 
noacylated with tyrosine is determined by the relative rates 
of aminoacylation with tyrosine and alanine and is expressed 
as 

5% of tyrosine acceptance = VTyr/( VTyr + VAIa) (1) 

where VAla is the rate of aminoacylation with alanine by the 
alanine enzyme. 

We note that the intracellular concentrations (Piperno & 
Oxender, 1968) of alanine (2.5 mM) and tyrosine (1  mM) are 
at  least 10 times above the K,'s of the respective enzymes. 
[The K,'s for alanine and for tyrosine are 240 pM (Hill & 
Schimmel, 1989) and 30 pM (Calendar & Berg, 1966a), 
respectively.] This suggests that the apparent k,:s we ob- 
tained in vitro under subsaturating concentration of amino 
acids (20 pM) would be elevated to 6.5 s-* for the alanine 
enzyme and to 2.9 s-' for the tyrosine enzyme. [We assumed 
that k,, is elevated in proportion to the amount of fractional 
saturation of enzyme with amino acid. There is some evidence 
to support this assumption (Jasin et al., 1985).] The intra- 
cellular concentrations of the alanine and tyrosine enzymes 
have been estimated as 0.4 pM (Putney & Schimmel, 1980) 
and 2 pM (Calendar tk Berg, 1966b), respectively. We 
confirmed that the average relative activity of tyrosine to 
alanine tRNA synthetase in crude extracts is in approximate 
agreement with the assumptions given above. When these 
numbers are incorporated into the Michaelis-Menten equation, 
we calculate from eq 1 that, with the normal level of alanine 
tRNA synthetase, G34J70 tRNATyr/CUA would be amino- 
acylated with 75% tyrosine and 25% alanine. Upon intro- 
duction of the plasmid-encoded alanine tRNA synthetase, the 
17-fold elevation in enzyme concentration would lead to am- 

inocylation of G34J70 tRNATYICVA with 85% alanine and 
15% tyrosine. 

While our analysis approximately agrees with the obser- 
vations in the overproducer strain, there is some discrepancy 
in those observed with the wild-type level of alanine tRNA 
synthetase. Better agreement can be obtained if the compe- 
titive, stronger binding of alanine tRNA synthetase to tRNAALa 
versus to G34J70 tRNATyr/CUA is taken into account. This 
correction is significant because the enzyme has a 5-fold 
smaller K ,  for tRNAAIa (Table I). This competition reduces 
the amount of alanine enzyme that is available to interact with 
G34J70 tRNATyr/CUA [cf. Yarus (1 972) for an analysis of 
cross-competition in vitro]. It also means that, in principle, 
the percentage change in free enzyme concentration (available 
to interact with G34J70 tRNATFlCUA) can be greater than 
the percentage change in total enzyme concentration. The 
fraction of the alanine enzyme that is available to G34J70 
tRNATyrICUA is expressed as 
fraction available = [(G3-U70 

tRNATyrIcuA)/K~] / [(G3*U70 tRNATYICUA)/KT + 
(tRNAAIa)/K~] (2) 

where KT and KA are the respective K,'s of G34J70 
tRNATYICUA and tRNAPJa for the alanine tRNA synthetase. 
We estimate that approximately one-third of the alanine en- 
zyme is bound to tRNAA'' and that, under this condition, 
G30U70 tRNATyr/CuA would be aminoacylated with 8 1 % 
tyrosine and 19% alanine. The correction of alanine enzyme 
concentration is unnecessary in the overproducer strain because 
the proportion of enzyme complexed with tRNAA'' is minor. 
In addition, we did not correct for the amount of tyrosine 
enzyme complexed with tRNATY because this tRNA is present 
in small amounts relative to the overproduced G30U70 
tRNATp/CUA that binds almost as efficiently (Table 11). Thus, 
the ratios observed in vivo of alanine-acylated to tyrosine- 
acylated G3U70 tRNATFlCUA, at both levels of alanine tRNA 
synthetase, are plausible. It appears that the kinetic param- 
eters measured in vitro can provide a starting point for pre- 
dicting the identity of the tRNA in vivo. More refined in- 
formation on the relative levels of two synthetases in vivo, and 
the use of a more exact kinetic equation, might improve the 
predictions. 

A mutant glycine amber suppressor tRNA that contains a 
G3470  base pair has been shown to insert glycine (5%) and 
glutamine (95%) at an amber codon (McClain & Foss, 1988a). 
On the basis of our analysis, the inability to insert alanine may 
be caused by a catalytic rate of alanine acceptance that is 
outweighed by that of glycine or glutamine. Further kinetic 
characterizations of the tRNA substrate with each of the 



Accelerated Publications Biochemistry, Vol. 28, No. 12, I989 4947 

synthetases will clarify this point and give more insight into 
the effect of synthetase competition. 

Substitutions in the anticodon sequence of tRNAmet and 
tRNATrp that give the amber-reading CUA codon lead to 
misaminoacylation with glutamine (Schulman & Pelka, 1985; 
Yaniv et al., 1974). Because there is evidence that the an- 
ticodon sequence is part of the identity elements of these three 
tRNAs (Schulman & Pelka, 1988; Roger & Soll, 1988; Ya- 
mao et al., 1988), creation of the CUA anticodon probably 
weakens the interaction with the cognate synthetase and en- 
hances the interaction with the glutamine enzyme. The in- 
teraction of the glutamine enzyme with amber suppressors can 
be altered by adjusting the concentration of that enzyme 
(Hoben et al., 1984; Yarus et al., 1986; Swanson et al., 1988), 
which is believed to recognize U35, in addition to other nu- 
cleotides (Roger & Soll, 1988). In the present experiments, 
we observed that the GUA - CUA substitution of the an- 
ticodon of tRNATyr reduces the k,, for aminoacylation with 
tyrosine by 24-fold (Table 11). This reduction is not sufficient, 
however, to change the identity of this tRNA in vivo. This 
indicates that, for this tRNA, the dynamic range for expression 
of identity accommodates at least a 20-fold change in recog- 
nition efficiency. Moreover, installation of the G 3 4 7 0  base 
pair has little effect on the kinetic parameters for tyrosine 
acceptance in vitro or on the tyrosine identity in vivo. Thus, 
a tRNA can tolerate the introduction of a major determinant 
for another amino acid without changing its identity, provided 
that the determinants for the original amino acid are not 
disturbed. It appears that, in the evolution of identity, sig- 
nificant sequence variations can be tolerated without a change 
in amino acid acceptance, but only within the context of a given 
set of relative enzyme levels. 
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