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ABSTRACT: Limited cleavage of yeast tRNAT™ by a nuclease
was used in an effort to determine the structural requirements
for recognition of the tRNA by the Phe-tRNA synthetase.
tRNA™™ purified from commercial baker’s yeast was treated
with RNase T; at 5° in 10 mM MgCl.. Quantitative cleavage
occurred at Gis and Gag (numbering from the 5/ terminus) in
the dihydrouridine loop (hU loop). This resulted in the exci-
sion of Gig and Gy, from the loop. Cleavage also occurred, but
at a slower rate, at G in the T-¢-C loop. There was no cleav-
age at Gy;, located like Gis to Gy In the hU loop, nor was
there any cleavage at G,; present in the single-stranded se-
quence between the anticodon and T-y-C limbs in the clover-
leaf structure. These results suggest that Gi; and G4 may be
hydrogen bonded in the most stable tertiary structure of
tRNAT"™, In contrast, Gus, Gio, Gu, and Gy; are probably not

’I:lis study was undertaken to determine the site or sites
in the structure of yeast tRNA™™ (RajBhandary and Chang,
1968) which are necessary for the specific recognition of this
tRNA by the yeast Phe-tRNA synthetase. Evidence suggest-
ing that the recognition site of this tRNA and the closely
related tRNA®™ from wheat germ may be located in the
dihydrouridine (hU) limb has been presented by Dudock et
al. (1969). In these two tRNAs, which are both recognized
by the yeast Phe-tRNA synthetase, the nucleotide sequences
of the hU limbs are identical. An almost identical sequence
occurs in E. coli tRNAY® (Yaniv and Barrell, 1969), and
Dudock et al. (1970) have found that this tRNA can be ‘“‘mis-
charged” with phenylalanine by the yeast Phe-tRNA synthe-
tase under certain conditions. That the stem of the hU limb
may make a contribution to recognition by this synthetase
has been indicated by further “mischarging” experiments
(Dudock et al., 1971), but this same stem sequence occurs in a
number of tRNAs which are not recognized by this synthetase.
To gain an understanding of the basis of this recognition, it
is necessary to study other features of the tRNAF" which con-
tribute to specific recognition and also to specific binding to
the synthetase.

The experiments to be reported here were designed to assess
the role of the hU loop in yeast tRNA®™ in recognition and
binding by the synthetase. Specific cleavage of this loop by
limited RNase T: hydrolysis (Schmidt ef al., 1970; Streeck
and Zachau, 1971) was used to excise Gy9 and Gz from the
loop (Figure 1). This paper presents the conditions for this
excision, a method for separating and identifying the RNase
T, cleavage fragments, and an analysis of the acceptor ac-
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hydrogen bonded in this structure. The exact locus of each
cleavage was established by complete resolution of the RNase
T, fragments on a DEAE-cellulose column run in the presence
of 7 M urea at 55° followed by analysis of the complete pan-
creatic RNase digest of each fragment. Recombination of
G,-G s with Ay-C;; gave a product which chromatographed
like tRNAT" on Sephadex G-100 and also some dimers of the
recombined tRNA. The reconstituted tRNA lacking G;, and
G had a phenylalanine-acceptor activity up to 55% of the
theoretical showing that residues G, and G are not required
for synthetase recognition. The K, of the recombined tRNA
in the synthetase reaction was, however, 30-fold higher than
that of the intact tRNAF™, suggesting that cleavage of the
hU loop with excision of two G’s markedly decreased the
binding of the tRNA to the synthetase.

tivity, K, and gel filtration properties of the tRNAs recon-
stituted from these cleavage fragments. It concludes with a
discussion of the synthetase recognition of tRNA®" and the
tertiary structure of the native form of the tRNA in solution.

Materials and Methods

Preparation of Purified Yeast tRNA”™. Purified tRNA™"
was prepared as described by Yoshikami and Keller (1971)
utilizing benzoylated DEAE-cellulose columns (Gillam et
al., 1967). The product was over 809 pure as judged by
phenlyalanine-acceptor activity using the value of 1.83 nmoles/
Asgo! unit for pure yeast tRNAT"™ given by Wimmer et al.
(1968). Where necessary, benzoylated DEAE-cellulose chro-
matography in the presence of 0.01 m MgCl, was repeated a
second time to give this degree of purification. The complete
pancreatic RNase digest pattern of this preparation (see below)
exhibited only those oligonucleotides derivable from the
structure of yeast tRNAF™ (RajBhandary ez al., 1968a).

Phenylalanine- Acceptor Activity Assay. A crude yeast Phe-
tRNA synthetase was prepared from commercial baker’s
yeast (Fleischmann). The yeast was suspended in 2097 glyc-
erol-0.05 M KC1-0.01 m MgCl,-0.1 m Tris-HCI (pH 7.5) and
disrupted in a Manton-Gaulin laboratory homogenizer (Man-
ton-Gaulin Manufacturing Co., Everett, Mass.). The protein
of the soluble fraction obtained on centrifugation at 78,000g¢
was precipitated with 80%, (NH).SO.. The crude synthetase
was prepared by passage of the protein fraction through a
Sephadex G-25 and a DEAE-cellulose column (Leis and Keller,
1971).

The acceptor activity of the tRNA®™ and fragments was

1 Abbreviations that are not listed in Biochemistry 5, 1445 (1966},
and J. Biol. Chem. 245, 5171 (1970), are: Asco, absorbance at 260 nm
with a cell path of 1 cm; Fuso, fluorescence intensity at 440 nm upon
excitation at 310 nm.
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FIGURE 1: The yeast tRNAPhe structure as determined by Raj-
Bhandary and Chang (1968) showing the sites of limited RNase
T, cleavage. Cleavage may also have occurred at Gy,. Fragment 7
is not indicated. It includes fragments 6 and 3, i.e., Ay-Crs. The
3’-terminal adenosine is not present in the tRNAFhe ysed in these
experiments since the tRNA was obtained from commercial baker’s
yeast.

determined by the method of Leis and Keller (1971) using
{1*Clphenylalanine with specific activity of 10 mCi/mmole
and counting the filtered samples in a Packard scintillation
counter (efficiency 75%,). For the K., studies, the amount of
crude synthetase used gave less than 109 charging in the 1-
min incubation. In these experiments [1‘C]phenylalanine of
specific activity 50 mCi/mmole was used.

Preparation of Large Fragments. To prepare large fragments,
9.0 mg of purified yeast tRNA" in 18 mi of 0.01 M MgCly
0.02 M potassium cacodylate (pH 6.0) was hydrolyzed with
4320 units of RNase T, for 1 hr at 5°. Three phenol extrac-
tions at 0° were used to remove the RNase T;, and five ether
extractions to remove the phenol. N, was bubbled through
the resultant solution to dispel ether. The sample was made
7 M in urea and applied to a DEAE-cellulose column for chro-
matography in 7 M urea (Tomlinson and Tener, 1962) at 50°
(Apgar et al., 1966). The large fragments were freed of urea
and salts by adsorption onto small columns of DEAE-cellu-
lose followed by elution with freshly prepared 2 M NH,HCO;
and lyophilization.

Complete Pancreatic RNase Hydrolysis. For complete pan-
creatic RNase hydrolysis, 5-20 434 units of large fragment or
whole tRNA in 2.0 ml of 0.01 M MgCl,-0.01 M Tris-HCI (pH
7.5) were hydrolyzed for 2 hr at 37° with 95 ug of pancreatic
RNase (Worthington Biochemicals, Freehold, N. J.). The
reaction mixture was made 7 M in urea and applied to a DEAE-
cellulose column for chromatography in 7 M urea at room
temperature.

Absorbance and fluorescence measurements were made as
described by Yoshikami and Keller (1971). Amounts of RNA
are expressed in Asgo units: 1 Ase unit of RNA in 1 ml of
solution gives an A, reading of 1.

Materials not mentioned above were those described by
Yoshikami and Keller (1971).

Results

Limited Cleavage of Yeast tRNA"™ by RNase T,. Cleavage
experiments were done in the presence of MgCl, at 5° to
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FIGURE 2: DEAE-cellulose column chromatography of a partial
RNase T, digest of yeast tRNAFhe, The partial RNase T, digest
(see Methods) of 9 mg of purified yeast tRNAPhe was made 7 M
in urea and applied to a DEAE-cellulose column (0.6 X 110 ¢m)
previously equilibrated with 7 M urea-0.2 m NaC}-0.02 m Tris-HCI
(pH 7.5). The column was operated at 50°. Elution was with a
linear gradient (total volume 2 1) from 0.2 to 0.6 M NaCl in 7 m
urea-0.02 M Tris-HCI (pH 7.5). The flow rate was 0.8 ml/min. The
fraction size was 5 ml. (—) Aze0; (-==) Fiso.

achieve maximum stability of the tertiary structure of the
tRNA. Preliminary experiments indicated that about 500 units
RNase T;/mg of tRNA gave quantitative cleavage in the hU
loop in 1 hr. In order to completely separate the fragments, it
was necessary to chromatograph the RNase T, digest on
DEAE-cellulose at 50° in 7 M urea (Apgar et al., 1966)
(Figure 2). Good resolution of all cleavage products was ob-
tained under these conditions which prevent hydrogen bond-
ing of the fragments to each other. Complete resolution could
not be obtained on chromatography on DEAE-cellulose in 7
M urea at pH 3.0 or on Sephadex G-100 at room temperature.

Identification of Fragments. The nature of the fragments
was determined by complete pancreatic RNase hydrolysis
followed by chromatography of the digest on DEAE-cellulose
in 7 M urea which separates the products on the basis of chain
length primarily. The resulting patterns were compared to the
pattern of a digest of purified tRNAF*® (Figure 3a) which was
identical with the pattern given by RajBhandary et a/. (1968a,
Figure 2). Identification of the peaks in Figure 3a was made
by reference to the list of oligonucleotides in Table I in Raj-
Bhandary er al. (1968a). The order of emergence of the oli-
gonucleotides was as expected except that the hexamer con-
taining Y appeared in peak 6 along with one pentamer and
the m’G-containing hexamer, whereas the other pentamer,
AGAAU, appeared in peak 7.

Fragment 5 (Figure 2) from its position of elution and
amount was a likely candidate for the 5’ one-quarter molecule
resulting from cleavage in the hU loop. The products from
complete pancreatic RNase hydrolysis (Figure 3c) did indeed
prove to be those expected from the 5’ quarter. The 5'-ter-
minal pGpCp appeared as a small distinct peak 5ii which was
identified by its absorption spectrum at pH 1, 7, and 11. Quan-
titation of the A.¢ units in peaks 4, 5i, and 5ii showed the
presence of two trimers in peak 4, one tetramer in peak 5i,
and the pGpCp in 5ii. The 5’ one-quarter contains the only
pancreatic RNase tetramer and ail the trimers with the excep-
tion of Gpm'ApUp which chromatographs as a dimer. It is
therefore established that fragment S was derived from the 5’
one-quarter. Since the trimer containing G5 was present and
the octamer Gy5-Cqs was not, cleavage must have occurred in
the octamer sequence. The exact location of the cleavage was
established as follows. Pattern 3c shows a small peak 2ii
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FIGURE 3: DEAE-cellulose column chromatography of the com-
plete pancreatic RNase digests of (a) yeast tRNAFhe and (b) through
(e) the T, fragments of yeast tRNAPre from Figure 2. Each digest
(see Methods) containing 5-20 Asg units was applied to a DEAE-
cellulose column (0.4 X 110 cm) equilibrated with 7 M urea—0.02 M
Tris-HCI (pH 7.5). Elution was with a linear gradient (total volume
670 ml) from 0 to 0.3 m NaCl in 7 M urea-0.02 M Tris-HCl (pH
7.5) at room temperature. The flow rate was 0.3 ml/min. The frac-
tion size was 4 ml. The peaks are numbered as in Figure 2 of Raj-
Bhandary ez a/. (1968a). The peaks within a cluster are designated
in the text as i, ii, and iii in order of emergence.

which was identified as Gp spectroscopically. Quantitation
showed it to contain 1 mole of Gp. The 1 mole of Gp must
have been derived from Gis. Thus fragment 5 was identified as
G1-Gs with a 3/-terminal monoester phosphate.

Immediately preceding fragment 5 in Figure 2 was a small
peak 4 resolved from peak 5. The pancreatic RNase digestion
pattern of peak 4 was identical with peak 5. It appeared possible
that peak 4 was G;-Gys with a 3’-terminal cyclic phosphate.
In other experiments peak 4 was absent.

If the RNase T, cleavage had given rise to small amounts
of G1-Gyy or G1-Go in addition to the G1-Gis, peaks of these
fragments would have appeared following peak 5 in Figure 2.
They would have been resolved from peak 5 as peak 4 was.
No peak of this kind was detected, from which it was con-
cluded that cleavage at G5 was quantitative.

Fragment 7 (Figure 2) was shown to be the 3’ three-quarter
molecule. Fluorescence analysis (Yoshikami et al., 1968) indi-
cated that the Y base (RajBhandary et al., 1968a) was present.
Figure 3e shows that the products from the complete pancre-
atic RNase hydrolysis of 7 are, in fact, the ones expected from
the 3’ three-quarter molecule. The pattern includes the two
pentamers and two hexamers present in this region. Proof
that the fragment includes the 3’ terminus comes from the
fact that acceptor activity was restored upon reconstitution
with fragment 5 (see below). If fragment 7 had resulted from
the cleavage at Gy established above then the pattern would
have showed a new heptamer, Gi5-C,;. The pattern does not
show such a heptamer. (Analysis of the small peak 7a showed
only a fractional molar amount of each of the two hexamers
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TABLE 1! Acceptor Activity of RNase T, Fragments of Yeast
tRNA® «

[14C]Phe Esterified to

Fragments tRNA™" (Mole/Mole)
6 0
7 0
8 0
643 0
6 -4 0
6+ 5 0
7+ 4 0.34
745 0.39
8§+ 4 0.25
8+ 5 0.27
6+ 3+ 4 0.06
6+34+35 0.05

= The following amounts of fragments (Figure 2) were tested
alone or in combination in the standard 1.0-m! acceptor
assay: 0.025 4.5 unit of fragments 3, 4, or 5, 0.050 A unit
of fragment 6, 0.075 Ass unit of fragments 7 or 8. Before
assaying, a solution of the fragment combination in 20 mm
MgCl; was brought to 60° and then immediately cooled in an
ice bath. Duplicate assays for phenylalanine-acceptor activity
were run as described in Methods except incubation was for
1 hr.

in peak 6.) The absence of the heptamer proved that there had
been a second RNase T; cleavage in addition to the one at Gis.
Quantitation showed that peak 7 contained a new oligonucleo-
tide in addition to the pentamer AGAAU present in the con-
trol pattern (Figure 3a). In order to determine the exact site
of the second cleavage it was necessary to analyze this new
oligonucleotide which had to be either the pentamer A,;-Css
or the hexamer G»-Czs. The peak 7 material was completely
hydrolyzed by RNase T, and the products analyzed on a
DEAE-cellulose column with a gradient of ammonium car-
bonate. The pattern showed three ApGps, one AAU, one Cp,
and no Gp. This established the additional oligonucleotide as
AGAGC, which chromatographs together with the closely
related pentamer AGAAU in peak 7, and shows that frag-
ment 7 was formed by cleavage at Gyo. Thus the identification
of the two major products, fragments 5 and 7, proved that at
least two cleavages had occurred in the hU loop with the
excision of residues Gy and Gy,

The trailing portion of fragment 7 has been labeled frag-
ment 8, since in other patterns there was a pronounced shoul-
der in this location. If the RNase T, cleavage at G, had not
been quantitative, small amounts of Ga¢-Cys or G,4-Cy5 would
have appeared in peak 8. However, analysis of the pancreatic
RNase digest showed peak 8 to be identical with peak 7 except
for an enhanced peak 7a (see Figure 3e for location and
above for analysis). It was therefore concluded that cleavage
of the tRNAF™ at Gy, had been quantitative.

Fragment 3 was shown to be the 3’ one-quarter molecule.
Analysis (Figure 3b) showed one pentamer, AGAAU, in peak
7 and three dimers in peak 3. Peak 2i, a peak not present in
the control pattern, was identified spectroscopically as m!-
ApUp. Therefore, fragment 3 is the 3’ one-quarter molecule
formed by cleavage at the G in the T-y-C loop. The other
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product of this cleavage would be the anticodon-containing
half-molecule since all molecules were cleaved in the hU loop.
Fragment 6 was a likely candidate as it exhibited fluorescence
of the Y base. Figure 3d shows the presence of most of the
large pancreatic RNase products present in fragment 6. A
complete RNase T, digest pattern (not given) contained none
of the hexamer and octamer derivable from the 3’ one-quar-
ter (RajBhandary et al., 1968b). It was concluded that frag-
ment 6 was Ayn-Gsr, the half-molecule formed by cleavage in
both the hU and T-y¢-C loops.

With regard to the relative rates of cleavage in the two loops,
we can estimate from the amounts of the fragments in Figure 2
that cleavage in the hU loop proceeds at least four times
faster than cleavage in the T-y-C loop under the conditions of
these experiments (¢f. Schmidt ef /., 1970).

Acceptor Activity of Fragment Combinations. Fragments 5
and 7 were combined to give a tRNAF™ with G and G
excised. Also fragments 3, 5, and 6 were combined to give
one with an additional cleavage in the T-y-C loop. In each
case equimolar amounts of fragments were combined. They
were sometimes heated together at 60° and immediately cooled
at 0° to facilitate recombination, though this was not essen-
tial. The phenylalanine-acceptor activity was assayed using an
excess of synthetase. The results are reported as moles of Phe
esterified per mole of complex (Table I).

The complex of 5 plus 7 had good acceptor activity show-
ing that G,y and Gy are not required for synthetase recogni-
tion. The restoration of activity was not, however, 1009 of
the theoretical value (1.83 nmoles/A4s unit). Annealing was
tried, but it did not improve the results recorded in Table I.
To see whether the failure to restore full activity was due to
failure in complex formation, the nature of the product was
analyzed by gel filtration on Sephadex G-100 (Figure 4b). A
major peak was found at the location (60 % of column volume)
for tRNA™™, but, in addition, we found to our surprise a
rather large peak at the location (48 %) of dimers of tRNAs
(Loehr and Keller, 1966). No residual fragments were seen,
i.e., all fragments had gone to form complexes, either mono-
meric or dimeric. The dimers proved to have just as good
acceptor activity as the monomers, so dimer formation did not
explain failure to achieve theoretical activity.

To understand the unexpected finding of dimers of recom-
bined tRNAT™, fragment 7 was analyzed separately on Seph-
adex G-100. Figure 4a shows that the desalted preparation
of fragment 7 was itself partially dimerized. This dimer of the
three-quarter molecule may be a hydrogen-bonded dimer of
the type reported by Loehr and Keller for tRNA*"* (1968).
Such a dimer could have formed during the desalting and re-
moval of the 7 M urea. In addition to the dimer, Figure 4a
shows that there are two monomeric forms of the three-quar-
ter molecule. These may be related to the two conformers of
the intact yeast tRNA (Yoshikami and Keller, 1971). When
fragment 5 was added to each of the three forms of fragment 7
and the resulting complexes assayed without any heating step,
all three peaks gave good acceptor activity (Figure 4a). Thus,
the reconstituted dimer and both conformers of the monomer
were active. No single form gave 100 9] activity. These results
therefore do not provide us with any reason why the restora-
tion of acceptor activity is not complete. Possibly each peak
contains some material in which some of the hydrogen bonds
have not been correctly restored.

The difficulty in restoring full activity was even greater in
the case of the complex of fragments 3, 5, and 6, but the activ-
ity was obtained repeatedly and was significant (Table I).
Thus the additional cleavage in the T-y-C loop does not
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FIGURE 4: Gel filtration of RNase T; fragments of yeast tRNAFPbe,
The sample was applied to a column of Sephadex G-100 (1 X 90
cm) equilibrated with 0.01 M Mg(OAc),-0.05 m KC1-0.01 M Tris-
HCI (pH 7.5) and eluted with the same solution. The flow rate was
0.4 ml/min, and the fraction size was 1.5 ml. (a) The sample was
5.1 Aago units of fragment 7 from Figure 2 which had been desalted.
Aliquots (0.5 ml) of fractions under the peaks were assayed for
phenylalanine acceptor activity after the addition of 0.05 Ase
unit of fragment 5 from Figure 2. The assay was as described in
Methods except incubation was for 1 hr at 23°. (b) The sample, 1.24
Asgo units of fragment 5 and 3,77 Aseo units of fragment 7 in 20 mm
MgCl: was brought to 60° and immediately cooled in ice before
being placed on the column. Aliquots (0.4 mt!) of fractions under the
peaks were assayed for phenylalanine-acceptor activity as described
in Methods except that incubation was for 45 min at 23°. Numbers
in parentheses refer to moles of [**C]Phe incorporated per mole of
monomeric tRNA in the peak tubes indicated. (—) Azs nm; (---)
Phe-acceptor activity. Purified tRNAPPe when applied to the same
column eluted as a single peak with maximum at the effluent volume
equivalent to 607 of the column volume. Dimers of tRNAs eluted
at48%;.

abolish recognition of tRNAF"™ by the synthetase (see also
Schmidt ef al., 1970). This result was expected as an identical
T-y-C loop occurs in several different yeast tRNAs (see review
by Zachau, 1969).

The possibility was considered that after the excision
Gy and Gso, other aa-tRNA synthetases might recognize the
modified tRNAF™ and, if the necessary amino acids were
provided, esterify other amino acids to it. This could be tested
by adding 19['*Clamino acids to the standard assay along
with [1*C]Phe, as the crude enzyme preparation used contained
most of the yeast aa-tRNA synthetases. Mischarging with a
[*2Clamino acid would result in a decrease in the amount of
[14C]Phe charged to the recombined tRNA™™. As no decrease
was detected, it was concluded that excision of Gy and G
does not allow false recognition by other synthetases.

K. of the Reconstituted tRNAT™. If the stem of the hU limb
is indeed a recognition site as suggested by Dudock et al.
(1970, 1971), the immediately adjacent hU loop would prob-
ably be involved in the binding of the tRNA to the synthetase.
Therefore the K., of the complex 5 plus 7 in the synthetase
reaction was determined. It was found to be 5.6 X 107" M
(Figure 5). This value is 30-fold greater than the K. of the in-
tact tRNAT"™ (2 X 10* M) measured with the same type of
enzyme preparation and under the same conditions (Figure 6).
To make sure of this difference, each K, was determined in
three or more separate experiments, the measurements on the
intact tRNA™" being done on different preparations of puri-
fied tRNA ¥, The results agreed closely with those in Figures
5and 6. As a further check, the K, was determined on the
monomeric recombined tRNA'™ from Figure 4b and was
found to be 6.7 X 10~7 M. The marked increase in K,, on
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FIGURE 3: The double-reciprocal plot of the aminoacylation of the
complex of fragments 5 and 7 from Figure 2. The solution of the
two fragments in 20 mm MgCl; was brought to 60° and then im-
mediately cooled in an ice bath. Aliquots were used to determine
the initial rate of aminoacylation in triplicate at five substrate con-
centrations using approximately 0.03 mg of crude synthetase in a
0.2-ml incubation volume (see Materials and Methods). The sub-
strate molarity shown was determined in a separate assay of the
complex 5 + 7 using excess enzyme. The acceptor activity of the
complex was 648 pmoles/Aag unit.

cleavage of the hU loop and excision of G, and G, suggests
that the intactness of the loop is imporiant in the binding
of the tRNA toits synthetase.

The K., of the recombined tRNA™" with cleavages in both
loops (complex of 3, 5, and 6) was determined in one experi-
ment and was found to be the same as that for complex 5 + 7.
Thus scission in the T-y-C loop had no effect on the binding
to the synthetase.

The crude enzyme preparation used in these experiments
contains terminal-adding enzyme in sufficient amount so that
the addition of a terminal A to a tRNA lacking it is not rate
limiting in charging. This is important since the purified
tRNA" used here lacks a terminal A. It is also important to
the above interpretation that this enzyme is fully active with
cleaved tRNAs (Overath et al., 1970).

Discussion

The unexpected finding that limited RNase T, cleavage of
tRNA" caused excision of Gyy and Gao from the hU loop
provided us with the means to test the role of these nucleotides
in recognition by the synthetase. The recombined tRNAF"
lacking these nucleotides had good acceptor activity, proving
that these nucleotides are not essential for recognition. Fur-
thermore, the excision of these two nucleotides did not cause
any detectable loss in specificity of the tRNA for the Phe-
tRNA synthetase. However, the K. of the recombined
tRNA in the synthetase reaction was 30-fold higher than the
control value implying that the intact hU loop is required for
tight binding of the tRNA to the synthetase. If the hy-
pothesis of Dudock er «l. (1970, 1971) that the stem of the hU
limb is a recognition site in this tRNA is correct, then one
would expect that the immediately adjacent hU loop would
form part of the interacting surface of the tRNA®™,  More-
over, wheat-germ tRNAF™ which was shown to have an
identical nucleotide sequence in the hU loop (Dudock er al.,
1969), is a good substrate for the yeast synthetase suggesting
that the specific nucleotide sequence of the hU loop may be
necessary for tight binding to the synthetase. As one of the
binding sites, the loop may not require the high degree of
specificity of a recognition site, and indeed, many of the
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FIGURE 6: The double-reciprocal plot of the aminoacylation of
yeast tRNAT, The solution of purified yeast tRNAPie (148
nmoles/ 4250 unit) in 20 mM MgCl, was brought to 60° and then im-
mediately cooled in an ice bath. Aliquots were used to determine
the initial rate of aminoacylation in triplicate at three tRNA con-
centrations using approximately 0.03 mg of crude synthetase in a
1.0-ml incubation volume (see Materials and Methods). Substrate
molarity was determined by acceptor assay.

nucleotides of the hU loop are common to many tRNAs.
Furthermore, it is possible to modify the 2 hU’s to ureido-
propanol riboside residues without affecting recognition or
even the K., of the tRNAF"™ in the synthetase reaction (Igo-
Kemenes and Zachau, 1969).

Three of the nucleotides in the hU loop, Gis, Gy, and Gy,
are readily accessible in the tertiary structure as shown by the
fact that RNase T, attacks the molecule first at these positions.
G, appears to be more exposed than the other two according
to the kethoxalation experiments of Litt (1971). The ex-
posed position of these nucleotides could be important in
the specific binding of this sequence in synthetase recognition.
Since these nucleotides are not hydrogen bonded or buried in
the tertiary structure, cleavage or excision in this region
should have a minimal effect on the tertiary structure of the
tRNA. Further investigation will be made on this point,
however, to make sure that the 30-fold increase in K. ob-
served is not due to a generalized or indirect effect on tertiary
structure.

A contrasting situation has been found in the case of the E.
coli tRNA™" by Seno er al. (1969) who showed that neither
the K., nor the specific recognition by the synthetase was af-
fected by cleavage in the hU loop. This is not surprising since
this tRNA (Dube and Marcker, 1969) and tRNAL" of E.
coli (Cory and Marcker, 1970) have differing sequences in
both the hU loop and hU stem and yet are equally good sub-
strates for the synthetase (Heinrikson and Hartley, 1967).
Thus all the evidence is against participation of the hU limb
in synthetase recognition in the case of the methionine tRNAs,
Two other cases have been reported where synthetase recogni-
tion was not abolished by cleavage in the hU loop (Mirza-
bekow er al., 1969, with the yeast tRNAY™ and Imura er al.,
1969, with the yeast tRNA?). It would be of interest to
know whether the K., was affected by the cleavage in these
cases.

The susceptibility of different regions of tRNAs to nuclease
attack can provide much valuable information about the
tertiary structure of the tRNAs in solution. The fact that the
anticodon is in an extremely exposed position was shown by
Penswick and Holley (1965) who demonstrated a rapid and
specific cleavage by RNase T, at the G in the anticodon of
yeast tRNA*® For yeast tRNA™® with no hydrolyzable
-Gp- in the anticodon loop, the first RNase T, cleavage
occurs in the hU loop, as shown in the present study and that
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of Schmidt et al. (1970). Since much more RNase T, is re-
quired to get this cleavage in the hU loop than to cleave the
anticodon, the hU loop is probably less exposed in the tertiary
structure than the anticodon loop. But since cleavage does
occur under conditions of maximum stabilization of the hy-
drogen-bonded base pairs in the tRNA, it is concluded that
Gis, Gig, and Gy are not base paired in the tertiary structure.
If they are paired, the pairing appears to be too weak to be a
determining factor in the structure even at 5°.

The same conclusion can be drawn about the G of the T-
¢-C loop. Though it is attacked at about one-quarter the
tate of the Gs of the hU loop, it is susceptible and is probably
not H bonded. In the H-type model of the tertiary structure of
tRNA of Connors ez al. (1969), the T-¢-C limb is twined
with the anticodon limb. This association may be stabilized
by H bonding of G4; with Cg. The slow rate of cleavage at G;
would support such a protected arrangement of the T-y-C
loop.

Under conditions where RNase T, gave complete hydrolysis
at Gy and G, there was no cleavage at all at G5 present in
the same single-stranded hU loop in the cloverleaf model.
This remarkable difference in susceptibility could be ac-
counted for if G;; were H bonded to Cg in the tertiary struc-
ture of tRNA™™. Evidence in favor of such a bond in most
tRNAs (Levitt, 1969) comes from the fact that this G and C
are common to all structures except for 3 cases where they
arereplaced by an A and U, respectively (Hirsch, 1970; Dube
et al., 1970; Gangloff et al., 1971). Further evidence has been
provided recently by Cashmore (1971). Examination of the
structure of tRNAT" shows that H bonding could also occur
between A, and Uy. This would reinforce the Gis- - Cys pair
bringing the 5’ side of the hU loop to the center of the struc-
ture and fixing its relation to the aminoacyl and T-y-C stems.

There is only one other G in the cloverleaf structure of
yeast tRNAT" which could be readily attacked by RNase T..
This is G4 which is present in the lump. There was no cleavage
at this G in the present experiment, which is evidence that this
G is H bonded in the tertiary structure. A Gys- - Ceo pair sug-
gested above, which would be analogous to the highly
probable Gy;--Cy pair and would stabilize the relation of
the T-y-C loop to the lump, would explain the absence of
cleavage at Gus.
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