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ABSTRACT: Oligoribonucleotide binding to baker’s yeast
initiator tRNA was measured by equilibrium dialysis in
order to determine which regions of the tRNA were free to
bind complementary oligomers and which were involved in
secondary and tertiary structure. Association constants of
trinucleoside diphosphates and tetranucleoside triphos-
phates complementary to the single-stranded regions of the
cloverleaf structure of yeast tRNAMMet were measured at 0°
in 1.0 M NaCl, and 0.01 M MgCl,. The only regions of the
tRNA whose complementary oligomers bound to the tRNA

The structures of tRNAs have been studied extensively.
Very little is known, however, about the tertiary structure
of yeast tRNAMet although, as a eucaryotic initiator, it
plays a unique role in protein synthesis. For that reason
yeast initiator tRNA was studied by oligonucleotide bind-
ing. We thought its unique biological role might be reflect-
ed by unique molecular structure. X-Ray diffraction studies
are being made on crystals of this molecule by Dr. Paul Si-
gler and his colleagues. We plan to compare the solution
structure of this molecule with its crystal structure.

The measurement of association constants of oligori-
bonucleotides to tRNA has previously been used extensively
to study the secondary and tertiary structure of only four
tRNAs.! Oligomers complementary to exposed single-
stranded regions of the tRNA are expected to bind strongly
and specifically to the tRNA. Nonbinding oligomers com-
plementary to the tRNA are assumed to be complementary
to regions involved in secondary and tertiary folding. Oli-
gomers not complementary to the tRNA are not expected
to bind.

Materials and Methods

Transfer RNA. Yeast tRNA™et was purified from
mixed baker’s yeast tRNA (Plenum) according to the pro-
cedure of Pasek et al. (1973). Using a standard assay proce-
dure (RajBhandary and Ghosh, 1969), the purified tRNA
accepted 1.7 nmol of methionine/ 4260 unit and was judged
to be at least 85% pure.

Oligoribonucleotides. Many of the tetranucleoside tri-
phosphates were a generous gift of Professor Olke Uhlen-
beck. The other tritiated oligonucleotides were synthesized
using primer dependent polynucleotide phosphorylase from
Micrococus luteus according to the procedure of Uhlen-
beck et al. (1970). The primer dependent polynucleotide
phosphorylase was purified from a partial trypsin digest of
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! References on oligonucleotide binding to tRNAs are listed in Table
I.
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were the amino acid acceptor end and the five nucleotides
at the 5’ end of the anticodon loop. These results differ from
those for the other tRNAs studied by this technique; usual-
ly oligomers complementary to the dihydrouracil loop bind
to the tRNA. The sequence of yeast tRNAMet and other
eucaryotic initiators is unusual. The “TyC loop™ contains
the sequence A-U-C instead of T-y-C, yet the binding pat-
tern to the TYC loop is like that for other tRNAs; no oli-
gomers bind.

primer independent polynucleotide phosphorylase (P-L Bio-
chemicals). The specific activity of the oligonucleotides was
6-12 Ci/mol.

Equilibrium Dialysis Experiments. Equilibrium dialysis
experiments were performed in two 50-ul plexiglass cham-
bers with a section of dialysis tubing sealed between them.
One chamber was loaded with about 1.3 4,60 units of
tRNA dissolved in 1 M NaCl-0.01 M MgCl,-0.01 M sodi-
um phosphate (pH 7.0). The other chamber was filled with
about 0.25 uCi of tritiated oligomer in the same buffer. The
dialysis cell was stored at 0° for 3-7 days to allow for equil-
ibration; 3ul aliquots were extracted in triplicate from each
chamber on each of three consecutive days. Results did not
change from day to day indicating equilibrium had been
achieved. The aliquots were diluted with 0.1 ml of water
and counted by liquid scintillation in a toluene based scintil-
lation fluid (5 g of 2,5-diphenyloxazole/l. (Amersham) and
2.5% Biosolve (Beckman)).

Caiculation of Equilibrium Constants. An association
constant (K) was calculated from the ratio (R) of counts in
the chamber containing the tRNA to the counts in the
chamber without tRNA according to the relation R = 1 +
K[tRNA]. This relation is valid when the total tRNA con-
centration is much larger than the total oligomer concentra-
tion. For most measurements, the tRNA concentration was
49 uM and the oligomer concentration was less than 1 uM.
The validity of this relation over a tRNA concentration
range 20-200 uM was verified for one trimer (see Results
section).

Repetitions of experiments using different preparations
of oligomer and tRNA gave binding constants differing by
up to 20%.

In calculating equilibrium constants from the equilibri-
um dialysis data, the tRNA was assumed to be pure; no
corrections were made for impurities.

Results

Association constants of trinucleoside diphosphates and
tetranucleoside triphosphates to yeast tRNAMet are listed
in Table II. For oligomers containing GpG residues, the ex-
periment was done in 0.001 M EDTA instead of 0.01 M
MgCl; to reduce oligomer aggregation and reduce equili-
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FIGURE 1: Nucleotide sequence of yeast tRNAMet (Simsek and
RajBhandary, 1972). Symboals for the unusual nucleosides are m!G =
1-methylguanosine, m?G = N2-methylguanosine, D = 5,6-dihydrouri-
dine, my?G = N?,N2-dimethylguanosine, tA = N-[9-(8-D-ribofurano-
syl)purin-6-ylcarbamoyl]threonine, m’G = 7-methylguanosine, m*C =
5-methylcytosine, m!A = l-methyladenosine. A* and G* are modified
nucleosides whose structure has not yet been established. Solid lines in-
dicate regions whose complementary oligomers bound to the tRNA;
dashed lines indicate regions complementary to oligomers that did not
bind.

bration times. The error in the association constants due to
sampling and counting errors is +500. Therefore trimers
with binding constants less than 500 are listed as not bind-
ing.

The region of yeast initiator tRNA complementary to
each oligomer is also tabulated. Figure 1 shows the se-
quence of tRNAMMet (Simsek and RajBhandary, 1972). Re-
gions complementary to oligomers which did not bind are
marked by dashed lines; solid lines indicate regions where
complementary oligomers did bind to the tRNA. The sig-
nificance of these results and the conclusions about tRNA
structure that can be made from them are discussed below.

For the codon, A-U-G, the dependence of the measured
association constant on tRNA concentration was deter-
mined. Figure 2 presents a graph of R — 1 vs. tRNA con-
centration for A-U-G binding to yeast tRNA™et gver a
tRNA concentration range 20-200 uM. R is the ratio of
counts in the chamber containing the tRNA to counts in the
chamber containing only oligonucleotide. Over this concen-
tration range the graph is linear indicating no detectable
tRNA aggregation.

The association constants of oligomers complementary to
the amino acid acceptor end of the tRNA were all mea-
sured in the absence of magnesium. It had been assumed
that at high salt concentrations (I M NaCl) the presence or
absence of 0.01 M Mg?* would not greatly affect the asso-
ciation constants. This assumption was tested by measuring
the association constant of A-U-G in both the EDTA buffer
and the magnesium buffer. The association constant in the
absence of Mg?* is 4000 M~!, while in the presence of
Mg?* it is only 2000 M~!. It is not known whether this in-
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FIGURE 2: Plot of R — 1 vs. tRNA concentration for A-U-G binding
to yeast tRNAMet R is the ratio of counts in the chamber containing
the tRNA to the counts in the chamber containing only oligonucleo-
tide. The slope of the line gives K = 2000 M~! which agrees, within
experimental error, with the value obtained at a tRNA concentration
of 50 uM.

crease in association constant upon removal of Mg?* is due
to changes in tRNA structure, trimer conformation, or the
nature of the interaction between the two. This apparent
sensitivity of the tRNA-oligomer association to the concen-
tration of Mg2* even in the presence of high Na* concen-
trations will be studied further.

Discussion

Function of Yeast tRNA™e Biologically, yeast initiator
tRNA differs from both noninitiator yeast tRNAs and E.
coli initiator tRNA. Yeast tRNAMet yndergoes a number
of specific interactions with initiation factors, the ribo-
somes, and mRNA during the initiation of protein synthesis
in yeast. (For a review of protein synthesis in eucaryotes see
Haselkorn and Rothman-Denes, 1973.) Yeast tRNA can be
formylated in vitro using the Escherichia coli formyl donor
and formylating enzyme. In vivo, however, it is used as un-
formylated Met-tRNAfMet g initiate protein synthesis. The
specificity of the interactions of yeast initiator tRNA with
other cellular molecules suggests a unique structure of
tRNAfMet o that it can be distinguished from other nonini-
tiator tRNAs.

Comparison to Binding Patterns of Other tRNAs. These
binding studies reveal both similarities and differences be-
tween yeast tRNAMMet and other tRNAs studied by this
technique. (See Table I for a summary of other tRNAs
studied.) It appears the secondary structure of yeast
tRNAMet jg the cloverleaf; only oligomers complementary
to single-stranded regions of the cloverleaf are among those
judged to bind to the tRNA. The binding pattern of the
loops, however, is different from that of other tRNAs, pos-
sibly reflecting unusual features in the folding of this
tRNA.,
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Table I: Summary of References Giving Association Constants of
Oligoribonucleotides to tRNA.2

Table II: Association Constants of Oligoribonucleotides to
Yeast tRNAfMet g

Ref tRNA Studied
Yeast tRNAPhe

Cameron and Uhlenbeck
(1973)

Eisinger et al. (1971)?

Eisinger and Spahr (1973)¢

Hogenauer (1970)

Yeast tRNAPhe

Yeast tRNAPhe

E. coli tRNAMet  + {RNATMet

E. coli tRNATMet

E. coli tRNAMetm’ yeast tRNAfMet,
E. coli tRNATMet

Yeast tRNAPhe E coli tRNAPhe
Yeast tRNAPhe

Yeast tRNAPhe

Yeast tRNAPhe

E. coli tRNAlle

E. coli tRNATYT E. coli tRNAfMet
E. coli tRNAfMet

Yeast tRNALeu,

Hogenauer et al. (1972)

Miller et al. (1974)
Pongsetal (1971)
Pongset al. (1973)

Pongs and Reinwald (1973)
Schimmel et al. (1972)
Uhlenbeck (1972)
Uhlenbeck et al. (1970)
Uhlenbeck et al. (1974)

2 The association constants were measured by equilibrium dialysis
unless otherwise noted. #Changes in Y base fluorescence were used
to measure binding. ¢Gel electrophoresis was used to measure
binding.

The dihydrouracili loop of yeast tRNAMet binds to
none of its complementary oligomers. These results differ
from those for yeast tRNAP yeast tRNAL®Y; E. coli
tRNAMet and E. coli tRNATY" where oligomers comple-
mentary to the dihydrouracil loop do bind to the tRNA.!
The dihydrouracil loop of yeast initiator tRNA contains
only seven bases; the range of dihydrouracil loop sizes
among sequenced tRNAs is 7-12 bases. The seven-mem-
bered anticodon loop, however, binds its complementary oli-
gomers, so the small size of the dihydrouracil loop cannot
be the only reason its complementary oligomers do not bind
the tRNA. The nucleotide dihydrouridine forms only very
weak base pairs (Cerutti et al., 1966) so it is not unexpected
that C-C-A-C complementary to G-D-G-Gjs_13 does not
bind strongly to the tRNA. If the loop were free, however,
one would expect U-U-C, U-C-C, and U-U-C-C to bind to
the G-G-A-A 7.5 region with an association constant of
about 1000 M~! which would be easily detected by this
technique. The fact that these oligomers do not bind indi-
cates this loop is involved in tertiary folding.

The binding pattern to the anticodon loop is very similar
to that for other tRNAs studied.! The five nucleotides at
the 5" end of the loop bind to their complementary oligom-
ers while the two bases on the 3’ end are apparently un-
available for binding. One of these two bases is a hypermo-
dified adenine, t®A. This nucleotide may prevent oligomers
complementary to the nucleotides at the 3’ end of the anti-
codon loop from binding to the tRNA.

The sequence of the anticodon loop of E. coli tRNAMet
is nearly identical with that of the anticodon loop of yeast
tRNAMet E coli tRNAMet hag an unmodified adenosine
on the 3’ end of the anticodon, but in the yeast species that
adenosine has a threonyl hypermodification at N®. The
binding pattern to the anticodon loop of E. coli IRNAMet jg
compared to that of yeast tRNAM™et in Table 111. There are
no outstanding differences between the two indicating the
structures of the two anticodon loops are similar, in spite of
the hypermodified t°A in the yeast tRNA. The hypermodi-
fication apparently does not drastically affect codon or
wobble codon binding. The binding of A-U-G to yeast
3312
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Complementary
K@ Regions of tRNA?
Oligomers complementary to
dihydrouracil loop
C-C-A-C <500 15-18 (7-10)
U-C-C <500 17-19 (51-53)
U-U-C <500 18-20
U-U-C-C <500 1720
Oligomers complementary to
anticodon loop
G-A-G 3,300 31-33(48-50)
U-G-A <500 32--34
U-G-A-G 5,000 31-34
A-U-G 2,000 33-35
A-U-G-A 6,200 32-35
U-A-U-G 500 33-36
A-U-G 4,000¢  33-35
Oligomers containing
wobble codon
G-U-G 1,900 33-35
G-U-G-A 8,000 32-35
Oligomers complementary to
Ty C loop
G-A-U <500 53-355
U-C-G <500 55-57 (61-63)
C-C-G-A 1,300 54-57
U-U-U-C <500 56-59
U-U-C <500 56-58
Oligomers complementary to
amino acid acceptor
end
UG-G 1,800¢  73-75
G-G-U 40,000c  72-74 (37-39)
U-G-G-U 30,000¢  72-75 (59-61)
Others
G-C-G 1,200 (3-5)(11-13)(22-24)
(68-70)
C-C-G 2,500 (65—67)50-52)
GG-C 20,000¢  (4-6)
A-C-G <500 None
U-U-G-U <500 None
C-U-G <500 (26-28)(13-195)
G-U-U <500 (36-38)(58—-60)
A-U-G-C 1,200 None

a Association constants were measured at 0°. 1 M NaCl-0.01 M
MgCl-0.01 M sodium phosphate (pH 7.0). & Regions enclosed
in parentheses are contained at least partially in one of the four
double helical stems of the tRNA cloverleaf. ¢ Association constants
of oligomers containing the sequence GpG were measured at 0°, 1
M NaC1-0.001 M EDTA-0.01 M sodium phosphate (pH 7.0).

tRNAMet and E. coli tRNAMet and E. coli tRNAMet
was measured by Hogenauer et al. (1972) under slightly
different conditions. Although these association constants
differ greatly from those in Table 11, the same conclusions
were drawn; the t°A does not seem to affect codon binding.

It is interesting to note the wobble codon binding is as ef-
ficient as codon binding. Both G-U-G and G-U-G-A bind to
the tRNA as strongly as A-U-G and A-U-G-A, respective-
ly, indicating the G-U base pair at the 3’ end of the antico-
don is as strong as an A-U pair.

Degeneracy in the genetic code occurs for noninitiation
codons primarily in the nucleotide at the 3’ end of the
codon. The initiator codon is unique; however, its degenera-
cy occurs in the nucleotide at the 5’ end of the codon. Both
A-U-G and G-U-G code for initiation. Apparently for
noninitiator tRNA-codon complexes, a G-U base pair re-
sults in a stable complex only if the mismatch is between
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Table III: Association Constants of Oligomers Complementary to
the Anticodon Loops in E. coli and Baker’s Yeast Initiator tRNAs.2

K for E, coli K for yeast
Oligomer tRNAfMet (in M~')  tRNAfMet (in A1)
G-A-G 1,000 3300 + 500
U-G-A 400
A-UG 1,200 2000
G-U-G 1,200 1900
A-U-G-A 13,500 6200
G-U-G-A 9,800 8000
U-G-A-G 2,800 5000
A-U-G-C -b -b
U-A-U-G -b -b

a The conditions are the same as given in Table I. Data for E. coli
tRNAfMet are taken from Uhlenbeck (1972). & Tetramer association
constants marked with — are judged not binding as tétramers be-
cause the association constant of the tetramer is less than twice the
sum of the association constants.of its constituent trimers. Presum-
ably, only three of the four nucleotides in the tetramer are binding
directly to the tRNA.

the nucleotide at the 5’ end of the anticodon and the nucleo-
tide at the 3’ end of the codon. With initiator tRNAs, how-
ever, a G-U mismatch at the other end of the codon is al-
lowed.

The degeneracy in the genetic code, in the nucleotide at
either the 3’ or the 5’ end of the codon, is always the same
degeneracy seen in oligonucleotide binding experiments. In
E. coli tRNAMet the unusual wobble at the 5’ end of the
codon was attributed to the absence of a tSA hypermodified
nucleotide adjacent to the anticodon (Dube et al., 1968).
All presently sequenced noninitiator tRNAs with a U at the
3’ end of the anticodon have a tA next to the anticodon.
The triplet that codes for the amino acid of each of these
tRNAs is AXY, where X and Y are any of the four nucleo-
tides. GXY, the corresponding triplet which would bind to
the anticodon with a G-U base pair at the 3’ end of the anti-
codon, does not code for the same amino acid. This suggest-
ed that the role of the tA adjacent to the anticodon was to
prevent a G-U mismatch at the 3’ end of the codon. The
present results disprove this speculation. Both G-U-G and
A-U-G bind equally well to yeast tRNA™Met in spite of the
presence of the tSA nucleotide.

Stewart et al. (1971) demonstrated that a mutation
A-U-G to G-U-G at the initiation site of iso-1-cytochrome ¢
in yeast prevents synthesis of the protein. They then con-
cluded G-U-G is not recognized in vivo as an initiation
codon in yeast. The present results demonstrate G-U-G
does bind to yeast initiator tRNA. The fact that G-U-G
does not initiate protein synthesis in Stewart’s mutant can-
not be attributed to poor G-U-G-tRNAMet a550ciation.

Perhaps the most interesting results are for the TYC loop.
Eucaryotic initiator tRNAs are unique; in five which have
been studied, the sequence T-y-C-G is replaced by A-U-C-
G (Simsek et al., 1973; Piper and Clark, 1973). Whatever
role these modified bases play in the functioning of noniniti-
ator tRNAs and E. coli initiator tRNA, they are unneces-
sary for the functioning of yeast initiator tRNA. The se-
quence of yeast initiator tRNA is also unusual at position
59 where there is an adenosine; in all other sequenced
tRNAs there is a pyrimidine at the 3’ end of the Ty C loop.
This unusual sequence of the TYC loop does not affect
binding at all. Like E. coli tRNA™et and E. coli tRNATY"
(Uhlenbeck, 1972) no oligomers complementary to the Ty C
loop bind to yeast tRNAMet, Even without TyYC it appears
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the TYC loop is buried in tertiary structure and unavailable
to bind its complementary oligomers.

The three oligomers complementary to the amino acid
acceptor end all bind to tRNA™et from yeast about half as
strongly as to other tRNAs.! This may be because the
amino acid acceptor end of yeast initiator tRNA is involved
in tertiary structure. It is also interesting to note the -C-C-
A end of many tRNAs is easily hydrolyzed during purifica-
tion or other handling of the tRNA. This is evidenced by
the fact that the addition of both CTP and ATP to the incu-
bation mixture when aminoacylating many yeast tRNAs
increases the amino acid acceptance of the tRNA over that
when only ATP is added. The -C-C-A end of yeast
tRNAMMet js relatively stable and remains intact under con-
ditions where other tRNAs lose their -C-C-A. Preincuba-
tion of yeast tRNAMet with CTP, ATP, and crude E. coli
protein extract does not increase its methionine acceptance
activity.

‘The two trimers U-G-G and G-G-U both have the same
base composition and very similar nearest neighbor interac-
tions yet their association constants to the amino acid ac-
ceptor end of the tRNA are greatly different. According to
the cloverleaf model, the amino acid acceptor end is a free
single-stranded end. We expect the binding of oligomers to
it to be different from the binding to tRNA loops. The tri-
mer U-G-G is complementary to C-C-A73_7s, the end three
bases, while G-G-U is complementary to the A-C-C73.74,
adjacent to the double helical region of the amino acid ac-
ceptor end. The fact that G-G-U binds so much more
strongly than U-G-G is probably because the G-G-U forms
a helix with A-C-C73_74 which can stack on the amino acid
acceptor end helix forming one continuous helix. The three
base pair helix that U-G-G forms with C-C-A73_75 is one
base removed from the double helical stem so it cannot
stack on that stem. Also, we expect the base pair at the end
of a chain to be less stable than interior base pairs (Levine,
1974).

The difference between the association constants of
G-G-U and U-G-G to yeast tRNA™et may not reflect
tRNA structure. The binding of oligoribonucleotides to
synthetic RNA copolymers was measured by Lewis et al.
(1975). The measured association constant of U-G-G to po-
ly(A46,C) is 15,100 M~1, corrected for site concentration
of the complementary sequence assuming random copoly-
merization. Under the same conditions, 0°, 1 M NaCl-
0.005 M EDTA-0.01 M cacodylate (pH 7.2), G-G-U binds
to poly(A4.6,C) with an association constant of 90,000 M~ 1.
This indicates the stronger binding of G-G-U to yeast
tRNAMMet than that of U-G-G may be due only to sequence
differences and not differences in the structure of the com-
plementary site caused by tRNA conformation.

Comparison of Results with Crystal Structure. A de-
tailed model of the tertiary structure of yeast tRNAPhe
based on X-ray crystal diffraction data has been proposed
by Kim et al. (1974a) and Robertus et al. (1974). Based on
this model of yeast tRNAPhe, Kim et al. (1974b) have pro-
posed a general model of the structure of tRNA. The se-
quence of yeast tRNAMet j5 similar enough to that of yeast
tRNAPhe that tertiary structure base pairs proposed for
tRNAPe are also possible for yeast tRNA™Met, The tertiary
structure base pairs necessary to fit yeast tRNAMet to the
yeast tRNAPhe tertiary structure are G7:Cy2:Gy2, Us-Ajg
Az, Gism3G4s, Gi7Uss, Gi13-Css, Goi-m’Gas, and
m2Gjs-Ag3. A tertiary structure for yeast tRNAMet can
therefore be imagined similar to the crystal structure of
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FIGURE 3: (a) A schematic drawing of the anticodon loop of yeast
tRNAMet 5ccording to the model of Robertus et al. (1974). With C,
and Usz stacked on the inside of the loop there is no room for the tri-
mer G-A-G to fit inside the loop and bind to C-U-Cj3,_33. (b) By rotat-
ing the bases C3; and Us; to the outside of the loop and changing the
conformation of the loop slightly it is possible to bind G-A-G to the
tRNA.

yeast tRNAFbe Are the binding data consistent with such a
structure?

According to the Kim and Robertus structure, only D¢
and Ajg in the dihydrouracil loop are not hydrogen bonded.
The nonbinding of all oligomers complementary to the
dihydrouracil loop supports this model while the binding of
oligomers complementary to the dihydrouracil loop in other
tRNAs is not consistent with the model. In the TYC loop,
the X-ray data support a model where all of the bases are
sheltered, either base paired or involved in internal stacking
interactions. Again, the binding results are consistent with
this model. For the anticodon loop, the yeast tRNAFhe crys-
tal model is incompatible with the binding results. Applying
the model of Kim et al. (1974a,b) and Robertus et al.
(1974) to the anticodon loop of yeast tRNAM™et there
would be no room for the trimer G-A-G to bind to C-U-
C3y_33. This is illustrated in Figure 3a. However, a slight
modification of the structure would allow G-A-G to bind.
This is illustrated in Figure 3b. The fact that the tetramers
A-U-G-A and U-G-A-G both bind to the tRNA either sup-
ports a model of the anticodon loop which is flexible, or in-
dicates the crystal structure is not identical with that in so-
lution. Binding of U-U-C-A-G to yeast tRNAPh® (Eisinger
and Spahr, 1973) is also consistent with this conclusion.

A schematic drawing of yeast tRNA™e¢t in the L config-
uration is shown in Figure 1. It is clear that the binding re-
sults are consistent with this overall shape.

Conclusions

Yeast tRNAMet s functionally unique from other
tRNAs. Complementary oligonucleotide binding results
show, in spite of its unusual biological role, its secondary
and tertiary structure are not drastically different from that
of other tRNAs. The binding pattern to the anticodon loop
is similar to that of other tRNAs. The TYC loop, in spite of
the fact it does not contain the sequence T-y¥-C, does not
bind its complementary oligomers. The amino acid acceptor
end binds its complementary oligomers, although it does so
more weakly than many other tRNAs. The dihydrouracil
loop of yeast initiator tRNA is unusual; it binds no comple-
mentary oligomers. Comparison of these binding results
with those for oligomers binding to other tRNAs suggests
the overall three-dimensional structure of yeast initiator
tRINA is similar to that of other tRNAs. The structure indi-
cated by oligonucleotide binding results is on the whole
compatible with the crystal structure of yeast tRNAPhe,
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