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SUMMARY: A model for tRNA is described which has as its basic structural
mode a four stranded RNA helix, formed by pairing two stems respectively
from the four ubiquitous arms of the clover-leaf secondary structure. The
relation of the model to biochemical and crystallographic data on tRNA is
considered.

A knowledge of tertiary structure of tRNA is of great importance in
molecular biology, and much effort has been put into its elucidation over
the last decade (1,2) by various chemical, enzymatic, physical-chemical,
X-ray diffraction  and model building investigations (1-25). In this re-
port, we deseribe a new model for the tertiary structure of tRNA which was
conceived in the course of attempting to correlate currently available che-
mical, genetic (1-14) and X-ray crystallographic data (15-19).

The model differs substantially from previous ones (20-25) in its basic
structural mode, which is a four-stranded RNA helix (26), formed by pairing
two stems respectively from the four ubiquitous arms of the clover-leaf se-
condary structure. A Kendrew wire model (27), a space-filling CPK model
(28), and a computer generated model (29) have been constructed for the se-

quence of Baker's yeast tRNAAiz

(30).

Figure l-a shows the clover-leaf secondary structure in which close base-
base interactions in the tertiary structural model are indicated by the
dotted lines (residue nutbers given in the legend), Figure 1-b shows the
back~bone arrangement. This model utilizes hydrogen bonding by the exocyc-
lic hydrogens of the base-paired residues in the wide groove of the helices
of the clover-leaf. In this manner two four-stranded helical segments are
formed, running in the same direction, but with their axes displaced by
7.5 .
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Figure l-a. Seguence of yeast tRNAAla folded intc clover~leaf secondary

structure. Close base-base tertiary S%%uctural interactions involve resi-
dues: Th-L0, T3-h1, 2-32, T2-h2, 3-31, T1-43, 4-30, TO-bL, 69-45, 66-10,
51-26, 65-11, 62-1k, 61-16, 60-17, 58-19, 57-20, 56~21. Note that the
conventional format <for the presentation of the clover-leaf has not been
used. Rather the adjacency of arms has been changed to enable a spatial
arrangement that displays the wide grooves on the surface presented to the
viewer. The model is folded in three dimensions by the following operations.
First the DHU arm 1s raised out of the plane of the paper and then 1is ro-
tated 180° so that the narrow groove faces up. Then, the anticodon arm is
similarly rotated to bring its narrow groove facing up. By these motions
thege wide grooves can be brought into interaction with the wide groove
side of the adjacent TYC and CCA stems. Some abbreviations are: L

T, ribothymidine; ¥,pseydouridine; I, inosine; MG, l-methylguanosine, mI,
l-methylinosine; dmG, N -dimethylguanosine.

Figure 1-b. Schematic presentation of the backbone of the model.

One of the standard pairing schemes in such a four-stranded helix is
shown in Figure 2-a (31-33). It should be noted that a full complement of
hydrogen bonds between all the base pairs of the double helices to form
base tetrads of the kind shown in Figure 2-a is not a requirement of the
model; but a compatible steric arrangement with equivalent Van der Waal's
contacts for such base tetrads without hydrogen bonds is & requirement.

This four-stranded helical arrangement not only brings together the non-heli-
cal loops and terminus so that they can form acceptable interactions, but

also keeps the molecule very compact (34%,35). This arrangement also provides
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Figure 2-a. Base pairing scheme of four stranded helix. The arrangement

of the antiparallel arms is such that all four chains are antiparallel. Wide
grooves are completely removed from solvent by this H-bcnding scheme, which
ought to provide extra stability to the Watson-Crick base pairs.

Figure 2-b. A schematic presentation of the folding of the central part

of the model. The l-carbon of each residue 1is shown by a dot. Double
lines indicate Watson-Crick base pairs. A shaded area represents a base
tetrad plane (similar to that in Figure 2-a). The 1-C of residue 29 is under
that of residue 5. Note that this central region is less dense than the
helical regions.

for more even distribution of the mass in the molecule, which seems desirable
in view of the packing requirements {36) of the molecule into known unit cells
of tRNA crystals (18,37-39). The molecule has dimensions of 24 x 32 x 80 R,
However, due to the high degree of hydration of tRNA in aqueous solution’
{about 0.8 g of water per g of tRNA (40)), the apparent dimensions including
the solvent shells could be about 40 x 90 %.

The TYC and DHU stems are associated at one end and the CCA and the anti-
codon stems at the other. Interactions between the DHU and the TYC loops re-

sult in mutusl shielding (3,4,6,7,9,41,42); the ssme is partially true for
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the CCA end and the anticodon loop (3,4,6,7,9,14,41-46). Thus, the molecule
has no exposed region except for the anticodon and the CCA terminal, In con-
sidering alternative schemes for pairing of the helical segments of the clo-
ver-leaf, account has been taken of the report that in denatured {but highly
structured) tRNAL§u from yeast, the anticodon and TYC stems may be linked
under conditions where effective charge neutralization is not achieved. In
this case, it was suggested that upon appropriate site binding of cations, a
stabilized DHU helix interacts with the TYC helix to give rise to the bio-
logically active conformation (47).

The central connecting region between the two helical sections enables
the polynucleotide chains to complete the necessary folding. A schematic
diagram of this section is shown in Figure 2-b. This scheme appears to be
universally applicable to all tRNA sequences since in this region they dif-
fer significantly only in the region of the "extra arm", which plays a
minor role {7,42,48). The extra helix can be accommodated close to the an-
ticodon arm without significantly modifying the gross molecular structure
(see Figure 1-b and 2-b) (4g).

To maximize the number of non-clover-leaf hydrogen bonds throughout the
molecule, various non-Watson-Crick base-pairing arrangements (50), previously
observed from single crystal structure analysis {51), have been utilized.
Thus, the molecule contains twenty-four more hydrogen bonds than in the clo-
ver-leaf structure (52,53). Bases are also continuously stacked through the
central folding region. The roles of unusual bases and the variable length
of the extra arms have been examined also in connection with the stability of
tRNA tertiary structure and its resistance to nuclease attack (54-6L).

A1l the dihedral angles are close to the standard values (65-67). There
are six "syn" conformations(residues 8,16,17,28,40 and 69) (64,68). For the
non-helical regions bond angles and bond lengths have been calculated to be
close to the standard values (65) from the measured coordinates of the

Kendrew wire model (average bond length = 1.5 R, S.D. = 0.14 X, average bond
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angle = 111.0°, 8.D. = 9.0°), and non-bonded interatomic distances have been
also checked with those coordinates (average of distances shorter than 3.3 2
=2.8 8) (69) and at the level allowed by the space-filling CPK models. For
helical regions, all of these parameters have standard values. These calcu-
lations indicate that the model is stereochemically sound. Close phosphate-
phosphate distances less than 6.0 X located in the central folding region,
are following: Residues 5-6 (5.77 &), 7-8 (5.99), 7-28 (5.95), 8-9 (L.60),
8-28 (4.h42), 45-46 (5.86), 48-68 (5.26), L9-68 (5.40), 68-69 (5.21). Twenty
to thirty weak divalent cation binding sites (or double that many monovalent
ones) (70) are required in the four-stranded region of the helix (the closest
interchain P-P distance is 5.33 X) in addition to a few strong cation binding
sites in the central region (70).

Synthetase recognition in this model could involve one whole surface of
the molecule, the backside of the model in Figure 1-b which consists largely
of the CCA and DHU arm (71-Tk). Since the gross structure would be similar
for all sequences, primary structure on the surface involvea could provide
the main source of recognition., This model would not require gross change
for aminoacyl tRNA (75). In this model, the recognition of codon message
and peptide formation are made in one end of the molecule while at the other
end the role of DHU and TYC loops is suggested in the involvement of peptidyl
site binding (9,76-T8). The model is consistent with photo-dimerization (the
distance between C13 and U8 is 4-5 R) (79) and fluorescence data (80,81).

The molecule can "breathe", and even assume larger dimensions in response to
changing ionic enviromment (53,82), by merely opening the two ends of the
structure. In such cases, the central region would be quite slim.

The placement of the CCA end near the anticodon loop does not preclude
a reasonable distance on the ribosome between an amino acid residue on one
tRNA and a peptidyl group on the adjacent tRNA (83). This arrangement of
CCA end and anticodon loop mekes possible an anticodon conformation that

suggests a new mechanism of wobble base-pairing (84). This novel arrangement
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consists of one single stranded helix (residues 36,37 and 38) with its axis
perpendicular to the molecular axis and two bends at residues 35-36 and 38-39
(see Figure l-a and 1-b)}. Owing to disruption of the helical conformations,
and the flexibility of the polynucleotide chain, residues 36 and 38 but not

37 can wobble simply by adopting a variety of allowed ribose and backbone con-

formations.
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