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ABSTRACT The x-ray analysis of the monoclinic form of
yeast tRNA~h. has been taken to a resolution of 2.5 A by the
method of isomorphous replacement. The model ropsed at
3 A has been confirmed and extended to revea a ditional
features of the tertiary structure and of the stereochemistry.
An extensive hydrogen bonding network is described involv-
ing specific



Proc. Nat. Acad. Sci. USA 72 (1975) 4415

acm---
Yeast tRNAphe
(a)

augmented D-helix
| D-stem I|

51

D arm

31

A
'pG * C

C * G a a stem
G * C70

_ G-U _
5A * U
U * A T+Carm

* A,...

ac
loop-I

FIG. 1. (a) The nucleotide sequence of yeast tRNAPhe (6) ar-

ranged in the cloverleaf formula. Bases invariant in all tRNA se-

quences (7) are circled; semi-invariants, i.e., purines or pyrimi-
dines exclusively, are in parentheses. Bases paired in the tertiary
structure are joined by solid lines, and those which stack on each
other by dashed lines. A21 (dashed arrow) is discussed in the text.

(b) Generalized formulae for the D-arm (left) and TIC loop
(right), with divisions indicated by the tertiary structure: R, pu-
rine; Y, pyrimidine.

G-U base pair
Yeast tRNAPhe has a base pair G4-U69 in the amino-acid
stem and hence affords the first opportunity for observing
directly what happens when a G and U face each other on

opposite strands of a nucleic acid double helix. In his "wob-
ble" theory, Crick (9) predicted that the glycosyl bonds
would suffer a relative displacement to allow the two bases
to make two H-bonds. The electron density for the bases- G4
and U69 is quite good (Fig. 3). Their relative position indi-
cates that two H-bonds are formed between them and that
no tautomeric shifts are necessary. The backbone density, al-
though weak toward the CCA end, is sufficient to show that
the "wobble" in forming the G-U pair is accommodated lo-
cally with acceptable rotations in the backbone bonds (Fig.
3, inset). These rotations produce trans conformations (rath-
er than the normal gauche +) for the C4'-C5' bonds of the
two sugars on either side of phosphate 5, which is itself dis-
placed by about 2 A from its normal position in a regular
double helix.
G-U base pairs are quite frequent in the cloverleaf struc-

ture (14). They are often found in the middle of the aa stem,
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FIG. 2. A schematic diagram of the chain folding and tertiary
interactions between bases in yeast tRNAPhe. The ribose-phos-
phate backbone is shown as a continuous line. Base pairs in the
double helical stems are represented by long light lines and non-
paired bases by shorter lines. Base pairs additional to those in the
cloverleaf formula are represented by dotted lines.

as in yeast RNAPhe, and may function as a recognition site in
this exposed stem. The commonest position for a G-U pair is
at the junction of aa and TIC helices, i.e., at 49-65 in Fig.
2. Here its role could be structural, to lessen the strain at the
sharp bend between residues 48 and 49. Indeed in our
model, phosphate 49 is displaced quite appreciably from its
helical position to avoid the bad contacts which would other-
wise be made.

Invariant and semi-invariant bases
A further role for invariant or semi-invariant bases in the
tertiary structure is to fix the conformation of the backbone
in tight regions. The cases of A21, G18, and '55 are dis-
cussed below. A further example is the base in position 61 in
yeast tRNAPhe which is a C in all known sequences. The N4
of C61 hydrogen bonds to an oxygen of phosphate 60 and
thus is part of the H-bonding network which anchors this
part of the TIC loop at the end of the augmented D helix.
A new semi-invariance has come to light. The 2'OH of ri-

bose 9 is the acceptor of a hydrogen bond from N4 of base
ClI, a bond made possible by a 2'-endo conformation of the
ribose ring. This 2'OH could just as easily make an H-bond

Table 1. X-ray refinement statistics to 2.5 A

Derivative rms fH rms E P = fHIE n

trans-C12(NH3)2Pt 55.3 42.4 1.31 5505
Lu3+ 70.9 53.2 1.33 3843
Sm3+ 50.8 43.0 1.18 6035
Os-ATP complex 40.4 41.4 0.98 5870
Pt + Lu 58.0 48.5 1.19 5242
Hg (HQDA) 43.2 48.8 0.88 5595

fH is the calculated heavy atom structure factor. E is the closure
error, fH (obs:) - fH (calc.). P is the "phasing efficiency" of a de-
rivative. n is the number of reflections used in the refinement.
HQDA is hydroxymercuri-hydroquinone-O0-diacetate. The pre-
vious refinements at 3 A (1) were done using the most probable
phase angles, but in repeating and extending these computations,
"best" phase angles were used, as it was found that this reduced the
dominance of the most strongly occupied derivatives on the phas-
ing. The final figure of merit for 6139 reflections from 20 to 2.5 A
was 0.59.
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FIGS. 3 AND 4. (3) The G-U base pair. A composite of three map sections 1 A apart is shown, but the superposed atomic skeleton is
shown over a greater depth to provide continuity. Grid squares are of side 5 A. Inset: the backbone around the G residue showing the move-
ment of phosphate 5; dashed arrows mark riboses with trans configurations. (4) Two of the base pairs involved in forming the "conserved
cluster. " G18 donates hydrogens from both N1 and N2 to the 04 of I55 and from N2 to 01' of m1A58. Its 06 receives from the 2'-OH of ri-
bose 55. In addition, but not shown here, ribose 2'OH of G18 donates to an 0 of phosphate 19 and receives from N2 of G57.

to a U in position 11 by donating to atom 04 of the U, and,
indeed, one finds that all known tRNA sequences (7) do
have either a C or a U at position 11. It may be relevant that
the pair 11-24 is the site of the mutation in the tryptophan
suppressor tRNA from U-G to U-A (15).

Augmented D-helix, T-join, and "variable pocket"
We have already described the major skeletal substructures
in the molecule (1). The amino-acid stem and the TIC stem
are stacked to form a long, double helix with a "break" be-
tween residues 7 and 49 (Fig. 2). Approximately at right an-
gles to this break lies the augmented D helix (1) forming the
central part of the molecule. This consists of the D stem, ex-
tended in length by the residues 14, 15, and 59 (to the left in
Fig. 2) and by 26 (to the right), and augmented laterally by
interactions with the extended sequence 8-9 and with resi-
dues 48 and 46 of the extra loop.
The augmented D helix contains the base triples A9-U12-

A23, C13-G22-m7G46, and the non-standard pairs U8-A14
and G15-C48. There was a puzzle about A21 which, al-
though making an H-bond to the ribose of U8, appeared not
to form a pair of stereochemically acceptable H-bonds to
U8-A14 (1). Now the best fit to the new map still has the
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base A21 turned so that its active groups do not point to the
bases U8 and A14, but rather make H-bonds to riboses 8 and
48. The latest report of the orthorhombic structure (16) now
also has A21 hydrogen bonded to ribose 8, rather than to the
base pair 8-14 as first stated (2).
The axis of the augmented D helix is roughly perpendicu-

lar to the amino-acid + TIC helix and joins it near its cen-
ter, so that the two are arranged like the letter T. On the
near side (as viewed in Fig. 2) of this T-join there is an intri-
cate hydrogen bonding network crosslinking the backbone
at residues 59 of the TIC loop, 48 of the extra loop, and 7
and 49 on each side of the "break". A21 also participates, as
just mentioned.
On the far side of the T-join there is, by contrast, less H-

bonding. Here the residues D16 and D17 arch out from the
molecular surface and together with G20 form a patch of
variable and exposed bases (1). Residues U59 and C60,
which are, so to speak, expelled from the TIC loop, also lie
in this neighborhood, but somewhat deeper into the molecu-
lar body, so that the five bases together form a pocket (Fig.
5). This grouping of the variable bases of the D and TIC
loops suggests that they form a protein recognition site, or
part of some discrimination mechanism for different tRNAs.

FIGS. 5-7. (5) The segregation of invariant and variable bases in the D and TIC loops. The aa + TIC arms and part of the D loop are
shown as viewed looking down from a point to the left of the aa stem in Fig. 2. The variable bases (underlined) fall above and to the left of
the conserved cluster of invariant bases 18, 19, and 54-58. Bases are represented by hatched circles and hydrogen bonds by dashed lines.
Empty arrows indicate points where the chain would continue to the other half of the molecule. (6a) Edge-on views of the bases at the
junction of the D and anticodon stems. A composite of four map sections, 2 A apart, normal to the a axis is shown. (6b) A slice in a plane at
right angles to (a), showing one of the base pairs in the junction. (7) Edge-on views of the bases of the anticodon. Only part of the density of
the adjoining Y base is visible. The contours at the top right belong to the TIC stem of an adjacent molecule. The slab of density is 8 A deep
and cut normal to the a axis.
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Interaction of TIC and D loops
The 2.5 A map shows that the five uncertain residues follow
the first of the alternative paths described (1) and appear to
be in positions similar to those proposed for the orthorhem-
bic form (2). Our knowledge of this one tertiary structure
and of common features in tRNA sequences prompt us to di-
vide the D loop into three parts (Fig. lb). The first division,
D1, contains the invariant or semi-invariant residues 14, 15,
and 21 and augments the D stem. The second division, D2, is
variable in number and in yeast tRNAPhe contains D16,
D17, and G20. These bases together with U59 and C60 form
the variable pocket described above. The third division, DI,
consists of the two invariant Gs, numbered 18 and 19 in
yeast tRNAPhe. In the structure they become integrated with
five residues of the TIC loop (Ti in Fig. lb), the two
stretches reciprocally stabilizing one another. This cluster of
conserved bases forms a short stack which extends below the
T*C stem (Figs. 2 and 5).
The base G18 is used to almost its full hydrogen bonding

capacity. It is H-bonded to both the base and ribose of L55,
and also to ribose 58, a residue on the opposite side of the
TIC loop from 55 (Fig. 4). The base G18 of the D loop thus
spans the two sides of the TIC loop, helping the chain make
the tight turn at residue C56 at the bottom of the loop. The
base C56 is itself held in place by three hydrogen bonds to
G19 in the only Watson-Crick pair found outside the heli-
ces. Further, 02' of ribose 18 and 01' of ribose 19 are H-
bonded to the amino N2 of the base G57, which is intercalat-
ed between G18 and G19 (1). Thus, reciprocally, through
G57, the TIC loop helps the D loop make its turn.

In the T'C loop itself, T54 is hydrogen bonded to m'A58
(Fig. 4). The base mIA58 stacks on top of the three bases
G18, G57, and G19 to form a stack of four purines. The in-
teractions of '55, C56, and G57 have been described above.
It may be significant that the unique potential H-bonding
site Ni of ' does not appear to be used in the tertiary struc-
ture. Finally, the bases U59 and C60 are oriented quite dif-
ferently from the rest of the bases in the loop. U59 stacks on
the pair G15-C48, and together with C60, appears to point
towards an ion, but otherwise remains accessible in the arch
formed by D16 and D17. Ribose 59 reaches across to ribose
48 to form an H-bond between the two 2'0's. Phosphate 60
is firmly anchored to the 2'OH of m'A58 and to N4 of C61.

Junction of anticodon and D helices
The anticodon stem is not simply continued on from the D
stem, as is the amino-acid stem from the TIC stem. Unlike
the situation at the latter junction, there is always a lone base
here in the sequence, m2G26 in yeast tRNAPhe. In the terti-
ary structure it lies between the base C27 at the end of the
anticodon stem and the pair m2G10-C25 at the end of the D
stem (Fig. 6a), but whereas the stacking on 27 continues the
helical succession, the screw relationship to residue 25 is dif-
ferent. The anticodon helix is tipped by about 200 to the D
helix (1) and its large groove is thus narrowed. The base A44
is not coplanar with m2G26 but the distances between the
Ni's and between 06 of G and N6 of A indicate that they
form an H-bonded pair (Fig. 6b). Likewise, although G45 is
not coplanar with the pair m2GlO-C25, its N2 is within H-
bonding distance of N7 and 06 of m2G10, so that these bases
probably form a base triple.
When building the 3 A model, we did not make the H-

bonds just described, because the members of each potential
base pair lay in distinct planes (Fig. 6a). The 2.5 A map,
however, leaves us in little doubt that the active groups have

favorable mutual orientations and separation distances. In
the orthorhombic crystal structure, the bases m'G26 and
A44 were thought to be H-bonded (2), probably by a single
bond (16), but there appears to have been further uncertain-
ty on this point (cf. Fig. 3 of ref. 16, where they are shown as
unbonded).
Anticodon loop
The anticodon loop resembles the model suggested by Fuller
and Hodgson (17) in having five bases stacked on the 3' side
and two on the 5' side. Our earlier description (1) stands, but
further fine details have emerged. Thus, on the 5' side, the
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two together might not help form some signal for a prelimi-
nary binding step. It is clear, however, that one is only at the
beginning of relating the structure of tRNA. and its possible
conformational changes to actual biochemical processes, but
a knowledge of the features outlined above and earlier pro-
vides a necessary framework for this understanding.
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