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The structure
of the ribotrinucleoside
diphosphate
UpUpC,
the codon for
phenylalanine,
bound to yeast tRNAPh”
m
. solution
is elucidated
using timedependent
proton-proton
transferred
nuclear
Overhauser
enhancement
measurements
to determine
distances
between
bound
ligand
protons.
The
glycosidic
bond and ribose conformations
are low anti and 3’-endo, respectibely,
typical of an A-RNA
type structure.
The main chain torsion angles are all within
the range of those expected
for A-RNA
but small differences
from those in
conventional
A-RNA
11 result in a special structure
with a larger rotation
per
residue (40 to 45” compared to 32.7” in R-RNA
11) and almost perfect stacking of

the bases. These two structural

features, which are similar to those found in the

anticodon
triplet of the monoclinic
crystal form of tRNAPh”, can account for the
known
greater
stability
of the codon-anticodon
complex
relative
to an
equivalent
double helical RNA trimer with a conventional
A-RNA
structure.

1. Introduction
In recent years a considerable
amount of structural
data has been accumulated
on
a number of isolated tRNA species both in the crystal state from high-resolution
see Kim,
1981; Wright,
1982) and in
X-ray
diffraction
studies (for reviews,
solution from ‘H n.m.r.“r studies, principally
involving
the use of the nuclear
Overhauser
effect to demonstrate
the proximity
of imino protons
in space
t Abbreviations
used: n.m.r., nuclear magnetic resonance; NOE, nuclear Overhauser
TRSOE, transferred nuclear Overhauser effect; D, deuterium; p.p.m., parts per million.
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(Johnston & Redfield, 1978; Roy & Redfield, 1983; Hare & Reid, 1982; Heerschap
data available as yet
on codon-tRPiA complexes. Previous work in this area has concentrated mainly
on exploring the thermodynamics (Uhlenbeck et al., 1970; Eisenger et al., 1971;
Pongs et al., 1973; Eisenger & Gross, 1975; Grosjean et al., 1976; Pijrschke &
Labuda, 1982; Labuda & Piirschke, 1983) and kinetics (Yoon et al., 1975; La,buda
& PGrschke, 1980) of codon-anticodon
interactions,
and on observing
conformational
changes induced by codon binding, by means of fluorescence
probes (Schwarz et al., 1976; Robertson et al., 1977); chemical modification
(Wagner & Garrett, 1979) and shifts in the proton magnetic resonances (Geerdes et
al., 1980a,b). Given that the codon-anticodon complex plays a central role in the
translation of the genetic message during protein synthesis, it is clear that a
complete understanding of this process will require a knowledge of the structure
of the codon-anticodon
complex. As a first step in this direction: we have made
use of time-dependent proton-proton
transferred nuclear Overhauser enhancement measurements (Clore & Groneneborn, 1982,1983a) to determine intra- and
et al., 1982,1983a,b). However, there are no direct structural

internucleotide

interproton

distances

between

protons

of the

ribotrinucleoside

diphosphate UpUpC, the codon for the amino acid phenylalanine, in its complex
with yeast tRh’A Phein solution. From these distances, the struct’ure of UpUpC
bound to tRNAPh” is solved by model building.

2. Experimental
UpUpC was synthesized from the suitably protected nucleosides according to the
1-hydroxybenztriazole
phosphotriester approach (Van der Mare1 et al., 1981), deblocked in a
series of 3 steps and purified by anion-exchange chromatography
on Sephadex A-25. The
purity
of the isolated oligoribonucleotide
was controlled by high pressure liquid
chromatography
on an anion-exchange column. The purified product could be digested
completely by ribonuclease T, to give uridine 3’-monophosphate and cytidine in a rat’io of
2: 1.
Yeast tRrJAPh” was purified to homogeneity by chromatography initially on benzoylated
DEAE-cellulose
followed by elution from a 21 mm x 250 mm column of ODS-Hypersil
containing dynamically bound trioctylmethylammonium
chloride (Bischoff et al., 1983). No
attempt was made to remove tightly bound magnesium ions from the purified tRXAPh’.
The samples for ‘H n.m.r. were freeze-dried extensively from 99.6% D,O and finally
dissolved in 99.96% D,O buffer containing 10 mar-phosphate, 0.02 mM-EDTS, 500 mMKCl; pH* 6.6 (meter reading uncorrected for the isotope effect on the glass electrode). Ail
glassware was heated to 200°C for 4 h before use to inactivate
possible traces of
ribonuclease.
‘H n.m.r. spectra were recorded at 500 MHz on a Bruker AM 500 spectrometer. Spectra
were recorded with a 90” observation pulse, an acquisition time of 0.5 s (spectral width
8.2 kHz, 8 K data points) and a relaxation delay of 1 s. The time-dependent TRNOEs were
observed by directly collecting the difference free induction decay by interleaving
16
transients after saturation for a set time of a given resonance, wit’h 16 transients of offresonance irradiation (applied for the same length of time), negating the memory between
16 transient cycles. Before Fourier t’ransformation the free induction decay values were
multiplied by an exponential equivalent to a line broadening of 1 Hz. Chemical shifts are
expressed relative to 4,4-dimethylsilapentane-l-sulphonate.
Model building was carried out manually using Nicholson skeletal models at a scale of
1 A to 1 cm.
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1. The 500 MHz ‘H n.m.r. spectrum of 28 mM-UpUpC in the presence of 0.5 miwtRNAPh”
FIG.
corresponding to a ratio of free to bound UpUpC of 55. (a) Reference spectrum (160 transients)
together with the assignments of the proton resonances (Gronenborn et al., 1983); (b) TRNOE
difference spectrum (160 transients on-resonance minus 160 transients off-resonance pre-irradiation)
resonance at 7.89 p,p.m. (the gain in
following pre-saturation for 0.4 s of the averaged U,(H6)/U,(H6)
(b) is 4 times that in (a)).
The experimental conditions are: 28 mix-UpUpC, 0.5 mwtRNAPhe, 500 miwKC1, 0.02 mx-EDTA,
10 mwpotassium phosphate (pH* 6.6).

3. Results and Discussion
Figure l(a) shows the 500 MHz ‘H n.m.r. spectrum of 28 mM-UpUpC in the
presence of 0.5 rnM-tRNAPh” corresponding to a ratio of free to bound UpUpC of
55, together with the assignments of the UpUpC proton resonances. The binding
of UpUpC to tRNAPh” is weak (K, 5 2 x lo3 X-I and k,, 2 2000 s-l; Labuda &
Pijrschke, 1980), so that chemical exchange between free and bound UpUpC is
fast
on both the chemical shift scale and the cross-relaxation
rate scale.
Consequently, only a single set of average exchange broadened ligand resonances
is seen. The broadening of the UpUpC resonances at this large ratio of free to
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than one would expect for a tRSA”h’P
bound ligand is much more extensive
UpUpC complex of M, N 24,000 and indeed, one resonance, the II5 resonance of
Such extensive
broadening
is
almost
beyond
detection.
d’,, is broadened
indicative
of significant
aggregation
of tRXAPhPPUpUpC
complexes
and is
discussed in more detail below?.
The TRNOE
involves
the extension
of NOE measurement’s
to exchanging
systems, making use of chemical exchange between the free and bound states of
the ligand to transfer magnetic information
concerning
cross-relaxation
between
bound ligand protons from the bound state to the free state (Clore & Gronenborn:
1982,1983a,b).
Thus, in this case the TRNOE
experiment
involves
irradiating
each average ligand resonance in turn and observing the effect on the iniensities
of the other average ligand resonances. In the case of free UpUpC (28 mM), no
NOE could be observed between any pair of proton resonances at irradiation
times of less than one second. (This is not surprising,
as one would expect cc)z,,
where o is the Larmor frequency and z, the correlation
time, to be close to 1 for a
molecule of the size of UpUpC, such that the cross-relaxation
rates, and hence the
steady state NOES, have values very close to zero.) Consequently,
the initial slope
of the time development
of the TRNOE,
N,(j), observed on the averaged ligand
resonance of proton i following
irradiation
of the averaged ligand resonance of
proton j, is simply given by:

dNA.i)
dt

= - (1 - a)rJ+

t=o

(1)

where a is the mole fraction
of free ligand and oiBjs is the cross-relaxation
rate
between the bound ligand protons i, andj,
(Clore & Gronenborn,
1983a). In this
manner; cross-relaxation
rates between pairs of bound ligand protons can be
determined,
thus enabling distance ratios between any two such pairs of protons
to be calculated from the equation:
~&.&k,l, = (~k,l, lOi&) l/6,

(2)

assuming the same correlation
time for the two interproton
distance vectors.
A TRNOE
difference
spectrum
obtained
on irradiating
the U,(H6)/U,(H6)
average ligand resonance at 7.89 p.p.m. for 0.4 second is illustrated
in Figure l(b)
clearly showing large negative TRNOEs
(N - 16%) on the U,(H5)
and U,(H5)
resonances and smaller negative
TRNOEs
(5 -5%)
on the U,(H3’),
U,(H3’),
U,(H2’),
U,(HS’),
U,(H5’),
U,(H5”),
U,(H5’)
and U,(H5”)
resonances. The time
development
of these TR’NOEs is shown in Figure 2 and the absence of lag phase
in all cases is indicative
of direct (first order) TRNOEs.
The cross-relaxation
rates
between pairs of bound UpUpC protons determined
from the observed initial
slopes of the time-dependent
TRh‘OEs
using equat’ion (1) are summarized
in
Table 1, together
with the interproton
distances
calculated
from them using
equation (2) and the distance (2.46 A) and cross-relaxat,ion
rate between the H5
t Note that free UpUpC (i.e. in the absence of tRSA”h”) does not appear to aggregate at the high
concentration
(28 mu) employed in these experiments. as evidenced by t,he observat,ion that the
linewidths of a 0.5 mx and 28 KIM solution of UpVpC are identical and equally narrow.
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FIG.
2. Time dependence of the TRNOEs observed following
irradiation
of the averaged
UI(H6)/U,(H6)
resonance of UpUpC in the presence of tRNA”h” with a ratio of free to bound ligand of
55. The experimental conditions are as in the legend to Fig. 1. (a) 0, U,(H5); 0, C,(H5). (b) n ,
Ui(H2’); 0, U,(Hl’);
0; U,(H2’). (cl n , U,(H3’); 0, Ui(H5’); 0; U,(H5”). (4 0, U,(J=‘)r n ,
U,(H3’); 0, U,(H5”).

and H6 protons of the U base as an internal reference. It should be noted that the
cross-relaxation
rates have been calculated
on the assumption
that the ratio of
free to bound ligand was 55; that is to say, on the assumption
that each anticodon
has a molecule of UpUpC bound to it. If for some reason, however unlikely,
saturation
of the anticodon
by UpUpC
is incomplete,
the calculated
crossrelaxation
rates would be smaller than the real ones by a factor l/x, where x is the
extent of saturation.
This, however, would have no effect on the calculation
of
interproton
distance ratios and distances, as these are calculated
from ratios of
cross-relaxation
rates.
A further consideration
to be borne in mind is the effect and extent of any
possible non-specific
binding. Non-specific
binding of UpUpC to tRNAph” has not
been detected in previous studies with ratios of UpUpC to tRNAph” up to 160 and
concentrations
of UpUpC up to 2.5 mM (Labuda & Pijrschke, 1980,1983; Pijrschke
& Labuda,
1982). Moreover, there is only one partially
complementary
sequence
in tRNAPh”, namely G,,A,,
in the D loop, to which UpUpC could potentially
bind, in addition to binding to the anticodon triplet G,,,A,,A,,.
It seems highly
probable
that the binding
of UpCpC
to the G20A,,
sequence is very weak
(K 5 2 M-I)
on three
counts:
(1) the
equilibrium
association
constant
(- 1.5 x lo3 M-I)
for the binding
of UpUpC to the anticodon
triplet
in intact
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TABLE

1

Cross-relaxation
rates for Up UpC bound to t RNA’“” determined from time-dependent
TRNOE measurements
on a solution of 28 mM-UpUpC
in the presence of 0.5 mMtRNAPh’, together with the interproton distances calculated from them
A. Intranucleotide

Intrasugar
Hl’-H2’
Hl’-H4’
H2’-H3’
H3’pH4’
H3’-H5’
H3’-Hg
H4’-H5’
H4’-H5”
H5’-H5”
Sugar-base
Hl’-HH
HZ’-H6
H3’-H6
H5’pHB
H5’-H6
Rase-base
H5-H6

11.2
5.0
15.1
a
3.9
3.9
9.5
9.0
60.5

2.90
3.32
2.76
b
b
b
b
b

11.2
3.4
11.8
1.7
a

2.90
3.55
2.88
3.97

9.5
5.6
10.1
a
a

2.98
3.26
2.95

7.3
a

3.12

14.6

2.78

17.4
a

2.70

a

a

2.6’
7.3
2.2
2.2

- 3.7 c
3.12
b
b

2.8
2.8
5.6
6.7
2.2

3.66
3.66
3.26
3.16
3.80

30.2

2.46

30.2

2.46

2.24
5.6
5.6
9.0
2.2

3.80
3.26
3.26
3.01
3.80

B. Internucleotide
U,PU,
5’ nucleotide

3’ nucleotide

Hl’
H2’
H3
H2’
H2
H3’

H6
H6
H6
Hl’
H5’
H5’

Qj,W’)

U,PC3
y&Q

a
15.1 c
a
3.9
a
a

2.8 c
3.46

Q/e(S-1)
Lag
8.9
2.8
1.1

8.4
9.5

r,&i&Q)
3.01
3.66
4.26
3.05
2.98

The experimental conditions are as in the legend to Fig. 1. The relative errors in the values of the
cross-relaxation
rates are 5 + 15°,0. Interproton
distances are calculated from eqn (2) using the
distance (2.46 A) and cross-relaxation
rate between the H5 and H6 protons of the U bases as an
internal reference. Assuming an error of kO.05 A in the value of the reference distance (calculated on
the basis of standard bond lengths and angles). the error in the values of the calculated distances is
5 kO.15 A.
* Individual TR?iOEs between these protons cannot be extracted due to signal overlap resulting in
the superposition of TRNOEs arising from several pairs of protons.
b The distance between the H5’ and H5” protons calculated on the basis of standard bond lengths
and angles is 1.78 A. The correlation time calculated for the HGH5”
distance vector of U, from eqn
(3) using the standard distance and measured cross-relaxation rate is 3.4 x lo-* s compared to a value
of - 1.2 x 10m7 s calculated from the distance (2-46 A) and cross-relaxation rate between the H5 and
H6 protons of the U bases. Moreover, the cross-relaxation rates between the H3’ and H5’, H4’ and H5’
and H6 and H5’ protons are approximately
equal to the corresponding cross-relaxation involving the
H5” proton. These observations are best explained by free rotation about the C4’-C5’ bond of U,.
’ Because the U,(H6) and U,(H6) resonances are superimposed, the intranucleotide
TRNOE
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tRXAPh” 1s at least three orders of magnitude larger than that expected for the
binding of the two equivalent complementary ribotrinucleoside
diphosphates,
which is too weak to measure (Jaskunas et al., 1968; Pongs et al., 1971; Borer et
al.: 1974; Freier & Tinoco, 1975; Labuda 85 Piirschke, 1980; D. Piirschke, personal
communication);
(2) the stronger binding of UpUpC to the anticodon can be
attributed to structural features specific to the anticodon loop such as the 3’stacked conformation, the U-turn hydrogen bond and the ability of the anticodon
triplet to stack almost perfectly (Yoon et al., 1975; Jack et al., 1976); and (3)
hydrogen bonding of UpUpC to the G,,A,, sequence would be expected to be
particularly unfavourable. The latter arises from two factors: (1) steric hindrance
preventing access of UpUpC due to the fact that the GzO and A,, residues are
located at the junction of the D loop and stem and are buried within the tertiary
structure of tRNAPh”; and (2) some of the atoms of Gzo and A,, that could
potentially hydrogen bond to the UpC segment of UpUpC are already involved in
hydrogen-bonding
interactions with other residues of tRNAPh”, namely through
the G,,(N2H)-G,,(02’),
A,,(N6H)-C,,(Ol’)
and the A,,(Nl)-Us(02’H)
hydrogen bonds (Jack et al., 1976). Thus, if we assume that the equilibrium
constant for the binding of UpUpC to the GzoA,, sequence of the D arm is
5 2 M-I,
then the occupancy of the G,,A,, site would be less than 5% at the
concentration
of UpUpC (28 mM) employed. Even an occupancy of ZOO/u,
corresponding to - 15% of the total bound UpUpC, would have no effect on the
structural conclusions, as the initial slopes can be measured only within a relative
error of 5 * 15%.
(a) Association
The cross-relaxation
given by:

of tR~NAPtke- Up UpC complexes

rate aitilkebetween two bound ligand protons is and j, is

(3)
where y and A have their usual meanings (Solomon, 1955; Kalk & Berendsen,
1976). Using the distance (2.46 A) and measured cross-relaxation rate between the
H5 and H6 protons of the U bases of bound UpUpC, the value for the correlation
time z, of bound UpUpC is - 1.2 x 10m7 second. On the basis of the StokesEinstein equation, this value corresponds to a complex of M, - 220,000f50,000.

between the U,(H2’) and U,(H6) protons cannot be separated a priori from the internucleotide
TRNOE between the Ur(H2’) and U,(H6) protons, and only a single cross-relaxation rate of 17.7 s-’
can be measured. However, on the basis of the other intranucleotide interprotons distances determined
for U,, the distance rns. s6 for U, is estimated as - 3.7 A from model building. This distance
corresponds to a cross-relaxation rate of 2.6 s -I. Hence, the cross-relaxation rate between the U,(H2’)
and U,(H6) protons can be estimated to be 15.1 s-r, which yields a distance of - 2.8 A.
d TRNOEs involving the H5 proton of C, cannot be measured as the C,(H5) proton resonance is
broadened almost beyond detectability.
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That is to say, to a multi-complex
system consisting
of 9k 2 tRNA”“-UpUpc
complexes.
(This calculation
assumes complete saturation
of the anticodon
by
CpUpC;
as the correlation
time z, for the interproton
vector i-j
is directly
proportional
t,o the cross-relaxation
rate aij under conditions where WZ, >> 1 (as in
the present case), t’he effect of incomplete
saturation
of the anticodon by UpUpC
on the calculated
value of z, would be the sa,me as t’hat on dij: namely: z,, and
hence the estimated
size of t’he aggregate, would be underestimated
by a factor
l/x, where x is the extent of anticodon saturation.)
Equilibrium
sedimentation
studies have demonstrated
that tRNAPh”-UpUpC
complexes undergo self-association
(Pijrschke & Labuda, 1982; Labuda & Piirschke:
1983); these data are consistent
with dimer formation,
although
higher-order
aggregat.es cannot be excluded and, indeed, would be difficult to observe given the
value of the apparent dimerization
constant (6 x lo4 K’)
and the concentrations
employed
(5 50 PM).
Moreover,
from the UpUpC
concentration
of tRNAph”
dependence of self-association,
it was shown that association occurs only between
tRNAPh” molecules to which UpCpC is bound and not between a tR’NAPh”-UpUpC
UpUpC bound (PGrschke & Labuda,
complex and a t,R’NAPh” molecule without
1982). Thus, association
through
hydrogen
bonding
between
the anticodon
of
one
tRNAPh”
molecule
and
the
complementary
T,,‘I”,,CS6
G,mAd~~
sequence of the TYC loop of another tRNA’“’
molecule can be excluded. Indeed,
such a possible mechanism
would be highly unlikely,
given that triplet
codoninduced tRNA
association
has also been observed for tRNA’“y”
and tRNA”let,
where the conserved
TYC sequence is not complementary
to the anticodon
(Labuda & Piirschke,
1983). The present finding of very large tRNAPh’-UpUpC
aggregates at high concentrations
of tRNAPhe (0.5 mM) confirms and extends the
observations
by equilibrium
sedimentation
studies and lends further support to
the possible functional
significance of such association in terms of the stabilization
of the translation
complex with multiple tRNA molecules after the recognition
of
contiguous
codons (Labuda
& PSrschke,
1983). It should be noted that selfassociation
of tRNAPhe-UpUpC
complexes
will be critically
dependent
on the
tRNAphe-UpUpC
concentration:
so that the large multi-complex
aggregate found
here is easily accounted for by the high tRNAPhP concentration
used.
time of 3.4 x 10e8 second is calculated
It should be noted that a correlation
from the dist.ance (l-78 A) and cross-relaxation
rate between the H5’ and H5”
protons of U,. The reason for t,his shorter correlation
time is simply due to free
rotation
about the C4’-C5’ bond of U, in bound UpUpC,
as evidenced by the
observation
that the cross-relaxation
rate between the U,(HS’)
and U,(H6)
protons is the same as that between the U,(HY)
and U,(H6)
protons,
and
similarly
that the cross-relaxation
rate between the C,(H5’) and U,(H3’) protons
is equal to that between the U1(HS”) and U,(H3’) protons (see Table 1).
Finally,
it should be stressed that the distance ratios and distances extracted
from the TRNOE
data, and hence the structure deduced for UpUpC bound to the
anticodon
of tRNAPh’, is independent
of both the extent and mechanism
of selfassociation
of tRNAPh”-UpUpC
complexes
for the reasons discussed in the
previous section: namely, that the interproton
distance ratios and distances are
calculated from ratios of cross-relaxation
rates.
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The structure
of UpUpC bound to tRNAPh” was determined
by model building
on the basis of the intra- and internucleotide
interproton
distances given in
Table 1 using the principles
described previously
(Clore & Gronenborn,
1983b).
These distances
are consistent
with a unique conformation
described
by the
structural
parameters
given in Table 2. It can be seen that the conformations
of
the glycosyl linkages and ribose rings are low anti and 3’.endo of the N type,
respectively,
and that the backbone torsion angles a, j?, y, 6, E and [ (see the
legend to Table 2 for definition)
lie in the g-, t, g+, g+> t and g- ranges,
respectively
(with the exception of y for U,, where free rotation about the C4’-C5’
bond occurs), typical of an A-RNA
type structure.
The rise per base of - 3 A for
the U,pU,
step is comparable
to that in A-RNA
11 (2.8 A; Arnott et al., 1973),
while that of - 4 A for the U,pC step is significantly
larger. The rotation per base
for both steps is 40 to 45”, which is 7 to 12” larger than that found in A-RKA
11
(32.7”; Arnott et al., 1973) and the stacking of the three bases is almost perfect.
These differences can be accomplished
by relatively
small changes in the backbone

Parameters describing the structure of UpUpC bound to tRNAph” in solution
determined from model building based on the interproton
distances given in Table 1
A. Glycosidic

bond and main-chain

torsion angles

sugar
x(7
Bound UpUpC
U,
U2
C
A-RNA lib
B. Other

-

structural

16O(low
16O(low
14O(low
164(low

4”)
anti)
anti)
anti)
anti)

Y(“)

160(t)
160(t)
180(t)

50(g+)
6O(g+)
48(g+)

go&T+)
SO(g+)
9O(g+)
83(g+)

Rotation

per base (“)

a
-3O(g-)
-2O(g-)
-6O(g-)

4”)

E(O)

pucker

-150(t)
-140(t)

-8o(g-)
-9O(g-)

-140(t)

-85(g-)

C3’-end0
C%endo
C3’-end0
C%endo

parameters
Rise per base (A)

Helical sense
Right

Bound UpUpC
UpU step
UpC step
A-RNA lib
The nomenclature

K)

-3
-4
2.8

40-45
40-45
32.7

Right

and definition

of all angles is that given by Dickerson & Drew (1981). The main6
i
B
chain conformation angles are defined as P:05’-C5’lC4fX3’403fP,
with zero at the cis position and
positive angles by clockwise rotation of the further pair of atoms, The glycosidic bond torsion angles
(x) are similarly defined: for pyrimidines Ol’-Cl’TN%C2,
The error in the estimation of the individual
x and 6 angles is - + lo”. The values of the other main-chain conformation angles can be defined only
within a range of - + 20”.
a In the case of U,, there is free rotation about the C4’J.X’ bond.
b From the fibre diffraction data of Arnott et al (1973).
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t,orsion angles. The largest changes are in the a.ngles a(P-05’)
and #(05-W),
which have mean values of - 25” and 160”, respectively,
in the case of bound
CpUpC compared to values of - 60” and 180”, respectively,
in the case of A-RNA
11 (see Table 2). It is also interesting
to note that that the structure
of the
in the monoclinic
crystal form of tRNAPh” has a
anticodon
triplet
GmS4A,,A,,
number of similar features to that found in UpUpC, in particular
a large rotation
per residue (N 42”), a low value of the angle /? (N SO”), and almost perfect
overlap of the bases (Jack et al., 1976; Hingerty
et al., 1978).
(c) Functional

implications

of the structure

of hound UpO-pC

It has been known for a long time that the codon-anticodon
complex is more
stable than that found for two equivalent
complementary
ribotrinucleoside
diphosphates
and for complexes of ribotrinucleoside
diphosphates
bound t,o other
et al., 1974;
complementary
regions of tRNA
(Jaskunas
et al., 1968; Borer
Eisenger
et al., 1971; Freier
& Tinoco,
1975; Grosjean
et al., 1976). The
explanation
for these observations
may be found in the special structure
of
UpUpC bound to tRNAPh”. The almost perfect base stacking and tight helical
conformation
(i.e. the large rotation
angle per residue) of bound UpUpC imply
complementary
structural
features for the bases of the anticodon
triplet in the
codon-anticodon
complex.
Given that the stability
of oligonucleotide
double
helices depends to a large extent on the degree of base stacking, it is clear that the
present structure would be expected to be significantly
more stable than that of
an equivalent
double-helical
RNA, trimer with a conventional
A-RNA
structure.
This work was supported by the Medical Research Council (G.M.C. and A.M.G.), the
Lister Institute
for Preventive
Medicine
(G.M.C.)
and the Max-Planck
Gesellschaft
(L.W.M.).
G.M.C. is a Lister
Institute
Research
Fellow.
The ‘H n.m.r. spectra
recorded on the AM 500 spectrometer
of the Medical Research Council Biomedical
Centre at the National
Institute
for Medical Research.

were
P;MR

REFEREh’CES
Arnott,

S., Hukins,

D. W. L., Dover,

S. D., Fuller,

W. & Hodgson,

A. R. (1973).

J. &foZ.

Biol. 81, 107-122.
Bischoff, R.? Graeser, E. & McLaughlin;
L. W. (1983). J. Chromatogr. 257, 305-315.
Borer, P. N., Dengler, B.; Tinoco, I. & Uhlenbeck,
0. C. (1974). J. ,woZ. Biol. 86, 843%%53.

Clore, G. M. & Gronenborn,

A. M. (1982). J. Magn. Reson. 48, 402-417.

Clore, G. M. & Gronenborn,
A. N. (1983a). J. Magn. Reson. 53, 423-442.
Clore, G. M. 8: Gronenborn,
A. X. (1983b). EMBO J. 2, 2109-2115.
Dickerson,
R. E. & Drew, H. R. (1981). J. Mol. Biol. 149, 761-786.
Eisenger, J. & Gross, N. (1975). Biochemistry, 16, 40314041.
Eisenger, J., Feuer, B. & Yamane, T. (1971). Nature (London), 231, 126-128.
Freier, S. M. & Tinoco, I. (1975). Biochemistry, 14, 3310-3314.
Geerdes, H. -4. M., van Boom. J. H. & Hilbers, C. W. (1980a). J. Mol. Riol. 142. 195-217.
Geerdes, H. A. M., van Boom, J. H. & Hilbers, C. W. (1980b). .I. &foZ. Biol. 142, 219-230.
Gronenborn,
8. M., Kimber,
B. J., Clore, G. M. & McLaughlin,
L. W. (1983). iVacZ. Acids

Res. 11, 5691-5699.
Grosjean.

H., Soil, D. G. & &others,

D. M. (1976). J. 1Mol. Biol. 103. 499-519.

UpUpC

BOUND

TO tRNAPh’

FROM YEAST

173

Hare, D. R. & Reid, B. R. (1982). Biochemistry, 21, 1835-1842.
Heerschap, A., Haasnoot, C. A. G. & Hilbers, C. W. (1982). NucZ. Acids Res. 10, 6981-7000.
Heerschap, A., Haasnoot, C. A. G. & Hilbers, C. W. (1983a). Nucl. Acids Res. 11, 44834499.
Heerschap, A., Haasnoot, C. A. G. & Hilbers, C. W. (1983b). Nucl. Acids Res. 11, 45014520.
Hingerty, B., Brown, R. S. & Jack, A. (1978). J. Mol. Biol. 124, 523-534.
Jack, A., Ladner, J. E. & Klug, A. (1976). J. Mol. Biol. 108, 619-649.
Jaskunas, 6. R., Cantor, C. R. & Tinoco, I. (1968). Biochemistry, 7, 3164-3178.
Johnston, P. D. $ Redfield, A. G. (1978). NucZ. Acids Res. 5, 3913-3927.
Kalk, A. & Berendsen, H. C. J. (1976). J. Magn. Reson. 24, 343-366.
Kim, S. H. (1981). In Topics in Nucleic Acid Structure (Neidle, S., ed.) part 1, pp. 81-112,
MacMillan Press, London.
Labuda, D. & Piirschke, D. (1980). Biochemistry, 19, 3799-3805.
Labuda, D. & Porschke, D. (1983). J. Mol. BioZ. 167, 205-209.
Pongs, O., Reinwald, E. & Stamp, K. (1971). FEBS Letters, 16, 275-277.
Pongs, O., Bald, R. & Reinwald, E. (1973). Eur. J. Biochem. 32, 117-125.
Porschke, D. & Labuda, D. (1982). Biochemistry, 21, 53-56.
Roberston, J. M., Kahan, M., Wintermeyer, W. & Zachau, H. G. (1977). Eur. J. Biochem.
72, 117-125.
Roy, S. & Redfield, A. G. (1983). Biochemistry, 22, 1386-1390.
Schwarz, U., Menzel, H. M. & Gassen, H. G. (1976). Biochemistry, 15, 2484-2490.
Solomon, I. (1955). Phys. Rev. 90, 559-565.
Uhlenbeck, 0. C., Baller, J. & Doty, P. (1970). Nature (London), 225, 508-510.
Van der Marel, G. A., van Boeckel; C. A. A., Wille, G. & van Boom, J. H. (1981).
Tetrahedron Letters, 22, 3887-3890.
Wagner, R. & Garrett, R. A. (1979). Eur. J. Biochem. 97, 615-621.
Wright, H. T. (1982). In Topics in Nucleic Acid Structure (Neidle, S., ed.), part 2, pp. 137172, MacMillan Press, London.
Yoon, K., Turner, D. H. & Tinoco, I. (1975). J. Mol. BioZ. 99, 507-518.
Edited

by C. R. Cantor

