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AN NMR APPROACH TO tRNA TERTIARY STRUCTURE IN SOLUTION
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Atomic coordinates of E. Coli tRNAYal have been generated from the X-ray crvstal structure of Yeast tRNAFHe by base
substitution followed by idealization. The NMR spectrum of E. Coli tRNAYal was then calculated using these coordinates
and ring cugrent calculations, The similarity between the caleulated and observed NMR spectra of this tRNA gives credence
to the procedure used previously to compare the solution and X-ray crystal structure of Yeast tRNAPRE and further suggests
a strong similarity between the structures of Yeast tRNAPR® and E. Coli tRNAY2L both in solution and in the crystal. The
results presented here indicate that a combination of NMR and atomic coordinates generated from a tRNA medel may be a

powerful procedure for determining three dimensional structurz of a tRNA in solution.

1. Intraduction

Employing three dimensional X-ray crystal struc-
ture information of macromolecules as an aid in under-
standing the biological functions in solution can be
done reliably only when independent evidence con-
firms that the crystal structure corresponds to the pre-
dominant structure in solution. Approaches to obtain-
ing such evidence include measuring reactions in the
crystal and in solution [1] as well as applying spec-
troscopic techniques such as fluorscence to probe the
characteristics of particular functional groups in both
the crystal and solution [2].

Of the spectroscopic techniques, proton NMR is
one of the most sensitive and most genesal in that it
can monitor the immediate environment of each pro-
ton in the molecule. In theory, therefore, an NMR
spectrum calculzted from atomic coordinates of an
X-ray crystal structure could be directly compared
with a measured NMR spectrum of the molecule in
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solution. Similarity between the observed and calcu-
lated spectrum would indicate the similarity between
the solution and crystal structures.

The calculations of NMR spectra, however, pose
significant problems since all parameters which influ-
ence the chemical shift of a nucleus are not accurately
known and difficult to determine. In nucleic acids this
problem is somewhat simplified in that the ring cur-
rents arising from the aromatic rings of the individual
bases provide the dominant influence in determining
the proton chemical shifts. All other shift mechanisms,
in diamagnetic systems, with the exception of electric
fields generate shifts on the order of 10% of those gen-
erated by the ring currents and, in first approximation,
may be neglected. Electric fields are important for pro-
teins containing a-helical regions buried in the interior.
However, it is unlikely that such fields develop in tRNA.

With these assumptions we have recently compared
the X-ray crystal structure of Yeast tRNAFhe with its
solution structure by calculzting the NMR spectrum
from the atomic coordinates of the crystal structure
[3] taking into account only ring current shifts [4].
The resulting spectrum agreed remarkably well with
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the solution spectrum. The rms (root mean square)
error between observed and calculated resonance posi-
tions was less than 0.05 pzm (18 Hz). At first sight
these results imply that the solution and erystal struc-
ture are highly similar. However, the calculations them-
selves involve several approximations [4]:

(i) The ring currents, optimized by an iterative proce-
dure to fit experimental NMR spectra and the atomic
coordinates of Yeast tRNAPhe were somewhat differ-
ent than those previously published [5].

(ii) The low field starting positions for the reversed
Hoogstein and Watson-Crick AU base paired proton
resonances were assumed to be different from each
other as well as from published values [6].

(iii) The starting positions for other non Watson-Crick
tertiary hydrogen bonds were adjusted to agree with
the observed solution spectrum.

One method to confirm these approximations would
be to use these optimized ring currents and starting po-
sitions and attempt to calculate the solution NMR spec-
trum of a different tRNA from the three dimensional
atomic coordinates of the crystal structure of that mol-
ecule. The only problem is that no other tRNA struc-
ture has been solved by X-ray crystallographic tech-
niques.

In this paper we present the procedure by which we
generated a set of atomic coordinates for E. Coli
tRNAY:’l and used these coordinates to calculate the
NMR spectrum of this tRINA. This calculation is in
very good agreement with the observed NMR spectrum.

2. Materials and methods

E. Coli tRNAYal was purified as described earlier
[11]. NMR spectra were measured in the continuous
wave mode (5 s/kHz) or the correlation mode (1 s/kHz)
using a Bruker HX360 MHZ spectrometer.

The sample temperature was maintained to = 1°C.

3. Atomic coordinates of E. Coli tRNAY"'

Fig. 1 shows the cloverleaf structure of Yeast
tRNAPhe and E. Coli tRNA{ Yal Fach molecule con-
tains 76 bases and each corresponding helix and loop
contains the same number of bases. Furthermore, there

are the same number of base pairs in each helical region.

The encircled bases in the Yeast tRNAF® cloverleaf
structure are those which are involved in tertiary struc-
ture interactions [7—10]. Comparison of these with
the encircled bases in the cloverleaf of E Coli tRNAV“[
shows that every base in Yeast tRNAFE jnvolved in
tertiary mteractxons corresponds to an identical base
in E. Coli tRNAl except that the m,G 26—A44 in-
teraction in Yeast tRNA*"™ is reversed for an A26—
G44 in E. Coli tRNAY™.

These similarities suggest that the overall structure
of E. Coli tRNAY should be similar if not identical
to that of Yeast tRNAPhc and that the same tertiary
interactions should occur. With these assumptions a
set of atomic coordinates of E. Coli tRNAYY were
generated by the following procedure. Holding the
atomic coordinates of the phosphate—ribose backbone
of Yeast tRNAPP {3] fixed, base substitutions were
made at each point where they differed in the two
structures. After the base substitutions were comple-
ted the new tRNAY“] structure was idealized by mini-
mizing unfavorable stereochemistry and van der Waals
interactions. The resulting atomic coordinates were
then considered to represent the three dimensional crys-
tal structure of E. Coli tRNAY“l.

4. Calculation of the E. Coli tRNAY*! NMR spectrum

The primary objective of this endeavour was to
check the validity of the optimized ring currents and
low field starting positions for the proton resonances
of the various types of hydrogen bonded base pairs
which were used to calculate the NMR spectrum of
Yeast tRNAFN® [4]. Therefore, the same ring currents
and starting positions calculated for Yeast tRNAPRE
were employed along with the newly generated atomic
coordinates of the E. Coli tRNAval in the calculation
of the NMR spectrum of this tR\IA Furthermore, the
same computational procedures were used in this cal-
culation.

The upper portion of fig. 2 presents a 360 \iﬂz pro-
ton NMR spectrum of E. Coli tRNAV in Mg meas-
ured at 45°. Previously it had been shown that the re-
gion between —15 and —11.3 ppm contained 26 * 1
proton resonances which are attributable to the 20
hydrogen bonded base pair protons in the helices and
five ring NH to ring N tertiary interactions [11,12].
The integrated intensity for each region is given in the
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Fig. 1. Cloverleaf structures of Yeast tRNAFPRE [16—18] and E. Coli tRNAYal [19-22]. The encircled bases are those which are

involved in tertiary structure interactions [7—10].

table at the side of the figure {11]. The NMR spectrum
calculated from the newly generated coordinates and
the ring currents discussed above is shown in the lower
portion of fig. 2. It is obvious that there is a high de-
gree of similarity between the observed and calculated
NMR spectra both with respect to the distribution and
position of resonances. The number of resonances cal-
culated for each region of the spectrum is given in the
table at the side of the figure. The major differences
between the observed and calculated spectra are: (i) in
the calculated spectrum, region E, F and G differ by
one proton each from the corresponding regions in the
observed spectrumy; (ii) in region C of the calculated
spectrum, 6 resonances are predicted and 6 are found
in the observed spectrum but two of the predicted
resonances occur at a lower field position than ob-
served.

The positions marked at the bettom of the spec-

trum in fig. 2 are the calculated positions for the reso-
nances specified. The rms error between observed and
predicted positions is 0.1 ppm. While the order in
which they are listed in a given region may vary de-
pending on the inaccuracies in the atomic coordinates
and assumptions used in the calculation of the spec-
trum it is unlikely that these inaccuracies would be
large enough to cause many shifts from one region of
the spectrum to another. In the case of Yeast tRNAFR®
for example when the calculations were repeated on
more highly refined coordinates with a crystallographic
R factor of = 25 instead of those with an R factor of
39 used initially [3,4] most resonance positions ex-
perienced only small changes (unpublished results).

As stated previously, the low field starting positions
for the resonances of individual base pair types (see
table 1) are the same as those used in the calculation
of the NMR spectrum of Yeast tRNATPPE [4]. The
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Fig. 2. lglpper: 360 MHz proton NMR spectrum of E. Coli
tRNAY in H»O containing 15mM MgCl;, 10mM cacodylate
pH 7, 1mM EDTA and 0.1M NaCl. The sample temperature
was 45°. The spectrum is an accumulation of 500 sweeps us-
g correlation spectroscopy with a sweep rate of 1 s/fkHz. The
chemical shift is given in PPM relative to DSS. Lower: Ring cur-
rent calculated spectrum using coordinates for E. Coli I:RNAY:‘l
and computational procedures described in the text. Secondary
structure AU resonances are marked (A) at the bottom of the
line.

U8—A14 reversed Hoogstein tertiary base pair in Yeast
tRNAPRe however, is replaced by an s*U8—A14 base
pair in E. Coli tRNAYal. The experiments of Reid et al.
[11] have demonstrated that conversion of s*UtoU
by removal of the sulfur with cyanogen bromide treat-
ment caused the —14.9 ppm resonance to shift upfield
to —14.3 ppm. This suggests that the s*U—A reversed
Hoogstein hydrogen bonded proton resonance is off-
set to lower field than a standard AU reversed Hoog-
stein resonance. Thus using an offset of —15.45 ppm,

Table 1

Base pair tvpe Low field offset
(ppm)

Watson-Crick AU —14.35

Watson-Crick GC —13.54

reversed Hoogstein AU —1490

reversed Hoogstein stu-A —-15.45

GN;jH---N; A _142

GN;H---N7 G

G N;H--0,C —12.1

the s*U8—A14 resonance is placed at —14.9 ppm.

5. Ring cusrent chemical shift tables

Shulman et al. [13] have employed the ring current
isoshielding contours of Giessner-Prettre and Pullman
[14] together with the predicted structure of an ideal
A'—RNA helix [15] to generate a table which allowed
one to calculate the ring current shift experienced by a
particular hydrogen-bonded base pair proton due to the
nearest neighbour base pair above and below. Since the
optimized ring current values which we have employed
[4] are substantially lower than those used by Shulman
et al. [13], we have generated a new set of shifts which
are presented in table 2. These shifts were computed
with the same program and ring currents used to cal-
culate the shifts experienced by the hydrogen bonded
protons of the tRNA itself. The coordinates employed
in the calculation, however, were generated from the
optimized A—RNA coordinates of Arnott et al. [23]
from which a double helix containing all possible base
pair combinations was constructed. Since the adenine
and guanine rings occupying next nearest neighbour
positions also contribute to the shift experienced by a
given proton, the shifts arising from these bases in the
next nearest neighbour positions are included in paren-
theses. These new shift values together with the new
starting positions for the various types of hydrogen
bonded base pair proton resonances (see table 1) al-
lows a more accurate calculation of expected ring cur-
rent shifts and spectral positions. It should be empha-
sized, however, that calculations based on these values
are expected to be reasonably accurate only for helical
portions of the molecule.

Recently Arter and Schmidt [24] published a series
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Table 2
Ring current shifts experienced by ring NH..N hydrogen bonded
protons in A—RNA helics 9

5 U 0.0 A 054 (0.11) 3
C 0.0 G 0.26 (0.08)
G 0.1 C 004
A 0.25 U 0.02
U A
n v
U 0.08 A 00
C 0.15 G 0.0
G 0.39 (0.03) C 0.0
3 A 0350 (0.05) U 00 5’
5 U 00 A 0.73 (0.1) 3
C 00 G 042 (©0.07)
G 0.03 C 0.10
A 0.09 U 0.05
C G
o B
u 0.07 A 0403
C 0.13 G 00
G 043 (0.05) C 00
3 A 0.65 (0.08) U 0.0

3) All values given in ppm

of tables of ring current shifts experienced by the pro-
tons of the four bases when they are in the helical con-
formation of A—RNA, A'—RNA and B—DNA. Their
calculated shifts for the ring NH ... ring N hydrogen
bonded protons in the A—RNA helix differ by approxi-
mately 10% with those presented here in table 2. The
differences seem to arise either from our use of opti-
mized ring currents which are approximately 10% dif-
ferent from the ring currents of Giessner-Prettre and
Pullman [14] used by Arter and Schmidt [24]or from
the different computational procedures employed or a
combination of both.

6. Expected accuracy of the NMR spectrum calculation

The assumption that the structure of E. Coli tRl\IAY"’1
is essentially the same as that of Yeast tRNAP®® forms
the foundation of the experiments presented above.
While this is a reasonable assumption it should be real-
ized that any errors either in the X-ray crystal structure
of Yeast tRNAFM® or ring currents or offset parameters
will probably be carried aver to the calculated spectrum
for the E. Coli tRNA‘{"l structure. Therefore, no more
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accuracy should be expected from the calculated com-
pared with observed spectra of E. Coli tRNAY than
was initially present in the Yeast tRNAP"® NMR spec-
tra [4]. This is reflected in the rms error of 0.1 ppm
between the calculated and observed resonance posi-
tion in the spectra of E. Coli tRNAYaI as compared to
0.05 ppm between those of Yeast tRNAY'®_ [ this re-
gard it is worth noting that in the calculated spectrum
of Yeast tRNAFEC the resonance which deviated most
from its position in the observed spectrum was that of
AU 12 (see resonance at —14.05 ppm, fig. 3a, spectrum b).
Likewise in the present calculated spectrum of E. Coli
tRNAY? the resonance for AU 12 is predicted at too
low a field position (see fig. 2). Furthermore we pointed
out that a small adjustment in the DHU arm could well
alter the positions of GC 11, AU 12 and GC 13 bringing
the calculated spectrum of Yeast tRNAFP® into much
closer alignment with the observed spectrum [4]. A
similar adjustment in the case of the E. Coli tRNAY
coordinates might have an analogous effect on the cal-
culated spectrum presented above. Since a number of
bases in the DHU arm and loop region are involved in
tertiary structure interactions it is entirely possible that:
(i) the solution structure in this region is slightly differ-
ent from that seen in the crystal or (ii) some minor ad-
justment in the X-ray coordinates might be necessary
which would still be within the limits of the electron
density contours. Experiments are in progress to dis-
criminate between these two options. A second reason
for an increase in the rms error for the calculated ver-
sus observed resonance positions in the spectra pre-
sented above would be that there are small but real dif-
ferences between the structures of Yeast tRNAF? and
E. Coli tRNAY. Since it is difficult to predict what
these differences might be we have constrained the
structure of E. Coli tRNA‘l"ﬂ to resemble, as closely as
possible, that of Yeast tRNAPES, This again could gen-
erate a higher RMS error between observed and calcu-
lated spectral positions. In spite of this RMS error of
0.1 ppm, it is worth noting that the agreement between
the observed and calculated tRNAVA spectrum, fig. 2,
is better than the agreement between the observed and
calculated tRNAF®® spectra for three of the four struc-
tures calculated in fig. 3.
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Fig. 3. (2} Spectrum a ~- computer simulfation of the observed Yeast t]ElNAPhe MMR spectrum, Spectrum b ~ NMR spectrum cal-
culated from the coordinates of Sussman and Kim {3.4]. Spectrum ¢ — NMR s%ﬁ:tmm calcutated from the coordinates of Quigley
et al. [27]. (b) Spectrum a — computer simulation of the observed Yeast tRNAF® NMR spectium. Spectrum b — NMR spectrum
caleulated from the coordinates of Stout et al. [28]. Spectrum ¢ — NMR spectrum calculated from the coordinates of the MRC
group {personal communication). All calculations were done using the same ring currents and offset parameters [4].
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7. Seusitivity of spectral calculations to structural
differences

Although we have suggested that these calculations
are very sensitive to structural changes and thus may
be employed to search out correct structures, it is dif-
ficult to present a convincing measure of the sensitivity.
In figs. 3a and 3b we attempt to provide such a meas-
ure by comparing spectra calculated from the coordi-
nates of four partially refined X-ray crystallographic
structures of Yeast tRNAFRe, The middie spectrum (a)
in each figure is a computer simulation of the measured
NMR spectrum while spectra b and c are the spectra cai-
culated from coordinates from the orthorhombic (fig.
3a) and monoclinic (fig. 3b) crystal forms. There are
abviously significant differences between the spectra
calculated from the four sets of coordinates. These dif-
ferences reflect small variations in bond lengths and
angles as well as non-bonded contacts which arise prin-
cipally from the methods of data refinement [26] and,
thus, will certainly decrease as refinement continues.
The point which must be emphasized here is that these
small differences are readily detectable due to the sen-
sitivity of the calculations.

This comparison clearly illustrates that the approach
presented above is sensitive enough to detect small dif-
ferences in conformations and find the one which cor-
responds to the correct solution structure. The accuracy
of these calculations will increase further as the number
of resonance positions calculated also increases. It is,
therefore, essential to expand the calculations to in-
clude non exchangable proton resonances, particularly
those from methyl and methylene groups which often
occur in loop regions of the tRNA. Due to the careful
work of Kan et al. [29,30] the assignment of these reso-
nances is relatively straightforward by comparison with
hydrogen bonded proton resonances. In addition they
can provide more accurate information concerning the
conformation of the loop regions as well as the tertiary
structure interactions which occur between loop regions
{Robillard et al. manuscript in preparation).

8. Conclusions
In addition to supporting the optimized ring cuirent

values and the low field starting positions presented
earlier [4], these results provide rather clear evidence

for a high degree of similarity between the structure of
Yeast tRNAFC and E. Coli tRNAY™ both in the crystal
and in solution.

The process of crystallizing biological macromolecules
and determining the three dimensional crystal structures
from X-ray diffraction techniques is time consuming and
not always successful. An alternative approach which
may be applicable, at least in the case of tRNA, is the
combination of NMR spectroscopy and atomic coordi-
nates generated from a proposed model. The procedures
and results presented in this paper and earlier {4] sug-
gest that it may be possible, relying on what has already
been learned about the folding of a2 tRNA molecule from
X-ray crystallographic studies, to generate three dimen-
sional models of tRNA whose structures are not known,
and by comparing their calculated versus observed NMR
spectra, to refine these structures to the correct solution
structure. Further experiments are now in progress to
refine the present coordinates of Yeast tRNAPhe and
E. Coli tRNAY“I by this approach in order to test the
feasibility of such a procedure.
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Note added in proof

Bases G10 and G45 in fig. { should be encircied.
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