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Similarity of the crystal and solution
structure of yeast tRNAPhe
G. T. Robillard, C. E. Tarr*, F. Vosman & H. J. C. Berendsen
Department of Physical Chemistry, University of Groningen, Zernikelaan, Groningen, The Netherlands

A comparison of the crystal and the solution structure of
yeast tRNAPhe has been carried out by calculating the low
field N M R spectrum from refined X-ray structure co-
ordinates. The similarity between the computed and
observed spectra show that the crystal and solution structure
are virtually identical.

* Permanent address: Department of Physics, University of Maine,
Orono, Maine 04473.

NUCLEARmagnetic resonance (NMR), in theory, can provide
information on the solution structure of a macromolecule
at the same level of resolution as obtained with X rays in solids.
In particular, the chemical shift and relaxation parameters
contained in an NMR spectrum are sensitive functions of the
local environments of individual nuclei. Nevertheless, the
transition from the theoretical argument to the practical task
of attempting to extract such information from NMR spectra
poses significant problems since the magnitude of individual
effects are not precisely known and difficult to calculate.
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Table 1Optimised ring current values

Nucleotide Ring currents
Giessner-Prettre and Pullman6 Optimised

Adenine
Hexagonal ring 0.88 0.763
Pentagonal ring 0.67 0.580

Guanine
Hexagonal ring 0.25 0.288
Pentagonal ring 0.63 0.725

Cytosine 0.27 0.210
Uracil 0.08 0.107

Calculation of magnetic ring currents, however, has reached a
significantly high level of accuracy to be useful in predicting
resonance positions if these positions, to a reasonable approxi-
mation, are determined only by ring current effects. In the case
of NMR spectra of tRNA it is likely that ring currents are the
dominant shift mechanism determining resonance positions.

Each ring NH ... N hydrogen bonded proton in a Watson-
Crick base pair generates a resonance in the low field region of
the proton NMR spectrum of tRNA1. The chemical shift of a
proton in such an environment is a combination of three
principal effects: (I) deshielding by polarisation of the N H
bond due to the adjacent electronegative atoms of the hydrogen
bond; (2) deshielding arising from the ring currents of the two
aromatic rings between which this hydrogen bonded proton is
located; and (3) shifts caused by the ring currents of bases

Fig. 1360-MHz proton NMR spectra of yeast tRNAPhe in H20
solutions taken at 35°C. The spectra represent I-h accumulations
in the continuous wave mode with a sweep rate of 12 s per
2,400 Hz. Solvent composition was: A, I mM tRNA, 1 mM
EDTA and 10 mM sodium cacodylate pH 7; B, I mM tRNA,
I mM EDTA, 10 mM sodium cacodylate pH 7, 15 mM MgCI2,

0.1 M NaCI.

stacked above and below the base pair containing the proton
in question. The magnitude of these three effects may be as
large as several parts per million. All other shift mechanisms
generate shifts on the order of a few tenths of a part per million.

Since the X-ray structure of yeast tRNAPhe has now been
solved'·3 and refined coordinates are available, we have cal-
culated, directly from the coordinates, the ring current shift
which each hydrogen bonded proton experiences from all other
aromatic rings in the molecule. The results show that, on the
basis of the resulting NMR spectrum, the X-ray crystal struc-
ture and the solution structure are virtually identical.

Ring current calculations
We have used the theory of Haigh and Mallion4 to calculate the
ring current shifts of the hydrogen bonded protons. In this
theory, which is based on McWeeny's quantum mechanical
treatment5, all contributions to the ring current shifts are
standard geometric terms that are calculated from the positions
of ring atoms, multiplied by a factor proportional to the mag-
nitude of the ring current. Haigh and Mallion used an empirical
factor that is relevant only for in-plane protons attached to
aromatic ring systems, but that should be scaled up by a factor
of 2.6 for large distances. We have used this factor of 2.6 as
appropriate for the distances occurring in tRNA. Our
program for calculating the ring current shifts places a
proton on a straight line between the donor and acceptor
nitrogens at a distance of 1.02 A from the donor. It then sums
the ring current contributions of every ring in the molecule
excluding the donor and acceptor rings for the base pair of
interest. These rings are considered separately when deter-
mining starting positions for a hydrogen bonded proton in a
given type of base pair.

Ring currents for the four isolated bases A, G, U and C have
been calculated by Giessner-Prettre and Pullman6 and are
expressed relative to the ring currents in benzene (see Table I).
For several reasons calculated values of ring currents can be
considered to be only approximately correct: (I) ring currents,
derived from second-order perturbation theory, are sensitive to
approximations used in the quantum mechanical treatment;
(2) in hydrogen bonded base pairs the ring currents may deviate
substantially from those in isolated bases; (3) the neglect of the
effect of charges in heterocyclic rings; and (4) the inaccuracy
of the geometric terms used in the calculation of shifts all may
influence the apparent ring currents. Empirical adjustments
for each of the ring currents should therefore be made to
properly account for the observed shifts. We used the calculated
ring currents6 as starting values in an iterative procedure that
successively refined each value. First, the A and G ring currents,
and the difference between the AU and GC starting positions
were varied and the computer was allowed to make a best fit
between the nearest members of the calculated and the observed
spectra. Then the C and U ring currents were refined keeping
A and G fixed. These new values then provided the basis for a
final slight refinement of A and G ring currents. In each case,
the pentagonal and hexagonal ring currents of each purine
were varied by the same factor, thus leaving only four ring
currents to be refined. Because of the rapid con vergence of
this technique, no further iteration was required. A major
advantage of this procedure is that one is not required to
make detailed a priori assignments of given base pairs to
specific resonances in the observed spectrum and thereby
prejudice the outcome.

The values arrived at by this optimisation procedure are
listed in Table I. As can be seen, the optimum values for this
calculation are only slightly different from the values calculated
by Giessner-Prettre and Pullman6. Furthermore, the changes
are consistent with those expected from hydrogen bonding
between base pairs. During hydrogen bonding the electron
density in the electron cloud, and hence the ring current, is
expected to increase on the donor base and decrease on the
acceptor base. This is precisely what occurs when the ring
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Table 2 Base pair ring current shift

Helix Base pair Ring current shift (p.p.m.)

Acceptor GC I + 1.2244
CG 2 +1.0705
GC 3 -11.4032
AU 5 +0.6150
VA 6 +0.6151
VA 7 + 1.0451

DHU GC 10 +0.9852
CG II +0.4379
UA 12 +0.3418
CG 13 +I 0.5539

Anticodon CG 27 + 1.1602
CG 28 + 1.9580
AU 29 + 1.1530
GC 30 +0.9366
AΨ 31 +0.2392

TUC CG 49 + 1.3464
UA 50 + 1.5445
GC 51 + 1.2773
UA 52 + 1.1299
GC 53 +0.9840

Tertiary U8-A14 +0.5369
T54-A58 +0.4942
G22-m'G46 + 1.7710
G19-C56 10.8615
m22G26-A44 +0.4052
G15-C48 +0.4003

currents are optimised. We are confident, therefore, that the
optimisation procedure has not led to incorrect answers.

Yeast tRNA Phe NMR spectrum
For the purpose of making detailed comparisons between
observed and calculated spectra, it was necessary to use the
most highly resolved spectra of tRNAPhe available. Figure I
shows the low field NMR spectra of yeast tRNAPhe taken at
360 MHz in the absence or presence of Mg2+ (B. R. Reid,
personal communication). Except for slight shifts in resonance
positions and the narrowing of the resonances in the absence of
Mg2+, the two spectra are identical. Because of the higher
magnetic fields and the special solvent conditions, however, the

Table 3 Proton resonance positions

Chemical shift (p.p.m.)
Base pair Calculated Observed
UA 12 -14.01 -13.91
AU 5 -13.74 -13.72
UA 6 -13.74 -13.72
UA 7 -13.31 -13.38
UA 52 -13.22 -13.25
AU 29 -13.20 -13.22
AU 31 -13.18 - 13.18
CG II -13.10 -13.16
CG 13 -12.98 -12.93
UA 50 -12.81 --12.83
GC 30 -12.60 -12.57
GC 10 -12.55 -12.51
GC 53 -12.55 -12.49
CG 2 -12.47 - 12.47
CG 27 -12.38 -12.42
GC I -12.31 -12.39
GC 51 -12.26 -12.27
CG 49 -12.19 -12.23
GC 3 -12.13 -12.09
CG 28 - 11.58 -11.58

T54-A58 -14.38 -14.40
U8-A14 - 14.42 -14.40
G19-C56 -12.68 --12.72
G22-m'G46 -12.47 -12.47
G15-C48 --11.78 -11.72
m22G26-A44 -13.81 -1381

Base pair offsets: Watson-Crick AU. -1435; Watson-Crick GC,
-13.54; reversed Hoogstein AU, -14.90; AΨ≃ -13.50.

resolution in the no Mg2+ spectrum (Fig. IA) reveals a number
of features not observed in previously published spectra of this
molecule7-'0. There are seven well resolved resonances below
- 11.5 p.p.m. all of which have approximately unit intensity.
When the total integrated intensity in the spectrum is calculated
relative to anyone of these individual resonances we find 26 ± I
protons between - 15 and -- 11.5 p.p.m. as shown in the table
on the side of spectrum in Fig. IB (B. R. Reid and G. T. R.,
in preparation). Similar spectral resolution plus an independent
calibration on the high field methyl resonances has led us
recently to the same conclusion in the case of Escherichia coli
tRNA, v" (refs II and 12). The intensity in the low field region
of yeast tRNA Phe must then be attributed to the 20 secondary
structure Watson-Crick hyrodgen bonded base pair protons

Fig. 2 Cloverleaf sequence of yeast tRNAPhe (refs 14 and 15).

(Fig. 2) plus hydrogen bonded protons from tertiary interactions.
There are five tertiary interactions involving ring N H' . 'N type
hydrogen bonds which should account for five of the resonances
in this region. Only one proton resonance is left unaccounted
for and its origin will be discussed in the following section.

Figure 3A is a computer fit of the original spectrum in Fig.
IA. It was prepared by assigning a number of Lorentzian lines
of equal intensity and linewidths to the positions where they
occur in the original spectrum. Twenty-six lines were used to
generate this spectrum and comparison with Fig. I demonstrates
that the integration shown in this figure accurately reflects the
number of protons in each peak of the original spectrum. The
individual positions used in this fit were the same as those used
in the ring current optimisation discussed above. The optimised
ring current values for the four bases obtained by this procedure
(Table 1) have been used in the Haigh and Mallion ring current
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Fig. 3 A, Computer fit of the spectrum in
Fig. IA prepared as described in the text;
B, spectrum calculated from the X-ray
structure coordinate and optimised ring
current values using the procedures and
offsets described in the text and Tables 1-3.
The indicated base pair positions are those
assigned by the computer from the calcula-
tions. Secondary structure resonances are
denoted by the normal conventions I, 2 ....
Secondary structure AU resonances are
denoted by an A at the bottom of the line.
Tertiary structure resonances are denoted by
the full lettering and numbering of the base

pair, that is, U8-A14 and so on.

calculation along with the X-ray crystal structure coordinates
of yeast tRNAPhe refined by Sussman and Kim (personal
communication). The resulting spectrum (Fig. 3B) compares
very closely with the original (Fig. 3A). Since the N MR spectrum
of tRNAPhe can be quite accurately calculated from the crystal
structure coordinates simply by summation of the ring currents
arising from each aromatic substituent in the molecule, there
must be a very high degree of similarity between the solution
and crystal structure.

Resonances from secondary
structure base pairs
A base pair hydrogen bonded proton will experience deshielding
ring currents from the aromatic rings of the donor and acceptor
bases. If the distance between the donor and acceptor bases
varies slightly, as they do in the refined crystal structure co-
ordinates (2.8-3.1 Å), there will be slight alterations in the ring

current shift. Since it is not clear, however, that these differences
are physically meaningful at the current level of resolution of
the X-ray coordinates, they have been ignored in the present
calculations. Any error which results from this approximation
will be small since the differences in degree of deshielding
originating from these slight changes amount to only a few Hz.
Deshielding also arises from the electronegative atoms of the
hydrogen bond as stated previously. Since it is impossible to
determine accurately the hydrogen bond strengths and correlate
them with deshielding effects we have again assumed that the
deshielding arising from the hydrogen bonded situation of the
proton is the same for a given type of base pair. Thus the
starting position for a proton in each type of isolated base pair
is allowed to be a variable in the optimisation procedure
discussed above. The parameters found were - 14.35 and - 13.54
p.p.m. for Watson-Crick AU and GC base-paired hydrogen
bonded protons, respectively.
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Resonance from A'" base pair
The aromatic ring of the "Y" base is stacked in the anticodon
loop, one ring removed from the Aψ base pair. In the present
calculation the ring current shift arising from this base was
calculated using the ring current value provided by B. Pullman
(personal communication). The total ring current shift ex-
perienced by the Aψ hydrogen bonded proton is 0.24 p.p.m.
In studies of the anticodon fragment of yeast tRNAPhe,
Lightfoot et al.9 found the Aψ resonance occurring in region c
of Fig. 2 and set the starting position at -13.5 p.p.m. We find
that the Aψ could occur in either region b or c depending on
the starting position and the magnitude of the ring current shift
which the proton experiences. In the absence of other infor-
mation, therefore, we prefer to rely tentatively on the fragment
studies and assign the resonance to region c with the Aψ
starting position in the region of -13.5 p.p.m.

Resonances from tertiary
structure interactions
The calculated resonance positions marked in Fig. 3 show that
the two protons in region a, and one each in regions b, c, d
and e are not normal Watson-Crick AU or GC secondary
structure resonances. Having assigned A'I' 31 to region c in the
previous secti.on, the tertiary interactions must generate reso-
nances in the remaining regions. The tertiary structure inter-
actions involving U8-A14 and T54-A58 are of the reversed
Hoogstein type (see Fig. 4b). These two tertiaries experience
approximately the same ring currents as do the hydrogen
bonded protons of AU5, 6 and 12 (see Table 2). If the AU
offset is the same for both Watson-Crick and reversed Hoog-
stein base pairs, five protons fall into region b and none into
region a of Fig. 1. It is probable, however, that protons in the
reversed Hoogstein arrangement have a starting position

to lower field than Watson-Crick AU protons. In the reversed
Hoogstein arrangement (Fig. 4b), the hydrogen bond acceptor
is N7 of the five-membered ring instead of Nl of the six-mem-
ered ring. It has been shown by calculations on the tautomeric
forms of purines13 that the ring currents in both the hexa-
gonal and pentagonal rings are a factor of 2-3 higher if a
proton is attached to the N7 compared with the NI. The change
in ring currents on hydrogen bonding N7 in place of Nl is

Fig. 4 Comparison of Watson-Crick AU base pairing (a) and
reversed Hoogstein AU base pairing (b).

Fig. 5 Tertiary structure base
pairing interactions, excluding
the AU reversed Hoogstein,
whichare suggestedto contribute
resonancesin the low field region
of the NMR spectrum of yeast

tRNAPhe(refs 2 and 3).
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expected to be in the same direction. Thus the deshielding
experienced by the proton in the reversed Hoogstein pair is
expected to be greater than in the Watson-Crick base pair and
the starting position should occur at lower field. Setting the
reversed Hoogstein AU offset at -14.9 p.p.m. places the two
tertiaries U8-A14 and T54-A58 in peak a at -14.4 p.p.m.
A lower field starting position for the reversed Hoogstein base
pair may also arise from a localisation of positive charge on the
five-membered ring when hydrogen bonding occurs at N7. In
contrast, the positive charge which develops when hydrogen
bonding occurs at Nl in a Watson-Crick arrangement may be
withdrawn from the ring by resonance interaction with the
NH2 group. A higher degree of positive charge on the ring
would result in greater deshielding and a lower field position
for the reversed Hoogstein AU base pair proton.

Figure 5 shows the remaining tertiary structure interactions
which are likely to give rise to resonances in the -15 to - 11.5
p.p.m. region of the NMR spectrum. Since G 19-C56 is a normal
Watson-Crick base pair we have used the standard GC starting
position of -13.54 p.p.m. which places the resonance from this
base pair in region d (see Fig. 3). Only one proton each in
regions b, d and e remain unaccounted for. Allowing for the
strong deshielding ring currents which should arise from both
lings in the tertiary base pair m22G26-A44,the starting position
for this resonance should certainly be lower than a normal
Watson-Crick GC and may be more nearly the same as a
Watson-Crick AU proton resonance. Therefore, we have
tentatively placed m22G26-A44 in peak b with a starting
position of -14.2 p.p.m. The G22-m7 G46 interaction (Fig. 5),
is of the reversed Hoogstein type. By analogy with the argu-
ments presented for the AU reversed Hoogstein resonance
starting positions we expect this GG reversed Hoogstein offset
to be to lower field than a Watson-Crick GC starting position.
The difference between a Watson-Crick and a reversed Hoog-
stein AU offset is 0.55 p.p.m. With the G22-m7G46 resonance
assigned to region d at -12.47 p.p.m. the GG reversed Hoog-
stein interaction has a starting position of -14.2 p.p.m.
(0.65 p.p.m. to lower field than the Watson-Crick GC inter-
action). The ring NH of G15 hydrogen bonded to the
exocyclic oxygen of C48 should be less deshielded than a normal
Watson-Crick GC and we have tentatively assigned this proton
to region e as indicated in Fig. 3 with a low field starting position
of approximately -12.1 p.p.m.

Comparison with previous NMR data
The original analysis of the yeast tRNAPhe NMR spectrum
was made with considerable help from NMR spectra of frag-
ments of the individual helices9.Since the helical region structure
was expected to be fairly stable in the presence or absence of
the rest of the molecule, the spectra obtained were assumed
to reflect the resonance positions of the base pairs for a given
helix in the intact molecule. If one compares the fragment data
with the assignments which have evolved from the present
calculations of the secondary structure resonance positions,
it is immediately evident that the present assignments are in very
close agreement with the fragment data. The only noticeable
deviation is the assignment of GC 13 in the DHU helix which
was originally assigned to one of the two highest field reso-
nances. Our calculations show, however, that GC 13 suffers
very little upfield shift (see Fig. 3 and Table 2).

The major change which must be made as a result of these
studies is that the Watson-Crick AU starting position is changed
to -14.35 p.p.m. In the early studies, without knowledge of
AU tertiary structure resonances it was necessary to set the
offset to lower field to account for the resonances which
occurred below -14 p.p.m. This, however, nece,ssitated raising
the A and G ring currents 20% above published values.

The results of removing the sulphur from thiouridine in
E. coli tRNA1 Val (ref. 11) provide further support for assigning
the resonances in region a of Fig. 1, to the tertiary AU re-
sonances. When the sulphur was removed from s4U8 by cyano-

gen bromide treatment the resonance which occurred at
-14.9 p.p,m. in the NRM spectrum of E. coli tRNA1Val
disappeared and was replaced by a new resonance at -14.2
p.p.m. This treatment should have changed a slU8-A14
tertiary base pair into a normal U8-A14 tertiary base pair
as we have in yeast tRNAPhe. The new resonance which
appeared was located very close to that which we have assigned
to the U8-A14 tertiary in the present spectra.

Kallenbach et al.16 observed resonances at -13.8 and -13.2
p.p.m. when studying AMP interacting with 0Iigo(U15).
Assuming the Watson-Crick AU offset of -14.6 p.p.m.
originally used by Shulman et al.8, the -13.8 p.p.m. resonance
was assigned to ring NH' .. N Watson-Crick interactions
while the -13.2 p.p.m. resonance was assigned to hydrogen
bonded protons in the reversed Hoogstein interactions. The
offsets proposed in this paper reverse the order of these assign-
ments. Furthermore, when these offsets are used in conjunction
with new ring current shift tables (Robillard et al., in prepara-
tion) the position of the Watson-Crick and reversed Hoogstein
resonance interactions for this polymer are predicted to occur
exactly at the observed positions.

In their studies of ribosyl ApApGpCpUpUp double-stranded
helix, Kan et al.17 observed an AU resonance assigned to the
internal AU base pair. At 0° the resonance occurred at -14.2
p.p.m. Since this base pair proton is expected to receive an
upfield shift of approximately 0.5 p.p.m. from the neighbouring
G, it would seem that the present starting position of -14.35
p.p.m. for a Watson-Crick AU base paired proton resonance
is incorrect. It should be realised, however, that thetemperature-
dependent measurements of this fragment show a continuing
shift as a function of decreasing temperature even after changes
in the resonance line widths have ceased. As has been shown17,
this could arise from a structural change in the helix geometry
(fraying effects). Thus it is likely that these fragments studies
are not directly comparable with studies on larger polymers.

Conclusions
Table 3 contains the resonance positions of the protons in the
observed spectrum and compares them with those which we have
calculated using the offsets given at the bottom of the table and
the ring current shifts in Table 2. The r.m.s. error between the
resonances in the two columns is less than 0.05 p.p.m. (18 Hz)
when only the 20 secondary structure resonances are included.
The agreement between the calculated and observed positions,
which is even within the observed Iinewidth, can be considered
as very satisfactory since in the optimisation procedure only
five adjustable parameters were used to calculate 20 relative line
positions. These parameters were the four ring currents and the
difference between the AU and GC starting positions. The
deviations which are stilI observed may well represent slight
differences between crystal and solution structure. They may
also arise from a slightly incorrectly refined structure in one
part of the molecule. Further experiments are in progress to
examine these possibilities as well as the accuracy of our
optimised ring currents and starting positions for the individual
base pair types.
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