tions. When grown at 8°C the sample
droplets are equilibrated against a res-
ervoir of 50 percent saturated am-
monium sulfate, while those grown at
room temperature are equilibrated
against 65 percent saturated ammo-
nium sulfate.

The yeast tRNAfMet crystals grow
in three main forms: flat diamond-
shaped sheets, tetragonal bipyramids,
and hexagonal prisms. Only this last
form (Fig. 2) has given useful x-ray
diffraction patterns. These crystals
form within 1 to 2 weeks with no prior
formation of a precipitate as in the
case of E. coli tRNALeu, Since only the
hexagonal-prism form has been useful
for x-ray diffraction work, conditions
were sought to grow this form prefer-
entially. This form can be grown al-
most to the complete exclusion of the
others by slowly (over a 4- to 5-day
period) approaching the final concen-
tration of ammonium sulfate in the
solvent reservoir with spermine or
spermidine as the polyvalent cation in
the sample droplet. With the density
gradient technique, the density of the
hexagonal-prism form of these crystals
was 1.29 +0.02 g/cm3. The x-ray data
indicate that the unit cell is hexagonal
with dimensions 115 by 115 by 137 A
(2). Therefore the crystals are about
15 percent tRNA by volume and con-
tain 12 molecules per unit cell. These
crystals show the same birefringence
as that described for the E. coli
tRNATeu crystals.

Crystals were mounted for x-ray dif-
fraction studies by drawing the crystal
along with some of the mother liquor
into a 0.7-mm quartz capillary. The
mother liquor was removed, and the
crystal was blotted dry with a filter
paper strip. A small volume of solu-
tion, identical in composition to the
mother liquor but with no tRNA, was
added to the end of the capillary which
is then sealed with vacuum grease.
Crystals of both tRNA’s mounted this
way have lasted over 100 hours in the
x-ray beam with no significant decrease
in resolution.

Since this technique consumes only
about 0.1 mg of tRNA per experiment,

it is possible to survey a large number .

of crystal growth conditions with a
minimum consumption of material. By
a survey of the variables described here
it has already been possible to signifi-
cantly improve the thermal and me-
chanical stability as well as the crystal-
line order of the tRNA crystals. Efforts
are now under way to further improve
these crystal characteristics, and when
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the x-ray data warrant it, this same
technique can be used to survey for
satisfactory isomorphous replacements.
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Structural Studies on Transfer RNA:
The Molecular Conformation in Solution

Abstract. Small-angle x-ray scattering curves from four different species of
transfer RNA in solution indicate that the molecules are of very similar size and
shape. A model which has regions of the molecule folded tightly around a long
helical core gives good agreement with the observed scattering curves.

We performed small-angle x-ray scat-
tering studies on dilute solutions of
three purified species of tRNA (I):
tRNADet (yeast), tRNAT (yeast), and
tRNATYe (Escherichia coli). All sam-
ples were studied in 0.1M KCl, 0.005M
MgCl,, and 0.02M tris-HCI buffer (pH
7.2) at 20° to 25°C. Data were taken
on a symmetrical four-slit diffractom-
eter (2) with slit separations of 50 cm.
Scattered intensities were measured for
angles between 5.5 and 180 milliradians
(mr), corresponding to Bragg spacings
between 280 and 8.6 A. The experi-
mental curves after correction for slit
height smearing effects are shown in
Fig. la, together with the curve ob-
tained under similar conditions from a
fraction of yeast tRNA’s rich in
tRNAAR (3), The tRNAARR was dis-
solved in a buffer containing no MgCl,,

.but without dialysis. It is probable that

Mg2+ was present on the tRNA. All
four species show very similar scatter-
ing curves, supporting the idea that
most tRNA’s have a similar three-di-
mensional conformation. We find radii
of gyration between 23.5 and 25 A, in
agreement with other values (3, 4).
Assuming the general validity of
the cloverleaf configuration for tRNA,
we constructed Corey-Pauling-Koltun
space-filling models; coordinates were
assigned, and the theoretical, spherical-

ly averaged x-ray scattering curves were
calculated and compared with the ex-
perimental curves. Coordinates used for
the helical regions were those for the
11-fold helix model of reovirus double-
stranded RNA (5). To reduce the com-
puting time, coordinates were assigned
only to the scattering centers of base,
sugar, and phosphate groups; scatter-
ing factors for the groups were deter-
mined by summation of the atomic
scattering factors for atoms in water (6).
We have compared scattering curves
calculated for segments of double-heli-
cal RNA using atomic coordinates with
curves calculated from the group ap-
proximation, and we found that the
group approximation gives curves which
are qualitatively correct out to 160 mr.
Bound K+ ions were assigned to phos-
phate groups, but scattering due to a
water and ion cloud shell was ignored.
Since the sequence of nucleotides in
the tRNA is unimportant for calcu-
lating the small-angle scattering curve,
models were built to the form of an
average tRNA of 78 nucleotides. Heli-
cal regions were poly Gepoly C, and
unpaired bases were about half purines
and half pyrimidines.

In a similar model-building study,
Lake and Beeman (3) had found that
the inner region of the scattering curve,
to 50 mr, corresponding to radius of
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Fig. 1. X-ray scattering curves for tRNA in solution. (a) Experimental scattering”from four species of tRNA: yeast tRNAfMct
(solid line), yeast tRNAAla (short-dash line), E. coli tRNATPhe (dot-dash line), yeast tRNATyr (long-dash line). (b) Experi-
mental scattering from yeast tRNA™¢t (solid line) compared to theoretical scattering from H model of Lake and Beeman (3)
(short-dash line) and theoretical scattering from model of Cramer et al. (7) (dot-dash line). (c) Experimental scattering from
yeast tRNA™¢t (solid line) compared to theoretical scattering from model described in text (dash line).

gyration and approximate shape infor-
mation, could be matched with a model
having parallel helical regions with two
up, two down (H model); or with three
up, one down. Their best fit with an H
model is shown in Fig. 1b. A model
constructed according to the form given
for yeast tRNAPte by Cramer et al. (7)
gave a theoretical scattering curve
which is also shown in Fig. 1b. We de-
scribe here a model which gives the
theoretical curve shown in Fig. 1c. The
agreement with experiment is much im-
proved. The theoretical and experi-
‘mental curves agree to larger angles and
lower intensities than with the Lake and
Beeman model, and the shape of the
shoulder in the theoretical curve is
quite similar to that observed.

In all four experimental curves, the
pronounced shoulder at 100 to 130 mr
and the absence of any shoulder at
smaller angles are characteristic. In
seeking a model that would give good
agreement with these important charac-
teristics, we discovered that the axial
separation of parallel helical segments
must be reduced from approximately
20 A in the H model to about 5 A. This
can be achieved with RNA double
helices because the base pairs are offset
from the helix axis and because the
major groove is much deeper than in
the DNA “B” form. Short helical seg-
ments of three or four base pairs, if
rotated - 180° from the neighboring
helix, can be inserted without serious
distortion in the major groove of a long
helix with the two axes separated by
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as little as 4 A. All models which we
have constructed with large axial sepa-
rations fail to match these two charac-
teristics (Fig. 1b). Based on these stud-
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ies, we propose the following model for
tRNA.

Starting with the cloverleaf config-
uration (Fig. 2A), we have made one

Fig. 2. (A) Cloverleaf configuration of average tRNA used in model calculations.
The B is an average unpaired base. The CCA terminus and TyC loop are identified.
The bottom loop contains the anticodon. The five unpaired but helically stacked
bases in this loop were treated as guanine. The large dihydrouridine loop is on the
left. (B) Schematic drawing of proposed model labeled as in Fig. 2A. The dashed line

is the long helix axis.
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continuous double helix of 12 base
pairs out of helix a and helix e (Fig.
2B). This can be done in all sequenced
tRNA’s, leaving a break in only one
chain of the double helix where the
chains turn out to go to helix » and the
variable arm d. This break is easily
constructed through rotation about
sugar to phosphate bonds without dis-
tortion of the main helix. Helical seg-
ments b and ¢ are then placed parallel
to the main helix fitting into the large
groove of the main helix, with a rota-
tion of 180° between parallel helices.
The anticodon arm (helix c) is placed
at the helix e end with the anticodon
in the Fuller-Hodgson conformation (8)
at the extremity of the molecule. This
helix can be made coaxial with the
main helix by keeping the region of
overlap to one base pair or less. When
this is done, helix b can be moved as
far out as 10 A from the main helix
without seriously altering the shoulder
region of the scattering curve, but the
agreement between the observed and
calculated scattering curves is best when
helix b is placed at an axial separation
of about 4.5 A. This helix is placed in
the groove of the helix e section of the
main helix, situated near the break in
the main helix, with the dihydrouridine
loop of helix b extending in the direc-
tion of the CCA hydroxyl end. The
shortest distance between phosphates of
neighboring helical segments is about
5.5 A, which might require a divalent
cation for stability. This would agree
with the findings of Lindahl, Adams,
and Fresco (9) that tRNA in the native
conformation requires a small number
of site-bound divalent cations.

In addition to utilizing tRNA se-
quence similarities and to matching the
experimental x-ray data, the model also
agrees with much of the chemical evi-
dence available. The chemically unre-
active TyC loop of helix e is the least
exposed loop, fitting into the groove of
helix ¢. Although the small-angle x-ray
studies do not warrant placing many
restrictions on the unpaired loop re-
gions, it is possible to achieve consid-
erable base-stacking in these regions.
The 12 base-pair helix forms a rigid
stem on which the remainder of the
molecule is folded, and the distance be-
tween the anticodon and the CCA-
hydroxyl end is constant except for
movement of the last four nucleotides
of the CCA-hydroxyl end. The - anti-
codon arm, helix ¢, is exposed and free

to interact with mRNA in agreement’

with the evidence of Rudland and Dube
(10). A molecule of this size and shape
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will fit the unit-cell packing require-
ments found in crystallographic studies
and is consistent with the projected
electron density for crystals of E. coli
tRNALet and yeast tRNADet (17),
Our model has two important fea-
tures. (i) Based on the absence, in all
sequenced tRNA’s, of any unpaired
bases between the helical regions a and
e, we have made one continuous helix
of 12 base pairs. (ii) Based on small-
angle x-ray scattering studies, we have
placed the anticodon helix ¢ approxi-
mately coaxial with the main helix, and
the axis of helix b at a separation of
about 5 A from it, giving a molecule
of dimensions 25 by 35 by 85 A.
PETER G. CONNORS
MINDAUGAS LABANAUSKAS
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Structural Studies on Transfer RNA:
Preliminary Crystallographic Analysis

Abstract. Single-crystal diffraction patterns from Escherichia coli leucine tRNA
and yeast formylmethionine tRNA show a tetragonal lattice for the former, with

a=46 4 and c=137 A, and a hexagonal lattice for the latter, with a =115 A

and ¢ =137 A. Initial analysis suggests a molecule with a long, double helix

parallel to the c-axis for both crystals.

We present a preliminary analysis of
x-ray data collected from crystals of
tRNA™et  from yeast and tRNATeu
from Escherichia coli. Techniques for
crystal growth are discussed in an ac-
companying report (/). Precession pho-
tographs from both crystals are shown
in Fig. 1. The space group of the
tRNAfMet crystals is P6,22 (or P6,22)
with unit cell dimensions a =115 A
and ¢ = 137 A. There are 12 molecules
in the unit cell and one molecule per
asymmetric unit. The space group of
the tRNALen crystals is P4y (or P4jy)
with cell dimensions ¢ =46 A and ¢ =
137 A. There are four molecules per
unit cell and one molecule per asym-
metric unit. The resolution of the pres-
ent data is 10 or 12 A. The analysis
employs model building and Patterson
synthesis of the intensities. We discuss
here the electron density projected into
the basal plane. Only the F(hkQ) are
involved.

Based on both chemical and physical
evidence several models for tRNA have

been proposed (2—4). Most models, and
in particular the one we use (3), suggest
a prolate asymmetric molecule with
the double-helical regions parallel to the
long axis. Such a molecule, properly
placed in the unit cell with the helix
axes parallel to the c-axis, gives excel-
lent agreement with the observed Pat-
terson. The electron - density projected
into the basal plane is centrosymmetric
and the F(hk0) phases must be zero or
pi. These phases were calculated from
a partial model and with the observed
intensities give an electron density map
that -was used as a guide for the ar-
rangement of the rest of the molecule.
The results suggest a molecule contain-
ing a long double-helical region around
which the rest of the molecule is rather
compactly folded. Most of our analysis
is on tRNALeu but the same model
gives good agreement with the data on
tRNAfMet,

Figure 2a shows the Patterson syn-
thesis of the experimental intensities of
the centrosymmetric 7k0 plane of the

SCIENCE, VOL. 166



	Cit r248_c353: 


