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
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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
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reciprocal lattice of crystals of tRNATeu
from E. coli. Seventeen independent
intensities were used. They were cor-
rected for the Lorentz polarization fac-
tor and by a temperature factor which
increased the intensity of the high order
spots, relative to the lowest order, by
about 50 percent. An accurate determi-
nation of the temperature factor is dif-
ficult because of the small number of
spots, but it is probably large. Patter-
son calculations with several different
temperature factors showed the same
distinctive features. These are the two
peaks of high vector density which ap-
pear as eight in the figure because of
the fourfold symmetry of the projec-
tion.

Our model for tRNA is described in
an accompanying paper (3). Its principal
feature is a long, continuous segment of
double helix containing 12 base pairs.
Using only the 12 base pair helix (5) as
our symmetric unit and assuming that
the long axis is parallel to the c-axis,
we attempted first to locate the helix
in the unit cell. An effective number of
scattering electrons was assigned to the
center of charge of each phosphate,
sugar, and base (3). A quadrant of the
base plane of the unit cell of tRNATeu
was covered with a square net of 100
points spaced 2.3 A apart. With the
helix axis placed successively at each
of these points, the structure amplitude
| F(hk0)] caies for the 17 observed spots
were calculated with a Univac 1108
computer and the residuals

R = EIIFoI-sI—'FuIc”/z'Fobll

were evaluated. The net of residuals
showed several minimums. At each of
these, a Patterson was computed from
the calculated structure amplitudes and
compared to the observed Patterson.
At only one position was the agreement
encouraging. The residual at this net
point was R = 0.6. We next added the
remaining double-helical regions to the
molecule, assuming their axes to be
parallel to the main helix axis. The
various parts of the molecule are shown
by Connors et al. (figure?2, A and B, in
3). The two regions added to the long
helix are the stem of the anticodon arm
(c) containing five nucleotide pairs and
the stem of the dihydrouracil arm (b)
for which we used four nucleotide pairs.

We then varied the following param-
eters on the computer: (i) the position
of the main helix axis near the mini-
mum already determined; (ii) separa-
tion of the axis of each of the short
helices from the axis of the long helix;
(iii) the angle between the radial vectors
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Fig. 1. X-ray precession photographs of (A) the hkO reflections from a crystal of
tRNA™e¢t from yeast, and (B) the hk0 reflections from a crystal of tRNA“* from
E. coli. The spot doubling in (B) is due to twinning. The photographs were taken:
on a Supper precession camera, with CuKa filtered radiation and a precession angle
of 10°.
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Fig. 2. (a) The Patterson synthesis of the experimental hkO intensities from a crystal
of tRNAL® from E. coli. (b) The Patterson synthesis of the calculated hkO intensities
from a model of the complete tRNA molecule. (c) The projected electron density in
the unit cell of tRNA%" derived from the model used in (b) by first calculating from
the model the structure amplitudes and phases of the observed reflections and, from
these, calculating the projected electron density. The F(0,0,0) was not included, and
the contours are drawn for every 10 percent above 50 percent of the maximum
electron density in the cell. Areas in the cell with less than 50 percent of the maximum
electron density are labeled with a minus sign. The long helix of the model is shown
as two concentric dotted rings, one at the radius of phosphate, and the other at the
radius of the center of charge of an average base. (d) The projected electron density
map of the cell of tRNA™", The experimental structure factors were used with the
phases from the partial model. The resolution is 12 A. In both (c) and (d), the charge
density at (a/2, a/2) is due to the fourfold overlap of a loop.
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Fig. 3. (a) An arrangement of helices in the unit cell of tRNA™** which will account
for the Patterson synthesis (b) of the experimental (/hkQ) reflections.

from the two short helices to the main
helix; and (iv) the rotational orientation
of the model in the unit cell. The search
through each of the variables was done
separately. Each of the optimizations
revealed a fairly sharp minimum in R
and no great interaction of one optimi-
zation with another. The optimized
main helix axis location was within 0.5
A of the position determined in the
first search of the net. The residual ob-
tained with the 21 nucleotide pair
model was R = 0.32, and the agree-
ment of the calculated and observed
Pattersons was also improved.

This model included slightly more
than half of the nucleotides of the en-
tire molecule. The R = 0.32 seemed
good enough to justify the calculation
of phases. These were assigned to the
experimental structure amplitudes, and
the projected electron density was com-
puted (Fig. 2d). The dominant features
are the rings of charge surrounding the
positions of the long helix axes of the
model. The rest of the molecule was
then added with the least possible al-
teration of the charge density distribu-
tion of Fig. 2d. This can be achieved
recasonably well with the model previ-
ously described (3) in which the helices
of the CCA arm (a) and T¢CG arm (e)
form a continuous 12 base pair double
helix. Below this at the TyCG end,
and coaxial with it, the anticodon arm
(¢) is placed in the Fuller-Hodgson con-
figuration (6). The crystallography de-
mands a somewhat more asymmetric
cross section than was used in (3). We
place the dihydrouracil arm (b) about
8 A from the main helix axis rather
than 4 or 5 A. The complete molecule
gives the same phases as those calcu-
lated from the 21 nucleotide pair par-
tial model. The Patterson calculated
from the complete model is shown in
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Fig. 2b, and the electron density at a
resolution of 12 A is in Fig. 2¢c. The
residual is R = 0.24.

The most interesting result of the
analysis is the evidence for a long
double helix parallel to the c-axis. We
emphasize that this evidence is quite
convincing. The experimental Patter-
son projection shows peaks which are
sharp, circular, and centered at vectors
which represent the distances between
neighboring molecules. There are two
classes of neighboring molecules which,
because of the lattice symmetry, are
related by rotations of 90° and 180°
in the plane of projection. The fact that
the Patterson peaks arising from both
classes of vectors are similar, sharp,
and circular, suggests that at this reso-
lution the molecule’s projected electron
density is likely to be nearly circular.
To check the model dependence of our
results, the base plane of the unit cell
was searched by use of one turn of a
DNA B helix instead of the RNA helix.
The residual showed no significant min-
imums and no sharp Patterson peaks
were observed corresponding to transla-
tional vectors between molecules. The
principal difference in the axial projec-
tions of the two helices is the existence
of a much higher charge density near
the helix axis in the DNA. One expects
the translation of a ring of charge to
give a Patterson more strongly peaked
about the translation vector than does
the translation of a disc of charge.

Finally, we point out that if the
molecule is in fact 80 or 85 A long
then the pairs whose projections are
about 12 A apart have some end-to-
end overlap along the c-axis. The crys-
tal structure is essentially a side-by-side
array of chains of overlapping mole-
cules.

Figure 3a shows an arrangement of

helices in the unit cell of tRNAfMet
which will account for the peaks in the
Patterson synthesis (Fig. 3b) of the ex-
perimental /&0 reflections. A model
similar to that used for tRNATeu gives
a Patterson in excellent agreement with
experiment. The residual is 0.27. The
pairs of helices are separated by 12 A
just as in the case of tRNALet An end-
to-end chaining is possible, but, because
in tRNAfMMet there are dyad axes per-
pendicular to ¢, alternate molecules
along the chain must be inverted. In
tRNATet they all point in the same
direction.

The model we have used meets the
demands of the x-ray data in a natural
and straightforward way, but other ar-
rangements of the arms are no doubt
possible which give a continuous double
helix and compact packing of the rest
of the molecule.
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Physalia Nematocysts: Utilized by
Mollusks for Defense

Abstract. Nudibranchs Glaucus and
Glaucilla store and utilize for their own
defense the nematocysts of the veno-
mous siphonophore Physalia.

During early 1968, bathers in the sea
at Port Stephens, New South Wales,
Australia, were being unpleasantly
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