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X-ray Diffraction Patterns of Transfer RNA Consistent with
the Presence of Short Parallel Helices in the Molecule

Abstract. X-ray diffraction data of yeast formylmethionine transfer RNA,
Escherichia coli phenylalanine transfer RNA, and Escherichia coli arginine
transfer RNA single crystals are compared with the Fourier transform of a
helix. The results are consistent with the presence of short parallel double
helical segments in the transfer RNA molecules.

Transfer ribonucleic acid (tRNA)
molecules play a prominent role in
protein biosynthesis. They function as
adaptor molecules in the translation of
the messenger RNA code into the cor-
responding polypeptide chain. It is of
interest to have information on their
molecular structure. Several different
models of the tertiary structure of
tRNA have been proposed (7). All
these models are based on the clover-
leaf structure of Holley (2). These
models consist of four main double

Fig. 1. Eleven-
fold double he-
lix.

helical stems, amino acid, dihydrouri-
dine, anticodon, and pseudouridine.
We now report x-ray diffraction pat-
terns from single crystals of tRNA
which are consistent with the presence
of short parallel helices in the molecule.

The structural analysis of a macro-
molecule by single crystal x-ray dif-
fraction can be achieved with the
multiple isomorphous derivatives tech-
nique. However, although various
single crystals of tRNA have been
grown and preliminary x-ray diffraction
studies have been made (3, 4) de-
ciphering of the phases by the isomor-
phous derivatives method has not yet
been possible. In parallel with our ef-
forts of preparation of the single
crystals of heavy atom derivatives, we
have attempted to obtain structural
information from available diffraction
data of the crystals of yeast formyl-
methionine tRNA (tRNAfMet)  Esche-
vichia  coli  phenylalanine tRNA
(tRNAFre), and E. coli arginine tRNA
(tRNAA), X-ray data for these
crystals are shown in Table 1.

The two important quantities of a
molecular structure that can be com-

Table 1. Crystallographic data for three tRNA crystals,

Cell constants Molecules
Speci Crystal Space e in asymmet-
pecies system group a = b c ric unit
(A) (A) (No.)
Formylmethionine (yeast) Hexagonal P6,22 115 137 1
(P6,22)
Phenylalanine (E. coli) Hexagonal ? 122 198 ' 2(D)
Arginine (E. coli) Trigonal P3,21 99.4 92.9 2
(P3,21)

1234

pared with the x-ray data are the
Fourier transform and the interatomic
vector set. We have examined both
these quantities and compared them
with the x-ray data.

. The x-ray diffraction pattern from a
crystal is the Fourier transform of all
the molecules in the unit cell. There-
fore, in general, the diffraction pattern
will not directly exhibit the Fourier
transform of a single molecule (5).
However, if the molecule contains a
considerable amount of helical struc-
ture, the diffraction pattern, may, in
favorable cases, be expected to show
characteristics of helix diffraction.

The fundamental parameters that
define a helix are the pitch p, the num-
ber of units per turn N, and the
radius r. The distance d between the
successive units is then equal to p/N,
and the angle of rotation ¢ per unit
is equal to 360°/N (Fig. 1). The gen-
eral formula of the Fourier transform
of a set of points is

FXY,Z) =3 f,%
j

exp 2ni(Xx; + Yy, + Zz;) (1)

where f; is the scattering factor of the
jth atom whose coordinates are Xy Vis
and z; and X, Y, Z are orthogonal
coordinates in the reciprocal space.
For the infinite helix, Eq. 1 can be
written (6)

F(RY,Z) = Y J.(2nRr) X
n=0 '

expiln(y — ¢+ w/2) +27Zz] (2)

where R,J,Z are the cylindrical coor-
dinates in the reciprocal space and
J,, is the Bessel function of nth order.
This function is known to have the
following characteristics. (i) The
transform has a layer structure, with
the  distance 1/p between the layers;
(ii) at the lower layers, the main part
of the Bessel function has the same
order as the layer number and has a
cross-shaped pattern through the
origin; (iii) the strong meridional
region appears at a distance of about
1/d; and (iv) for the double helix, the
transform is modified by a fringe
function corresponding to the relative
position of the two strands.

Since the scattering in the low an-
gular region is mainly due to the phos-
phate group (7), the phosphorus co-
ordinates (8) of the helix for 11-fold
viral RNA with p =30 A and N=11
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were used in our study. Because
the length of the tRNA molecule is
finite, the calculations were done with
the use of Eq. 1. The characteristics
of the transforms of a long and short
helix are demonstrated in Fig. 2.
Figure 2, a and b, shows the low an-
gular region of the XZ sections of the
transforms of an 11-fold double helix
of two full turns (22 units) and seven
units, respectively. The main features
in the transform of the long helix are
(i) the layer arrangement and (ii) the
cross pattern, similar to those of the
infinite helix. However, in the case
of the short helix, the layer distribu-
tion is less obvious, whereas continuous
large values corresponding to the

L

feature (ii) appear in the form of a
Cross. ‘

The observed weighted reciprocal
lattice section XZ is shown for
tRNAMet jn Fig. 2c. The highest reso-
lution of this diffraction pattern is 6 A,
and the meridional reflections which
are expected around 3 A were not
observed.

A few

strong reflections appear

along cones with semivertical angles -

extending from 35° to 45° about the
c¢* axis. The ¢ axial length is 137 A,
and one period of the helix is 30 A.
Therefore, if the helix is long, strong
spots will be expected for layers

4,5,9,13,14,..., along the c* direction
and weak regions in between. How-
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ever, there is no indication of such a
layer arrangement. A similar contin-
uous cross of prominent reflections is
also observed in E. coli tRNAT:e 0kl
reciprocal lattice as shown in Fig. 2d.
These observations are consistent with
the presence of short parallel helical
segments in the tRNA molecule.

We now consider the XY section of
the transform. The calculated trans-
forms of the XY sections for the long
and short helices show similar J, type
of distribution (# =0 in Eq. 2) with
the characteristic concentric rings of
alternating strong and weak regions
around the origin. The AkO diffraction
pattern of tRNAfMet shows a pro-
nounced zero intensity ring of radius

N

Fig. 2. Fourier transform of a double helix and weighted reciprocal lattice. (a) Amplitude for the XZ section of the transform
of the double helix of two full turns. The helix axis is along the Z axis. (b) Amplitude for the XZ section of the transform of the
double helix of seven units. (c) The h0! weighted reciprocal lattice of tRNAY®. The radius of the circle is proportional to the |F|
sharpened by an artificial thermal parameter B = 100 A% (d) The k0! diffraction diagram for tRNAF".,
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Fig. 3. Superposition of the Ak0 weighted reciprocal
lattice (open circles) of tRNA®™¢<t on the contoured
Fourier transform of a double helix of seven units. The
lowest regions of the transform are shaded. The first
low region of the transform coincides with the low
intensities of the weighted reciprocal lattice, whereas

& the strong intensities coincide with the high regions of
the transform. An exact agreement between the two
cannot be expected because the molecular Fourier trans-
form is not a complete representation of the weighted
reciprocal lattice (5).
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The vector set of a long helix has
the following characteristics (Fig. 4a).
(i) It consists of parallel layers with
spacing d; (ii) the vectors in each
layer lie on a circle of radius
2r|sin(np/2)| where n is the layer
number. The largest possible radius is
twice that of the helix; (iii) the great-
est accumulation of vectors is on the
z axis (helix axis) at a distance p; and
(iv) in the case of double helix, in
addition to the above vector set, a
similarly shaped interstrand vector set
appears, with a displacement D along
the z axis (Fig. 4b). If the helix is
short (Fig. 4c), the feature (iii) dis-
appears and (iv) s less obvious. This
is demonstrated for a helix of seven
units in Fig. 4d.

The Patterson map was examined
for the features of the vector set listed
above. The circles corresponding to
the low order layers of the vector set
could not be found because they lie
within the broad origin peak of the
Patterson function. However, no evi-
dence of (iii) and (iv) was found
either. This observation is consistent
with the earlier conclusion from the
study of the Fourier transform that
the helical segments are short.

Our studies on two different species
of tRNA are consistent with the
presence of short parallel helical seg-
ments in the molecule. This, taken to-
gether with the estimated molecular
dimensions (4), indicates that the
helical segments may be stacked or
staggered along the length of the
molecule.

After our report was submitted for

structure in the tRNA molecule, The
hkO diffraction pattern of E. coli
tRNAT2e has not yet been obtained to
make a similar comparison. In E. coli
tRNAArg, the hkO and 0kl diffraction
patterns did not show the characteris-
tics of helical diffraction. This may be
attributed to the presence of the two
crystallographically independent mole-
cules in different orientations.

0.045 to 0.05 per angstrom (Fig. 3).

The zero order Bessel function
Jo(27Rr) has its first zero at 2xRr =
2.40. Therefore, the =zero intensity

circle corresponds to an r value of 8
to 9 A, which is in agreement with the
radius of the RNA helix for the
phosphorus atoms. Thus, the zero in-
tensity circle may also be regarded as
presence

indicating the of helical

.l OO‘:. ...:. ...“ .L..
N

Fig. 4. (a) The vector set of a single helix. Origin is at the black circle. (b) The
vector set of a double helix. The solid lines correspond to intrastrand vectors and the
dotted lines to the interstrand vectors. The thickness of a layer is roughly proportional
to the mean density of points on that circle. Displacement (D) is related to the dis-
position of the two strands. (¢) An 11-fold double helix of seven units. (d) The vector
set of a double helix of seven units.
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publication, we learned that Kim et al.
have observed x-ray diffraction pat-
terns of yeast tRNAFre and have in-
terpreted their patterns to be also
consistent with the presence of double
helical segments, of approximately
half a turn, in the molecule (9).
T. Sakurar* S. T. Rao

J. RuBIN, M. SUNDARALINGAM
Department of Biochemistry,
College of Agricultural and Life
Sciences, University of Wisconsin,
Madison 53706
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Adenosine 3’,5’-Monophosphate Increases Capacity for
RNA Synthesis in Rat Liver Nuclei

Abstract. Liver nuclei isolated from rats injected with adenosine 3',5'-mono-
phosphate exhibit an increased capacity for RNA synthesis compared with nuclei
from control animals. This effect, which is highly specific for the cyclic nucleo-
tide, can be observed within 1 hour after injection in both unoperated and
adrenalectomized rats. These findings suggest that induction of enzyme synthesis
mediated by way of adenosine 3',5'-monophosphate may be controlled, at least

in part, at the level of gene transcription.

A wide variety of tissue responses to
specific hormones are known to be
mediated at the molecular level by
adenosine 3’,5’-monophosphate (cyclic
AMP), and increased cellular concen-
trations of cyclic AMP can cause both
activation of existing enzymes and in-
duction of the synthesis of new en-
zymes (1). This latter effect could be
controlled by actions of cyclic AMP
during either translation or transcrip-
tion, or both.

A possible explanation for effects of
cyclic AMP on transcription has re-
cently been reported by Langan (2, 3),
‘who has observed that the phosphoryla-~
tion of histones is stimulated by cyclic
AMP. Because histones are thought to
usually inhibit gene transcription, it has
been postulated that the cyclic AMP-
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mediated phosphorylation of histones
causes them to be displaced from the
DNA and thereby allows genes to be
transcribed into RNA. Indeed, gluca-
gon, which is known to induce the
synthesis of a number of specific en-
zymes in rat liver, has been found to
cause both increased liver concentra-
tions of cyclic AMP and an increase
in the phosphorylation of a specific
serine residue in F1 histone (3). This

Fig. 1. Time course of RNA synthesis in
liver nuclei from rats injected with cyclic
AMP, 5-AMP, or saline (0.9 percent
NaCl) 1 hour before the animals were
killed. Conditions were those described in
Table 1. The stimulation in the rate of
RNA synthesis only occurs with cyclic
AMP, and the effect is noticeable within
the first minute of incubation.

hypothesis is further supported by the
finding that the induction of at least
one liver enzyme by glucagon is in-
hibited by actinomycin D (4).

If Langan’s hypothesis is correct,
then cyclic AMP should cause an in-
crease in the rate of RNA synthesis in
rat liver, although the overall effect
might not be very great due to the
relatively small number of enzymes
whose synthesis is induced by this
nucleotide. Because it has been shown
that the synthesis of specific enzymes
can be induced in rat liver by direct
administration of cyclic AMP to nor-
mal rats (4, 5), we decided to deter-
mine whether such treatment has any
detectable effect on nuclear RNA syn-
thesis. Our experiments show that
within 1 hour after administration of
cyclic AMP, a dramatic increase occurs
in the ability of liver nuclei to synthe-
size RNA. :

Male Sprague-Dawley rats between
150 and 250 g in weight were injected
with cyclic AMP (10 mg per 100 g of
body weight) or an equivalent volume
of saline (0.9 percent NaCl) 1 hour
before the animals were killed. Liver
nuclei were isolated as a pellet in 2.4M
sucrose (1mM MgCl,) (6), and were
incubated in the presence of **C-labeled
adenosine triphosphate (ATP) and un-
labeled nucleoside triphosphates to
monitor their capacity for RNA syn-
thesis (Table 1). The DNA concen-
tration was determined by the indole
method (7), and RNA synthesis was
expressed as radioactivity incorporated
into acid-insoluble material per milli-
gram of DNA.

Although some variability was en-
countered in different -groups of rats,
animals injected with cyclic AMP con-
sistently yielded liver nuclei with an in-
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