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Electric Field X-ray Scattering Measurements on

Tobacco Mosaic Virus

M. H. J. KocH, E. DorRRINGTON, R. KLARING, A. M. MICHON,
Z. SAYERS, R. MARQUET, C. HOUSSIER

The feasibility of electric field x-ray solution scattering with biological macromolecules
was investigated. Electric field pulses (1.25 to 5.5 kilovolts per centimeter) were used
to orient tobacco mosaic virus in solution (4.5 milligrams per milliliter). The x-ray
scattering is characteristic of isolated oriented particles. The molecular orientation and
its field-free decay were monitored with a time resolution of 2 milliseconds by means
of synchrotron radiation and a multiwire proportional area detector. The method
should also be applicable to synthetic polymers and inorganic colloids.

the beginning of the century (I) that

electric fields affect light scattering.
Light scattering in the presence of electric
fields has been used to obtain information
on a variety of materials ranging from virus-
es and nucleic acids to synthetic polymers
and clays [for a review, see (2)]. Full use of
the method requires particles sufficiently
large, or a wavelength sufficiently short, for
the scattering to be influenced by internal
interference effects. The small ratio of parti-
cle size to wavelength and the strong ab-
sorption by samples are usually the limiting
factors in electric field light scattering. These
limitations can in principle be overcome by
using X-rays.

X-ray electric field scattering should have
two advantages, the first being the ability to
study the effects of electric fields on macro-
molecules, thus bridging the gap between
structural and electrooptical methods [for an
introduction, see (3)]. The second would be
the possibility of obtaining at least transient-
ly, even with dilute systems, a partially ori-

l T HAS BEEN KNOWN AT LEAST SINCE
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ented scattering pattern. It is mainly this
second possibility that prompted us to per-
form the feasibility experiments described
below, because there is some advantage in
the study of fibrous systems like chromatin
(4) in being able to unequivocally assign
specific features of the solution scattering
patterns to meridional or equatorial contri-
butions in the pattern of oriented speci-
mens. As an obvious test object for these
experiments we chose tobacco mosaic virus
(TMV), which is perhaps the system most
thoroughly studied by electric dichroism
and birefringence (5-8) and electric field
light scattering (9). Furthermore, magnetic
field orientation methods (10, 11) have been
used on very concentrated TMV samples
that display liquid crystalline behavior.

The x-ray scattering measurements were
carried out on the X33 camera of the Euro-
pean Molecular Biology Laboratory
(EMBL) in the Hamburg Synchrotron Lab-
oratory (HASYLAB) (I2) on the storage
ring DORIS of the Deutsches Elektronen
Synchrotron (DESY) at Hamburg.

The solution of TMV (4.5 mg/ml) in a
buffer with 0.3 mA{ NaCl, 0.2 mM tris-HCl
(pH 7.5), 3 mM EDTA, and 0.5 mM
phenylmethylsulfonyl fluoride (PMSF) was
contained in a cell with platinum electrodes
(13). Electric field pulses (1.25 to 5.25
kV/em) produced by a power pulse genera-
tor triggered by the data acquisition system
(14, 15) were applied to the electrodes of the
measurement cell. Two types of multiwire
proportional detectors with delay-line read-
out (16) were used. The first is a quadrant
detector (17) that integrates the scattering
pattern azimuthally in one quadrant. This
detector was placed alternately with the
bisector of the quadrant along the field and
perpendicular to the field and used to collect
sequences of 128 time frames of 2 msec
each. The second is an area detector with
256 by 256 elements, a resolution of 1 mm,
and a dead time of 470 nsec (18).

Unipolar pulses were applied for 2 msec
and the polarity was reversed before each
new pulse. X-ray scattering data were accu-
mulated for a series of 20 pulses, processed,
and checked for degradation of the response
of the sample. Damage to the samples could
largely be eliminated by using bipolar pulses
and a fast shutter to protect the samples
from radiation between measurements. The
same data acquisition system can be used for
optical measurements (19).

Figure 1A illustrates the x-ray solution
scattering pattern of a TMV solution under
normal conditions. The shape of the scatter-
ing curves at low angle indicates that, under
the conditions used, there is some polydis-
persity, but the contribution of side by side
aggregates amounts to only a few percent of
the scattered intensity. Figure 1B results
from the accumulation of 200 pulses of 2
msec duration with an applied electric field
of 5 kV/cm. The relative differences (AIT)
resulting from the applied field shown in
Fig. 1C indicate a decrease of the scattered
intensity by about 40% in the direction
parallel to the field and a corresponding
increase in the direction perpendicular to the
field. This result indicates that in the region
of saturation, at high fields, all particles are
indeed oriented and illustrates the identity
between the electrooptical orientation pa-
rameter and the structural order parameter.
Note that Fig. 1B corresponds to the con-
tinuous transform of an isolated, oriented
particle. It is thus different from the pattern
of an oriented gel, where the transform is
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Fig. 1. (A) Area-detector small-angle x-ray scattering patterns from a solution of TMV (4.5 mg/ml). (B)

Pattern from the same solution during the application of an electric field of 5 kV/cm. (C) Relative
differences [(B — A)/A] in the pattern upon application of the electric field. The arrow labeled E
indicates the direction of the electric field. (D) Pattern of an oriented gel of TMV. The detector covers
the range of scattering vectors 0.01 =<s = 0.15 nm™" as indicated in (A).
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Fig. 2. Time course of the relative difference
along the direction of the applied field (meridian)
and perpendicular to it (equator) at different field
strengths. The curves are shifted for better visual-
ization. Intensity in absence of field is 100% for
all curves.
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sampled by a lattice. The pattern of an
oriented TMV gel is shown for comparison
in Fig. 1D. The time courses of the intensi-
ties integrated in the range of scattering
vectors 0.01 <5 =< 0.1 nm™! (where s = 2
sin 0/\, 20 is the scattering angle, and A the
wavelength) in the directions parallel and
perpendicular to the field at different field
strengths are illustrated in Fig. 2. These
curves correspond to field-free relaxation.
The results of the optical measurements (not
shown) made with the alternative experi-
mental arrangement indicate that under
identical conditions of pH and concentra-
tions one obtains the same relaxation curves
as with x-ray scattering. This is expected, as
both scattering and birefringence yield a
signal that depends on the weight average of
the components.

The polydispersity of the sample explains
the shape of the relaxation curves. Polydis-
persity is also observed in dilute solutions at
PH values below 8.2 and appears to be due
to the formation of end to end dimers (8).
At lower field values only the larger aggre-
gates orient and give rise to the slow relax-
ation component.

The fields required to obtain orientation
and its saturation are much higher than in

dilute solutions, where a few hundred volts
per centimeter suffice. This is because at
higher concentrations the effective field seen
by the individual particles is strongly re-
duced by the polarization of the medium
(8). The relaxation time of the fastest com-
ponent detected here is 8 msec. This value is
obtained by a peeling method analogous to
that used for electrooptical data (20). The
curve at 2.5 kV/cm, which corresponds es-
sentially to the orientation of large aggre-
gates, yields a relaxation time of about 120
msec.

Electrooptical methods in dilute solution
(=1 mg/ml) (7, 8) give relaxation times of
500 psec for the monomer and about 2
msec for end to end dimers. Analysis of the
effect of end to end polymerization on the
relaxation rate (20) indicates that the higher
value observed here can be accounted for by
assuming that it is mainly the relaxation of
end to end dimers and trimers that is ob-
served. This has been confirmed by electron
microscopic observations on similar sam-
ples. Note, however, that end to end poly-
merization does not affect the shape of the
scattering patterns in Fig. 1.

The scattering patterns in Fig. 1 give a
direct proof that electric dichroism in dilute
solutions is indeed the result of the transient
orientation of the TMV particles with their
axis parallel to the field. In the case of TMV
this orientation had been inferred from the
positive flow birefringence (21) and electric-
field birefringence (6). Electric field x-ray
scattering should allow us to relate- more
directly the orientation with that of the field
in systems where the directions of the in-
duced or permanent dipoles are less obvi-
ous.

For static x-ray scattering measurements
on concentrated samples with liquid crystal-
line behavior magnetic fields are probably
casier to use than the present method [for a
review, see (22)]. The advantage of electric
fields is that a large number of systems can
be oriented even in dilute solution and
relaxation times can be measured. Our re-
sults indicate that there is potential for de-
velopment of this method, which has in
principle a wide range of applications. One
of the main challenges is obviously the
further development of high-efficiency area
x-ray detectors with rapid framing.
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Absence of TGF-f8 Receptors and Growth Inhibitory
Responses in Retinoblastoma Cells

Abp1 KimcHI, X1A0-FAN WANG, ROBERT A. WEINBERG,

SELA CHEIFETZ, JOAN MASSAGUE

The responses of retinoblastoma tumor cells and normal retinal cells to various growth
inhibitory factors were examined. Whereas fetal retinal cells were highly sensitive to
the antimitogenic effects of transforming growth factor 81 (TGF-1), retinoblastoma
tumor cell lines were all resistant to this factor. Binding assays and affinity labeling of
these cells with radioiodinated TGF-B1 revealed that the cells did not have TGF-g
receptors. The retinoblastoma cells lacked the three affinity-labeled proteins of 65, 95,
and 300 kilodaltons typically seen in human cell lines and thus differed from normal
retinal cells and from other types of neuroectodermal tumors that display the normal
pattern of receptors. Loss of TGF-p receptors, which is a rare event among tumor cells,
may represent one mechanism through which these cells escape from negative control

and form retinoblastomas.

URING THE PAST DECADE, SUB-
D stantial advances have been made

in understanding the genes and
proteins that act to promote normal cell
growth. Aberrant forms of these genes, the
oncogenes, participate in the formation of
various types of tumors. Less well developed
is the study of the molecular elements that
act to constrain cell growth. Negative
growth control depends on two types of
components: signals that pass from cell to
cell, often carried by diffusible molecules,
and a receptor signal-transducing mecha-
nism that enables a cell to recognize and
respond appropriately to extracellular sig-
nals.

Work over the past years has provided
examples of both types of components.
Thus, interferons, tumor necrosis factors,
and the transforming growth factors 81 and
B2 (TGF-B1 and TGF-B2) are examples of
secreted factors that may act physiologically
to restrain normal cell proliferation after

196

they interact with specific cell surface recep-
tors (I, 2). The antimitogenic effects of
these factors have been associated in some
target cells with a selective reduction in
expression of the c-myc nuclear proto-onco-
gene, which may be one mechanism
through which the cell responds to encoun-
ters with these factors (3). Moreover, a
genetic deregulation that led to resistance to
one of these polypeptides, an autocrine in-
terferon, disrupted the cessation of cell
growth that normally occurs during termi-
nal differentiation; this result indicated that
loss of response to negative factors might in
turn have an oncogenic effect on cells (4).
In parallel with this work, studies of
hereditary and somatically induced tumors
have suggested the existence of a group of
genes and gene products that are normally
involved in the negative regulation of cell
growth, perhaps by conferring cellular re-
sponsiveness to growth inhibitory signals
(5). The best studied example is the model

of retinoblastoma, in which the homozy-
gous loss of the RB gene function on human
chromosome 13q14 appears to trigger tu-
mor formation (6—8). We investigated the
possibility that retinoblastoma cells have
also lost the ability to respond to one or
more of the well-studied growth inhibitors
responsible for cessation of growth. We
now report that retinoblastoma cells fail to
respond to TGF-B1.

We initially examined the sensitivity of
human fetal retinal cells to the antimitogenic
effects of human interferons a, B, and v,
human tumor necrosis factor-a (TNF-a),
and TGF-B1. Two primary retinal cell cul-
tures were obtained by dissection of fetal
eyes (14 and 21 weeks of gestation). The
cultures were exposed to these factors dur-
ing the exponential phase of their growth.
Highly purified preparations of the various
growth inhibitors (9) were added at increas-
ing concentrations to subconfluent mono-
layers of the retinal cells and tested for their
effects on DNA synthesis and on cell num-
ber.

Neither the various interferons nor TNF-
o, when applied in a wide range of concen-
trations (0.1 to 10 ng/ml), substantially
reduced these two growth-related parame-
ters (10). In contrast, human TGF-B1 re-
duced the growth rate of retinal cells. The
dose-response curve (Fig. 1) indicates that
TGEF-B1 is potent in inhibiting the incorpo-
ration of [*H]thymidine into DNA; the
half-maximal effect is detected between 0.2
and 0.3 ng/ml (10 pAf). When treated con-
tinuously with TGF-B1 (0.2 nM), these
cultures remained arrested at subconfluent
densities and showed no loss in cell viability
even after 4 to 6 weeks of treatment. The
retinal cells resumed proliferation upon re-
moval of TGF-B1, an indication that this
polypeptide exerts a reversible cytostatic ef-
fect on these cells.

In contrast to the strong sensitivity of
retinal cells to TGF-B1, four retinoblastoma
cell lines established from independent tu-
mors (Y79, RB24, RB27, and Weri) were
completely resistant to growth inhibition by
this factor. No effect on DNA synthesis
could be detected even at the highest con-
centrations of TGF-B1 (Fig. 1). In addition,
prolonged incubation of retinoblastoma
cells with TGF-B1 (0.2 nM) had no detect-
able effects on either cell number or cell
morphology.

The resistance of retinoblastoma cells to
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