produced in half of the pollinations scored
(9/19), and most other pollinations (6/19)
produced three pollen tubes. Of 23 crosses
allowed to mature, nine resulted in the
development of three or four seeds, and
68% of these seeds germinated. Pollination
with qrt2 tetrads resulted in similar seed
yields. These results with Arabidopsis are
promising because, in some plant species,
pollination with one or a few pollen grains
rarely produces seeds (13). Thus, tetrad
analysis in Arabidopsis can make use of
phenotypes both of the pollen and the
progeny. Moreover, tetrad analysis in
plants does not require the microdissection
typical of many microbial systems.

What is the nature of the biochemical
defect that leads to tetrad formation? Most
plants produce pollen monads, but a few
species (such as water lilies, cattails, heath,
and evening primrose) which are not widely
used for genetic analysis release pollen in a
tetrad form (14). The potential usefulness
of these pollen tetrads was recognized early,
but efforts to carry out tetrad analysis were
hindered by technical difficulties (13). The
capacity to form pollen tetrads has arisen
many times through evolution and is
viewed as an example of evolutionary con-
vergence (14). In plants that form pollen
monads, pollen mother cells secrete callose
(a B-1 = 3 glucan) as the daughter cells un-
dergo cytokinesis, so that a callose wall
separates each meiotic product (Fig. 1K)
(15). After the developing pollen grains
have initiated synthesis of the exine, the
callose wall disappears (16). In those species
that produce permanent pollen tetrads, the
callose wall often is absent or prematurely
dissolves (14).

No obvious defect in callose wall synthe-
sis was observed in pollen from grtl strains
(Fig. 1L). In contrast, qrt2 plants deposited
only patches of callose between the devel-
oping microspores (Fig. 1M), potentially
leading to exine fusion. Further character-
ization of the mechanism that gives rise to
pollen tetrads in grt strains may ultimately
provide the means for performing tetrad
analysis in plant species other than Arabi-
dopsis. The large number of chromosomal
markers (now nearly 1000) coupled with
the potential for tetrad analysis serve to
make Arabidopsis a powerful system for ge-
netic studies, comparable with more classi-
cal microbial systems.
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Liquid-Crystalline Mesophases of
Plasmid DNA in Bacteria

Ziv Reich, Ellen J. Wachtel, Abraham Minsky*

Bacterial plasmids may often reach a copy number larger than 1000 per cell, corresponding

. to a total amount of DNA that may exceed the amount of DNA within the bacterial

chromosome. This observation highlights the problem of cellular accommodation of large

_amounts of closed-circular nucleic acids, whose interwound conformation offers negligible

DNA compaction. As determined by x-ray scattering experiments conducted on intact
bacteria, supercoiled plasmids segregate within the cells into dense clusters characterized
by a long-range order. In vitro studies performed at physiological DNA concentrations
indicated that interwound DNA spontaneously forms liquid crystalline phases whose mac-
roscopic structural properties are determined by the features of the molecular supercoiling.
Because these features respond to cellular factors, DNA supercoiling may provide a
sensitive regulatory link between cellular parameters and the packaging modes of inter-

wound DNA in vivo.

The problem of DNA storage transcends
the specific topic of plasmid packaging:
Most extrachromosomal DNA, including
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many viruses, mitochondrial and chloro-
plast DNA, as well as substantial portions
of the prokaryotic chromosomal DNA,
adopts a nucleosome-free interwound con-
formation (1). In contrast to the solenoidal
DNA organization encountered in nucleo-
somal complexes, such a conformation pre-



cludes efficient packaging (2). How does
the cellular system cope, therefore, with
the requirement to accommodate a large
number of DNA molecules that do not
present a packed nucleosomal organization?

X-ray scattering measurements made on
intact bacteria carrying a high-copy plasmid
revealed a relatively weak but distinct band
at a reciprocal spacing of 1/51.5 A~ (Fig.
1). When the plasmid-carrying bacteria
were treated early during logarithmic
growth with the protein-synthesis inhibitor
chloramphenicol, a substantially stronger
diffraction peak centered at 1/49.1 A~ was
observed. Similar spacings have been de-
tected in cholesteric phases of DNA mole-
cules in vitro and have been shown to
reflect DNA-DNA interhelical interactions
(3). In clear contrast, no diffraction maxi-
ma were exhibited by nontransformed cells.
These results strongly suggest that the scat-
tering profile shown in Fig. 1 reflects an
ordered organization of the plasmids within
the cells. The half-width of the scattering
peak exhibited by the transformed, chlo-
ramphenicol-treated bacteria corresponds
to a minimum effective domain size of 550

(4), thus indicating a significant degree
of long-range lateral order. The enhanced

Fig. 1. X-ray scattering
profiles from intact E.
coli JM109 cells, pre-
sented in arbitrary in-
tensity units as a func-
tion of g = 4w sin O/\,
where g is the momen-
tum transfer, 8 is one-
half the scattering an-
gle, and N represents
the x-ray wavelength.
Curve 1, E. colicarrying
the high-copy Blue-
Script plasmid (2960
base pairs); curve 2, E.
coli carrying the Blue-
Script plasmid and
treated with chloramphenicol (150 ng/ml) early
during logarithmic growth; curve 3, as in curve
2 but with no E. coli carrying the high-copy
plasmid. Specimens consisted of pellets pre-
pared from 10-ml cultures of bacteria that were
harvested early during logarithmic growth (op-
tical density at 600 nm = 0.3). To minimize
radiation-induced damage and to obtain a
higher density of bacteria within the pellets, we
treated the pellets with 2% glutaraldehyde in
0.1 M sodium cacodylate (pH 7.4); similar scat-
tering profiles were obtained without glutaral-
dehyde but upon equilibration with 25% poly-
ethylene glycol (28). We examined three to five
independently prepared samples of each cat-
egory. X-ray measurements were conducted
with a low-angle camera operating with Cu-Ka
radiation, monochromated with a Ni filter fol-
lowed by a single Franks mirror. Scattering
profiles were recorded with a linear position-
sensitive detector; data acquisition time was 16
hours.
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intensity of this peak relative to the peak
characterizing transformed cells that have
not been treated with chloramphenicol is
attributed to a higher plasmid copy number,
as well as to a reduced protein-related in-
terference with the DNA ordered arrange-
ment. The scattering maxima revealed by
plasmid-carrying bacteria were found to
weaken during the x-ray measurements.
This decay, presumably a result of radia-
tion-induced DNA single-strand breaks
that result in the relaxation of the super-
coiled topomers, suggests a supercoiling-
dependent mode of plasmid organization
that is progressively eliminated as an in-
creasing number of plasmids are nicked (5).

Aqueous solutions containing isolated
plasmid at physiological DNA concentra-
tions spontaneously formed spherulites,
highly birefringent domains of oily streaks,
finely striated textures, and regularly spaced
fringe patterns (Fig. 2). A transition into
an isotropic phase occurred upon heating
the sealed sample to 78°C; the birefringent
textures reappeared as the solution was
cooled below the clearing point. Under
identical conditions of DNA concentration
and ionic strength, the open, linear form of
the plasmid did not exhibit birefringent
textures. DNA concentrations of 10 to 25
mg/ml correspond to the lowest estimates of
DNA packaging densities within bacterial

Fig. 2. Liquid-crystalline
phases of plasmid DNA
observed by polarized-
light microscopy at 25°C.
Solutions of 10 mg/ml (A
and B) or 25 mg/ml (C
through E) DNA in 10 mM
MgCl, were deposited be-
tween a slide and cover
slip that were immediately
and completely sealed
with Torr-Seal (Varian). Gel
electrophoresis of the plas-
mids verified that the plas-

mid  preparations con-
tained more than 95%
closed-circular super-

coiled species. Samples
shown in (A) through (D)
were prepared at pH 7.0,
whereas the sample shown
in (E) was at pH 10.6. The
periodic patterns (D and E)
are similar to strain tex-
tures characteristic of cho-
lesteric phases (70). Iden-
tical patterns were ob-
tained when samples were
prepared in the presence
of 0.8 M NaCl or of 20%
ethanol. Specimens were
observed through crossed
polarizers with the use of a
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nucleoids (6)—or of high-copy plasmids
within the bacterial cytoplasmic compart-
ment. Thus, the textures depicted in Fig. 2
indicate that supercoiled plasmids sponta-
neously form a liquid crystalline phase at
physiological DNA concentrations. The
propensity of interwound DNA conforma-
tions to promote the formation of the me-
sophase is quite robust: Such phases were
obtained under a wide range of salt concen-
trations, as well as in the presence of
dehydrating agents (Fig. 2). Moreover, pre-
viously characterized mesophases of linear
DNA molecules have been observed only at
nucleic acid densities exceeding 100 mg/ml
(7, 8), whereas plasmid solutions exhibited
spherulites and birefringent domains already
at DNA concentrations of 10 mg/ml. Nota-
bly, higher plasmid concentrations have
been shown to promote the formation of
two-dimensional hexagonal assemblies (9).
The birefringent patterns shown in Fig.
2 do not allow an unambiguous assignment
of the mesophase; however, the periodic
patterns [referred to as strain textures (10)],
as well as the rigid, rodlike chiral nature of
the plasmids, strongly suggest a cholesteric
phase. Such a phase is characterized by very
large nonconservative circular dichroism
(CD) signals that originate from the tight
molecular packaging and the long-range
chiral arrangement (8, 11, 12). Indeed,

quartz retardation plate at an angle of 45° relative to the samples and a Zeiss microscope (Zeiss,
Oberkochen, Germany) equipped with a Mettler FP5 thermostat (Mettler-Toledo, Greifensee,

Switzerland). Bar, 20 pm.
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appropriate conditions of salt and dehydrat-
ing agents have been found to effect pack-
aging of linear DNA molecules into chiral,
tightly packed aggregates. The anomalous
ellipticities exhibited by these aggregates
were attributed to the formation of choles-
teric microdomains whose molecular orga-
nization—and hence the resulting spectro-
scopic properties—is identical to that of the
cholesteric macrodomains (I11). Dilute so-
lutions of supercoiled plasmids also exhib-
ited, under packaging conditions, large
nonconservative CD signals (Fig. 3, curves
1 to 3). This observation indicates that, in
addition to a.macroscopic liquid crystalline
organization, closed-circular supercoiled
DNA molecules can form cholesteric mi-
crodomains, provided that a critical local
DNA concentration has been effected by
condensing agents.

The sign of the nonconservative elliptic-
ities exhibited by a cholesteric organization
reflects the sense of the cholesteric twist:
positive nonconservative CD signals corre-
spond to a right-handed long-range chiral-
ity, whereas negative signals are associated
with a left-handed twist (12). The sense of
the cholesteric twist in lyotropic phases of

Fig. 3. CD spectra exhibited by aggregates of
plasmid DNA (Ae, molar ellipticity). DNA con-
centrations in all samples was 35 pg/ml (5 X
10-5M, in base pairs). Curve 1, 0.8 M NaCl and
35% ethanol; curve 2 2.2 M NaCl and 35%
ethanol; curve 3, 10 mM MgCl, and 20% etha-
nol; curve 4, 10 mM MgCl,. The solid curves (1
to 3) are CD spectra of the closed-circular
plasmids; broken lines (curves 1’ to 3') repre-
sent spectra of the open, linearized plasmid
forms, whereas the conservative curve 4 char-
acterizes both the closed and open forms.
Spectra were recorded at room temperature on
a Jasco J-500 spectropolarimeter equipped
with a DP-500 data processor (Japan Spectro-
scopic Co., Tokyo) and a NESLAB circulating
bath for temperature control.

Fig. 4. Effects of DNA-unwinding factors
on the optical properties of the liquid
crystalline phases derived from the
closed-circular plasmids. Graphs repre-
sent CD maxima exhibited by the plas-
mid chiral organizations under the fol-
lowing conditions: (A) 2.2 M NaCl and
35% ethanol, as a function of tempera-
ture; (B) 10 mM MgCl, and 20% ethanol,
as a function of pH; (C) 10 mM MgCl,
and 20% ethanol at pH 10.6, as a func-
tion of temperature; and (D) 10 mM
MgCl, and 20% ethanol, with (1) actino-
mycin or (2) ethidium bromide (29), as a
function of the molar ratio of drug to base
pairs. Unless otherwise stated, samples
were measured at room temperature
and at pH 7.0. Each data point on the
curves shown in (B) and (D) represents a
CD maximum obtained from an indepen-
dently prepared sample.

Ac (degrees M1 cm™)
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helical polymers depends, in turn, on the
handedness of the molecule—right-handed
helices stabilize a left-handed cholesteric
configuration [Rudall’s rule (8, 13)]—and,
predominantly, on the dielectric properties
of the medium (14, 15). Indeed, the long-
range twist in cholesteric phases of a given
polypeptide (14) or in packed chiral forms of
linear DNA segments [such as the open
derivatives of the plasmid (Fig. 3, curves 1’
to 3')] depends solely on the packaging
medium, which modifies the dipole interac-
tions within the molecules but does not alter
their helical sense.

Native, closed-circular DNA molecules
exhibit a negative, right-handed supercoil-
ing. Because the linking number (16) is a
topological invariant, conditions that pro-
mote DNA unwinding, such as a tempera-
ture- and pH-induced partial melting of the
double strands (I17) or binding of interca-
lating drugs (18), progressively decrease the
twist within the double-stranded DNA and
hence gradually reduce the negative super-
coiling density. Notably, the reduced super-
helical density is associated with a pro-
nounced increase of the plasmid diameter
(2, 19). We find that modifications of the
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supercoiling parameters affect the properties
of the ordered plasmid aggregates.

A left-handed long-range cholesteric
twist, induced and stabilized by the plasmid
native right-handed superhelicity (8, 13),
was indicated by the large negative noncon-
servative ellipticities exhibited by the plas-
mid aggregates (Fig. 3). An increased cho-
lesteric pitch results in a substantially in-
creased magnitude of the CD signals dis-
played by cholesteric phases (20). Indeed,
those factors that act to enlarge the pitch of
the plasmid-derived cholesteric aggregates
by reducing the plasmid superhelical densi-
ty (that is, increased temperature and pH
values or intercalation) and hence increas-
ing its diameter, were found to cause an
increase in the magnitude of the CD signals
(21) (Fig. 4, A, B, and D). The nonchiral
nematic configuration associated with a
complete relaxation of the supercoiling was
indicated by the elimination of the noncon-
servative ellipticities. The large, positive,
nonconservative CD signals observed upon
a further increase of the temperature or of
the pH values (Fig. 4, A and B) point
toward a right-handed cholesteric organiza-
tion that is associated with a positive,
left-handed, superhelical sense (13). Al-
though a pH-induced right-to-left reversal
of the supercoiling handedness has not been
documented and was not substantiated with
direct experimental evidence here, we sug-
gest that the results depicted in Fig. 4 might
be ascribed to the induction of a low-
density positive superhelicity (22).

This speculation is supported by the
observation that the supercoiling-depen-
dent alterations of the plasmid supramo-
lecular organization are reversible: the
right-handed cholesteric twist, which
stems from the left-handed superhelicity
proposed to characterize plasmids at rela-
tively high pH values, was eliminated and
finally reversed upon progressive cooling
of the sample, as indicated by the reversal
of the nonconservative ellipticities (Fig.
4C). Indeed, by promoting DNA anneal-
ing and thus reversing the pH-induced
melting, the cooling acts to increase the
twist and to induce a left-to-right change
of the supercoiling sense. A strict correla-
tion can be observed between the macro-
scopic properties of the organization
adopted by interwound DNA on one
hand, and the density and handedness of
the molecular superhelicity on the other.

Plasmid DNA molecules are shown here
to segregate into ordered, supercoiling-medi-
ated clusters within bacteria; in vitro obser-
vations suggest that such clusters assume a
cholesteric organization. Whereas the pa-
rameters of all previously characterized lyo-
tropic cholesteric phases of biomacromole-
cules revealed a rather unpredictable depen-
dence on the molecular properties of their




constituent species, the macroscopic features
of the liquid-crystalline phases obtained
from interwound DNA were found to be
directly and exclusively determined by the
density and handedness of the supercoiling.
Because the supercoiling density responds to
environmental and genetic parameters (23),
we propose that in addition to its role in
genetic transactions (24), DNA supercoiling
promotes ordered DNA segregation and
serves as a regulatory link between cellular
determinants and DNA supramolecular
packaging. The demonstrated propensity of
supercoiled DNA species to form liquid crys-
talline phases and to regulate their proper-
ties—in vitro as well as in bacteria, viruses
(25), and mitochondria (26)—is consistent
with the notion that supercoiling-dependent
liquid crystallinity provides an effective and
general packaging mode for interwound, nu-
cleosome-free DNA molecules in vivo.
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Activation of Raf as a Result of Recruitment
to the Plasma Membrane

David Stokoe, Susan G. Macdonald, Karen Cadwallader,
Marc Symons, John F. Hancock*

The small guanine nucleotide binding protein Ras participates in a growth promoting signal
transduction pathway. The mechanism by which interaction of Ras with the protein kinase
Raf leads to activation of Raf was studied. Raf was targeted to the plasma membrane by
addition of the COOH-terminal localization signals of K-ras. This modified form of Raf
(RafCAAX) was activated to the same extent as Raf coexpressed with oncogenic mutant
Ras. Plasma membrane localization rather than farnesylation or the presence of the
additional COOH-terminal sequence accounted for the activation of RafCAAX. The acti-
vation of RafCAAX was completely independent of Ras; it was neither potentiated by
oncogenic mutant Ras nor abrogated by dominant negative Ras. Raf, once recruited to the
plasma membrane, was not anchored there by Ras; most activated Raf in cells was
associated with plasma membrane cytoskeletal elements, not the lipid bilayer. Thus, Ras
functions in the activation of Raf by recruiting Raf to the plasma membrane where a
separate, Ras-independent, activation of Raf occurs.

Ras functions in a signal transduction
pathway from the cell membrane to the
nucleus. Binding of growth factors to their
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receptors results in receptor dimerization
and autophosphorylation of tyrosine resi-
dues in the cytoplasmic tail of the receptor.
Among the multiple proteins that bind to
the phosphorylated tail of the epidermal
growth factor receptor is the Grb2-Sos com-
plex. The translocation of Sos to the plas-
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