oxidized surficial layer of the fine-
grained ooze.
Chondrites is a facies breaker because
it occurs in situations where there is a
gradual redox boundary within burrow-
ing reach of the sea floor and in sediment
that is rich in organic (nutritious) materi-
al; this situation underlies many sorts of
sea floors. The burrow has a distinctive
and elaborate morphology; it does not
reflect the sort of generalized pattern
that might be expected in a trace-making
animal with broad environmental toler-
ances. The occurrence of Chondrites is
related to chemically reducing condi-
tions deep within the sediment and is
only indirectly dependent on sea-floor
conditions.
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Inhibition of Plant Microtubule Polymerization in vitro by the

Phosphoric Amide Herbicide Amiprophos-Methyl

Abstract. The phosphoric amide herbicide amiprophos-methyl (APM) produced a
concentration-dependent inhibition of taxol-induced rose microtubule polymeriza-
tion in vitro. Parallel studies on taxol-induced assembly of bovine brain microtubules
showed no effect of APM at a concentration ten times that required to give complete
inhibition of rose microtubule assembly. The data indicate that (i) APM is a specific
and potent antimicrotubule drug and (ii) APM directly poisons microtubule dynamics
in plant cells, rather than indirectly depolymerizing microtubules through a previous-
ly proposed mechanism involving deregulation of intracellular calcium levels.

The phosphoric amide herbicides have
been considered antimicrotubule drugs
on the basis of the observed disappear-
ance of microtubules (/) and the disrup-
tion of microtubule-dependent processes
(2) in vivo after the drugs are applied to
cells of either higher or lower plants.
That these drugs interact directly with
the microtubule system in plant cells has
not been shown. In fact, the best charac-

Fig. 1. Effect of APM on the kinetics of taxol-
induced microtubule assembly. Samples of
tubulin (10 pwM) in sucrose isolation buffer
(SIB) (8) at 0°C were mixed rapidly with SIB
at 24°C containing saturating taxol (40 pwM)
and a given amount of APM (2.5, 5, or 10
wM). Assembly reaction mixtures were moni-
tored continuously at 24°C in 400-pl quartz
cuvettes (light path, 1 cm) in a recording
spectrophotometer (Beckman Acta I1I), and
turbidity was recorded as the change in absor-
bancy at 400 nm (AAy). All assembly mix-
tures contained 1.5 percent DMSO, including
the control, which contained no APM.
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terized member of this class of herbi-
cides, amiprophos-methyl (APM), af-
fects cellular processes other than the
microtubule system. For example, APM
at concentrations greater than 5 wM in-
hibits the uptake of “*Ca** by mitochon-
dria and microsomes isolated from corn
and squash (3), and at 10 wM inhibits
43Ca®* uptake, photosynthesis, and res-
piration in the unicellular alga Chlam-

0.04
Control
2.5 uM
8 0.02 L
g0
<
<
5 uM
] 10 uM
1 L L L
4] 15 30 45 60
Minutes

ydomonas (4). However, APM does not
inhibit the assembly of mammalian brain
microtubules in vitro, depolymerize pre-
formed brain microtubules, or prevent
the initiation of brain microtubule assem-
bly on algal microtubule organizing cen-
ters in vitro (/). These observations,
along with the knowledge that brain mi-
crotubules are depolymerized in vitro by
calcium and that microtubules in animal
cells depolymerize after ionophore-me-
diated calcium influx (5), have led to the
proposal that APM acts only indirectly
on microtubules in plant cells by deregu-
lation of cellular calcium stores with
subsequent microtubule depolymeriza-
tion (3, 4, 6).

To determine whether APM interferes
directly with plant microtubule assem-
bly, we examined the effects of this
herbicide on the polymerization of plant
tubulin into microtubules in vitro. We
showed earlier (7-9) that tubulin isolated
from cultured cells of rose (Rosa sp.)
assembles into microtubules after being
warmed in the presence of either glycer-
ol or taxol (10). Because the taxol-medi-
ated assembly of rose tubulin was so
efficient and easily controlled (7, 9) we
used this system in the present study of
APM.

Rose tubulin was isolated by DEAE~
Sephadex ASO chromatography as de-
scribed (7), with minor modifications (8),
and was more than 85 percent pure as
judged by quantitative densitometry of
Coomassie blue-stained sodium dodecyl
sulfate slab gels (9). The Kinetics of
taxol-mediated rose microtubule assem-
bly at 24°C was monitored turbidimetri-
cally by measuring absorbancy at 400 nm
(11). Rose tubulin at 10 pM (12) assem-
bled rapidly in the presence of a saturat-
ing concentration of taxol (40 uM) (9),
with the kinetics showing a short lag
phase followed by a rapid increase in
absorbancy and maximum absorbancy
reached within 1 hour (Fig. 1). Assembly
of tubulin in the presence of micromolar
levels of APM produced concentration-
dependent increases in the lag time and
decreases in both the rate and extent of
turbidity development. Maximum inhibi-
tion of turbidity development was ob-
tained at nearly 1:1 molar ratios of APM
to tubulin. The Kkinetics of turbidity
change with 10 uM APM contained early
negative absorbancy values followed by
a small amount of recovery to produce a
net change in absorbancy of zero by 25
minutes. The early decrease in absorban-
cy probably results from the dissociation
of small aggregates of tubulin that were
not sedimented during the tubulin isola-
tion procedure (8, 9). When DEAE-puri-
fied (8, 13) bovine brain tubulin (10 pwM)
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was assembled in the presence of satu-
rating taxol (27 wM) (10) and 100 pM
APM, no difference was observed in the
pattern of turbidity development from
those of control assemblies without
APM.

The appearance of polymeric struc-
tures formed in the presence or absence
of APM was studied by negative-stain
electron microscopy. In the absence of
APM, numerous short microtubules
were formed with 40 pM taxol (Fig. 2A);
but with increased concentrations of
APM, more amorphous debris and fewer
and shorter microtubules were seen (Fig.
2B). At 10 nM APM, no ordered poly-
meric structures were observed. These
observations, along with the turbidity
data above, suggest that APM inhibits
the nucleation phase of microtubule po-
lymerization.

Quantitation of the APM-induced inhi-
bition of taxol-mediated polymerization
was made by sedimentation assays (/4).
After 1 hour of assembly in the presence
or absence of APM, rose tubulin or brain
tubulin polymer was sedimented by cen-
trifugation in a Beckman Airfuge at
48,000¢ for 1 hour at 23°C. Pellets were
suspended in sucrose isolation buffer
(SIB), and protein was determined by
the dye-binding method (Bio-Rad) (8,
15). At micromolar levels of APM a
concentration-dependent decrease in the
yield of rose tubulin polymer was pro-
duced, with maximum inhibition of poly-
merization at approximately equimolar
concentrations of APM and tubulin (Ta-
ble 1). At a tenfold higher concentration
of APM (100 nM), no decrease was
found in the yield of brain microtubules.

Because taxol is such a potent micro-
tubule polymerization-promoting agent
(9, 10), the induction of rose microtubule
polymerization in vitro by taxol is much
stronger than would be expected under
more physiological assembly conditions.
Since micromolar concentrations of
APM inhibit taxol-induced rose tubulin
assembly, it is likely that much lower
levels of APM would be effective in
disruption of microtubules in vivo. Her-
tel et al. (16) reported, however, that
APM induces similar levels of Ca®* ef-
flux from isolated plant and animal mito-
chondria. If deregulation of Ca®* stores
in vivo is solely responsible for the depo-
lymerization of microtubules in plant
cells, then microtubules in animal cells
and plant cells could also be expected to
depolymerize after treatment with simi-
lar concentrations of APM.

To test this possibility, we incubated
cultured mammalian cells (PTK,) with
APM (0.1, 1.0, 10, or 100 wM) in Ca®*-
free phosphate-buffered saline, pH 7.4
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Table 1. Effect of APM on polymer yield.
APM

Amount of

concen- sedimented Per(::fe nt
tration polymer trol
(M) (he) contro
Rose tubulin
0 71 100
2.5 55 77
5.0 21 30
10.0 4 6
Brain tubulin
0 84 100
100.0 84 100
and 1 percent dimethyl sulfoxide

(DMSO) at 37°C for 1 hour. Cells were
fixed and processed for indirect immuno-
fluorescence staining with rabbit anti-
bodies to bovine brain tubulin and fluo-
rescein-labeled goat immunoglobulin G
(IgG) directed against rabbit IgG (17).
Mitotic spindles were unaffected by
APM except that at 100 pM some, but
not all, of the spindles were disrupted
(data not shown). At all concentrations

of APM tested, cytoskeletal microtu-
bules remained intact. A control treat-
ment of cells with 1 pM Colcemid in 1
percent DMSO showed complete micro-
tubule depolymerization. After treat-
ment of endosperm cells from ovules of
the African blood lily (Hemanthus) with
0.1 pM APM in a solution containing
0.5M citrate, pH 5.1, 4 percent glucose,
and 1 percent DMSO for 20 minutes at
22°C, indirect immunogold staining
showed the complete disappearance of
cytoskeletal microtubules and depoly-
merization of all spindle microtubules,
except the proximal ends of microtu-
bules in kinetochore bundles (/8). This
approximately 1000-fold greater sensitiv-
ity of plant microtubules to APM in vivo
suggests that the observed disappear-
ance of microtubules in plant cells at
relatively low concentrations of APM is
due to direct poisoning of microtubule
dynamics rather than to indirect Ca®*-
induced depolymerization.

We showed recently (9) that the re-
quirement of rose tubulin assembly in

Fig. 2. Electron micrographs of negatively stained polymers formed in the absence (A) or
presence (B) of 2.5 uM APM. A 5-pl sample from each reaction mixture described in Fig. 1 was
taken after 60 minutes of assembly, placed on Formvar- and carbon-coated copper grids, and
stained with 2 percent uranyl acetate for 1 minute. Grids were drained with filter paper and air
dried, and polymers were photographed at x8000 with an electron microscope (Zeiss 9S-2) at 60
kV. Both micrographs are x34,600.
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vitro for taxol is not significantly differ-
ent from that of brain tubulin assembly
(10), and we proposed that the taxol
binding sites on these diverse tubulins
have been conserved over evolution. Be-
cause APM did not inhibit taxol-induced
brain tubulin assembly and because taxol
sites appear to be conserved, it is unlike-
ly that APM inhibits rose tubulin assem-
bly by competing with taxol for binding
to tubulin. Our findings that (i) APM
inhibited polymerization at least at the
nucleation step, and (ii) maximum inhibi-
tion of taxol-induced polymerization oc-
curred at nearly 1:1 molar ratios of APM
to tubulin are analogous to the effects of
colchicine and podophyllotoxin on taxol-
induced brain tubulin polymerization
(19). These data suggest that APM inter-
feres with rose tubulin polymerization by
a mechanism similar to that proposed for
the inhibition of brain tubulin assembly
by colchicine and podophyllotoxin (19).
However, the APM binding site appears
to be distinct from the low-affinity col-
chicine binding site on rose tubulin (§),
since concentrations of colchicine more
than 100-fold higher are required for the
inhibition of taxol-induced rose tubulin
assembly (9).

Earlier studies (20) have shown that
the potent antimicrotubule action of
APM can be used to investigate the
regulation of tubulin synthesis in the alga
Chlamydomonas. When Chlamydomo-
nas cells are deflagellated and then treat-
ed with 2.5 uM APM, flagellar regenera-
tion is completely inhibited (4). Weeks
and his co-workers (20) demonstrated
that the induction of tubulin synthesis,
which normally accompanies flagellar re-
generation, is inhibited by 3 uM APM.
Indeed, when used at concentrations be-
low which Ca?* transport may be affect-
ed (s5 uM) (3), APM appears to be a
specific and sensitive probe for such
studies. The finding that tubulin synthe-
sis is specifically depressed in animal
cells after their treatment with drugs that
depolymerize microtubules and presum-
ably increase the tubulin pool size has
led to a model of autoregulatory control
of tubulin synthesis in eukaryotic cells
(21). The continued identification and
characterization of drugs that specifical-
ly depolymerize microtubules in plant
cells should facilitate experiments to test
whether the proposed autoregulatory
model is also applicable to plant sys-
tems.

Louis C. MOREJOHN*
DoNALD E. FOSKET
Department of Developmental and
Cell Biology, University of California,
Irvine 92717
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Estrogen Receptor Analysis by Flow Cytometry

Abstract. A fluorescently labeled estradiol, N'-fluoresceino-N'-(17B-estradiol he-
misuccinamide) thiourea (FE) was used for measuring estrogen receptor content per
cell in tumor cells. The cellular content of FE was measured quantitatively by flow
cytometry. Binding of FE occurs in the nanomolar concentration range, an indica-
tion of the high affinity of the labeled estradiol. Competition of FE for binding sites is
observed with estrogens, but not with progestins, androgens, or glucocorticoster-
oids, indicating the specificity of FE binding. In contrast to other estrogen receptor
assays, this new technique requires a small sample size (about 5000 cells) and
permits the assessment of heterogeneity in estrogen receptor expression among

tumor cells.

The cytoplasmic receptor for estradiol
is present in a subpopulation of patients
with breast cancer. The expression of
the estrogen receptor in tumors is associ-
ated with a longer time interval to recur-
rence after primary surgery and with a
higher degree of responsiveness of meta-
static disease to hormonal treatment (/,
2). However, there is considerable varia-
tion in the course of the clinical disease
among patients with tumors expressing
the estrogen receptor. The standard

technique for estrogen receptor analysis
may provide insufficient information to
predict the course of the disease.
Standard technology involves a radio-
receptor assay of whole cell extract (cy-
tosol), without regard to normal cell con-
tamination or heterogeneity in estrogen
receptor expression among different tu-
mor cells. Cellular heterogeneity can
now be investigated in a quantitative
fashion with flow cytometry, which per-
mits objective and quantitative analysis

SCIENCE, VOL. 224





