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NPA Binding Activity Is Peripheral to the Plasma Membrane
and Is Associated with the Cytoskeleton

Daniel N. Cox" and Gloria Kressin Muday?

Wake Forest University, Department of Biology, Box 7325 Reynolda Station, Winston-Salem, North Carolina 27109

N-1-Naphthylphthalamic acid (NPA) binding activity is released into the supernatant when plasma membranes are sub-
jected to high-salt treatment, indicating that this activity is peripherally associated with the membrane. Extraction of
plasma membrane vesicles with Triton X-100 resulted in retention of NPA binding activity in the detergent-insoluble cytoskele-
tal pellet. Treatment of this pellet with Kl released NPA binding activity, actin, and a-tubulin. Dialysis to remove Kl led
to the repolymerization of cytoskeletal elements and movement of NPA binding activity into an insoluble cytoskeletal
pellet. NPA binding activity partitioned into the detergent-insoluble cytoskeletal pellet obtained from both zucchini and
maize membranes and was released from these pellets by Kl treatment. Treatment of a cytoskeletal pellet with cytochala-
sin B doubled NPA binding activity in the resulting supernatant. Together, these experiments indicate that NPA binding
activity is peripherally associated with the plasma membrane and interacts with the cytoskeleton in vitro.

INTRODUCTION

The auxins are a class of phytohormones that control plant
growth, development, and response to the environment through
regulation of cell division, differentiation, and tropic responses
to light and gravity. Auxins, of which indole-3-acetic acid (IAA)
is the predominant naturally occurring hormone, are delivered
to plant cells by a unique polar transport mechanism (reviewed
in Goldsmith, 1977; Lomax et al., 1995). Auxins are transported
from their source in the apical meristem toward the base of
coleoptiles and hypocotyis. Polar auxin transport depends upon
the proton gradient across the plasma membrane of plant cells
and has been described as chemiosmotic (Rubery and
Sheldrake, 1974). The ionization states of IAA in the extracel-
lular space and in the cytoplasm affect the membrane
permeability of this phytohormone and lead to an accumula-
tion of the anionic form of this molecule within the cytoplasm.
Polar transport is believed to be mediated by an uptake IAA
anion and proton symport carrier (Lomax et al., 1985; Sabater
and Rubery, 1987) and an |IAA anion efflux carrier (Rubery
and Sheldrake, 1974). Basal localization of this IAA efflux car-
rier has been proposed to drive the polarity of IAA transport
(Rubery and Sheldrake, 1974; Jacobs and Gilbert, 1983). One
possible mechanism by which the localization of IAA efflux
carriers within the basal plane of the plasma membrane could
be controlled is through association of this protein complex with
the cytoskeleton. In animal cells, membrane proteins have been
shown to be localized in a single plane of the plasma membrane
by interaction with actin filaments (Bloch and Resneck, 1986).

A number of synthetic inhibitors of auxin transport have been
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identified, with N-1-naphthylphthalamic acid (NPA) being the
best characterized (Rubery, 1990). These auxin transport in-
hibitors, or phytotropins, specifically block auxin transport at
the site of the efflux carrier (Rubery, 1990). Recently, natu-
rally occurring flavonoid compounds have also been shown
to act at the site of the efflux carrier (Jacobs and Rubery, 1988).
These flavonoid compounds are intriguing candidates for nat-
ural ligands that may regulate auxin efflux in vivo.

The binding of raciolabeled inhibitors of auxin transport, pre-
dominantly 3H-NPA, to membrane-associated proteins has
now been extensively characterized (Rubery, 1990). Sussman
and Gardner (1980) demonstrated that 3H-NPA binds to a pro-
tein, because the ligand binding was heat and protease
sensitive. 3H-NPA binding activity, associated with plasma
membrane vesicles isolated by aqueous two-phase partition-
ing, shows high affinity, with a dissociation constant (Ky) equal
to 15 nM for this ligand (Brunn et al., 1992; Muday et al., 1993).

The specificity of auxin transport inhibitors is an important
consideration. For these compounds to be useful in biochem-
ical dissection of the auxin efflux carrier and exploration of
the physiology of auxin transport, they must be specific for
a single protein. Although the specificity of 3H-NPA binding
has been questioned by Michalke et al. (1992), Muday et al.
(1993) have completed a detailed analysis of 3H-NPA binding
to zucchini microsomal and plasma membranes and report
that only a single 3H-NPA binding site can be resolved by
Scatchard, Hill, and Lineweaver-Burke plots as well as through
analysis with the computer program LIGAND (Munson and
Rodbard, 1980). Data analysis using this program, which utilizes
a nonweighted, nonlinear curve-fitting technique to determine
the number of binding sites, also supports the presence of
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a single binding site. This analysis, which used two different
filtration assays to measure 3H-NPA binding, indicates that
NPA binds not only with high affinity, but also with high speci-
ficity to a single site associated with the zucchini plasma
membrane (Muday et al., 1993).

Identification and purification of the NPA binding protein
(NBP) will provide additional information on the biochemical
character of this protein and its function. Several approaches
have been used to identify candidate proteins, but purified NBP
has not yet been isolated. Jacobs and Gilbert (1983) prepared
monoclonal antibodies that prevented NPA binding to both in-
tact microsomal membrane vesicles and proteins solubilized
from these vesicles. These antibodies were used to identify
a 77-kD protein in fractionated extracts of pea membranes
(Jacobs and Short, 1986). Zettl et al. (1992) have identified a
23-kD protein by photoaffinity labeling of maize coleoptile
plasma membrane with 5-azido-(3,6-3H,)-NPA. Binding of this
azido-NPA derivative was reduced by adding high concen-
trations of auxin transport inhibitors or auxins (1 mM) to the
labeling reaction. It is not yet clear why the two potential can-
didates for the NBP are so different in size or if either is involved
in NPA regulation of auxin efflux.

Transport of molecules across membranes can be mediated
either by single polypeptides or by complexes containing sev-
eral polypeptides. It has been assumed that both the IAA
transport activity and the NPA binding activity of the auxin ef-
flux carrier reside on the same polypeptide. However, a recent
examination of NPA binding activity suggests that this activity
may be distinct from the IAA transport activity and that the
auxin efflux carrier may consist of at least two polypeptides,
with distinct catalytic (transport) activity and regulatory activ-
ity (Morris et al., 1991). We present data demonstrating that
the NBP is peripheral to the membrane, further substantiat-
ing the role of the NBP as a distinct regulatory polypeptide.
Furthermore, NPA binding activity appears to interact with the
actin cytoskeleton in vitro, suggesting a mechanism by which
the auxin efflux carrier may be localized to the basal plasma
membrane.

RESULTS

Release of Peripheral Membrane Proteins with Salt
Washes

To determine whether the NBP is peripheral to the membrane,
salt solutions and chaotropic agents were used to release pro-
teins that are peripherally associated with the membrane from
zucchini plasma membrane vesicles isolated by aqueous two-
phase partitioning. When intact plasma membrane vesicles
in the presence of sucrose were incubated with 1 M NaCl, 2
M Nal, 8 M urea, 20 mM EDTA, or from 50 mM to 1 M KCI
and subjected to ultracentrifugation, there was no increase
in NPA binding activity in the supernatant samples (R.M.
Greene and G.K. Muday, unpublished data). This could be
attributable to a peripheral protein associated with the cyto-
plasmic face of the plasma membrane becoming dissociated
but being trapped inside the intact vesicles.

We treated intact plasma membrane vesicles with a 1 M
Na,CO; solution in Mg-cytoskeletal stabilization buffer (Mg-
CSB) at pH 11.0 in the absence of sucrose. Na,CO; washes
at high pH have been shown to dissociate proteins that are
peripherally associated with the membrane (Lai et al., 1988),
and the absence of sucrose should osmotically shock membrane
vesicles, causing their orientation to randomize. Additional
membrane samples were treated with Mg-CSB, pH 7, also in
the absence of sucrose. After ultracentrifugation, the pellet
and supernatant fractions of both samples were collected and
assayed for 3H-NPA binding activity, as shown in Table 1.
Eighty percent of 3H-NPA binding activity was found in the su-
pernatant obtained after treatment of intact plasma membrane
vesicles with Na,COj. In addition, treatment with 0.4 M Kl
without sucrose, which also disrupts peripheral protein inter-
actions with the plasma membrane (Ward et al., 1992), resulted
in the release of greater than 80% of NPA binding activity into
the supernatant after centrifugation (Table 1). The distribution
of 3H-NPA binding activity after these treatments corresponded

Table 1. Effect of KI and Na,CO3 on the Membrane Association of NPA Binding Activity

Total *H-NPA Binding

a a
Total Binding Pellet Supernatant
Sample (pmol) pmol % of Total pmol % of Total
Buffer treated® 0.25 0.20 + 0.01 82 0.05 £ 0.01 18
Sodium carbonate® 0.23 0.05 £ 0.01 22 0.18 = 0.01 78
Potassium iodided 0.97 0.19 + 0.01 20 0.78 + 0.08 80

a2 Samples were treated as indicated and subjected to ultracentrifugation at 40,000g for 20 min.

b Mg-CSB, pH 7.0.
¢1 M Na,CO;, pH 11.0.

90.4 M Kl in K-CSB, pH 7.0. Data are from a separate experiment with relative partitioning of NPA binding activity similar to that in the buffer

control shown here but with a more active membrane preparation.




to locations expected for proteins associated peripherally with
the plasma membrane. Throughout these experiments, we
found that the NBP was completely active in the absence of
membranes or detergent micelles, further suggesting that this
protein is not integral to the plasma membrane.

Partitioning of NPA Binding Activity and the
Cytoskeleton during Detergent Extraction

Zucchini plasma membrane vesicles were extracted with the
nonionic detergent Triton X-100 at concentrations ranging from
0 to 2.5%. The extracted membranes were subjected to
ultracentrifugation, which resulted in a supernatant contain-
ing solubilized proteins and a Triton X-100-insoluble pellet.
3H-NPA binding was measured in these pellet and superna-
tant fractions, and the results are shown in Figure 1. In either
the presence or absence of Triton X-100, the bulk of the NPA
binding activity was found in the pellet fraction. Low levels of
Triton X-100 (0.5%) resulted in a reduction in NPA binding ac-
tivity in the pellet relative to samples not treated with detergent,
although a concomitant increase in the supernatant was not
observed. With increasing concentrations of Triton X-100, NPA
binding activity in the pellet remained relatively constant and
activity decreased in the supernatant. Although detergent
solubilization released some NPA binding activity from the
plasma membrane vesicle preparation, ~50 to 60% of the re-
maining NPA binding activity was associated with the Triton
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Figure 1. Triton X-100 Solubilization of 3H-NPA Binding in Zucchini
Plasma Membrane Vesicles.

Equal amounts of plasma membrane vesicles were extracted with 0
to 2.5% Triton X-100, and pellets and supernatants were obtained by
ultracentrifugation. The concentration of 3H-NPA binding with 5 nM
3H-NPA is shown. The percentage of Triton X-100 and the detergent-
to-protein ratio in milligrams per milligram are indicated.
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X-100-insoluble pellet. A detergent concentration of 2.5% Tri-
ton X-100 with a detergent-to-protein ratio of 12.5 mg/mg should
have been sufficient to disrupt the membrane completely and
to remove most integral membrane proteins. Previous experi-
ments have reported the release of more NPA binding activity
by Triton X-100 extraction of microsomal membranes from
maize (Sussman and Gardner, 1980) and pea (Jacobs and
Gilbert, 1983), but those detergent extractions were at lower
pH. We have found that lower pH results in greater recovery
of detergent-solubilized activity (data not shown). In addition,
Sussman and Gardner (1980) report that greater than 50%
of their starting activity remains in the detergent-insoluble sam-
ple after treatment with 1.0% Triton X-100.

Detergent-insoluble pellets from membrane preparations
have previously been shown to be enriched in the cytoskele-
ton (Mescher et al., 1981; Tan and Boss, 1992; Xu et al., 1992).
In the most parallel comparison, performed by Sonesson and
Widell (1993), outside-out plasma membrane vesicles (from
Brassica oleracea), isolated by aqueous two-phase partition-
ing, were shown to have retained the cortical actin cytoskeleton.
Furthermore, Triton X-100 extraction resulted in insoluble
cytoskeletal pellets enriched in actin. The presence of NPA
binding activity in the detergent-insoluble pellet suggests that
in addition to being peripheral to the membrane, the NBP may
be fixed to the cytoskeletal network.

These membrane and cytoskeletal samples were also ex-
amined microscopically to verify the effectiveness of the
detergent extraction, as shown in Figure 2. High-resolution
differential interference contrast (DIC) microscopy was used
to determine the size and shape of the plasma membrane vesi-
cles. Vesicles were spherical in shape and ranged in size from
0.1 to 1 umin diameter (Figure 2A). However, after 2.5% Triton
X-100 extraction, the plasma membrane vesicles appeared
clustered and less distinct in shape, but they clearly main-
tained their structure (Figure 2B). 1,1-Dioctadecyl-3,3,3,3"-
tetramethylindocarbocyanine perchlorate (DilC1g)), @ plasma
membrane-specific fluorescent probe, was used to monitor
the ability of Triton X-100 to disrupt the plasma membrane.
DilCg) staining of plasma membrane vesicles before and af-
ter Triton X-100 extraction suggests that Triton X-100 was
effective in solubilization and removal of the plasma membrane
from these vesicles, as evidenced by the reduced fluorescence
after Triton X-100 extraction relative to intact plasma membrane
vesicles (Figures 2C and 2D).

The presence of the cytoskeleton in the vesicle and
detergent-insoluble samples was also verified by staining with
rhodamine phalloidin, an F-actin—specific fluorescent probe.
Fluorescence images of intact plasma membrane vesicles re-
vealed little staining of F-actin by rhodamine phalloidin, which
would be expected for intact vesicles, because this dye does
not readily cross the plasma membrane (Figure 3B). For com-
parison, a DIC image of intact plasma membrane vesicles is
shown in Figure 3A. After extraction with 2.5% Triton X-100,
rhodamine phalloidin staining was detected with the silicon-
intensified target (SIT) camera in the resulting Triton X-100-
insoluble pellet, indicating that the actin filaments were both
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Figure 2. DIC and Fluorescence Micrographs of Zucchini Plasma
Membrane Vesicles.

High-resolution DIC microscopy was used for (A) and (B), and fluores-
cence microscopy of samples stained with the plasma membrane stain
DilC;g) was used for (C) and (D).

(A) and (C) Intact plasma membrane vesicles.

(B) and (D) 2.5% Triton X-100-insoluble cytoskeletal pellets from plasma
membranes.

Bars = 5 um.

resistant to detergent extraction and more readily stained in
the absence of the plasma membrane (Figure 3D). The paired
DIC image is shown in Figure 3C to demonstrate the structure
of the rhodamine phalloidin-stained cytoskeletal network. The
SIT camera was used to record this paired DIC image; this
accounts for the lower resolution when compared with the DIC
image of Figure 3A, which was recorded with the higher reso-
lution DIC camera.

Partitioning of NPA Binding Activity during
Cytoskeletal Depolymerization and Repolymerization

To depolymerize cytoskeletal elements, the Triton X-100-insolu-
ble pellet was treated with 0.4 M KI, which has been reported
to depolymerize actin (Payrastre et al., 1991; Tan and Boss,
1992). Zucchini plasma membrane vesicles were extracted with
2.5% Triton X-100 as previously described, and the cytoskele-
tal (Triton X-100-insoluble) pellet was incubated in K-CSB
containing K. After this depolymerization, the sample was sub-
jected to ultracentrifugation, and the supernatant containing
the depolymerized cytoskeletal elements and associated pro-
teins was separated from the pellet fraction. This chemical
depolymerization resulted in a supernatant with a much higher

specific activity of NPA binding, as shown in Figure 4. Fur-
thermore, this treatment effectively released the bulk of NPA
binding activity, with 70% of the total activity partitioning into
the supernatant (16.5 pmol), as compared with the pellet
(7 pmol).

To examine more thoroughly the association of the NBP with
the cytoskeleton, we performed detergent extractions of the
cytoskeleton followed by in vitro depolymerization and repoly-
merization of cytoskeletal elements, according to Payrastre et
al. (1991) with the modifications of Tan and Boss (1992). The
depolymerized supernatant was subjected to dialysis to remove
Kl, which resulted in the reformation of F-actin and microtu-
bules. Ultracentrifugation of the dialyzed sample yielded pellet
and supernatant samples. Under these conditions, Tan and
Boss (1992) report that large actin filaments, actin bundles,
and the associated actin binding proteins pellet; however, solu-
ble proteins that do not bind actin, such as BSA, remain in
the supernatant. These pellet and supernatant fractions were
used to examine 3H-NPA binding, and the results are shown
in Figure 4. These data are reported in specific activity (pico-
moles per milligram of protein) to illustrate the purification
throughout this procedure. The distribution of 3H-NPA bind-
ing throughout this procedure corresponded to locations
expected for cytoskeletal proteins. NPA binding activity was
found associated with the newly formed cytoskeletal elements
after the removal of K, with a specific activity fourfold higher

Figure 3. DIC Images and Rhodamine Phalloidin Staining of Intact
and Triton X-100-Extracted Zucchini Plasma Membrane Vesicles.

DIC images are shown in (A) and (C), and fluorescence images of
rhodamine phalloidin-stained samples are shown in (B) and (D).
(A) and (B) Intact plasma membrane vesicles.

(C) and (D) Paired DIC and fluorescence images of 2.5% Triton
X-100-extracted plasma membrane vesicles.

Bars = 5 pm.
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Figure 4. NPA Binding Activity during Cytoskeletal Depolymeriza-
tion and Repolymerization.

Samples obtained sequentially through these procedures were assayed
for NPA binding activity using 5 nM ®H-NPA, and the specific bind-
ing activity is given in picomoles per milligram of protein. Plasma
membrane vesicles were extracted with 2.5% Triton X-100, and pellet
and supernatant samples were recovered by ultracentrifugation. The
Triton X-100-insoluble pellet was treated with 0.4 M Kl, and the result-
ing pellet and supernatants were obtained after ultracentrifugation.
The Kl supernatant was dialyzed to remove Kl and repolymerized
F-actin, and microtubules and associated proteins were recovered in
the pellet after ultracentrifugation. Samples were assayed in quadru-
plicate, and the average and standard deviation are reported. Depol.,
depolymerized; Repol., repolymerized.

than that of any other samples. This result indicates that the
procedure enhances the abundance of the NBP relative to
other proteins in the repolymerized cytoskeletal pellet and sug-
gests that the association of NPA binding activity with the
cytoskeleton is not simply due to trapping of the protein within
the cytoskeletal network.

The samples from the in vitro depolymerization and repoly-
merization experiment were also examined for content of actin
and a-tubulin and formation of actin filaments. Rhodamine phal-
loidin was used to verify the presence of actin filaments in the
repolymerized pellet, as shown in Figure 5. Immunoblot anal-
ysis of the proteins of the samples from each step of the
procedure using both actin-specific and a-tubulin-specific
monoclonal antibodies confirmed the presence of actin and
a-tubulin in the repolymerized pellet, as shown in Figure 6.
This gel was scanned with a densitometer to quantify the
amount of actin present in each sample and to determine its
distribution relative to the total amount of protein loaded. For
most of the samples, the relative distribution of actin did not
correlate directly with the distribution of NPA binding activity,
with one clear exception. The amount of actin relative to total
protein was 4.7 pg/mg for the Kl supernatant and 20 ug/mg
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for the repolymerized pellet, indicating a fourfold enhancement
in actin concentration by this procedure. In the same samples,
the specific activity of NPA binding was 0.61 and 3.7 pmol/mg,
respectively, indicating a sixfold enhancement in this activity.
The relatively quantitative correlation between the amount of
repolymerized actin and the amount of NPA binding activity
associated with the actin peliet is suggestive of a specific in-
teraction between F-actin and NPA binding activity.

The depolymerization and subsequent repolymerization of
the cytoskeletal network led to purification of the NBP. The re-
lease of NPA binding activity by Kl treatment of the 2.5% Triton
X-100 pellet also led to a membrane-dissociated and detergent-
free sample that would be easier to manipulate in future anal-
yses. Binding constants describing the affinity (Kq) and
abundance (maximum binding; Bpayx) of 3H-NPA activity in the
KI supernatant were determined. A supernatant sample was
prepared by depolymerization of actin by Kl treatment of the
2.5% Triton X-100 pellet, and this sample was examined for
NPA binding activity. The Bmax was 69.5 pmol/mg, which is 10-
fold higher that the Bpa of 6.5 pmol/mg for intact membranes
(Muday et al., 1993). This reflects an increase in the total num-
ber of NPA binding sites relative to other proteins. In the actin
depolymerization supernatant, the Ky is 43 nM, which is 2.5-
fold higher than the dissociation constant for intact membranes
(Muday et al., 1993). This reflects a slight and perhaps insig-
nificant decrease in affinity.

Partitioning of NPA Binding Activity from Maize and
Zucchini Microsomal Membrane Preparations during
Detergent Extraction and Kl Treatment

Although NPA binding activity from zucchini appears to be as-
sociated with the cytoskeleton in vitro, an important question

Figure 5. Rhodamine Phalloidin Staining of Repolymerized F-actin.

The presence of F-actin in the repolymerization pellet was verified by
rhodamine phalloidin staining and visualization by fluorescence mi-
croscopy using the SIT camera. Bar = 10 um.
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Figure 6. Immunoblot of Samples from the Cytoskeleton Depolymer-
ization and Repolymerization Procedures.

Actin and o-tubulin were detected in samples with monoclonal anti-
bodies. Lane 1 contains chicken muscle actin, 5 ug; lanes 2 and 3,
supernatant remaining after repolymerization and recovery by ultracen-
trifugation, 5 ng; lane 4, repolymerized pellet, 6 ug; lane 5, Ki
supernatant, 15 ug; lane 6, pellet remaining after Kl treatment, 25 ug;
lane 7, 2.5% Triton X-100 supernatant, 25 ug; lane 8, 2.5% Triton X-100
pellet, 25 ug; lane 9, intact zucchini plasma membrane, 25 ug. Actin
and a-tubulin bands are indicated by arrows and labeled A and T,
respectively.

is whether this association can be demonstrated in membrane
preparations from other plants. Microsomal membrane prepa-
rations were prepared from etiolated maize and zucchini
tissues, and the partitioning of NPA binding activity during de-
tergent extraction and subsequent Kl treatment was compared.
The binding activity of these samples is shown in Table 2.
Analysis of NPA binding activity with microsomal membrane-
derived samples leads to higher background, so heat treat-
ments were used to determine the amount of NPA binding

activity associated with the native protein. It is apparent that
in microsomal membranes from both species, the majority of
NPA binding activity partitions into the cytoskeletal pellet and
is released during cytoskeletal depolymerization by KI.

Partitioning of NPA Binding Activity during
Cytochalasin B Treatments

To determine whether the NBP interacts with the actin microfila-
ments in the cytoskeleton, the cytoskeletal pellet was incubated
with several concentrations of cytochalasin B, an actin bind-
ing drug that reduces the polymerization state of F-actin
(Pollard, 1990). The samples were then subjected to ultracen-
trifugation at 50,000g, and 3H-NPA binding was determined
in the supernatant and pellet samples, as shown in Figure 7.
At 0 uM cytochalasin B, there was approximately twofold more
3H-NPA binding in the pellet fraction versus the supernatant
fraction. Over the concentration range of 0 to 50 uM cytochala-
sin B, there was a gradual decrease in 3H-NPA binding in the
pellet fraction with increasing drug concentration and a gradual
increase in 3H-NPA binding in the supernatant fraction, with
a maximum at a cytochalasin B concentration of 20 uM. Incu-
bation with 20 uM cytochalasin B increased the total amount
of 3H-NPA binding activity in the supernatant fraction twofold
and decreased binding in the cytoskeletal pellet fraction twofold
relative to the untreated samples. Treatment with cytochalasin
D yielded similar results (data not shown).

An immunological method was used to verify the release
of actin monomers in response to cytochalasin B treatment.
Triton X-100-insoluble pellets were treated with 20 uM cyto-
chalasin B or buffer, and the supernatant and pellet obtained
after ultracentrifugation were examined by immunoblot with
an actin-specific monoclonal antibody, as shown in Figure 8.
The presence of an actin band in the cytochalasin B-treated
supernatant (lane 2) can be compared with a buffer-treated
supernatant (lane 4). Actin from zucchini plasma membrane

Table 2. NPA Binding Activity in Maize and Zucchini Microsomal Membranes after Triton X-100 and Kl Treatments

Total 3H-NPA Binding

Maize? Zucchini®
Heat-Labile Heat-Labile

— Heat? + Heat® Activity — Heat? + Heat® Activity
Sample® (pmol) (pmol) (pmol) (pmol) (pmol) (pmol)
Triton X-100 peliet 0.51 0.21 0.30 0.62 0.20 0.42
Triton X-100 supernatant 0.085 0.12 0.099 0.020 0.079
Kl pellet 0.12 0.069 0.046 0.046 0.058 <0
KI supernatant 0.89 0.41 0.48 0.33 0.044 0.29

2 Standard deviations were less than 15% of total binding.
b Standard deviations were less than 10% of total binding.

¢ Samples were treated with 2.5% Triton X-100 or 0.4 M Kl and subjected to ultracentrifugation at 40,000g for 20 min.

9 No heat treatment.
¢ Heat treatment was for 20 min at 95°C.
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Figure 7. Effects of Cytochalasin B on Dissociation of 3H-NPA Bind-
ing from the Cytoskeleton.

Triton X-100-extracted plasma membrane vesicies were incubated with
the indicated concentrations of cytochalasin B for 30 min. The pellet
and supernatant fractions were separated by ultracentrifugation and
assayed for 3H-NPA binding using 5 nM 3H-NPA. Total *H-NPA bind-
ing activity is given in picomoles to indicate the amount of activity
released by these treatments.

samples migrated with the same mobility as chicken muscie
actin, with a molecular mass of 43 kD. This cytochalasin B
treatment resulted in partial release of G-actin monomers from
the cytoskeletal pellet into the supernatant but not complete
depolymerization. The amount of actin released by cytochala-
sin B treatment was determined by scanning densitometry of
the immunoblot. When the actin released was normalized for
the amount of protein loaded, it became apparent that less
than 10% of the actin was released by this treatment. In con-
trast, greater than 65% of NPA binding activity was released
by this treatment. This lack of quantitative correlation is not
surprising due to the complex mechanism of action of cyto-
chalasins. Although cytochalasins alter the actin microfilament
systems in cells, their mechanism of action is a subject of con-
troversy in both animal and plant cells (Vaughan and Vaughn,
1987). In vitro, it is generally agreed that the cytochalasins slow
the rate of filament polymerization by inhibiting the rate of elon-
gation (Brown and Spudich, 1979; Bonder and Mooseker, 1986;
Cooper, 1987; and Sampath and Pollard, 1991). It has also been
suggested that in cultured animal cells, cytochalasins may in-
terfere with the anchoring of actin to the plasma membrane
(Weber et al., 1976). In tobacco pollen tubes, cytochalasins
B and D have been shown to cause microfilaments to form
massive bundles throughout the cytoplasm (Lancelle and
Hepler, 1988), and in maize root cells, cytochalasin causes a
reorganization of microfilaments into abnormal crossed and
highly condensed masses (Vaughan and Vaughn, 1987). Clearly,
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cytochalasins do alter actin dynamics, and it is possible that
these changes more completely release actin-associated pro-
teins than actin. In other studies, cytochalasins have been found
to release significant proportions of actin binding proteins, with-
out a parallel release of actin monomers from detergent-
insoluble pellets (Morris and Tannenbaum, 1980; Lacy and
Underhill, 1987). Therefore, the lack of quantitative correlation
between the release of actin and the release of NPA binding
activity does not appear to be an unusual result.

Although the mechanism by which cytochalasins alter ac-
tin dynamics is not completely clear, it is generally assumed
that in vivo, these compounds alter only actin dynamics, not
microtubules. To determine whether this action is specific in
vitro, we reprobed the blot in Figure 8 with an antibody against
a-tubulin. We found that upon release of actin, o-tubulin was
also released. There are two possible conclusions for this
experiment. Either cytochalasins are not specific for microfiia-
ments, or there is a connection between the actin filaments
and the microtubules that leads to the release of tubulin when
actin dynamics are altered. We favor the latter hypothesis be-
cause several investigators have demonstrated this connection,
both in vivo and in vitro (Griffith and Pollard, 1982; Pollard et
al., 1984; Euteneuer and Schliwa, 1985; Schmit and Lambert,
1988; Abe et al., 1992). As a result, it is not yet possible to
determine whether NPA binding activity is interacting with actin
or with microtubules. We have attempted a parallel approach
using colchicine to treat intact plasma membrane vesicles
and detergent-insoluble pellets to depolymerize tubulin. This
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Figure8. Immunoblot Analysis of Cytochalasin B-Treated Samples.

Samples were analyzed on an immunoblot with monoclonal antibod-
ies against actin and a-tubulin. Lane 1 contains chicken muscle actin,
10 ug; lane 2, 20 pM cytochalasin B supernatant, 17 ug; lane 3, the
cytochalasin pellet, 26 ug. Lane 4 contains the buffer-treated super-
natant, 16 ug; lane 5, buffer pellet, 26 ug; lane 6, 2.5% Triton X-100
supernatant, 11 pug; lane 7, 2.5% Triton X-100 pellet, 28 ug. Actin and
a-tubulin bands are indicated by arrows and are labeled A and T,
respectively.
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procedure has not been successful in releasing either tubulin
monomers or NPA binding activity (M.W. Dixon and G.K.
Muday, unpublished data).

Analysis of the Ability of Actin to Bind 3H-NPA

Because NPA binding activity partitions with samples enriched
in actin, it may be possible that 3H-NPA is directly interacting
with actin. To address this possibility, purified actin was used
in an 3H-NPA binding assay. The only commercially available
source of pure actin is from chicken muscle. This chicken ac-
tin was substituted in the assay for the membrane protein
samples in the concentration range of 4 ug/mL (0.8 pg total)
to 50 pg/mL (10 pg total). This range encompasses the actin
concentrations that were in samples assayed for NPA binding
previously described. Binding was measured in samples con-
taining native and heat-denatured actin. The binding activity
was identical in both denatured and native samples (data not
shown), suggesting that chicken actin does not directly bind
NPA. This result cannot rule out the possibility that NPA inter-
acts with plant actin. Quantitative analysis of the amounts of
actin in samples obtained from cytochalasin B, Triton X-100,
_or Kl treatment using a densitometer to scan immunoblots in-
dicates that there is not a direct relationship between the
amount of actin in most samples and the amount of NPA bind-
ing activity. This resuit suggests that zucchini actin does not
bind 3H-NPA directly. o

DISCUSSION

To understand the mechanisms by which the auxin transport
inhibitor or NPA binding protein regulates auxin transport, the
biochemical character of this protein needs to be elucidated.
To explore the membrane interaction of the NBP, we treated
intact plasma membrane vesicles with 1 M Na,CO3, pH 11.0,
in the absence of sucrose. This treatment released NPA binding
activity from intact plasma membrane vesicles. Furthermore,
treatment with 0.4 M Kl in the absence of sucrose was able
to release NPA binding activity into the supernatant. Both treat-
ments indicate that the NBP is peripherally associated with
the plasma membrane. Furthermore, after these treatments,
we found that NPA binding activity was completely active in
the absence of membranes and detergent, which indicates
that this protein does not require a lipophilic environment for
activity.

We found that NPA binding activity from zucchini hypocotyls
is associated with the cytoskeleton in vitro. The cytoskeleton
of eukaryotic cells is a network of cytoplasmic filaments that
drives a number of mechanical processes, such as locomo-
tion, cytokinesis, polar growth, and perhaps gravity response
(Lioyd, 1991). We have used a number of approaches to ex-
amine the interaction of NPA binding activity with the

cytoskeleton. During extraction with detergents, the majority
of NPA binding activity partitions with the cytoskeleton into a
detergent-insoluble pellet. The most convincing result to sup-
port the cytoskeletal association of the NBP is the partitioning
of NPA binding activity with cytoskeletal elements through a
complete chemical depolymerization and subsequent repoly-
merization of cytoskeletal filaments. The cytoskeletal (Triton
X-100-insoluble) pellet is treated with Kl to depolymerize the
cytoskeletal network, and the supernatant (enriched in
cytoskeletal monomers and associated proteins) is separated
from the pellet fraction by ultracentrifugation. The supernatant
sample is dialyzed to remove the Kil, leading to repolymeri-
zation of actin filaments and microtubules, which are then
recovered in the pellet after another cycle of ultracentrifugation.

Under these conditions, the only proteins in the pellet should
be large actin filaments, actin bundies, microtubules, and as-
sociated proteins. The presence of actin and a-tubulin in the
appropriate samples was verified by immunoblot analysis. in
addition, formation of actin filaments in the polymerized pel-
let was demonstrated by staining with rhodamine phalloidin.
This procedure is quite rigorous because cytoskeletal and as-
sociated proteins move from a pellet fraction to a supernatant
fraction and back to a pellet fraction. NPA binding activity is
found in the pellet after cytoskeletal repolymerization, suggest-
ing that the NBP either stays bound to cytoskeletal monomers
throughout the procedure or reassociates with the polymers
during repolymerization. This procedure has been used to con-
clude that other proteins bind specifically to actin (Payrastre
et al., 1991; Tan and Boss, 1992). In contrast, we find that this
procedure is not specific for actin and actin binding proteins.
Animal microtubules appear to be more cold sensitive and are
therefore depolymerized in early steps of the procedure used
by Payrastre et al. (1991). Plant microtubules apparently sur-
vive such rigorous treatments as freezing in liquid nitrogen
and extended periods of exposure to 4°C, as demonstrated
by their presence in the plasma membrane vesicles used as
starting material in this study.

The apparent cytoskeletal association of the NBP is not
unique to this protein derived from zucchini plasma mem-
branes. When zucchini microsomal membranes are used as
starting material, NPA binding activity partitions with the
detergent-insoluble cytoskeleton and is released from the
cytoskeletal network by Kl treatment. Maize microsomal mem-
brane-derived proteins partition in a similar fashion, indicating
that the cytoskeletal association of the NBP may be a general
phenomena.

Treatment of the cytoskeletal pellet with cytochalasin B, a
drug that leads to net depolymerization of actin filaments,
causes a release of NPA binding activity from the cytoskele-
ton. Furthermore, cytochalasin B has previously been shown
to reduce auxin transport and auxin-dependent growth by
greater than 40% in maize coleoptiles (Cande et al., 1973).
The ability of this drug to release actin monomers in vitro was
verified by an immunoblot with an actin-specific monocional
antibody. The specificity of the treatment was also examined



by immunoblot with an a-tubulin-specific monoclonal antibody.
Cytochalasin B treatments were also shown to release a-tubulin
monomers. This result does not necessarily indicate that
cytochalasin B acts on microtubules, rather it may indicate that
there are connections between cytoskeletal elements that re-
sultin the release of components of both networks when one
is disrupted. There is evidence in both animals and plants sup-
porting this latter possibility. The interactions between
microtubules and actin have been examined in plant and ani-
mal systems using both in vivo and in vitro approaches (Griffith
and Pollard, 1982; Pollard et al., 1984; Euteneuer and Schliwa,
1985; Schmit and Lambert, 1988; Abe et al., 1992).

The ability of the NBP to associate with the cytoskeleton in
vitro not only provides information about the biochemical be-
havior of this protein, but also serves as a method for
purification of this protein. The depolymerization and repoly-
merization procedure purifies NPA binding activity by between
four- and 12-fold and with a high recovery of activity (verified
in four separate experiments). The fold purification is greatest
in the actin repolymerization pellet, indicating the tight associ-
ation of this protein with the cytoskeleton. Furthermore, the
recovery of NPA binding activity in the depolymerization or
Kl supernatant is close to 100% of the starting activity from
intact vesicles. The binding constants for ®H-NPA binding ac-
tivity in the actin depolymerization supernatant sample were
determined. The number of NPA binding sites, as assessed
by the Bnax, was increased by 10-fold, as expected with the
increase in purity. The dissociation constant in the soluble sam-
ple was less than threefold different from the dissociation
constant of intact membranes, indicating that affinity for NPA
is not significantly different as a result of this manipulation.

The association of the NBP with the cytoskeleton suggests
that this protein is on the cytoptasmic face of the plasma mem-
brane. Several other lines of experimental evidence have aiso
suggested that this protein functions on the cytoplasmic face
of the membrane. Michalke (1982) isolated two membrane
populations that were proposed to differ in orientation of the
vesicles. The population suggested to be outside-out was un-
able to bind the NPA anion but bound the membrane-permeant,
uncharged NPA species. The inside-out population was able
to bind NPA in either ionization state. Furthermore, NPA bind-
ing activity increased as outside-out zucchini vesicles were
converted to inside-out or open vesicles by multiple freeze-
thaw cycles or by removal of sucrose in the buffer (Hertel et
al., 1983). This further suggested that the site of binding of
NPA and other phytotropins is on the internal face of the
membrane.

Aithough it has been generally assumed that NPA binding
activity is on the same polypeptide as the activity that trans-
ports the IAA anion, recent evidence suggests that this simple
model of the efflux carrier as a single polypeptide with both
regulatory and catalytic activities may not be correct. Morris
et al. (1991) treated zucchini hypocotyl sections with inhibitors
of protein synthesis. They found that this treatment did not sig-
nificantly affect either the ability of hypocotyl segments or

Cytoskeletal Association of NPA Binding Activity 1949

isolated membrane vesicles to accumulate radiolabeled 1AA
or the ability of membrane vesicles to bind 3H-NPA. Yet, these
treatments significantly reduced the ability of NPA to elevate
auxin accumulation, through inhibition of efflux, both in seg-
ments and in vesicles. Morris et al. (1991) concluded that the
auxin transport site on the efflux carrier system and the NPA
binding site may reside on separate proteins linked by a third,
rapidly turned over protein. The uncoupling of auxin move-
ment and its NPA sensitivity have been shown to occur in vivo
by Allan and Rubery (1991), who report that calcium deficiency
in zucchini hypocotyls leads to a reduction in polar auxin trans-
port, although both IAA uptake and NPA binding are not
affected by this treatment. They also report that NPA sensitiv-
ity of uptake is diminished. These results and the conclusions
of Morris et al. (1991) suggest that the regulatory and catalytic
activities of the auxin efflux carrier can be uncoupled.

Our results suggest that a cytoskeletal protein may be the
rapidly turned over protein that Morris et al. (1991) suggested
might link the NBP to the auxin efflux carrier. The significance
of the cytoskeletal association of the NBP is not yet clear, but
several hypotheses can be proposed. Thimann et al. (1992)
have shown that an intact actin cytoskeleton is required for
auxin-mediated growth. It may be that the relationship between
these two processes is indirect. Auxin transport may require
an intact cytoskeleton, and disruption of the cytoskeleton may
abolish transport and lead to an inhibition of auxin-induced
growth. This possibility is supported by the experiments of
Cande et al. (1973), who demonstrated that cytochalasin B re-
duced both auxin transport and auxin-induced growth. Another
possibility is that the NBP utilizes the cytoskeletal network for
movement to allow spatial reorientation of the auxin transport
stream during phototropism and gravitropism. Morris and
Johnson (1990) suggest that the loss of an auxin source leads
to a randomization of the distribution of the auxin efflux car-
rier in the plane of the plasma membrane. Their study does
not differentiate between changes in the distribution of the cata-
lytic or transport component of the efflux carrier versus the
NBP or regulatory subunit. Finally, Nick et al. (1990) demon-
strated that auxin can cause a change in microtubule
orientation, either by exogenous application to cut coleoptiles
or during apparent redistribution during the phototropism or
gravitropism. It may be that this change in microtubuie orien-
tation controls or is controlled by a change in the distribution
of the NPA binding subunit of the auxin efflux carrier.

It is also possible that the peripheral membrane and
cytoskeletal associations of the NBP serve to organize the ef-
flux carrier complex in one plane of the membrane. An example
in which an actin-associated and peripheral membrane pro-
tein can act to localize membrane components is found in the
clustering of acetylcholine receptors in vertebrate neuromus-
cular junctions (Bloch and Resneck, 1986; Yoshihara and Hall,
1993). The receptor clusters are positioned opposite to syn-
aptic sites of neurotransmitter release, where their density is
essential for efficient signal propagation (Yoshihara and Hall,
1993).



1950 The Plant Cell

The results presented in this study provide a basis for two
conclusions. First, the NBP is peripherally associated with the
plasma membrane. Second, these data support the hypothe-
sis that the NBP is associated with the cytoskeleton in vitro.
These results may now provide a context for future investiga-
tions into the regulation of auxin transport by interactions
between the cytoskeleton and the NBP, the putative regula-
tory subunit of the auxin efflux carrier. The understanding that
this is a peripheral membrane protein will facilitate develop-
ment of purification approaches. Purified NBP will facilitate
the preparation of molecular probes to explore the mechanisms
by which auxin transport is regulated in much greater depth.

METHODS

Chemicals and Radiochemicals

(2,3,4,5-[N]-3H)-N-1-Naphthylphthalamic acid (*H-NPA) (49.0 Ci/mmol)
was obtained from Research Products International Corp. (Mount Pros-
pect, IL} and (2,34,5-[N]-3H)-NPA{58.0 Ci/mmol) was obtained from
American Radiolabeled Chemicals Inc. (Saint Louis, MO). The bicin-
choninic acid (BCA) protein assay kit, Micro-BCA protein assay kit,
and Triton X-100 detergent were from Pierce. Trichloroacetic acid/deox-
ycholate protein precipitation was performed using a protein assay
kit purchased from Sigma. NPA was purchased from Chemical Ser-
vices (West Chester, PA). Cytochalasin B was purchased from Aldrich
Chemical Company and was dissolved in DMSO. Monoclonal anti-actin
antibody (clone C4) was purchased from ICN (Costa Mesa, CA), and
monoclonal anti-a-tubulin antibody was from Amersham. Anti-mouse
1gG, antibody conjugated with alkaline phosphatase and Scintiverse
scintillation fluid were purchased from Fisher Scientific. Alkaline phos-
phatase substrates 5-bromo-4-chloro-3-indolyl phosphate (X-phosphate,
_toluidine salt) and 4-nitro blue tetrazolium chloride and the protease
inhibitor leupeptin were purchased from Boehringer Mannheim. Den-
sity gradient gels (4 to 20%) were from Jule Inc. (New Haven, CT).
Silver stain standards (low range) and biotinylated SDS-PAGE standards
(low range) were purchased from Bio-Rad. Streptavidin conjugated with
alkaline phosphatase was purchased from United States Biochemical
Corp. Rhodamine phalloidin fluorescent probe and 1,1-dioctadecyl-
3,333 -tetramethylindocarbocyanine perchlorate (DilCg) were pur-
chased from Molecular Probes (Eugene, OR). All other chemicals were
purchased from Sigma and were of .the highest grade available.

Plant Material and Plasma Memb?ane Preparation

Zucchini (Cucurbita pepo cv Burpee Fordhook) seedlings were grown
for 5 days in the dark in vermiculite at 30°C. The upper thirds of the
etiolated hypocotyls (~4 cm) were harvested and homogenized with
an equal ratio of weight per volume of buffer A (0.25 mM Tris, pH 7.2,
3.0 mM EDTA, 250 mM sucrose, 0.25 mM phenylmethylsufonyl fluo-
ride [PMSF], 1 mM DTT). After filtration through nylon cloth, cellular
debris was removed by centrifugation at 6700g for 10 min. The super-
natant was then subjected to centrifugation at 100,000g for 30 min,
and the peliet was resuspended in buffer B (50 mM K;HPO,, pH 738,
250 mM sucrose). The membranes were then subjected to two-phase
aqueous partitioning according to the procedure of Widell and Larsson
(1981) with 6.3% dextran and 6.3% polyethylene glycol, as previously
described (Muday et al., 1993). Membranes were resuspended in low

ionic strength Mg-cytoskeleton stabilization buffer (Mg-CSB) as de-
scribed by Abe and Davies (1991) with minor modifications described
by Tan and Boss (1992). Mg-CSB (5 mM Hepes, pH 7.0, 10 mM MgCl,,
2 mM EGTA, 1 mM PMSF, 250 mM sucrose, 1 mg leupeptin per 100
mL, 0.1 mM sodium vanadate) was added at a ratio of 1 mL for every
33 g of hypocotyl fresh weight, which yielded a final protein concen-
tration of ~5 mg/mL, as determined by the BCA assay procedure (Smith
et al., 1985). Membranes were frozen in liquid nitrogen and stored at
—70°C until use.

3H-NPA Binding Studies

3H-NPA binding assays were performed in 200-pL volumes of NPA
binding buffer (NBB; 20 mM sodium citrate, pH 5.3, 1 mM MgCl,,
250 mM sucrose) in Multiscreen HA (mixed esters of cellulose) filtration
plates (Millipore, Bedford, MA) pretreated with 0.3% polyethylenimine
(Bruns et al., 1983). Samples had a final protein concentration of
0.2 mg/mL for plasma membranes with a 3H-NPA concentration of
50 nM'or in the range of 1 nM to 15 nM, as described by Muday et
al. (1993). Incubations were for 45 min at 4°C. Background binding
was determined by addition of 10~ M nonradioactive NPA to each
3H-NPA concentration and was shown to be equivalent to nonspecific
binding of 3H-NPA in the absence of protein. Samples were filtered
and washed with 200 puL of NBB and then dried at 50°C for 15 min.
The filters were punched out and soaked for 30 min in 250 uL of water
prior to the addition of 2.5 mL of scintillation fiuid and counting in a
Tm Analytic (Elk Grove Park, IL) liquid scintillation counter for 2 min.
Binding is reported in picomoles of 3H-NPA bound per milligram of
protein in the assay (specific activity), in nanomolar concentrations
of 3H-NPA bound, or in picomoles bound (total binding). Each value
represents the average of three to four different replicates. The stan-
dard deviation is reported whenever appropriate.

Membrane Association of the NPA Binding Protein

Intact membrane vesicles were treated with 1 M Na,COs, pH 11.0, in
Mg-CSB without sucrose to disrupt peripheral protein interactions with
the plasma membrane. The intact plasma membranes are osmotically
sensitive; therefore, the absence of sucrose is essential because it
allows the membrane vesicles to rupture and reform with random orien--
tation. Untreated membrane vesicles in Mg-CSB, pH 7, were run in
paralle! with the Na,COj; treatment. The membranes were gently ro-
tated at 4°C for 1 hr and then subjected to ultracentrifugation at 40,000g
for 20 min. Both the supernatant and the resuspended pellet fractions
were diluted fivefold with NBB, and these samples were assayed for
3H-NPA binding. The final concentration of Na,COj in the binding as-
say was 0.2 M.

In a second set of experiments, intact membrane vesicles were treated
with 0.4 M Klin K-CSB (5 mM Hepes, pH 7.0, 100 mM KCI, 2 mM EGTA,
1 mM PMSF, 0.1 mM sodium vanadate, 1 mg of leupeptin per 100 mL)
without sucrose to depolymerize actin filaments and rupture membrane
vesicles. This allows for greater accessibility of Kl to the actin cytoskele-
ton and for proteins released from the inside of the plasma membrane
vesicles to leave the sealed vesicles. The membranes were gently ro-
tated at 4°C for 1 hr and then subjected to ultracentrifugation at 40,000g
for 20 min. All pellet samples were resuspended in equal volumes in
K-CSB without sucrose. The supernatant and a fraction of the
resuspended pellet were diluted fivefold with NBB, and these sam-
ples were used to measure 3H-NPA binding activity. The final
concentration of Kl in the binding assay was 0.08 M.



Preparation of Cytoskeleton and Cytochalasin B Treatments

Detergent-insoluble cytoskeletal protein preparations were prepared
in the following manner. Plasma membranes were resuspended in Mg-
CSB containing 2.5% (wfv) Triton X-100 to a protein concentration of
2 mg/mL, such that the detergent-to-protein ratio was 12.5 mg/mg.
Plasma membranes were gently rocked at 4°C for 20 min. The cytoskele-
ton (the Triton X-100-insoluble fraction) was separated from solubilized
plasma membrane proteins by centrifugation at 50,000g for 20 min.
The cytochalasin B assays were performed using the cytoskeletal pellet
fractions, which were resuspended in cytochalasin B at the indicated
concentrations in Mg-CSB and gently rocked at 4°C for 30 min. The
samples were then subjected to centrifugation at 50,0009 for 30 min.
The pellet was resuspended in NBB. Both the resuspended pellet and
the supernatant were diluted fivefold with NBB, and these samples
were assayed for *H-NPA binding.

Actin Depolymerization and Repolymerization

The F-actin fraction, which contained actin filaments and actin bind-
ing proteins, was prepared as described by Payrastre et al. (1991) with
some modifications to the buffers as described by Tan and Boss (1992).
The cytoskeletal fraction was treated with K-CSB, containing KI, resulting
in a final Ki concentration of 0.4 M. After 20 min at 4°C with gentle
shaking, the solution was centrifuged at 40,000g for 20 min. The su-
pernatant was dialyzed two times against 2 L of K-CSB containing 5 mM
benzamidine, instead of leupeptin, and centrifuged at 12,000g for 5 min.
The resultant pellet (denoted the F-actin fraction) was resuspended
in 0.3 mL of polymerization buffer (Mg-CSB with 5 mM benzamidine).
Protein concentrations were determined using the Micro-BCA proce-
dure according to Smith et al. (1985) with BSA as a standard. Actin
content in the samples obtained through this procedure was moni-
tored by immunoblot analysis and fluorescence microscopy using
rhodamine phalloidin-monitored F-actin integrity.

SDS-PAGE and Immunoblotting

Proteins were trichloroacetic acid/deoxycholate precipitated accord-
ing to Ozols (1990). The precipitated proteins were solubilized in
SDS-PAGE sample buffer, boiled at 95°C for 5 min, and separated
on a 12% SDS-polyacrylamide gel (according to the procedure of
Laemmli, 1970) for the cytochalasin B samples; the F-actin samples
were separated on a 4 to 20% gradient gel. Two sets of identical sam-
ples were subjected to electrophoresis: one gel was electrophoretically
transferred onto supported nitrocellulose BA-S 85 (Schieicher & Schuell)
for immunoblotting by the method of Burnette (1981), and one gel was
used for silver staining (data not shown). Immunoblot analysis with
the anti-actin monoclonal antibody was performed using Blotto plus
0.02% Tween 20 as the blocking agent according to Johnson et al.
(1984). For detection with the anti-a-tubulin antibody, the actin immu-
noblots were reprobed by blocking and incubation in 3% BSA in PBS.
Anti-mouse IgG, conjugated with alkaline phosphatase was the sec-
ondary antibody. Primary antibody incubation time was overnight at
a dilution of 1:1000, and the secondary antibody incubation time was
2 hr at a dilution of 1:2000. The biotinylated SDS-PAGE standards were
detected using 4-nitro blue tetrazolium and 5-bromo-4-chloro-indolyl
phosphate according to the manufacturers recommendations, using
streptavidin corjugated with alkaline phosphatase.

The amount of actin in each lane of the immunoblot was quantified
with a Fisher FB910 scanning densitometer using a 570-nm dielectric
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filter. The intensity of the bands was measured after the blots were
moistened with 50% glycerol. These data were collected with the data
acquisition hardware MP100 and analyzed using the program Acg-
knowledge 3.0 for Macintosh, both from BIOPAC Systems, Inc. (Goleta,
CA). The intensity of each band is reported in a scan, from which the
peak area corresponding to each band can be quantified. Because
each gel contained a control of chicken actin at a defined concentra-
tion, the area of each peak could be converted to an amount of actin.
Finally, the amount of actin in each peak could be normalized by the
amount of protein loaded to determine the amount of actin in micro-
grams per milligram of protein loaded.

Differential Interference Contrast and Fluorescence
Microscopy

Differential interference contrast (DIC) and fluorescence imaging of
plasma membrane vesicles was performed using both DIC and low-
light level video fluorescence microscopy (Hamamatsu [Waltham, MA]
DIC and silicon-intensified target [SIT] cameras, respectively) and a
Universal Imaging system on a Zeiss (Thornwood, NJ) Axiophot mi-
croscope. Images were either recorded on a Panasonic optical memory
disc recording system or saved directly to the Image-1 system soft-
ware (Universal Imaging, West Chester, PA). DIC images of plasma
membrane vesicles were recorded at a magnification of x63 with a
1.25 zoom lens using the DIC camera. DIC images of Triton X-100-ex-
tracted plasma membrane vesicles were recorded with a magnification
of x63 with a 1.6 zoom lens using the DIC camera. DilCg, staining
of intact and Triton X-100-extracted plasma membrane vesicles was
recorded at x100 oil magnification with a 1.25 zoom lens using the
SIT camera. The DIC image of rhodamine phalloidin staining of intact
plasma membrane vesicles was recorded at x100 oil magnification
with a 1.25 zoom lens using the high-resolution DIC camera and was’
representative of intact plasma membrane vesicles stained with rhoda-
mine phalloidin. Fluorescence images of rhodamine phalloidin staining
of intact plasma membrane vesicles were recorded at x100 oil mag-
nification with a 1.25 zoom lens-using the SIT camera. Paired DIC and
fluorescence images of Triton X-100-extracted plasma membrane vesi-
cles were recorded at x100 oil magnification with a 1.256 zoom lens
using the SIT camera. Rhodamine phalloidin staining of repolymer-
ized F-actin was recorded at a magnification of x63 with a 2.0 zoom
lens using the SIT camera. All images were processed and enhanced
using Image-1 software. DIC images were recorded to detect vesicle
shape and size. For size determination the optical distance was
calibrated to the magnification used. DilCg was used to stain for
plasma membrane lipids in intact and Triton X-100- extracted plasma
membrane vesicles. Rhodamine phalloidin was used to stain for F-actin
in intact plasma membrane vesicles and cytoskeletal fractions (Triton
X-100-insoluble fractions). In addition, the F-actin fraction collected
from actin depolymerization and repolymerization experiments was
stained with rhodamine phalloidin to confirm the presence of F-actin
in this fraction.

Microsomal Membrane Preparation and Analysis of
Partitioning of NPA Binding Activity

Zucchini microsomal membranes were prepared as described for
plasma membranes, but after the first ultracentrifugation, the pellets
were resuspended in Mg-CSB. Maize microsomal membranes were
similarly prepared, with etiolated coleoptiles grown for 5 days at 30°C.
Both zucchini and maize microsomal membranes were diluted in Mg-
CSB containing 2.5% (w/v) Triton X-100 to a protein concentration of
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2 mg/mL. The microsomal membranes were gently rocked at 4°C for
20 min. The cytoskeleton (Triton X-100—insoluble fraction) was separated
from solubilized microsomal membrane proteins by ultracentrifuga-
tion at 50,000g for 30 min. The Triton X-100-insoluble pellet was
resuspended in Mg-CSB without sucrose and treated with K-CSB con-
taining K, bringing the final concentration to 0.4 M KI. After 30 min
at 4°C with gentle shaking, the solution was subjected to ultracentrifu-
gation at 40,000g for 30 min. The pellet was resuspended in Mg-CSB
without sucrose. Both the supernatant and the resuspended pellet frac-
tions were diluted fivefold with NBB, and these samples were assayed
for 3H-NPA binding activity. Background was assessed by heating the
samples for 20 min at 95°C to heat inactivate the protein components.
Binding activity is reported in saturable binding, with and without heat
treatment. Heat-labile activity is the difference between these two ac-
tivities and represents the binding that depends upon active protein.
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