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ABsTRACT Microvilli isolated from intestinal epithelial cells contain a cytoskeletal M, 110,000
polypeptide complexed with calmodulin (110K-CM) that is believed to link the microfilament
core bundle laterally to the plasma membrane. Previous work has shown that physiological
levels of ATP can partially solubilize the 110K-CM complex from isolated microvillus cyto-
skeletons or isolated microvilli. However, once extracted, the 110K-CM complex has been
found to be difficult to maintain stably soluble in aqueous buffers. This is due to the presence
of an endogenous ATPase (~100 nmol Pi/min per mg at 37°C) in microvillus cytoskeletal
preparations that depletes the ATP with subsequent precipitation of 110K-CM. Addition of
ATP to such precipitates resolubilizes 110K-CM. Inclusion of an ATP regenerating system in
the solubilization of 110K-CM from cytoskeletons, or membrane-bound brush borders, in-
creases the amount of 110K-CM solubilized.

Solubilization of 110K-CM from microvillus cytoskeletons was found to require a divalent
cation (Mg?*, Mn?*, or Co?*, but not Zn**) and a nucleoside triphosphate (ATP, GTP, CTP, or
ITP). ADP did not solubilize 110K-CM, but could partially inhibit ATP-dependent solubilization.
Solubilized 110K was phosphorylated during extraction of microvillus cores with [y-*?P]JATP,
but this was unrelated to the solubilization of 110K-CM as the endogenous kinase was specific
for ATP, whereas the solubilization was not.

The 110K-CM was purified using ATP extraction of brush border cytoskeletons in the
presence of an ATP regenerating system, gel filtration of the solubilized extract, an ATP
depletion step to specifically precipitate 110K-CM with F-actin, and resolubilization followed
by phosphocellulose chromatography. The purified complex was stably soluble in aqueous
buffers both in the presence and absence of ATP. It bound almost quantitatively to F-actin in
the absence of ATP, and showed nucleotide solubilization characteristics from F-actin similar
to that found for solubilization of 170K-CM from microvillus cores. At low ATP levels, the
binding to F-actin was increased in the presence of ADP. These results suggest that the
purified complex has been isolated in a native form. The data confirm and extend the studies
of Howe and Mooseker (1983, J. Cell Biol., 97:974-985) using a partially purified preparation
of 110K-CM and further emphasize that 110K-CM is a stably water soluble complex and not
an integral membrane protein.

Microfilaments are ubiquitous structures of eucaryotic cells
that contribute to the determination of cell shape as well as
being involved in many aspects of cell motility (reviewed in
reference 1). Owing to the complexity of microfilaments in
whole cells, the molecular details of their organization and
membrane attachments are still poorly understood. We have
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chosen the intestinal microvillus as a model system in which
to study both a defined microfilament arrangement and its
attachment to the plasma membrane. The microvillus cyto-
skeleton, isolated in the absence of Ca**, is a highly ordered
structure of 20-30 bundled actin filaments which, together
with four major and some minor accessory proteins, can be
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isolated ultrastructurally intact in quantities sufficient for
biochemical analysis (2-5). Two of these proteins, villin (M,
95,000) and fimbrin (M, 68,000), are internal proteins that
cross-link the actin filaments (6—-10). Projecting from the F-
actin bundle are “lateral arms” or “cross-filaments” that spiral
around the core bundle with a regular periodicity of 33 nm
(3, 11, 12). These lateral arms link the core to the membrane
and are currently the best-documented example of lateral
attachment of microfilaments to the plasma membrane.

In 1979 Matsudaira and Burgess (3) made the important
observation that treatment of microvillus cytoskeletons with
Mg-ATP resulted in the dissociation of the lateral arms and
the partial solubilization of a major accessory protein, the M,
110,000 polypeptide (110K)."! Subsequently, calmodulin was
identified as the fourth major accessory protein (4, 13). At
least part of the calmodulin was found to be associated with
110K based on co-solubilization studies and the finding that
'*]-calmodulin bound 110K in gel overlay experiments (14).
Antibodies to 110K have been used in immunoferritin elec-
tron microscopy on brush border cytoskeletons and show that
this polypeptide is restricted to the part of the microvillus
cytoskeleton that used to be attached to the microviillus mem-
brane (135; but see reference 16 for an opposing view). Thus,
the evidence, although still circumstantial, supports the notion
that 110K is a major component of the lateral arms.

Little is known about the attachment of the lateral arms to
the microvillus membrane. The original work of Mukherjee
and Staehelin (11) demonstrated that the lateral arms associ-
ate with electron-dense patches on the inner surface of the
membrane. More recent experiments demonstrated that ATP
treatment of membrane-intact microvilli resulted in the spe-
cific partial solubilization of 110K and calmodulin as well as
in the loss of ultrastructurally observable lateral arms from
the microvilli (17~19). In similar experiments with mem-
brane-intact brush borders, 110K and calmodulin are among
the proteins solubilized by ATP, and ultrastructural studies
again indicate the loss of the lateral arms (20, 21). Indeed,
Howe and Mooseker (20) have recently used the soluble
extract obtained after ATP treatment of membrane-intact
brush borders as starting material for the partial purification
of a complex composed of 110K and calmodulin (110K-CM
complex). All of these experiments suggest that ATP can
dissociate the lateral arms from both the membrane and the
core bundle, and that the 110K protein is not an integral
membrane protein (17-20). These findings and conclusions
have recently been challenged by Glenney and Glenney (22).
These authors have reported that 110K is an integral mem-
brane protein that requires the presence of an ionic detergent
for solubilization. These conflicting views are evaluated in the
Discussion.

Several laboratories have attempted to isolate the 110K
protein and have been plagued by problems in maintaining
its solubility (3, 17, 18, 20). While acknowledging these prob-
lems, Howe and Mooseker (20) were able to obtain a partially
purified preparation of the 110K-CM complex and to char-
acterize it. Another approach was taken by Glenney and
Glenney (22) who explored the use of detergents and were
able to obtain a partially purified preparation of the 110K
polypeptide. To understand the basis for these problems be-
fore trying to purify 110K-CM ourselves, we decided to
explore the characteristics of the ATP-induced solubilization

! Abbreviations used in this paper. AMP.PNP, 5’-adenylyl-imido-
diphosphate; DTT, dithiothreitol; 110K-CM complex, a 110,000-
mol-wt cytoskeletal polypeptide complexed with calmodulin.
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of 110K from isolated cytoskeletons. The studies described in
this paper provide the basic characteristics of the solubiliza-
tion of 110K-CM from microvillus cytoskeletons and an
explanation for the previous problems encountered in main-
taining the solubility of the complex. This information, in
turn, is used as a foundation for the purification and partial
characterization of the 110K-CM complex.

MATERIALS AND METHODS

Purification of Microvillus Cytoskeletons (Cores): Microvilli
were prepared from chicken intestinal epithelial cells (2) as modified in reference
14, Cores were prepared by treatment with 1% Triton X-100 (2) and resus-
pended in solution I (75 mM KCl, 1 mM EGTA, 0.1 mM MgCl,, 0.25 mM
phenylmethylsulfonyl fluoride, 10 mM imidazole-HCI, pH 7.4) or in solution
A (solution I containing 5.1 mM MgCl,). In some experiments, brush border
preparations were treated to reduce proteolysis with 5 mM diisopropyi fluoro-
phosphate (Aldrich Chemical Co., Milwaukee, WI) for 10 min at 4°C prior to
the first sucrose gradient.

Nucleotide Treatments: Brush borders, microvilli, or their cyto-
skeletons were treated with nucleotides at 4°C for 15 min, or as specified, and
centrifuged at 25,000 g for 15 min at 4°C, and the pelleted and supernatant
fractions were prepared for gel electrophoresis (23). Gels were stained with
Coomassie Brilliant Blue and destained. Gel scans were performed on a Quick
Scan R & D (Helena Laboratories, Beaumont, TX). Except for the experiment
shown in Fig. 4, all nucleotide additions were made from stocks equimalar in
MgCl; at pH 7.4. All nucleotides were purchased from Sigma Chemical Co.
(St. Louis, MO).

Phosphorylation Studies:  Microvillus cytoskeletons were suspended
in solution A and incubated with [y-*?PJATP at 0.05 Ci/mmol (Amersham
Corp., Arlington Heights, IL) and treated as described above. Autoradiography
was performed on dried gels at ~70°C using Kodak X-Omat AR x-ray film.

Purification of 110K-CM:  Sucrose gradient-purified brush borders
were extracted in solution I for 20 min at 25°C with 2% Triton X-100; all
subsequent steps were performed at 4°C. The resulting brush border cytoskel-
etons were washed several times in solution I and extracted in solution I with
10 mM ATP, 10 mM MgCl,, and an ATP regeneration system consisting of 1
mg/ml phosphocreatine and 0.1 mg/mi creatine phosphokinase (120 U/mg
protein; Sigma Chemical Co.) for 10 min. After centrifugation at 47,000 g for
15 min, the extract was adjusted to 0.5 M NaCl and 0.1 mM dithiothreitol
(DTT) and then subjected to gel filtration chromatography on a 150-ml
Sepharose 4B column at a flow rate of 7 ml/h. The column was equilibrated
and eluted with buffer G (10 mM ATP, 10 mM MgCl;, 0.5 M NaCl, 0.1 mM
DTT, I mM NaNjs, 75 mM KCl, 1 mM EGTA, 10 mM imidazole, pH 7.4).
Column fractions (2.5 ml each) were analyzed by SDS PAGE, and 110K peak
fractions were pooled and dialyzed against 6 liters of solution I with 0.1 mM
DTT overnight. The dialysate was then centrifuged at 47,000 g for 15 min. The
pelleted material was resuspended in PC buffer (75 mM NaCl, 2 mM ATP, 2
mM MgCl,, 0.1 mM DTT, 10 mM PIPES, pH 6.5) and then centrifuged at
47,000 g for 15 min. The supernatant fraction was loaded on a 1-ml PE 11
phosphocellulose column (Whatman Laboratory Products Inc., Clifton, NJ)
equilibrated in PC buffer. The column was then washed with 20 ml of PC
buffer adjusted to 100 mM NaCl. The 110K-CM was then eluted with 2 ml
PC buffer adjusted to 1 M NaCl and immediately dialyzed against solution 1
for use. Purified 1 10K-CM was stored at 4°C in solution 1.

Other Procedures: ATPase assays were performed in solution A
according to Taussky and Shorr (24). Protein concentrations were determined
by the method of Bradford (25) using ovalbumin as standard. Hexokinase from
Baker’s yeast (460 U/mg protein) was purchased from Sigma Chemical Co.
Rabbit skeletal muscle actin was purified according to Spudich and Watt (26)
as modified by Maclean-Fletcher and Pollard (27). Centrifugation of samples
shown in Figs. 11 and 12 was performed with a Beckman Airfuge (Beckman
Instruments, Inc., Palo Alto, CA) operating at 24 psi (130,000 g). Phalloidin
was purchased from Boehringer-Mannheim Biochemicals (Indianapolis, IN)
and used at approximately a fivefold molar excess over actin.

RESULTS

ATP-induced Solubilization of the 110K-CM
Complex from Isolated Microvillus Cytoskeletons:
Effect of Endogenous ATPase Activity

Our initial experiments to examine the role of ATP in the
solubilization of [10K-CM from microvillus cytoskeletons



gave variable results unless protein concentrations were care-
fully controlled. Fig. 14 shows results of extracting microvil-
lus cytoskeletons at either 0.25 or 1.0 mg/ml protein with
various concentrations of ATP under our standard conditions.
In these experiments cytoskeletons were treated with ATP for
15 min at 4°C, the samples were centrifuged for 15 min at
4°C, and the resulting supernatant and pellet fractions were
prepared for gel electrophoresis. A dramatic difference in the
efficiency of extraction was seen at low ATP concentrations;
for example, at an initial concentration of 0.1 mM ATP,
<10% of the 110K-CM was solubilized at 1.0 mg/ml cyto-
skeletal protein, whereas >50% was solubilized at 0.25 mg/
ml protein (Fig. | B). In addition, as we have noted previously
(18), the amount of 110K-CM solubilized by ATP was much
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reduced if the extraction temperature was raised. As the initial
ATP concentrations in all these experiments were in a vast
molar excess over 110K-CM, the results indicated that our
preparations might contain an endogenous ATPase that hy-
drolyzed ATP during the course of the experiment. Assays
revealed that our preparations have a reproducible Mg-AT-
Pase activity of ~100 nmol Pi/min per mg at 37°C or 8 nmol
Pi/min per mg at 4°C. Thus the activity present in 1 mg/ml
cytoskeletons is capable, for example, of hydrolyzing 0.5 mM
ATP in ~5 min at 37°C or 0.1 mM ATP in ~12 min at 4°C.

If endogenous ATPase activity is responsible for the differ-
ences seen in the curves in Fig. 1 B, 110K-CM must require
ATP not only for solubilization in this system but also to
maintain it in a soluble state thereafter. This property of
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ATP concentration-dependent release of 110K from microvillus cytoskeletons. (A) SDS PAGE (5-20%) of pelleted

(Pel.) and supernatant (Sup.) fraction of microvillus cores after treatment with various concentrations of ATP in solution [ at either
0.25 mg/ml (lanes A-E) or 1.0 mg/mi (lanes F-J) core protein. ATP concentrations were 0 (lanes A and ), 0.1 mM (lanes B and G),
0.5 mM (lanes C and H), 1.0 mM (lanes D and /), and 2.0 mM (lanes E and J). V, villin; 90K, 90,000-mol-wt polypeptide; F, fimbrin;
A, actin; CM, calmodulin. (B) Dependence of 110K release from microvillus cores on ATP concentrations at either 0.25 mg/ml (@)
or 1.0 mg/ml (O) core protein. Percentage release was obtained from gel scans of the pelleted and supernatant fractions shown

in A.
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1 10K-CM was directly demonstrated. Three identical aliquots
of cytoskeletons at 1 mg/ml protein were treated with | mM
ATP and incubated either for 15 min before centrifugation,
for 90 min before centrifugation, or for 90 min followed by
the addition of another | mM ATP and 15 min further
incubation before centrifugation. The results, displayed in
Fig. 2, clearly show that 110K was soluble 15 min after the
addition of 1 mM ATP (lanes 4), but was then rendered
insoluble at 90 min (lanes C), presumably due to ATP hy-
drolysis, and could then be rendered soluble again by the
addition of more ATP (lanes B). Therefore, in this system
110K requires ATP both for initial solubilization from the
microvillus core bundle and for maintenance of solubility
thereafter.

Effect of Enzymatic Depletion of ATP on the
Solubility of 110K-CM in ATP Extracts

The experiment shown in Fig. 2 suggested that as the ATP
concentration was depleted during the 90-min incubation,
the 110K polypeptide either reassociated with the core struc-
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FiGure 2 Effect of incubation time and second ATP challenge on
ATP-dependent 110K solubilization from microvillus cytoskeletons.
SDS PAGE (7%) of pelleted (pel.) and supernatant (sup.) fractions of
microvillus cytoskeletons at 1 mg/mi treated with 1 mM ATP for (A)
15 min, (C) 90 min, or (B) 90 min followed by the addition of
another 1 mM ATP and an additional 15 min incubation. Incubations
were performed at 4°C. V, villin; F, fimbrin; A, actin.
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Ficure 3 Effect of enzymatic depletion of ATP from an ATP extract
of microvillus cytoskeletons. SDS PAGE (5-20%). Microvillus cyto-
skeletons (A) at 8 mg/m! were extracted with 5 mM ATP in solution
A for 15 min at 4°C. The pellet (B) and supernatant (C) fractions
were separated by centrifugation for 15 min at 25,000 g at 4°C.
The extracted material was adjusted to 22 mM glucose and 0.1 mg/
ml hexokinase and incubated at 4°C for 1 h. After centrifugation
the supernatant fraction (D) was discarded and the pellet (E) was
resuspended in solution A made 10 mM in ATP. The resuspended
pellet was centrifuged for 15 min and the soluble fraction (G),
enriched in 110K-CM, was separated from the pelleted fraction (F).
Vv, villin; F, fimbrin; hex, hexokinase; A, actin; CM, calmodulin.

ture or precipitated independent of the core. To distinguish
between these possibilities, we examined the effect of ATP
depletion on the solubility of 110K-CM, after removal of the
residual core material (Fig. 3). Isolated cores at 8 mg/ml core
protein (Fig. 3, lane 4) were treated with 5 mM ATP, and the
solubilized material (Fig. 3, lane C) was separated from the
insoluble fraction (Fig. 3, lane B) by centrifugation. Analysis
of the ATPase activity of the two fractions revealed that 89%
of the original activity was recovered in the pellet fraction.
Therefore, to reduce the ATP concentration in the solubilized
fraction, it was necessary to add an ATP hydrolyzing system.
Preliminary experiments showed that the addition of 22 mM
glucose and 0.1 mg/ml hexokinase rapidly reduced the ATP
levels. Incubation of the material solubilized from cores by
ATP for 1 h at 4°C in the presence of glucose and hexokinase
resulted in the precipitation of most of the 110K-CM, which
was recovered by centrifugation (Fig. 3, lane E). This result
indicates that the presence of intact core bundles is not
required for precipitation of 110K-CM upon ATP depletion.
The precipitation of 110K-CM together with some actin is
rather specific; hexokinase and some other polypeptides re-



mained in the soluble fraction (Fig. 3, lane D). The material
precipitated by ATP depletion was washed and resuspended
in ATP-containing buffer. Following centrifugation, the
110K-CM complex was recovered almost quantitatively in
the soluble fraction (Fig. 3, lane G). It should be noted that
the actin initially solubilized (Fig. 3, lane C) follows 110K-
CM after both ATP depletion (Fig. 3, lane E') and subsequent
resolubilization (Fig. 3, lane G).

Characterization of 110K-CM Solubilization from
Microvillus Cytoskeletons

DIVALENT CATION REQUIREMENT: Toinvestigate the
mechanism of action of ATP in the release of 1 10K-CM from
microvillus cytoskeletons, we have begun to examine the
specific requirements for this process. Microvillus cores pre-
pared in solution I (which contains 0.1 mM MgCl; and 1 mM
EGTA) were collected by centrifugation and resuspended in
solution I lacking both MgCl, and EGTA. Various divalent
cations, or EDTA, were added to aliquots of the cytoskeletons
and then each sample was made | mM in ATP. After 15 min
the samples were centrifuged, and the soluble and insoluble
material was prepared for gel electrophoresis. The results (Fig.
4) show that there is an absolute requirement for a divalent
cation, with Co®** or Mn?*, but not Zn>*, being able to
substitute for Mg?* in this system. However, Mn?*, and to a
lesser extent Co?*, also lead to an increased solubilization of
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FiGUre 4 Effect of divalent cations on the ATP-dependent solu-
bilization of 110K-CM from microvillus cytoskeletons. SDS PAGE
(5~20%). Microvillus cytoskeletons (1 mg/ml) in 75 mM KCI, 1 mM

_EGTA, 10 mM imidazole (pH 7.4) were incubated for 15 min at 4°C
in 1 mM ATP with either (A) 5 mM MgCl,, (B) 5 mM EDTA, (C) 5
mM CoCly, (D) 5 mM MnCly, (E) 5 mM ZnCl,, or (f) no added ATP.
After treatment, the samples were centrifuged and the proteins in
the pellet (Pel.) and supernatant (Sup.) analyzed. V, villin; F, fimbrin;
A, actin; CM, calmodulin.
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FiGure 5 Effects of various nucleoside triphosphates on 110K-CM
solubilization from microvillus cytoskeletons. SDS PAGE (5-20%)
of pellet (pel.) and supernatant (sup.) fractions of microvillus cyto-
skeletons (0.5 mgfml) in solution A after treatment for 15 min at
4°C with (A) no additions, (B) 1 mM ATP, (C) 1 mM GTP, (D) 1T mM
CTP, or (E} 1 mM ITP. In this gel twice as much of the supernatant
fraction was loaded compared with the pelleted fraction. V, villin;
F, fimbrin; A, actin; CM, calmodulin.

other polypeptides. Identical experiments performed on phal-
loidin-stabilized cores gave essentially the same results pre-
sented in Fig. 4 except that less actin was recovered in the
supernatant fraction for each treatment (not shown).

NUCLEOTIDE SPECIFICITY: The results presented
above demonstrate that Mg-ATP can lead to the solubilization
of 110K-CM from microvillus cytoskeletons. We have there-
fore examined the nucleoside triphosphate specificity for
110K-CM solubilization from microvillus cytoskeletons. Iso-
lated cytoskeletons at 0.5 mg/ml protein were treated with 1
mM ATP, | mM GTP, | mM CTP, | mM ITP, or no
nucleotide. The samples were incubated for 15 min at 4°C
and centrifuged, and the soluble and insoluble fractions were
subjected to SDS PAGE (Fig. 5). The results indicate that
ATP and GTP treatments induce substantial solubilization of
110K-CM, with the other nucleoside triphosphates also lead-
ing to significant solubilization.

EFFECTS OF ADP AND AMP-PNP ON ATP-INDUCED
SOLUBILIZATION: The ATP requirement for the solubili-
zation of 110K-CM could not be replaced by either 1-2 mM
ADP or 1-2 mM of the nonhydrolyzable ATP analogue
adenylyl-imidodiphosphate (AMP-PNP). However, both of
these nucleotides had a dramatic effect on 110K-CM solubil-
ization when added in combination with ATP.

Fig. 6 shows the effect of various concentrations of ADP
on the solubilization of 110K by 0.1 mM ATP at 0.25 mg/
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ml cytoskeletal protein. As can be seen, ADP strongly de-
pressed the solubilization, with only ~20% of the control
value being solubilized at an initial 20-fold molar excess of
ADP.

The effect of increasing concentration of AMP-PNP on the
solubilization of 110K-CM from cores by 0.1 mM ATP is
shown in Fig. 7. Although alone unable to solubilize 110K-
CM, AMP.PNP greatly enhanced 1 10K-CM solubilization in
the presence of 0.1 mM ATP. One possible explanation for
this effect is that AMP-PNP inhibits the endogenous ATPase
activity. Direct measurement of the ATP remaining after 15-
min incubations showed that AMP . PNP significantly reduced
ATP hydrolysis (Fig. 7), with about twice as much ATP
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FIGURE 6 Effect of ADP in the presence of a low concentration of
ATP on the ATP-induced solubilization of 110K from microvillus
cytoskeletons. Microvillus cytoskeletons (0.25 mgfml) were incu-
bated for 15 min in solution A at 4°C in 0.1 mM ATP and increasing
concentrations of ADP. The samples were centrifuged at 25,000 g
for 15 min and the supernatant fractions were subjected to SDS
PAGE. The amount of 110K solubilized at each ADP concentration
was estimated from gel scans and is presented as the percentage of
a control in which 0.1 mM ATP was present with no added ADP.
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FIGuRe 7 Effect of AMP.PNP in the presence of a low concentra-
tion of ATP on the ATP-induced solubilization of 110K and on ATP
hydrolysis in microvillus cytoskeletons. Microvillus cytoskeletons (1
mg/ml) in solution A were incubated at 4°C in the presence of 0.1
mM ATP and increasing concentrations of AMP-PNP. After 15 min
an aliquot of each sample was taken to determine the percentage
of the initial ATP that was hydrolyzed. The samples were then
centrifuged at 25,000 g for 15 min and the supernatant fractions
were subjected to SDS PAGE. Gel scans were performed on the
resulting gel, and the relative amount of 110K solubilized by each
treatment was determined. O, 110K solubilized; @, ATP hydrolysis.
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Ficure 8 In vitro phosphorylation of microvillus core proteins.
Microvillus cores (1.0 mg/ml} in solution A were incubated for 15
min at 4°C in 1.0 mM [v-3?P]JATP (0.05 Cifmmol). The peileted and
supernatant fractions were analyzed by SDS PAGE (5-20%) and
autoradiography was performed on the dried gel. (A) Coomassie
stain and (B) autoradiograph of pelleted fraction; (C) Coomassie
stain and (D) autoradiograph of supernatant fraction.

remaining in the presence of 2 mM AMP.PNP as in its
absence.

ROLE OF 110K PHOSPHORYLATION: One possible role
for ATP in the solubilization of 110K-CM is that it leads to
the phosphorylation of one of these polypeptides and that this
phosphorylation is required either for the release from the
core bundle or to maintain the complex in a soluble state.
Microvillus cytoskeletons were therefore incubated for 15 min
at 4°C with 1 mM [y-*P]JATP, and the label incorporated
into the soluble and insoluble fractions was examined (Fig.
8). A comparison of the protein profiles (Fig. 8, lanes A and
C) with the fluorograms (Fig. 8, lanes B and D) shows that
110K and fimbrin were the major proteins labeled in the
supernatant fraction. In the pellet fraction, a small amount of
label is seen associated with the 110K polypeptide, although
clearly with a much lower specific activity than the 110K
present in the supernatant. Labeling of villin, actin, or cal-
modulin was never observed in either fraction, nor has the
fimbrin that remained in the pellet fraction ever been observed
10 be labeled. Labeling was presumably due to protein phos-
phorylation since no labeling occurred when [a-*’P]JATP was
substituted for {v-*?P]ATP in otherwise identical experiments.

The finding that ATP-solubilized 110K is more phosphor-



ylated than unextracted 110K raised the possibility that 1 10K
phosphorylation was required for its solubilization. To ex-
amine this question further, we incubated microvillus cyto-
skeletons with 0.1 mM [y-*?P]JATP and | mM ATP, | mM
GTP, | mM CTP, or 1 mM ITP and determined the amount
and degree of phosphorylation of the solubilized 110K. These
results are shown in Table I. As expected, the addition of cold

TABLE |

Effect of Unlabeled Nucleoside Triphosphates on 110K
Solubilization and Phosphorylation by [v-**PJATP

110K in supernatant 110K phosphoryla-

Treatment fraction tion
% % of control

Control 48 100

ATP 68 10

GTP 65 168

CTP 60 111

ITP 63 163

Microvillus cytoskeletons (0.25 mgfml} in solution A were incubated for 15
min at 4°C in 0.1 mM [y-*2JATP (0.05 Ci/mol) either alone or with the
addition of T mM ATP, GTP, CTP, or ITP. The samples were centrifuged at
25,000 g for 15 min and the pelleted and supernatant fractions were subjected
to SDS PAGE. The resulting gel was scanned to determine the percentage of
110K solubilized by each treatment. The gel was then dried and processed
for autoradiography. The autoradiograph was scanned to determine the
relative amount of 110K phosphorylation. Phosphorylation data are presented
as a percentage of the control in which 0.1 mM [y-32P]ATP alone was present.
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ATP increased the solubilization of 110K somewhat and
reduced the specific activity of the phosphorylated 110K by
about 10-fold. Addition of any of the other three cold nucleo-
tides led to increased solubilization of 110K and an increase
in the amount of labeling of the solubilized 110K polypeptide.
Thus, these nucleotides do not compete for the endogenous
kinase to phosphorylate 110K, although they were able to
solubilize 110K on their own (see above). This result strongly
indicates that 110K phosphorylation is not required for its
solubilization from microvillus cores. Moreover, when cyto-
skeletons were incubated with [y-**PJGTP under identical
conditions, the 110K polypeptide was solubilized but not
phosphorylated.

Finally, in experiments where 110K was extracted from
cores with [y-**PJATP and subsequently induced to precipi-
tate by ATP depletion, autoradiographs revealed that 110K
was phosphorylated both before and after precipitation (not
shown), indicating that phosphorylation of 110K is not suffi-
cient to maintain its solubility in the absence of ATP in this
system.

In the experiment shown in Fig. 8, the ATP-solubilized
material contained a large amount of a 90,000-mol-wt poly-
peptide. The preparation used for this experiment had not
been treated with diisopropyl fluorophosphate to reduce pro-
teolysis. This 90,000-mol-wt polypeptide, visible in variable
amounts in all our preparations, is probably a degradation
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FiGurRe 9 ATP extraction of brush borders and brush border cytoskeletons. SDS PAGE (5-20%) of pelleted (pel.) and supernatant
{sup.) fractions of brush borders (BB) or brush border cytoskeletons (BBCS) at 2 mg/ml protein concentration in solution A.
Treatments were no additions (lanes A and D), 1 mM ATP (lanes B and E), 1 mM ATP with 1 mg/m! phosphocreatine, and 0.1 mg/
ml creatine phosphokinase (lanes C and F). MHC, myosin heavy chain; V, villin; F, fimbrin; A, actin; CPK, creatine phosphokinase;

CM, calmodulin.
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product of 110K as (a) it is more evident in preparations not  2); and (d) it cross-reacts with antibody to 110K and shares
treated with diisopropyl fluorophosphate; (b) it is released  cyanogen bromide-generated fragments in common with
from the core in an ATP-dependent manner (Fig. 1); (¢) it 110K (not shown). However, this fragment is not phospho-
can be induced to precipitate upon ATP depletion (see Fig.  rylated when solubilized by ATP (Fig. 8), possibly because

A

MHC"--.'. - = = _ : JNOK
10K v 2=

-— 4A
__..'.',;-31:".'.'
— —-—
— e e e e —
— -

ab f< Seph. 4B Fractions »|

B | C

10K
LE88e-" TIOK> -

[

CM P | -

abcde abcd

Ficure 10 Purification of 110K-CM from brush border cytoskeletons. (A) SDS PAGE (5-20%). Following ATP extraction of brush
border cytoskeletons in the presence of an ATP regeneration system and centrifugation at 47,000 g, the supernatant fraction
(lane b) was separated from the pelleted fraction (lane a} and subjected to gel filtration on a Sepharose 4B column equilibrated
in buffer G. MHC, myosin heavy chain; V, villin; 90K, 90,000-mol-wt polypeptide; A, actin; CM, calmodulin. (B) SDS PAGE (5-
20%). The 110K-CM fractions indicated in A were pooled (lane a) and dialyzed against solution I and then centrifuged at 47,000
g. The supernatant fraction (lane b) was discarded and the pelleted material (lane ¢) was resuspended in 75 mM NaCl-PC buffer.
After centrifugation at 47,000 g, the supernatant fraction (lane e) was separated from the pelleted fraction (lane d). (C) The
supernatant fraction in 75 mM NaCl-PC buffer (lane a) was loaded on a 1-ml phosphocellulose column equilibrated in 75 mM
NaCl-PC buffer. The flow-through (lane b) was discarded. The column was washed with 20 column volumes of 100 mM NaCl-
PC buffer (lane ¢). T10K-CM was eluted with 1 M NaCl-PC buffer (lane d).
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the phosphorylation site present on 110K has been proteolyt-
ically removed.

Solubilization of 110K-CM from Brush Borders
and Brush Border Cytoskeletons: Effect of
an ATP-regenerating System

Having characterized the solubilization of 110K-CM from
microvillus cores, we wished to purify the complex from brush
borders or brush border cytoskeletons instead of microvillus
cores since a significant percentage of the microvilli are always
lost during their purification. It was therefore necessary to
characterize and optimize extraction of 110K-CM from brush
borders and their cytoskeletons. Hydrolysis assays revealed
that our brush border and brush border cytoskeleton prepa-
rations contained Mg-ATPase activities of 188 and 84 nmol
Pi/min per mg at 37°C, respectively. Since we had shown that
the ATP level has to be maintained to solubilize 110K-CM
from microvillus cores, we assessed the value of including an
ATP-regenerating system on the outcome of the ATP extrac-
tion step (Fig. 9). Brush borders or their cytoskeletons at 2
mg/ml were extracted for 15 min at 4°C with either no added
ATP (Fig. 9, lanes 4 and D), 1 mM ATP (Fig. 9, lanes B and
E), or 1 mM ATP and a regenerating system consisting of 1
mg/ml phosphocreatine and 0.1 mg/ml creatine phosphoki-
nase (Fig. 9, lanes C and F). To allow a good comparison of
the extraction methods, we adjusted the amount of proteins
loaded on the gel in Fig. 9 so that the brush border samples
and brush border cytoskeleton samples contained the same
amount of total cytoskeletal protein. Under the conditions
used, we obtained nearly quantitative extraction of 110K-CM
from cytoskeletons whether or not the regeneration system
was used (Fig. 9, lanes E and F). However, the amount of
110K-CM extracted from membrane intact brush borders, as
estimated from gel scans, was increased about twofold in the
presence of the regenerating system (Fig. 9, lanes B and C).
At higher protein concentrations, the effect was more dra-
matic with no apparent 110K-CM solubilization from either
brush borders or cytoskeletons in the presence of ATP alone,
but efficient extraction in the presence of the regenerating
system.

Purification of 110K-CM from
Brush Border Cytoskeletons

On the basis of the above findings, we developed a method
for the purification of 110K-CM from brush border cytoskel-
etons (Fig. 10). Cytoskeletons were extracted in a minimal
volume in the presence of ATP and the ATP regenerating
system (Fig. 104, lane b). The soluble extract was subjected
to gel filtration on a Sepharose 4B column which separated
the myosin and some other polypeptides from 110K-CM (Fig.
10A4). Under these conditions, essentially ail the calmodulin
eluted with 110K. The fractions rich in 1 10K-CM were pooled
and dialyzed to reduce the salt and ATP concentrations. The
majority of 110K-CM precipitated and was recovered by
centrifugation (Fig. 10 B, lane ¢). This precipitation step left
many contaminating polypeptides soluble (Fig. 10 B, lane b),
mcluding most of the 90,000-mol-wt degradation product of
110K. When the precipitated 110K-CM complex was resus-
pended in ATP-containing buffer most of it was resolubilized,
(Fig. 10 B, lane ¢) although some (Fig. 10 B, lane d) remained
insoluble. Final purification was achieved on a phosphocel-
lulose column to which 110K-CM bound tightly and was

separated from the remaining contaminants (Fig. 10C, lanes
b and c¢) before being eluted with a 1 M NaCl step (Fig. 10C,
lane d). Purified 110K-CM was immediately dialyzed against
solution I in which it remained stably soluble for periods of a
month or more.

Interaction of 110K-CM with F-actin

EFFECT OF NUCLEOTIDES: Having purified the 110K-
CM complex, we wished to test whether it was still native by
comparing its interaction with F-actin with the results pre-
sented in the previous sections. Initial experiments showed
that 110K-CM remained soluble in solution I in the presence
and absence of ATP. The purified 110K-CM bound almost
quantitatively (>95%) to F-actin in the absence of ATP, but
did not bind in the presence of ATP. Attempts to saturate the
binding of 110K-CM to F-actin have so far shown >90%
binding up to an equal mass of [10K-CM to F-actin. We
therefore arbitrarily chose a polypeptide molar ratio of 1:20
(110K/actin) to examine the interaction of the complex with
F-actin in more detail. The effect of various nucleotides on
the binding of purified 110K-CM to F-actin was examined
(Fig. 11). In the absence of added nucleotide, all the 110K-
CM was recovered in the pellet after high speed centrifugation.
Of the nucleoside triphosphates tested, ATP clearly had the
greatest effect on 110K-CM binding to F-actin, followed by
GTP, CTP, and ITP. ADP led to a low level (~10%) of
solubility of 110K-CM, regardless of the concentration used.
AMP-.PNP resulted in no detectable solubilization of the
complex. 110K-CM alone in the absence or presence of any
of the nucleotides tested remained soluble and could not be
pelleted by high speed centrifugation.

EFFECTS OF ADP AND AMP-PNP ON ATP-INDUCED
SOLUBILITY: As described above, ADP and AMP-PNP
have dramatic effects on the ATP-dependent solubilization of
110K-CM from isolated microvillus cores. We therefore ex-
amined whether similar effects were present in the purified
110K-CM F-actin system. For these experiments we chose a
concentration of 0.1 mM ATP that gave ~50% binding of
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Ficure 11 Effect of nucleotides on binding of 110K-CM to F-actin.
Phosphocellulose-purified 110K-CM was mixed with purified rabbit
skeletal muscle F-actin {0.05 mg/ml 110K-CM, 0.43 mg/mi actin) in
solution A. Increasing concentrations of various nucleotides were
added and the samples were incubated for 15 min at 25°C. After
high speed centrifugation (130,000 g) for 20 min, the pelleted and
supernatant fractions were separated and prepared for SDS PAGE.
The percent of 110K in each fraction was determined by gel scans.
®, ATP; O, GTP; A, CTP; A, ITP; B, AMP.PNP; (J, ADP.
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Ficure 12 Effect of ADP and AMP.PNP on ATP-induced solubility
of T10K-CM in the presence of F-actin. Phosphocellulose-purified
110K-CM was mixed with purified rabbit skeletal muscle F-actin
{0.05 mg/ml 110K-CM, 0.43 mg/ml actin) in solution A. Each reac-
tion was made 0.1 ATP. Increasing concentrations of either AMP.
PNP (@) or ADP (O) were added and the reactions were incubated
for 15 in at 25°C. After high speed centrifugation (130,000 g) for
20 min, the pelleted and supernatant fractions were subjected to
SDS PAGE. The resulting gels were scanned to determine the
amount of 110K in the supernatant fraction. The results are pre-
sented as the percentage of a control containing 0.1 mM ATP with
no added AMP.PNP or ADP.

110K-CM to F-actin (Fig. 11). To each reaction an increasing
amount of either ADP or AMP-PNP was added. The effects
on 110K-CM binding to F-actin after high speed centrifuga-
tion are shown in Fig. 12. As with microvillus cores, increased
concentrations of ADP led to reduced solubilization of 110K-
CM, with about one quarter as much 110K-CM soluble at a
10-fold molar excess of ADP over ATP. By contrast, the
inclusion of up to 1 mM AMP.PNP had no effect on the
solubility of 110K-CM.

DISCUSSION

In this report we have examined some of the parameters
involved in the solubilization of the 110K-CM complex from
isolated microvillus cytoskeletons. Previous reports have con-
sistently drawn attention to the variable nature of the ATP-
induced solubilization of 110K-CM and problems in main-
taining it in a soluble state (3, 17, 18, 20). Very recently, the
apparent insolubility of the 110K polypeptide has resulted in
the notion that it is an integral membrane protein that requires
the presence of an ionic detergent for its solubilization (22).
The data presented here indicate an alternative explanation
for the apparent insolubility of the 110K-CM complex and
demonstrate that the complex is, under appropriate condi-
tions, freely water soluble.

The insolubility of the 110K-CM complex after ATP ex-
traction of microvillus cytoskeletons can be traced to the
presence of endogenous ATPase activity. This activity can
deplete ATP in extraction buffers and, in the presence of even
a trace of F-actin, result in the precipitation of initially solu-
bilized 110K-CM. Moreover, 110K-CM initially solubilized
by ATP and then precipitated by the endogenous ATPase
activity, or by added enzymatic ATP depletion, can be re-
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solubilized by the addition of more ATP. Finally, the addition
of an ATP regenerating system to ATP extractions of mem-
brane-intact brush borders or their cytoskeletons in the ab-
sence of detergent increases the degree of 110K-CM solubili-
zation. Taken together with our earlier results (17, 18), and
those of other laboratories (3, 20), the data show that 110K-
CM is not an integral membrane protein and does not require
the presence of a detergent to maintain solubility. At present
we have no information on how the 110K-CM complex might
interact with the membrane; however, Courdrier et al. (28)
have implicated a membrane glycoprotein in this interaction.
The claim by Glenney and Glenney (22) that 110K is an
integral membrane protein stemmed from their inability to
solubilize any 110K by ATP treatment of microvillus cyto-
skeletons and led them to explore the use of ionic detergents.
To explain the results of others, they suggested that ATP-
induced solubilization of 110K in the absence of detergent
could be a result of ATP-dependent proteolysis of a small
hydrophobic domain of 110K. Our evidence, particularly our
ability to render 110K-~-CM soluble, then insoluble, and solu-
ble again by simply manipulating ATP levels in the absence
of added detergent, indicates that ATP can solubilize 110K-
CM under appropriate conditions and that this ATP-mediated
process does not involve proteolysis of 110K. Moreover, we
have not been able to detect any ATP-stimulated proteolysis
of 110K even after extensive exposure to ATP. We would
suggest that in the experiments of Glenney and Glenney (22)
the ionic detergent may have inhibited endogenous ATPase
activity or perhaps disassembled or denatured the |10K-CM
complex thereby giving it apparently hydrophobic properties.

We have begun to examine the role of ATP in the solubil-
ization of 110K-CM from microvillus cytoskeletons. Earlier
work (3) indicated that GTP could partiaily substitute for
ATP and that EDTA inhibited the process. We have con-
firmed and extended these findings. ATP, GTP, CTP, and
ITP can all lead to the solubilization of 110K-CM from
microvillus cytoskeletons. However, since interconversion be-
tween these nucleotides may be possible in cytoskeletal prep-
arations, we reexamined the nucleotide requirement in a
purified 110K-CM F-actin system and obtained essentially
the same results. These results, specifically the solubility of
purified 110K-CM and its ATP-modulated interaction with
F-actin, are in complete agreement with those reported by
Howe and Mooseker (20) who partially purified and charac-
terized the complex using a different method.

Neither ADP nor AMP-PNP is able to solubilize 110K-
CM from microvillus cytoskeletons, although both have a
significant effect on its solubilization by low levels of ATP.
ADP inhibits the solubilization of the complex by ATP,
suggesting that it might compete with ATP for its site of
action in 110K-CM solubilization. By contrast, we were ini-
tially very surprised to find that AMP.PNP stimulated the
solubilization of 110K-CM at low ATP levels, since alone it
was ineffective in inducing solubilization. This indicates that
AMP.PNP does not compete with ATP for its site of action
in the solubilization process. The apparent stimulation of
ATP-dependent solubilization by AMP.PNP is probably the
result of partial inhibition of endogenous ATPase activity,
thereby resulting in a slower rate of ATP hydrolysis. The effect
of ADP in the purified 110K-CM F-actin system was essen-
tially the same as that seen in microvillus cytoskeleton sam-
ples, with ~75% inhibition of 110K-CM solubilization when
a 10-fold excess of ADP to ATP was present. On the other



hand, AMP.-PNP neither stimulated nor inhibited 110K-CM
solubility in the purified system, again indicating that AMP.
PNP does not compete with ATP for sites in the solubilization
process.

The demonstrated requirement for a nucleotide triphos-
phate in the solubilization of 110K-CM led us to investigate
whether protein phosphorylation was an obligatory part of
this process. We were able to show that in the presence of [v-
2PJATP the 110K polypeptide released from microvillus
cytoskeletons was preferentially phosphorylated. However,
when solubilization was performed with a low level of [y-32P}-
ATP in combination with either ]| mM GTP, 1 mM CTP, or
1 mM ITP the amount of 110K solubilized increased as did
the amount of label found in the solubilized 110K. These
data indicate that although GTP, CTP, and ITP can substitute
for ATP in the solubilization of 110K-CM, they are not
substrates for the endogenous kinase in this system. Moreover,
110K solubilized and phosphorylated by [y-*?P]ATP re-
mained phosphorylated after precipitation following ATP
depletion. Finally, incubation of microvillus cytoskeletons
with [y-**P]GTP lead to the solubilization of 110K-CM but
not to the phosphorylation of the 110K polypeptide. In com-
bination, these results indicate that microvillus cytoskeletons
contain a protein kinase that uses ATP and can phosphorylate
the 110K polypeptide with some specificity, but that this
protein phosphorylation is unrelated to the ATP-dependent
solubilization of 110K-CM from the structure.

The protocol we have developed to purify 110K-CM was
derived, in large part, from observations on ATP-mediated
110K solubilization from microvillus cytoskeletons. By re-
peating several key experiments using a purified 110K-CM F-
actin system, we have shown that the effects observed in
110K-CM solubilization from microvillus cytoskeletons are
likely directly related to a 110K-CM/F-actin interaction. The
similar characteristics of the cytoskeletal and purified protein
systems is an indication that the 110K-CM complex has been
purified in a native state. Using our purification procedure,
we are able to obtain a preparation of the 110K-CM complex
that, in the absence of F-actin, is soluble in aqueous buffer
for extended periods and should facilitate its further charac-
terization.
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manuscript.

This work was supported by grants from the American Cancer
Society and the National Science Foundation.

Received for publication 18 October 1984.
REFERENCES

1.
2.
3.

o

-3

21.

2

[~

23.

24,

2

26.

27.
28,

. Glenney, J. R., A. Bretsch

hd

Korn, E. D. 1982. Actin polymerization and its regulation by proteins from nonmuscle
cells. Physiol. Rev. 62:672-737.

Bretscher, A., and K. Weber. 1978. Purification of microvilli and an analysis of the
protein components of the microfilament core bundle. Exp. Cell Res. 116:397-407.
Matsudaira, P. T., and D. R. Burgess. 1979. Identification and organization of the
components in the isolated microvillus cytoskeleton. J. Cell Biol. 83:667-673.

. Howe, C. L., M. S. Mooseker, and T. A. Graves. 1980. Brush border calmodulin: a

major component of the isolated microvillus core. J. Cell Biol. 85:916-923.

. Bretscher, A., and K. Weber. 1980. Fimbrin, a new microfilament-associated protein

present in microvilli and other cell surface structures. J. Cell Biol. 86:335-340,

. Bretscher, A., and K. Weber. 1980. Villin in a major protein of the microvillus

cytoskeleton which binds both G and F actin in a calcium-de; . Cell.

20:839-847.

. Mooseker, M. S., T. A. Graves, K. A. Wharton, N. Falco, and C. L. Howe. 1980.

Regulation of microvillus structure: calcium-dependent solation and cross-linking of
actin filaments in the microvilli of intestinal epithelial cells. J. Cell Biol. 87:809-822.

. Matsudiara, P, T., and D. R. Burgess. 1982. Partial reconstitution of the microvillus

core bundle: characterization of villin as a Ca?*-dependent, actin-bundling/depolymer-
izing protein. J. Cell Biol. 92:648-656.

. Bretscher, A. 1981. Fimbrin is a cytoskeletal protein that cross-links F-actin in vitro.

Proc. Natl. Acad. Sci. USA 78:6849-6853.

. Glenney, J. R, P. Kaulfus, P. Matsudaira, and K. Weber. 1981. F-actin binding and

bundling properties of fimbrin, a major cytoskeletal protein of microvillus core filaments.
J. Biol. Chem. 256:9283-9288.

. Mukherjee, T. M., and L. A. Staehlin. 1971. The fine structural organization of the

brush border of intestinal epithelial cells. J. Cel! Sci. 8:573-599.

. Matsudaira, P. T., and D. R. Burgess. 1982. Organization of the cross-filaments in

intestinal microvilli. J. Cell Biol. 92:657-664.

and K. Weber. 1980. Calcium control of the intestinal
microvillus cytoskeleton: its implications for the regulation of microfilament organiza-
tions. Proc. Natl. Acad. Sci. USA 77:6458-6462.

. Glenney, J. R., and K. Weber. 1980. Calmodulin-binding proteins of the microfilaments

present in isolated brush borders and microvilli of intestinal epithelial cells. J. Biol.
Chem. 255:10551-10554.

. Glenney, J. R., M. Osborn, and K. Weber. 1981. The intracellular localization of the

microvilius 1 10K protein, a component considered to be involved in side-on membrane
attachment of F-actin. Exp. Cell Res. 138:199-205.

. Coudrier, E., H. Reggio, and D. Louvard. 1981. Immunolocalization of the 110,000

molecular weight cytoskeletal protein of intestinal microvilli. J. Mol. Biol. 152:49-66.

. Bretscher, A. 1982. Characterization and ultrastructural role of the major components

of the intestinal microvillus cytoskeleton. Cold Spring Harbor Symp. Quant. Biol.
46:871-879.

. Verner, K., and A. Bretscher. 1983. Induced morphological changes in isolated micro-

villi: regulation of membrane topology in vitro by submembranous microfilaments. Eur.
J. Cell Biol. 29:187-192.

. Bretscher, A. 1983. The molecular architecture of the microvillus cytoskeleton. Ciba

Found. Symp. 95:164-179.

. Howe, C. L., and M. §. Mooseker, 1983. Characterization of the 110-kdalton actin-,

calmodulin-, and membrane-binding protein from microvilli of intestinal epithelial cells.
J. Cell Biol. 97:974-985.

Burgess, D. R., and B. E. Prum. 1982. Reevaluation of brush border motility: calcium
induces core filament solation and microvillar vesiculation. J. Cell Biol. 94:97-107.

. Glenney, J. R., and P. Glenney. 1984, The microvillus 110K cytoskeletal protein is an

integral membrane protein. Cell. 37:743-751.

Laemmli, V. 1970. Cleavage of structural proteins during the assembly of the head of
Bacteriophage T4. Nature (Lond.). 227:680-685.

Taussky, H. H., and E. Shorr. 1953. A microcolorimetric method for the determination
of inorganic phosphorus. J. Biol. Chem. 202:675-685.

Bradford, M. 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem.
72:248-254.

Spudich, J. A., and S. Watt. 1971. The regulation of rabbit skeletal muscle contraction.
1. Biochemical studies of interaction of the tropomyosin-troponin complex with actin
and the proteolytic fragments of myosin. J. Biol. Chem. 246:4866-4871.
MacLean-Fletcher, S., and T. D. Pollard. 1980. Mechanism of action of cytochalasin B
on actin, Cell. 20:329-341.

Coudrier, E., H. Reggio, and D. Louvard. 1983. Characterization of an integral mem-
brane glycoprotein associated with the microfilaments of pig intestinal microvilli. EMBO
(Eur. Mol. Biol. Organ ) J. 2:469-475.

1465

VERNER AND BRETSCHER  Microvillus 110K-Calmodulin



