
Characterization of the Protein Phosphatase 1 Catalytic
Subunit in Endothelium: Involvement in Contractile
Responses
Alexander D. Verin,1* Csilla Csortos,1 Steve D. Durbin,1 Antonina Aydanyan,1 Peiyi Wang,1

Carolyn E. Patterson,2 and Joe G.N. Garcia1

1Department of Medicine, Division of Pulmonary and Critical Care Medicine, Johns Hopkins University
School of Medicine, Baltimore, Maryland 21224
2Departments of Medicine, Physiology, and Biophysics, Indiana University School of Medicine, Richard
L. Roudebush Veterans Administration Medical Center, Indianapolis, Indiana

Abstract We have previously demonstrated the direct involvement of a type 1 Ser/Thr phosphatase (PPase 1) in
endothelial cell (EC) barrier regulation [Am. J. Physiol. 269:L99–L108, 1995]. To further extend this observation, we
microinjected either the Ser/Thr PPase inhibitor, calyculin, or the PPase 1 inhibitory protein, I-2 into bovine pulmonary
artery EC and demonstrated both an increase in F-actin stress fibers and a shift from a regular polygonal shape to a
spindle shape with gaps apparent at the cell borders. Northern blot analysis with specific cDNA probes revealed the
presence of three major PPase 1 catalytic subunit (CS1) isoforms (a, d, and g) in human and bovine EC. To characterize
the myosin-associated EC CS1 isoform, myosin-enriched bovine EC fraction was screened with anti-CS1a and
anti-CS1d antibodies The anti-CS1d antiserum, but not anti-CS1a antiserum cross reacts with the CS1 isoform present
in myosin-enriched fraction and CS1d was found in stable association with EC myosin/myosin light chain kinase
(MLCK) complex in MLCK immunoprecipitates under nondenaturing conditions. Consistent with these data, overex-
pression of CS1d-GFP construct in bovine endothelium followed by immunoprecipitation of CS1 with anti-GFP
antibody revealed the stable association of CS1d with actomyosin complex. Finally, screening of a human EC
oligo(dT)-primed cDNA library with a probe encoding a rat CS1d cDNA segment yielding several positive clones that
encoded the entire CS1d open reading frame and partially noncoding regions. Sequence analysis determined a high
homology ('99%) with human CS1d derived from a teratocarcinoma cell line. Together, these data suggest that CS1d
is the major of PPase 1 isoform specifically associated with EC actomyosin complex and which participates in EC barrier
regulation. J. Cell. Biochem. 79:113–125, 2000. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Vascular endothelial cell (EC) monolayers
serve as a semi-selective barrier to fluid and sol-

ute flux across the blood vessel wall. Increased
endothelial permeability is a prominent feature
of acute inflammatory lung syndromes and is the
result of intercellular gap formation evoked by
bioactive agents such as the coagulation protease
thrombin [Garcia et al., 1986, 1995]. We and
others [Garcia et al., 1995; Goeckeler and
Wysolmerski, 1995] have recently shown that
actin-myosin interaction is a key event in the
control of EC contractility and barrier function,
and is regulated via reversible phosphorylation
of the regulatory myosin light chain (MLC). For
example, EC activation by thrombin induces
MLC phosphorylation, actin redistribution, and
filament formation, which is expedient to gap
formation and barrier dysfunction [Garcia and
Schaphorst, 1995]. MLC is phosphorylated by
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myosin light chain kinase (MLCK) in Ca21/
calmodulin (CaM)-dependent fashion [Adelstein
and Klee, 1981; Sellers et al., 1981]. We have
recently cloned and studied the expression and
regulation of a new, large molecular weight iso-
form of MLCK (214 kDa) in cultured endothe-
lium that is unique and distinct from its smooth
muscle (SM) MLCK counterpart (130–150 kDa)
[Garcia et al., 1997; Verin et al., 1998A, B]. How-
ever, the actual phosphorylation state of MLC
depends on not only MLCK activity, but the equi-
librium between MLCK and myosin-associated
protein phosphatase (PPase) activities as well
[for review, see De Lanerolle and Paul, 1991;
Somlyo and Somlyo, 1994]. Each of the four main
classes of Ser/Thr PPases are able to dephosphor-
ylate MLC in vitro [Ingebritsen and Cohen, 1983;
Pato et al., 1983; Stewart et al., 1983] and in-
clude a type 1 protein phosphatase (PPase 1) and
three type 2 enzymes; PPase 2A, PPase 2B, and
PPase 2C, which can be distinguished on the
basis of substrate specificity, divalent cation re-
quirements, and their susceptibility to selective
PPase inhibitors [for review, see Cohen, 1989;
Shenolikar and Nairn, 1991]. It was recently
demonstrated that PPase 1 is responsible for de-
phosphorylation of myosin in smooth muscle
[Alessi et al., 1992]. The smooth muscle PPase 1
that is bound to myofibrils consists of several
regulatory subunits 130 kDa (M130), 20 kDa
(M20), and 37 kDa catalytic subunit (CS1), which
was found to represent the d isoform (CS1d)
[Chen et al., 1994A; Okubo et al., 1994; Shimizu
et al., 1994; Shirazi et al., 1994]. We have re-
cently demonstrated direct involvement of PPase
1 in the regulation of EC gap formation and bar-
rier function in pulmonary artery endothelium
by studying the effect of semiselective protein
PPase inhibitors on the extent of MLC phosphor-
ylation, myosin-associated PPase activity, and
EC monolayer permeability [Verin et al., 1995].
Consistent with these data, differential inhibi-
tion of PPases 1 and 2A by okadaic acid sug-
gested that PPase 1 is involved in the regulation
of pulmonary microvascular EC barrier function
[Diwan et al., 1997]. Additional immunocyto-
chemical data and inhibitory analysis indicated
PPase 1 involvement in sustaining the normal
cytoskeletal structure in umbilical vein endothe-
lium [Shinoki et al., 1995]. Furthermore, recent
studies have demonstrated that EC activation by
thrombin leads to inhibition of myosin-associated
PPase 1 activity [Shasby et al., 1997, Verin et al.,
1998] possibly due to thrombin-induced dissocia-

tion of CS1 from the functional actomyosin pro-
tein complex [Verin et al., 1998]. Despite this
compelling evidence for PPase1 participation in
physiologic responses, information is limited
about structural and functional characteristics of
EC PPase 1. In the present work, we have fur-
ther characterized PPase 1 in endothelium and
demonstrate the presence of a, g, and d isoforms
in EC and the CSId is the isoform associated with
EC myosin-based contractile protein complex.

MATERIALS AND METHODS

Materials

Nonmuscle antimyosin antibody were pur-
chased from Berkeley Antibody Co. (Richmond,
CA). Monoclonal anti-GFP antibody were ob-
tained from Zymed Laboratories (San Fran-
cisco, CA). Anti-MLCK (D119) antibody were
kindly provided by Dr. Patricia Gallagher (In-
dianapolis, IN). Antiserum against CS1d, puri-
fied recombinant CS1a and d isoforms and re-
combinant PPase 1 inhibitory protein (I-2)
were kindly provided by Dr. Anna DePaoli-
Roach. (Indianapolis, IN). Anti-CS1a antibody
were purchased from Upstate Biotechnology
(Lake Placid, NY). A dT-primed human umbil-
ical vein endothelial cell cDNA library was a
generous gift from Dr. David Ginsburg (Ann
Arbor, MI). Human uterus total RNA and
pEGFP-C1 vector were purchased from Clon-
tech Laboratories, Inc. (Palo Alto, CA). Nitro-
cellulose filters and kaleidoscope prestained
molecular weight standards for SDS-PAGE
were obtained from Bio-Rad Laboratories (Her-
cules, CA). Other reagents were reagent grade
from Sigma and Bio-Rad Co.

Bovine Pulmonary Artery Endothelial Cell
(BPAEC) Culture

BPAEC were obtained frozen at 16 passages
from American Type Tissue Culture Collection
(Rockville, MD) (culture line, CCL 209) and
were utilized at passage 19–24 as previously
described [Stasek et al., 1992]. Cells were cul-
tured in M-199 media (Gibco) supplemented
with 20% (v/v) colostrum-free bovine serum
(Irvine Scientific, Santa Ana, CA), 15 mg/ml
endothelial cell growth supplement (Collabora-
tive Research, Bedford, MA), 1% antibiotic and
antimycotic solution (penicillin, 10,000 units/
ml; streptomycin, 10 mg/ml; and amphotericin
B, 25 mg/ml) (K.C. Biologicals, Lenexa, KS),
and 0.1 mM nonessential amino acids (Gibco)
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and maintained at 37°C in humidified atmo-
sphere of 5% CO2–95% air. The EC grew to
contact-inhibited monolayers with the typical
cobblestone morphology. Cells from each pri-
mary flask were detached with 0.05% trypsin/
EDTA and resuspended in fresh culture me-
dium and passaged to 100 mm dishes for EC
fractionation or into 75-cm2 flasks for RNA
preparation.

Human Umbilical Vein Endothelial
Cells (HUVEC)

HUVEC were isolated from umbilical cords
as previously described [Garcia et al., 1988;
Patterson et al., 1994] by treatment with colla-
genase (0.1%) to detach the endothelium. The
cells were plated onto gelatin-coated 25 cm2

flasks and cultured with M199-medium con-
taining 20% colostrum-free bovine serum (Sig-
ma), heparin (2 U/ml), endothelial cell growth
factor (30 mg/ml; UBI, New York), and antibi-
otics. Confluent cells were propagated twice by
detachment with 1 ml trypsin/EDTA (0.05%/
0.02%) for 1–2 min at 25°C and replating. The
purity of the cells was confirmed by the typical
cobblestone morphology judged routinely by
light microscopy and by the presence of von
Willebrand Factor as assessed by immunofluo-
rescence microscopy.

Human Dermal Microvascular Endothelial
Cells (HDMVC)

HDMVC (CC-2505, Clonetics Corp., San Di-
ego, CA) were obtained frozen at passage 3–4
and cultured 2–3 additional passages with mi-
crovascular endothelial cell growth media (CC-
3125, Clonetics).

Preparation of Specific Rat Tissues

Smooth muscle samples from adult rat were
sectioned into 3 mm cubes and cubes selected
with minimal connective tissue were frozen at
-70°C for later analysis.

Microinjection and Immunofluorescence

BPAEC were plated onto glass coverslips and
grown to confluence for microinjection of either
vehicle, calyculin (Ser/Thr PPase inhibitor) or I-2
(specific PPase 1 inhibitor). Pipettes were pulled
to approximately 0.1–0.2 mM diameter and the
tips were filled with injection solution containing
10 mM phosphate buffer pH 7.2, 75 mM KCl,
0.1% B-mercaptoethanol, 10 mg/ml lysine-fixable

FITC-labeled Dextran 10,000 as a marker of in-
jection, and the protein or inhibitor of interest. A
constant flow was established from the tip and
microinjection was performed under 403 magni-
fication on a Leitz FS Labovert Microscope. Cells
are maintained in warmed M199 media with
25 mM Hepes and 4% albumin. Penetration was
assessed by the phase contrast change that oc-
curs with successful microinjection. Three to ten
clusters of five to ten cells each were injected and
the cells were incubated at 37°C for an additional
10 min before fixation with 5% paraformalde-
hyde (10 min fixation at room temperature in the
dark to preserve the FITC-dextran fluorescence).
Slides were rinsed and poststained with rhoda-
mine phalloidin (1 U/ml) to visualize F-actin.
Coverslips were rinsed and mounted in Slow-
Fade (Molecular Probes, Eugene, OR) and ob-
served with a 20 or 603 objective on a Nikon/
BioRad MRC024 confocal microscope. Images
were processed using Meta Morph Imaging soft-
ware (Universal, West Chester, PA) and printed
on a thermal dye diffusion printer (Kodak, Roch-
ester, NY).

Oligonucleotide Primers

Sense and antisense primer pairs specific for
CS1 isoforms synthesized at Only DNA (Mid-
land, TX) were designed based on published
human CS1 sequences [Song et al., 1993;
Barker et al., 1994; Norman and Mott, 1994] as
follows: CS1a: 59 TGG TGG CCA AGT TCC TC
39 (sense) and 59 CCG TAC TTC CCC TTG TT
39 (antisense). CS1d: 59 TGT AGT CAG TAA
ATT TCT GA 39 (sense) and 59 GGT ATT TAG
CTT TCT TTT C 39 (antisense). CS1g: 59 GTG
GTT GCA AAA TTT CTC C 39 (sense), and 59
CTC GTG GCA TTT GGC TTC 39 (antisense).

RNA Preparation

Total RNA from HUVEC, HDMVC, BPAEC,
and rat smooth muscle was extracted by the
guanidium thiocyanate method [Chomczynski
and Sacchi, 1987] as we have previously de-
scribed [Verin et al., 1998A]. Human uterus
total RNA was purchased from Clontech Labo-
ratories, Inc.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Oligo(dT)-primed synthesis of first strand
cDNA from HUVEC total RNA was performed
using the Super Script Preamplification Sys-
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tem kit from Life Technologies (Gaithersburg,
MD). The same kit was employed for PCR am-
plification of DNA fragments ('300 bp each)
close to the 39 end of the coding region of CS1-a,
d, and G, using isoform-specific primer pairs.
Each PCR reaction (30 cycles) consisted of de-
naturing for 1 min at 94°C, followed by anneal-
ing for 2 min at 50°C, then extension for 2 min
at 72°C. Each three PCR product was con-
firmed by sequencing.

Northern Blot Analysis

For Northern blot analysis, 20 mg each of
total RNA samples from HUVEC, BPAEC, hu-
man uterus and rat tissues were separated on
1% agarose/formaldehyde gel, blotted onto ni-
trocellulose membrane, and hybridized with
the 32P-labeled CS1 isoform-specific PCR frag-
ments.

BPAEC Fractionation

Myosin-enriched and myosin-depleted BPAEC
fractions were prepared as we have previously
described [Verin et al., 1995]. Briefly, EC mono-
layers were first washed twice with phosphate
buffered saline (PBS, Sigma; 10 mM phosphate
buffer, 2.7 mM KCl, and 137 mM NaCl, pH 7.4)
and twice with ice-cold homogenization buffer
(50 mM Tris, 0.1 mM EDTA, 28 mM
b–mercaptoethanol, pH 7.5) containing protein-
ase inhibitors (0.5 mM PMSF, 0.1 mM TLCK, 0.1
mM leupeptin, 2 mM benzamidine). Homogeni-
zation buffer (200 ml) was added to the EC mono-
layers and plates were quickly frozen at -70°C,
scraped and homogenized by passing the cell sus-
pension several times through 1 cc tuberculin
syringe, then homogenates were aliquoted and
kept at -70°C. To prepare myosin-enriched EC
fractions, EC homogenates were treated with 0.6
M NaCl, 0.1% Tween-20 (high-salt buffer) at 4°C
for 1h followed by low-speed centrifugation
(30 min, 4,5003 g at 4°C). After centrifugation,
the supernatant was diluted 103 with 50 mM
Tris, 0.1 mM EDTA, 28 mM b-mercaptoethanol,
pH 7.0 including 0.5 mM PMSF and 2 mM ben-
zamidine and subjected to high-speed centrifuga-
tion in Eppendorf 5415 C Centrifuge at
10,000 rpm for 30 min at 4°C. The resulting
pellet fraction, containing more than 95% of total
extracted myosin was dissolved in high-salt
buffer (myosin-enriched fraction). Less than 5%
of extracted myosin was present in the superna-
tant (myosin-depleted fraction).

Immunoblotting Analysis of EC Fractions

Bovine EC fractions were next subjected to
SDS-PAGE [Laemmli, 1970] on 10% gels and
either stained with Coomassie blue R-250 or
electrophoretically transferred to a nitrocellu-
lose membrane as described [Towbin et al.,
1979]. After transferring 18 h at 30V, the ni-
trocellulose membrane was blocked for 1 h in
5% nonfat dry milk in PBS, pH 7.4 including
0.1% Tween-20 (PBST), and then incubated
with 1:1000 diluted antibody of interest for 1 h.
Signals were detected by enhanced chemilumi-
nescence (ECL) procedure according to the
manufacturer’s instructions (Amersham, Little
Chalfont, Buckinghameshire, England).

MLCK/Myosin Immunoprecipitation

For immunoprecipitation under nondenatur-
ing conditions confluent EC monolayers in
60-mm tissue culture dishes were rinsed once
with PBS, then lysed for 30 min at 4°C with
constant agitation with 500 ml of immunopre-
cipitation buffer (10 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1% Triton X-100, 1 mM EDTA,
1 mM EGTA, 0.2 mM sodium vanadate, 0.5%
NP-40) including protease inhibitor cocktail
(0.2 mM AEBSF, 10 mM leupeptin, 1 mM pep-
statin, 1 mg/ml aprotinin, 1 mM benzamidine).
The lysate was scraped, homogenized by pass-
ing several times through a 26-gauge needle
and diluted with 500 ml of immunoprecipita-
tion buffer. To avoid nonspecific binding to Pro-
tein A, the cell lysates were incubated with
100 ml of 10% Pansorbin suspension (formalin-
hardened and heat-killed Cowan 1 strain
Staphylococcus aureus cells, Calbiochem, La
Jolla, CA) in immunoprecipitation buffer at
4°C for 30 min with gentle rotation. The insol-
uble materials were removed by microcentrifu-
gation at 4°C for 15 min. To immunoprecipitate
MLCK/ myosin complex the supernatant was
incubated with 5 ml of D119 MLCK antibody at
4°C for 1h, and then with 100 ml of 10% Pan-
sorbin suspension at 4°C for 1 h with gentle
rotation. After microcentrifugation the pellet
was washed 33 with immunoprecipitation
buffer, resuspended in 200 ml of 23 SDS sam-
ple buffer, heated to boiling for 5 min and mi-
crocentrifugated for 5 min. The supernatant
was further used for Western immunoblotting
analysis.
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Construction and Expression of
pEGFP-C1-CS1d Plasmid

The entire coding region of CS1d (clone #4) was
inserted into pEGFP-C1 vector (Clontech) at
Sal1 and BamH1 sites. BPAEC at 100 mm plates
grown to 80% confluency were transfected with
either vector or CS1d construct using FuGENE 6
reagent (Boehringer Mannheim, Indianapolis,
IN) according to manufacturer’s protocol and
GFP or GFP-CS1d fusion protein were immuno-
precipitated under nondenaturing conditions us-
ing anti-GFP antibodies as described above.

Protein Concentration

This was determined by the Bradford
method [Bradford, 1976] using BSA as a stan-
dard.

RESULTS
Effect of Phosphatase I Inhibition on EC

Cytoskeletal Organization

We have previously shown that treatment
EC with PPase 1 inhibitors, such as calyculin,
dramatically increased EC permeability and
lead to gap formation which is usually depen-
dent upon changes in EC cytoskeletal organi-
zation [Verin et al., 1995]. To further study the
effect of PPase 1 on the EC cytoskeleton, we
initially microinjected EC with either FITC-
conjugated dextran (marker for microinjection)
or mixture of calyculin and FITC-dextran. Fig-
ure 1 demonstrated that microinjection of
FITC-dextran (10 mg/ml) alone have no signif-
icant effect on EC cytoskeletal organization. In
contrast, cell clusters injected with calyculin
(1 nM) showed an increase in cellular F-actin
content and formation of gaps between adja-
cent cells. Consistent with these data microin-
jection of PPase 1-specific inhibitory protein,
I-2 (1 mM) in bovine endothelium leads to an
increase in F-actin stress fibers which are or-
ganized parallel to the long axis of the cells
(Fig. 2). Furthermore, in contrast to the normal
apposition of the uninjected cells to one an-
other, injected cells shifted from a regular po-
lygonal pattern to a spindle shape pattern with
gaps apparent at the cell borders. The large
gap, shown on Figure 2A, is probably due to a
retraction of an injected cell that subsequently
lifted from the monolayer during the fixation/
washing procedure. Microinjection cells with
2 mU/ml PPase 1 catalytic subunit (UBI) and
FITC dextran followed by thrombin challenge

(100 nM,10 min) shows the relative relaxation
in thrombin-stimulated injected cells compared
to the shape change, F-actin increase and reor-
ganization of adjacent but uninjected cells
(data not shown). These data indicate that
changes in PPase 1 activity in endothelium can
directly affect the EC cytoskeleton, which is
consistent with data obtained in the other non-
muscle cells [Fernandez et al., 1990].

Analysis of Isoform-Specific Catalytic Subunit 1
Expression in Endothelium

The type 1 PPases characterized thus far
include several catalytic (CS1) and regulatory
subunits [for review, see Cohen, 1989; Sheno-
likar and Nairn, 1991]. Three major isoforms of
CS1 (a, d and g) exist in eukaryiotic cells
[Sasaki et al., 1990], however, information is
limited regarding the expression of CS1 iso-
forms in different cell types. To further charac-
terize PPase 1 activity in endothelium, we next
studied the expression of CS1 isoforms by re-
verse transcriptase polymerase chain reaction
(RT-PCR) using isoform-specific oligonucleo-
tide primers (see Materials and Methods) and
HUVEC total RNA as a template. RT-PCR gen-
erated three cDNA fragments ('230 bp each)
with sequence of these fragments demonstrat-
ing that these fragments represent the a, d and
g EC CS1 isoforms. Using these isoform-
specific cDNA fragments for Northern blot
analysis we obtained a 1.8 kb a transcript, a
3.4 kb d transcript and a 4.1 kb g transcript
from HUVEC and BPAEC (Fig. 3). Significant
differences in the intensity of the signals be-
tween human and bovine EC may be explained
by species-related difference in the sequence of
cDNA fragments. Comparison of isoform ex-
pression in human smooth muscle and endo-
thelium showed that smooth muscle cells pref-
erentially expressed the CS1d isoform,
whereas endothelial cells equally expressed
both the CS1a and d isoforms with less expres-
sion of CS1g. The different pattern of PPase 1
expression in smooth muscle and endothelium
observed may be important in the regulation of
phosphorylation cascades in these tissues.

Fractional Distribution of CS1 Isoforms in
Endothelium

To more clearly define which CS1 isoform is
associated with endothelial myosin, we
screened myosin-enriched BPAEC fraction,
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prepared as we have previously described
[Verin et al., 1995] with anti-CS1d antibodies
(UBI) and CS1d antibodies (gift from Dr. A.
DePaoli-Roach). Comparison of the immunore-
activities of the different anti-CS1 antibodies
with purified CS1a and d isoforms shows that
these antibodies do not exhibit 100% isoform
specificity. However, anti-CS1a antibody pref-
erentially recognize the CS1a isoform whereas
the anti-CS1d antibody equally cross-reacts
with both isoforms (Fig. 4A). The anti-CS1d
antibody clearly cross-reacts with CS1 in
myosin-enriched fraction whereas anti-CS1a
antibodies did not recognize any protein in this

fraction (Fig. 4A). The results of these experi-
ments suggest that CS1d, but not CS1a is spe-
cifically associated with endothelial myosin.
Consisting with these data, CS1d coimmuno-
precipitated with MLCK/ myosin under nonde-
naturing conditions (Fig. 4B). Moreover, over-
expression of GFP-CS1d construct in bovine
endothelium followed by immunoprecipitation
with GFP-specific antibody revealed the pres-
ence of actin and myosin in the CS1d nondena-
turing immunoprecipitates (Fig. 4C). These
data strongly suggest a stable association be-
tween CS1d and contractile proteins in a func-
tional complex.

Fig. 1. Immunofluorescent images of bo-
vine EC microinjected with calyculin. Bovine
pulmonary artery EC were microinjected,
fixed, and stained with rhodamine phalloidin
as described in Materials and Methods. Pan-
els A and B: control cells without microinjec-
tion. Panels C and D: cells injected with iso-
tonic microinjection buffer containing
10 mM phosphate, pH 7.2, 75 mM KCl and
0.1% B-mercaptoethanol and 2 mg/ml lysine-
fixable FITC-conjugated dextran (Molecular
Probes, Eugene, OR) as a marker for injection.
Panels E and F: cells microinjected with mix-
ture of FITC-dextran and 1 nM calyculin in
the microinjection buffer. Panels A, C, E: the
fields of fixed cells that were excited at 488
nm with an emission filter at 522 nm to spe-
cifically image the FITC-dextran within the
injected cells. Panels B, D, F: same images of
cells after excitation at 568 nM with emission
filter at 598 nM to visualize F-actin. Solid
arrows show microinjected cells. Open head
arrows show intercellular gaps. Magnification
203. Clusters of cells microinjected with ca-
lyculin, but not with FITC-dextran alone
showed an increase in F-actin content and
intercellular gap formation.
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Cloning CS1d in Human Endothelium

To further characterize the myosin-specific
isoform of PPase 1 in endothelium, we initiated
cloning of CS1d using a human umbilical vein
endothelial cell oligo (dt) l gt11 cDNA library.
To generate a cDNA probe, two oligonucleo-
tides were synthesized based on the sequence

of the rat carcinoma CS1d isoform [Sasaki et
al., 1990]: sense, 21mer, 59-CTC GTG AAA
TCT TTC TTA GCC-39 and antisense, 21mer,
59-CTC CGA ATC TGT TCC ATA GAC-39.
These primers were next used for RT-PCR us-
ing rat skeletal muscle total RNA as a tem-
plate. The resulting 437 bp cDNA PCR product
(representing bp 121–558 of the CS1d coding
region) was used for the first library screening,
yielding approximately 100 positive plaques,
10 of which were plated. Secondary screening
gave 13 positive clones from which l phage
DNA was prepared. PCR of l DNA from each
clone with l gt11 vector primers produced a
single DNA gel band that ranged from 1.6 kb to
3.0 kb (Fig. 5A). DNA bands were purified,
partially sequenced (GenBank accession no.
AF092905) and compared to GenBank se-
quences. All sequenced fragments demon-
strated high homology ('99%), but not com-
plete identity with human PPase 1d catalytic
subunit from the NTERA 2 teratocarcinoma
cell line (CS1b according classification of Co-
hen and coworkers) [Barker et al., 1994] (Fig.
5B,C). The conservation of amino acid sequence
was 100% between the human endothelial cell

Fig. 2. Immunofluorescent images of bovine EC microinjected
with PPase 1 inhibitor-2. BPAEC were microinjected with spe-
cific PPase 1 inhibitor (inhibitor-2, 1mM) and FITC-dextran
(10 mg/ml). Panel A shows subsequent rhodamine-phallloidin
staining of F-actin, indicating injected cells after 10 min have
increased stress fiber formation, retraction to spindle shape,
and gap formation when compared to neighboring cells. A

large gap is noted where an injected cell has retracted and then
lifted from the monolayer during fixation and staining. Panel B
shows the matched location of the injected cells by fluorescein.
Cells only injected with FITC-dextran were indistinguishable
from neighboring cells by rhodamine fluorescence. Magnifica-
tion 603.

Fig. 3. Northern blot analysis of CS1 isoform content in hu-
man and bovine endothelium. 20 mg each of total RNA samples
from HUVEC (1), BPAEC (2), and human uterus (3) were sepa-
rated on 1% agarose/formaldehyde gel and blotted onto nitro-
cellulose membrane. The filter was hybridized at 55°C over-
night with 32P-labeled DNA probes specific for CS1a (A), CS1d
(B), and CS1g (C) obtained as described in Results, then washed
with 0.2 3 SSC at 65°C. Positions and apparent molecular
weights of RNA transcripts are indicated on the left side. D
shows the ethidium bromide-stained gel before the transfer. The
position of ribosomal RNAs are shown on the right side.
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and human carcinoma cell coding regions. The
DNA sequence of this region was also identical
with only one conserved base change. In con-
trast, several base substitutions in the 59 non-
coding region of EC CS1d were noted when
compared to published sequence [Barker et al.,

1994] (Fig. 5C). Although the sequence of hu-
man endothelial CS1d in the noncoding regions
is not complete, our data support several pub-
lished observations indicating the highly con-
served nature of CS1 isoforms in different tis-
sues [Sasaki et al., 1990; Barker et al., 1994].

Expression of CS1d Isoform in Human Macro-
and Microvascular Endothelium

We next compared the level of CS1d isoform
expression in human macro- and microvascu-
lar endothelial cells (HUVEC and HDMVC, re-
spectively) using Northern blotting analysis
utilizing a 1.7 kb cDNA fragment (clone #4,
Fig. 5A). As a positive control we hybridized
the same probe with total RNA from rat
smooth muscle, enriched in CS1d. Figure 6 in-
dicates this analysis yielded a 3.4 kb CS1d
transcript present in smooth muscle as well as
both types of human endothelial cells. The
level of CS1d expression is higher in human
macrovascular EC, than in microvascular cells,
possibly reflecting the differences in contractile
responses in the two types of endothelium.

DISCUSSION

Using primarily an approach that utilizes
pharmacologic inhibitors, we previously dem-
onstrated that PPase 1 is directly involved in
endothelial cell contractility and barrier func-
tion [Verin et al., 1995]. For example, inhibi-
tion of PPase 1 by the potent cell permeable
inhibitor calyculin leads to a dramatic increase
in MLC phosphorylation, which correlates with
cell retraction and increased permeability of
EC monolayers. It is generally accepted that
changes in EC barrier are determined by
changes in cytoskeletal architecture of endo-
thelium [for review, see Lum and Malik, 1994;
Garcia and Schaphorst, 1995]. We have previ-
ously shown that activation of endothelium by
the coagulation protease, thrombin, leads to an
increase in F-actin content, stress fiber forma-
tion and EC gap formation [Garcia et al., 1995].
Our recent published data [Verin et al.,
1998B,C] demonstrated that the thrombin con-
tractile effect can be explained, at least par-
tially, by a combination of EC MLCK activation
and PPase 1 inhibition. Both events serve to
increase MLC phosphorylation, actin redistri-
bution and initiation of contraction. The
present study extends these findings and dem-
onstrates that, similar to thrombin, microinjec-

Fig. 4. Immunoblotting analysis of CS1 isoforms content in
BPAEC. Panel A: Proteins from myosin-enriched (M1) and
myosin-depleted (M-) fractions were obtained as we have pre-
viously described [Verin et al., 1995], separated by 10% SDS-
PAGE followed by Western immunoblotting with either anti-
MLC, myosin heavy chains (MHC), CS1a, or CS1d antibodies.
Immunoreactive protein bands were visualized by ECL tech-
nique. 100 ng of purified CS1 isoforms were used as positive
controls. The amount of proteins loaded on the gel in each EC
fraction was equivalent and represented '25 ml of the initial
homogenate. Panel B: Anti-MLCK/ myosin immunoprecipitates,
which include a comparable amounts of MLCK and myosin
[Verin et al., 1998A] were prepared from BPAEC extracts under
nondenaturing conditions with D119 antibodies and subjected
to gradient (4–15%) SDS-PAGE. This was followed by Western
immunoblotting with antimyosin antibodies (left panel) or CS1d
antibodies (right panel). Each line contains 10 mg of total pro-
tein. Positions of myosin heavy chains, CS1d and molecular
weight markers are indicated. Panel C: Anti-GFP nondenaturing
immunoprecipitates were prepared from BPAEC transfected
with either pEGFP-C1 vector (Clontech, 1) or pEGFP-C1-CS1d
construct (2) and subjected to gradient (4–15%) SDS-PAGE.
This was followed by Western immunoblotting with anti-GFP
antibody (left panel), antimyosin antibody (central panel) or
anti-actin antibody (right panel). Each line contains 10 mg of
total protein. Positions of molecular weight markers are
indicated.
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tion of both PPase inhibitor calyculin and spe-
cific PPase 1 inhibitory protein I-2 [Shenolikar
and Nairn, 1991] can induce stress fiber forma-
tion and cell retraction. Rapid microfilament
reorganization induced by Ser/Thr PPase in-
hibitors has been observed in several non-
muscle types including neutrophils, fibro-
blasts, hepatocytes, and leukemia cells
[Eriksson et al., 1989; Hirano et al., 1992; Kre-
inbuhl et al., 1992; Kurosaki et al., 1993]. In
contrast to microinjection of PPase 1 inhibi-
tors, microinjection of PPase 1 catalytic sub-
unit in thrombin-activated EC resulted in
stress fiber dissolution. This data suggests
that, similar to smooth muscle cells, modulat-
ing PPase 1 activity in endothelial cells directly
alters actomyosin filament organization and is
consistent with published data [Fernandes et
al., 1990] in fibroblasts that PPase microinjec-
tion can disassemble the actin microfilament
network.

The PPase 1 responsible for the regulation of
actomyosin interaction in smooth muscle has
been recently purified as a trimer containing a
myosin-binding 130 kDa subunit (M130), a
20 kDa subunit with unknown function (M20)
and the catalytic subunit (CS1) [Shirazi et al.,
1994]. It is important to note that all three
major CS1 isoforms—CS1a, CS1d, and CS1g—
exhibit 90% identity, similar functional char-
acteristics [Sasaki et al., 1990; Zhang et al.,
1993], and are capable of forming a complex

with M130 in vitro [Alessi et al., 1993] . How-
ever, these findings do not preclude the possi-
bility that the structural differences in these
isoforms confer subtle but potentially function-
ally significant differences [Zhang et al., 1993].
For example, the C-terminal region can effect
the enzymatic properties of rabbit muscle
PPase 1 [Martin et al., 1991]. Isoform-specific
function may also serve to provide tissue-,
developmental-, or cell cycle-specific expression
via genetic regulation [Zhang et al., 1993]. The
CS1g2 isoform, a variant of CS1g isoform pro-
duced by alternative splicing [Sasaki et al.,
1990], is highly expressed in testes [Kitagawa
et al., 1990], whereas expression of the CS1a
may be elevated in hepatocarcinogenesis
[Sasaki et al., 1990; Kitamura et al., 1991]. Our
data indicate that human endothelial cells ex-
pressed equal amounts of CS1a and CS1d iso-
forms with much less expression of CS1g. It is
difficult to estimate the level of expression of
CS1 isoforms in bovine endothelium, because
human cDNA probes appeared to be less effec-
tive for bovine RNA and bovine CS1 sequences
are not available. We conclude that, similar to
HUVEC, all three CS1 isoforms are present in
bovine EC, however, in contrast, our data indi-
cate that human smooth muscle cells (human
uterus) express only CS1d. Information is lim-
ited about expression of CS1 isoforms in differ-
ent groups of muscle tissues. Nonquantitative
immunocytochemical analysis revealed the

Fig. 5. Cloning of CS1d in human endothelium.
Panel A: Schematic representation of the CS1 cDNA
and endothelial cell CS1 cDNA clones isolated. Open
bar indicated position of cDNA probe used for library
screening. The sequenced regions of the endothelial
cell CS1d clones are represented by solid lines.
Dashed lines show the approximate size of each

clone. Clones, which encode the entire coding region
are shown in circles. Panel B: The combined oligonu-
cleotide and deduced amino acid sequence of human
endothelial CS1d clones isolated. Panel C: Sequenced
regions of endothelial cell CS1d differ from the pub-
lished human sequence.
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presence of both CS1a and CS1d isoforms in rat
aortic smooth muscle cells [Murata et al.,
1997], whereas CS1d isoform was about
4.6-fold more abundant than CS1a in human
skeletal muscle as it was evidenced by quanti-
tation of Northern blotting [Barker et al.,
1994]. CS1d, but not CS1a, was recently shown
in smooth muscle to be associated with M130
and M20 in a trimeric functional complex dur-
ing myosin-associated PPase 1 purification
[Shirazi et al., 1994]. However, in permeabil-
ized cells the CS1a isoform was colocalized
with M130 in smooth muscle cells and fibro-
blasts, whereas CS1d was found in focal adhe-
sions [Murata et al., 1997]. Information is lim-
ited regarding the structure of myosin-
associated PPase 1 in endothelium. We have
recently shown that in contrast to smooth mus-
cle, myosin-associated PPase 1 endothelium
may exhibit two distinct myosin-specific PPase
1 regulatory subunits (M70 and M110) that

share certain structural features with the
M130 regulatory subunit from smooth muscle
and tightly associated with contractile proteins
in a functional complex [Verin et al., 2000]. Our
present results indicate that only the CS1d iso-
form is found in the myosin-enriched EC frac-
tion as well as in nondenaturing EC MLCK/
myosin immunoprecipitates, which include
comparable amounts of MLCK and myosin
[Verin et al., 1998A]. Consistent with these
data overexpressed GFP-CS1d was tightly as-
sociated with actomyosin. Together, these data
provide strong evidence that CS1d, but not
CS1a, is associated with myosin-based contrac-
tile protein complex in endothelium.

To further examine myosin-associated PPase
1 in endothelium, we partially cloned CS1d
from a HUVEC library we have previously uti-
lized successfully to clone EC MLCK [Garcia et
al., 1997]. Sequencing analysis demonstrated
that human endothelial CS1d is '99% homol-
ogous with the previously published sequence
of human teratocarcinoma CS1d (CS1b accord-
ing to classification of Cohen and coworkers
[Barker et al., 1994]. These results are consis-
tent with high-sequence conservation of the
PPase 1 catalytic subunit between species and
cell types [Sasaki et al., 1990; Barker et al.,
1994]. We also studied the expression of CS1d
in different types of endothelium (macro vs.
micro) using a 1.8 kb cDNA fragment of cloned
EC CS1d as a probe for Northern blotting. Our
results indicate that level of expression of CS1d
in human macrovascular endothelium is 'two-
fold higher than in human microvascular EC.
Although information is limited regarding dif-
ferences in the contractile regulation between
macro- and microvascular endothelium, mor-
phological and biochemical differences between
macro- and microvascular EC have been ob-
served [Kelly et al., 1998]. For example, micro-
vascular EC are smaller and form more homog-
enous monolayers, more intact tight junctions,
and produce 'tenfold higher transmonolayer
endothelial resistance compare to macrovascu-
lar cells [Blum et al., 1997]. Recently, several
distinct patterns of EC actin filaments were
observed depending on the caliber and type of
vessel using confocal microscopy [Thurnston
and Baldwin, 1994]. Our recently published
data indicate that both micro- and macrovasu-
lar EC express the novel 214 kDa MLCK iso-
form, which is distinct from smooth muscle
MLCK [Verin et al., 1998B]. It was recently

Fig. 6. Northern blot (upper panel) of human umbilical vein
(macrovascular, 1), human dermal (microvascular, 2) endothe-
lial and rat smooth muscle (3) RNA probed with clone #4
cDNA, which contains the complete coding region of human
EC CS1d (see Fig. 5). Samples of 20 mg of total RNA were
blotted and hybridized with the 1.7 kb cDNA fragment (clone
#4) overnight at 65°C and then washed with 0.23 SSC buffer.
Lower panel shows the images of 28S ribosomal RNA from
ethidium bromide-stained gel of the same samples. Positions of
molecular weight markers, ribosomal RNA, and CS1 transcript
are indicated.
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found [Diwan et al., 1997] that in rat pulmo-
nary microvascular EC, phosphatase inhibi-
tors, like calyculin, did not cause actin-myosin
colocalization as was reported for human mac-
rovascular cells (HUVEC) after thrombin
treatment [Goeckeler and Wysolmerski, 1995].
While it is interesting to speculate that differ-
ence in the contractile response in macro- and
microvascular endothelium may depend, at
least in part, on differential expression of the
myosin-associated CS1d, further studies are
required to more clearly define distinct bio-
chemical regulatory mechanisms that exist in
macro- and microvascular endothelium.
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