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Caldesmon was stoichiometrically M-carbethoxylated gpecifically at the only histidine residue (His-610) with diethylpyrocarbonate. Curbethoxylus
tion of & 1:1 molar complex of caldesmon und calmodulin in the presence of Ca®s resulied in the stoichiometric N-carbethaxylation of His-610
of caldesmon and His-107 of calmodulin. Curbethoxy-caldesmon, like the unmodified protein, bound w immobilized calmodulin (in the presence
of Ca?#) and o immobilized tropomyaosin (at low ionic strength). The affinity of F-actin for curbethoxy-¢caldesmon (Ky= 1.29 x 10-* M) was similar
to that for unmodified caldesmon (K;=0.88 % 10=* M), and the modified protein was us effective us control caldesmon in the inhibition of the
uctin-nctivated MgATPuse af skeletal musele myogin, We conclude that the predicted busic umphiphilic e-helical sequence (Arg-393-His.610) does
not represent the ealmadulin-binding site of caldesmon. Furthermare, Hig-610 does not pluy « major role in the interuction of culdesmon with
Feactin or tropomyosin,

Caldesmon: Calmeodulin; Chemical modificution; Smoath muscle

1. INTRODUCTION

Caldesmon is a thin filament-associated protein
which has been implicated in the regulation of smooth
muscle contraction [1]. The isolated protein is capable
of interaction in vitro with actin [2], myosin [3],
tropomyosin {4] and calmodulin [2]. The calmodulin in-
teraction is Ca?*-dependent and has been suggested to
be important in regulating the ability of caldesmon to
inhibit smooth muscle actin-activated myosin MgATP-
ase by dissociating caldesmon from actin [5]. Chicken
gizzard caldesmon ¢DNA clones have been sequenced
in two laboratories [6,7]. The deduced amino acid se-
quences probably represent the two isoforms of chicken
gizzard caldesmon [8]. The dopmain structure of
caldesmon has been extensively studied [9,10]. The
myosin-binding domain is located in the N-terminal
region of caldesmon, whereas the actin-, tropomyosin-
and calmodulin-binding domains are located near the
opposite end of the molecule. Calmodulin-binding sites
have been identified in several known calmodulin-
binding proteins and generally consist of ~ 18 amino
acids having a basic amphilic «-helical structure [11].
Examination of the amino acid sequence of calmodulin-
binding fragments of caldesmon reveals one such se-
quence: Arg-593-His-610 [6,12]. However, Bartegi et
al, {13] recently concluded that this does not represent
the calmodulin-binding site since a 10 kDa peptide cor-
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responding to the C-terminus of caldesmon (Trp-659-
Pro-756) binds caimodulin but does not contain this se-
quence. CNBr peptides corresponding to the remainder
of the caldesmon molecule did not bind to immobilized
calmodulin. We have pursued this surprising conclusion
by examining the effects of specific chemical modifica-
tion of His-610 located at the C-terminal end of the
basic amphiphilic a~helix and conclude that this indeed
is not the calmodulin-binding site.

2. MATERIALS AND METHODS

2.1, Materials

[y-*P]ATP (20-40 Ci/mmol) was purchased from Amersham
(Oakville, Ontario, Canada) and diethylpyrocarbonate and hydrox-
ylamine from Sigma (St. Louis, MO), Dithiothreitol was purchased
from Boehringer Mannheim (Dorval, Quebec, Canada) and elec-
trophoresis reagents from Bio-Rad (Mississauga, Ontario, Canada).
Genera! laboratory reagents used were of analytical grade or better
and were purchased from Fisher Scientific (Calgary, Alberia,
Canada), Proteins were purified by methods, published earlier:
chicken gizzard caldesmon [14], tropomyosin {14] and actin [15], rab-
bit. skeletal muscle actin [16) and myosin [17], and bovine brain
calmodulin [18). Calmodulin and tropomyosin were.coupled to
CNBr-aciivaied Sepharose 4B (Pharmacia, Baie d'Urfe, Quebec,
Canada) according to the manufacturer’s instructions,

2.2, Carbethoxylation of caldesmon

The sole imidazole function of caldesmon was carbethoxylated-with
diethylpyrocarbonate using ‘the method described by Miles [19).
Caldesmon (1.0 mg/ml) was incubated at 22°C in 0.1 M sodium
phosphate buffer (pH 6,0) in the sample and reference cuvettes of a
Pye Unicam PU8B00 UV/visible double-beam spectrophotometer.
The reactioi was initiated by the addition to the sample cell of a fresh,
concentrated solution of diethylpyrocarbonate in ethanol to give a
final reagent concentration of 50 xM (a 4.4-fold molar excess over
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cildexmon), An equal velume of absolute cthanoel was wdded 1o the
reference eell and the formadan of carbethoxy-caldesmon way
manitored by continuous recarding of the increase In Azizwm. The exs
tent of histdine modificavion was valeulated from the absorbance us-
ing & value of 3200 M~ :¢m ™" for the molar extingtion coefficient, a1
242 nm, of AN-curbethexyhistidine residues in proteing [20). For
modificaiion of the caldeymon-calmodulin. complex, 10 4M
caldesmon and 10 &M enlmodulin were incubated at 22*Cin 0.1 M
sodium phosphate (pH 6.0), 1 mM CaCl; in the sample and reference
cuvettes of the spectrophotometer. The reaction was started by addi-
tion 1o the sample cuvette of diethylpyrocarbonate (1135 M) and to
the reference cuverte of an equal volume of absolute ethanol, At the
tme indieateéd, EGTA was added to each cuvetie to a final coneentra-
tion-of 4 mM,

2.3, Aetin binding

Smooth musele actin (9 #M) and untreated or carbethoxylated
caldesmons (0,57, 1,14, 1,72, 2.28, 2.85, 4.31 and 5.75 4M) were in.
cubated for 30 min at 25°C in 20 mM Tris-HC! (pH 7.5), 2 mM
MgCly, | mM EGTA, I mM dithiothreitol, | mM -ATP. Samples (0.2
ml) were then centrifuged at 100000 xg in a Beckman TL100 cens
trifuge for 1 h at 2°C in order 1o sediment F-actin and bind
caldesmon. Pellets and supernatants were subjected to SDS-PAGE.
The distribution of caldesmon between the pellets and supernatants
was quantified by densitometric scanning of the Coomassie blue-
stained gels using an LKB model 2202 Uliroscan laser densitometer
equipped with a Hewlett-Packard model 3390A integrater. The Ky
values of actin for control and ' carbethoxy-caldesmons were
calculated by Scatchard analysis of the sedimentation data.

2.4, Actin-activated myosin MyATPase assay

ATPase activities were measured as previously described [21] under
the following conditions: 25 mM Tris-HCI (pH 7.5), 50 mM KCI, 3.5
mM MgCly, 1 mM dithiothreitol, 0.2 mM EGTA, | mM [y-**P)ATP
(~ 9000 cpm/nmol), 3.6 xM skeletal actin, 0.57 4M skeletal myosin,
in the absence or presence of control or carbethoxy-caldesmon (1,2
and 2,0 uM), in reaction volumes of 0.3 ml at 30°C. Reactions were
started by addition of ATP, Samples (50 x)) of reaction mixtures were
withdrawn at 0.5-min intervals up to 2.5 min for quantification of ¥P;
release [21]. Rates of ATP hydrolysis were calculated by linear regres-
sion analysis of the linear time-course data,

2.5. Other procedures

Protein concentrations were determined by spectrophotometric
measurements in a Beckman DU-8B UV/visible spectrophotometer
using the following extinction coefficients: calmodulin, &% = 1.9
[22); caldesmon, Esum = 3.3 [23); tropomyosin, Eiem, = 2.9 [24]; ac-
tin, Eoban=6.5 [25); and myosin, Elsfm = 5.3 [26]. SDS-PAGE was
performed in 0.1% SDS/10% acrylamide mini-slab gels to analyse
column elution profiles, or in full-size 0.1% SDS/7.5-20%
polyacrylamide gradient slab gels with a 5% acrylamide stacking gel
to analyse caldesmon binding to actin, In each case the Laemmli (27]
buffer system was used.

3. RESULTS AND DISCUSSION

The ‘time course of carbethoxylation of caldesmon
with diethylpyrocarbonate is illustrated in Fig. 1. At the
plateau, ~1 mol N-carbethoxyhistidine was detected/
mol caldesmon. This modification was completely
reversed by incubation of carbethoxylated caldesmon
overnight with 0,1 M hydroxylamine at pH 7 and 22°C,
indicating that modification of lysyl or sulfhydryl
residues did not occur (data not shown) [19]. The spec-
tra in Fig. 2A demonstrate very little change in A27sum
following incubation of caldesmon with diethylpyrocar-
bonate, indicating that little or no modification of
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Fig. 1. Chemical modification of culdesmon with diethylpyro-

carbonate. Caldesmon way incubated with diethylpyrecarbonate as

deseribed In  seetion 2. Necarbethoxylation was followed by

continuous recording of Asann. The stolehiometry of modification
was caleulated from the absorbance values,

tyrosine residues has occurred. The spectrain Fig. 2B il-
lustrate the time-dependent increase in Azqznm (histidine
maodification) with no significant change in Az20m, in-
dicative - of no chemical modification of tyrosine
residues. Treatment of caldesmon with a 4.4-fold molar
excess of diethylpyrocarbonate therefore results in
specific and stoichiometric modification of the sole
histidine residue.

Carbethoxylation of a 1:1 molar mixture of
caldesmon and calmodulin in the presence of Ca®*
resulted in the incorporation of 0.92 mol N-
carbethoxyhistidine/mol protein (Fig. 3), Calmodulin,
like caldesmon, contains one histidine residue [28]
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Fig. 2. Spectral analysis of the carbethoxylation reaction. A. Spectra
were recorded before ( ) and after (~ - ~) the reaction shown in
Fig. 1 with reaction buffer in the reference cell of the Pye Unicam
spectrophotometer. B. During the course of a reaction identical to
that shown in Fig. 1, spectra were récorded at selected times (10, 15,
17, 20, 25, 30, 40 and 50 min). The reference cell contained an
identical mixture except for the omission of diethylpyrocarbonate
which was replaced by an equal volume of vehicle (ethanol).
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Fig. 3. Chemical modification of the ¢aldesmon-calmodulin complex

with diethylpyrocarbonate. A 131 molar complex of caldesmon and

calmodulin  in the  presence of Ca®* wax  Ineubated  with

diethylpyrocarbonate as described in seetion 2. N-carbethoxylation

was  followed by continuous recording of Axaam. At the tme

indicated, an éxcess of EGTA was added 1o dissaciate caldesmon and
calmodulin,

which can be carbethoxylated in the presence or absence
of Ca?* [29]. Removal of Ca** with EGTA, causing the
dissaciation of calmodulin and caldesmon, did not
result in: any spectroscopic change. We can conclude
therefore that His-610 of caldesmon is accessible to
diethylpyrocarbonate when complexed with
calmodulin, suggesting that this residue is not part of
the calmodulin-binding site. In support of this conclu-
sion, carbethoxylated = caldesmon, like @ untreated
caldesmon, bound to a calmodulin-Sepharose affinity
column in the presence of Ca?* and was eluted with
EGTA (data not shown).

The affinities of smooth muscle actin for control and
carbethoxylated caldesmons were compared using a
sedimentation assay as described in section 2. The Kq
for . control caldesmon was determined to - be
0.88%x10°°M and for carbethoxylated caldesmon,
1.29% 10~® M. Histidine modification therefore caused
a slight, possibly insignificant, reduction in the affinity
of caldesmon for actin. Consistent with this observa-
tion, carbethoxylated caldesmon was as effective as the

unmodified protein in inhibition of the actin-activated

MgATPase activity of skeletal myosin (Table I).

Table |

Comparison of the-effects of control and carbethoxylated caldesmons
on the skeletal actin-activated myosin MgATPase

Caldesmon ATPase rate

(nmol Py/min'mg myosin)

Noneé 693.9+14.7 (n=2)
Control, 1.2 uM 371.6x11.1 (n=4)
Control, 2.0 uM 3878+ 4.7 (n=2)
Carbethoxylated, 1.2 uM 383.7x11.5 (n=4)
Carbethoxylated, 2.0 xM 332,1%11.2 (n=2)
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Fig. 4. Binding  of ecarbethoxy-caldesmon (o0  immabilized
tropomyosin. Carbethoxylated caldesmon (3 mg; see Fig. 1) was
dialyzed vs 20 mM Tris-HCl (pH 7.5), | mM EGTA, I mM
dithiothreitol and applicd, at a flow rate of 10 miZh, to a ¢column
(1 % 10 ¢cm) of ropomyosin-Spharose 4B. The column was washed
with the same buffer and bound protein was eluted with this buffer
containing 0.4 M NaCl, Fractions of 2.5 m! were collected. The inset
shows SDS-PAGE analysis of the unbound material (peak A) and
bound protein (peak B). The positions of M, markers are shown.

Carbethoxylated caldesmon, lile the untreated pro-
tein, was found to bind to a tropomyosin-Sepharocse af-
finity column at low ionic strength and was eluted with
a buffer containing 0.4 M NaCl (Fig. 4). The flow-
through peak from this column contained polypeptides
of M; 110 and 90 kDa which probably represent ptro-
teolytic fragments of caldesmon (see gel inset of Fig. 4).

Specific modification of His-610 of caldesmon did
not affect its interaction with calmodulin suggesting
that the basic amphiphilic a-helical sequence
(Arg-593-His-610) does not represent the calmodulin-
binding site. These results support the conclusion of

“Bartegi et al. [13] that this site is located in a different

part of the molecule (towards the C-terminus).
Carbethoxylation of His-610 of caldesmon had little, if
any, effect on its affinity for actin or ability to inhibit
the actin-activated MgATPase activity of skeletal mus-
cle myosin suggesting that this residue does not play an
important role in:the interaction of caldesmon with ac-
tin.  Finally, carbethoxy-caldesmon = bound - to
tropomyosin-Sepharose at low ionic strength and could
be eluted with NaCl, as for the untreated protein [30].
On the basis of sequence homologies with the
tropomyosin-binding domains of skeletal muscle
troponin T, two regions within the caldesmon molecule
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(Glu-508-Lys-565 and Lys-607~Arg-621) have been im-
plicated as tropomyosin-binding regions [31]. The latter
sequence contains His-610 but carbethoxylation clearly
did not prevent the binding of caldesmon to
tropomyosin. Either this residue is not involved in
tropomyosin binding or it plays a relatively minor role
in the interaction of caldesmon with tropomyosin,
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