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ABSTRACT: We have used isotope-edited nuclear magnetic resonance spectroscopy, binding studies, and
ATPase activity assays to investigate the interaction with F-actin of the 10 kDa C-terminal 658C fragment
of chicken gizzard caldesmon and two site-directed mutants of this fragment. Simultaneous dual-sited
contacts with F-actin are observed for the segments of the 658C sequence flanking tryptophan residues
692 and 722. Competition experiments showed that both 658C contacts with actin are displaced by
substoichiometric concentrations of the short inhibitory region of troponin-I indicative of different binding
sites on actin for these regions of troponin-I and caldesmon. Substitution of caldesmon serine-702 by
aspartic acid within the spacer region linking the two actin contacts of 658C led to weaker binding but
with retention of equivalent affinity for each interaction site. Differential binding affinity of the two sites
was achieved by replacement of the sequence Glu691-Trp-Leu-Thr-Lys-Thr696 by Pro-Gly-His-Tyr-Asn-
Asn. Consistent with these data, the concentration of this Cg1 mutant required to achieve 50% inhibition
of actin-tropomyosin-activated myosin ATPase was 4-fold greater than found for the 658C fragment.
Although calmodulin binding to Cg1 was observed, calmodulin proved ineffective in relieving the inhibition
induced by the binding of this mutant to actin. These results are discussed in light of the actin contacts
which are involved in the inhibitory activity possessed by different regions of the C-terminus of caldesmon.

In Vitro caldesmon binds to actin and inhibits actin-
activated myosin ATPase. This inhibition is greatly en-
hanced by tropomyosin and can be relieved by a Ca2+-
binding protein such as calmodulin (1-3). Definition of the
interface(s) between actin and caldesmon is thus of specific
interest for the analysis of the mechanism of inhibition. On
the basis of amino acid sequence and proteolytic digestion,
caldesmon may be divided up into four domains (4, 5). It is
generally agreed that most of the functional properties of
caldesmon, including the ability to inhibit the actin-
tropomyosin-activated myosin MgATPase activity and the
interaction with Ca2+-binding proteins releasing this inhibi-
tion in the presence of Ca2+, are located in the C-terminal
domain 4 (some 160 amino acids long) (6-9). In these
respects, the C-terminal domain of caldesmon displays

similar biochemical properties to the inhibitory region of
striated muscle troponin-I (10).

In contrast, the structural basis of regulation by caldesmon
and troponin-I appears to differ at the level of their interaction
with actin (11). The short (11 residue) inhibitory region of
troponin-I interacts with the N-terminal residues of actin (12),
yet modification of these amino acids had only a limited
effect on complex formation with caldesmon (13). Studies
on the properties of fragments of domain 4 representing
sequences from N- and C-termini and from the middle of
the domain have indicated the presence of several separate
regions capable of binding to actin, albeit at reduced affinity,
which can participate separately in the inhibition of ATPase
activity (8, 14-18) or in the reduction of relaxed stiffness
and active force production in model muscle systems (19,
20). The regulatory capacity of these different regions of
domain 4 of caldesmon appears to derive from their
interaction with distinct segments of actin (11).

Studies of the binding to actin of the expressed C-terminal
10 kDa fragment of chicken gizzard caldesmon, 658C
[residues 658-756 in the chicken caldesmon sequence (21),
domain 4b], have indicated that two regions of this fragment,
centered on Trp-692 and Trp-722, are involved in actin
interaction (11). Truncation and deletion mutagenesis of
intact caldesmon (18, 22) or of domain 4 (17) have
demonstrated that there are two separate motifs within
domain 4b that are related to inhibition of actin-tropomyo-
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sin-activated ATPase. The consensus sequences of these two
regions, 690-710 and 713-737, contain the regions around
Trp-692 and Trp-722 highlighted by NMR experiments.

To identify the structural basis for these regulatory
interactions, we initiated the study by NMR of the recom-
binant domain 4b of chicken gizzard caldesmon (residues
658-756) expressed in bacteria grown on15N-enriched
medium. The advantage of NMR in the study of 658C and
its actin-binding properties comes from the ability to
simultaneously monitor all the amino acids of the polypep-
tide. We have used isotope-edited 2D and 3D NMR
spectroscopic methods to obtain sequence-specific resonance
assignments and (-NH-CRH) coupling constant values in
combination with site-directed mutagenesis of residues 691-
696 and residue 702 as well as biochemical assays to study
the functional interaction between actin and the extreme
C-terminal region of caldesmon.

MATERIALS AND METHODS

Protein Expression and Purification.The caldesmon
mutants 658C, S702D, and Cg1 encompass the chicken
gizzard residues 658-756. They were obtained by bacterial
expression in the pMW172 plasmid/BL21(DE3) cell system
and purified as described by Redwood and Marston (9). For
further purification of the expressed fragments used in NMR,
we added a gel filtration step on Sephadex G50 after ion
exchange on S-Sepharose (Pharmacia) and freeze-dried the
proteins after extensive dialysis versus H2O. The yield was
15-20 mg of pure protein per liter of expression medium.
The production of the mutant plasmid constructs for the
expression of 658C and S702D has been described (9, 23).
The mutant plasmid for Cg1 was produced by the inverse
PCR method (24) using the expression plasmid pMW172
encoding 658C (23). Two back-to-back primers, 5′-CCT-
GCTCCAAAACCTTCTGAT-3′ and 5′-CGATTTGTTAC-
CCTCTGGGTTGTTGTAATGCCCTGGGTTGATA-
CGACTGGAGAC-3′ (altered nucleotides underlined), were
used to change691Glu-Trp-Leu-Thr-Lys-Thr696 to Pro-Gly-
His-Tyr-Asn-Asn. Linear products from the total plasmid
PCR were recircularized using T4 DNA ligase and used to
transform Ca2+-competent JM101 cells. The expression
plasmid containing the required mutation, named Cg1, was
verified by double-stranded sequencing. The amino acid
sequence numbering follows that for chicken gizzard caldes-
mon (21).

15N was incorporated into 658C during bacterial expression
of the protein by growing the bacteria on a minimal salt
medium containing 0.5 g of15N-labeled ammonium chloride
per liter of medium as15N source, described by Muchmore
et al. (25).

Protein Extraction and Purification. Calmodulin was
prepared from bovine brain according to the method of
Gopalakrishna and Anderson (26) and from wheat germ as
described by Gao et al. (27). Skeletal muscle myosin HMM1

and actin were prepared by standard methods (28, 29).
Tropomyosin was prepared from sheep aorta ether ethanol
powder as described by Bailey (30) and purified on a
hydroxyapatite column (31).

Protein concentrations were determined by the method of
Lowry et al. (32) or by using the calculated extinction
coefficients ofε280 ) 11 700 M-1 cm-1 for 658C and S702D
andε280 ) 7130 M-1 cm- 1 for Cg1.

The troponin-I inhibitory peptide (residues 96-116: Asn96-
Gln-Lys-Leu-Phe-Asp-Leu-Arg-Gly-Lys-Phe-Lys-Arg-Pro-
Pro-Leu-Arg-Arg-Arg-Val-Arg116) was prepared and purified
by the method previously described (12).

Determination of ATPase ActiVity. The effect of 658C
and Cg1 on the actin-tropomyosin activation of the myosin
ATPase was determined at 25 or 30°C in 0-20 mM KCl,
5 mM Pipes adjusted to pH 7.0 with KOH solution at 22
°C, 2.5 mM MgCl2, 1 mM DTT (HMM buffer) plus 0.1 mM
CaCl2. Protein mixtures were prepared in a final volume of
100µL, and the reactions were started by addition of MgATP
to 5 mM. After termination of the reactions with 0.5 mL of
10% trichloroacetic acid, the Pi released was measured by
the method of Taussky and Schorr (33).

Binding of Caldesmon Fragments to Actin and Actin-
Tropomyosin. The binding of 658C and Cg1 to actin and
actin-tropomyosin was determined by cosedimentation.
Actin, or actin premixed with smooth muscle tropomyosin
to a ratio of 1:0.4 (w/w), was mixed with caldesmon
fragments at 25°C in HMM buffer in a final volume of 100
µL. An aliquot of 25µL was removed, and the remaining
75 µL was centrifuged at 40000g for 60 min. Twenty-five
microliters was removed from the supernatant, and the
samples before and after sedimentation were separated by
gel electrophoresis on 8-18% polyacrylamide, 1% SDS
ExcelGels (Pharmacia) and stained with PAGE blue 83
(Merck). The caldesmon bands were estimated by quantita-
tive densitometry using a “Scanmaster3” flat-bed scanner
with “Quantity One” software (pdi Inc.). The band area at
increasing caldesmon fragment concentrations before sedi-
mentation produced a linear relationship, the equation for
which was used to determine the free caldesmon concentra-
tion after sedimentation.

Binding of Calmodulin to 658C and Cg1. (A) Measure-
ments of the Intrinsic Tryptophan Fluorescence of the
Caldesmon Mutants.Fluorescence spectra were recorded on
a Perkin-Elmer luminescence spectrometer (LS-5) with
excitation at 295 nm in 50 mM NaCl, 10 mM Tris-HCl, pH
7.2, 2.5 mM MgCl2, and 0.1 mM CaCl2 or 0.5 mM EGTA
(34). Tryptophan fluorescence emission spectra (310-380
nm) were obtained from 5µM caldesmon fragments 658C
and Cg1. These caldesmon fragments were mixed with
increasing concentrations of calmodulin in separate samples.
For correction of the emission of Ca2+-calmodulin, spectra
of Ca2+-calmodulin alone were also taken, and the emission
intensities at the respective wavelength were subtracted from
the fluorescence of the caldesmon-Ca2+-calmodulin mix-
tures.

(B) Caldesmon Fragment Binding to Calmodulin Using a
Biosensor.Direct binding of 658C or Cg1 to calmodulin in
real time was investigated using a BIAcore 2000 system.
Wheat germ calmodulin has a single cysteine residue in its
N-terminus (Cys-27). This was therefore utilized to im-

1 Abbreviations: HMM, heavy meromyosin (myosin subfragment);
EGTA, ethylene glycol bis(â-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid; DTT, 1,4-dithio-DL-threitol; PAGE, polyacrylamide gel electro-
phoresis; HSQC, heteronuclear single quantum correlation; HMQC,
heteronuclear multiple quantum correlation; NOESY, nuclear Over-
hauser effect spectroscopy; TOCSY, total correlation spectroscopy;
COSY, correlated spectroscopy;d, distance;3JNHR, coupling constant
indicating theφ backbone torsion angle about each N-CR bond; MAP
(kinase), mitogen-activated protein (kinase);T, temperature; K, Kelvin.
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mobilize 1700 resonance units (equivalent to 1.7 ng) of
calmodulin (1 mg/mL stock in 10 mM acetate buffer, pH
4.0, 5 mM DTT) on a CM5 sensor chip by the ligand thiol
coupling procedure (BIApplications Handbook, Biacore
publications, 1993), thereby directing the orientation of all
protein molecules on the chip. Two control channels were
simultaneously generated: (i) no protein attachment so as
to assess adsorption to the chip surface and (ii) calsequestrin
so as to assess nonspecific protein interactions. All binding
studies were carried out in 20 mM Tris, pH 7.5, 50 mM
NaCl, 1 mM CaCl2, 0.05% Tween 20 (running buffer and

sample buffer) at a continuous flow rate of 10 mL/min. A
series of injections of 658C (or Cg1) were performed over
a range of concentrations (100-2000 mg/ml; KINJECT: 120
s injection, 600 s dissociation time). To ensure full dis-
sociation of 658C (or Cg1) from calmodulin, a 60 s
application of 100 mM EDTA was performed between each
protein injection. The titration data for each binding
experiment were analyzed using the BIAevaluation 2.1
package with curve fitting of the dissociation phase for each
concentration used in order to derive the dissociation rate
constant as for an AB complex dissociation. The protein-
free channel was used as a blank. Nonspecific binding of
658C or Cg1 to calsequestrin or to the chip surface was not
detected at any time.

Nuclear Magnetic Resonance (NMR) Spectroscopy.Solu-
tions of the caldesmon fragments were prepared for the NMR
experiments from samples lyophilized from either1H2O or
2H2O at a concentration of 1-3 mM, and spectra were
acquired either in 90%1H2O/10% 2H2O or in 99.9%2H2O
using 25 mM deuterated (d11) Tris as buffer. No spectral
changes suggestive of protein aggregation or denaturation
were detected in spectra obtained over the concentration
range 0.2-3 mM and pH range of 5-8.

Experiments were carried out on both Varian 600 and
Bruker 500 spectrometers with proton frequencies of 599.989
and 500.13 MHz, respectively, and15N frequencies of 60.801
and 50.8 MHz, respectively. Spectra were recorded in the
pure phase absorption mode by the time-proportional phase
incrementation method (35). Standard pulse sequences and
phase cycling were used for the 2D homonuclear experi-
ments. 2D15N-1H HSQC spectra were acquired using the
enhanced sensitivity pulsed field gradient methods (36, 37).
15N decoupling was carried out using the GARP sequence.
Solvent suppression for the15N-1H spectra was achieved
by the use of gradients. Typical data set sizes were 512
increments of 2K complex points with spectral widths of 12
ppm in the1H dimension and 40 ppm in the15N dimension.
The 1H carrier was placed on the water signal, and the15N
carrier was placed on 98 ppm. Measurements of the3JNHR

coupling constants were obtained using the HMQC-J experi-
ment (38) using zero-filling in the F1 dimension to give a
final digital resolution of 0.2 Hz per point. Experiments
requiring homonuclear Hartman-Hahn spin-lock sequences
(3D 15N-1H TOCSY-HMQC) used a total mixing time of
60 ms (39). Heteronuclear 3D experiments were carried out
at 600 MHz at 285 K and at pH 5.8 on 3 mM samples. A
total of 32 scans pert1 increment were acquired, and NOESY
mixing times of 150 and 400 ms used. Spectra were
processed using Bruker UXNMR software. Binding titra-

FIGURE 1: Sequence of the 658C and Cg1 fragments of caldesmon. The sequence of chicken gizzard caldesmon domain 4b is numbered
according to Bryan et al. (21). Amino acids which are different in the human sequence (58) are shown in parentheses. The alterations in
658C, S702D, and Cg1 are given in boxes below the original sequence. The caldesmon specific amino acid residues including Trp-692 and
Trp-722 as well as the ‘spacer’ residues are highlighted in boldface (see Results and Discussion). The phosphorylation site, Ser-702, of
mitogen-activated protein kinase (MAPK) is indicated (59, 60).

FIGURE 2: Binding of the 10 kDa C-terminal caldesmon fragments,
658C and S702D, to F-actin. (A)1H NMR spectra of 658C at pH
7.2. (i-iii) T ) 285 K, (iv) T ) 300 K. (i) 400 µM 658C, (ii)
658C+ 8 µM actin, (iii and iv) 658C+ 16 µM actin. (B)1H NMR
spectra of S702D (400µM), pH 7.2, T ) 285 K: (i) 400 µM
S702D; (ii) addition of 400µM actin.
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tions were carried out at 500 MHz by addition of small
aliquots of a 10 mg/mL solution of F-actin at a sample pH
of 7.2 and at 285 K. Additions were made using a positive
displacement pipet to different samples in Eppendorf tubes
containing the same volume and concentration of the relevant
fragment of caldesmon. Efficient mixing was achieved with
a whirlimixer, and the sample then transferred into the NMR
sample tube for spectral analysis.

RESULTS

Interaction of 658C with Actin InVolVes Dual-Sited
Contacts by the Segments Encompassing Trp-692 and Trp-
722. We have previously observed that both Trp-692 and
-722 participate in complex formation of 658C with actin
(11). To study the nature of these interactions and the
relative contributions to binding of the two surrounding
regions, titrations with F-actin were carried out using the
658C fragment and a Ser-702f Asp mutant (S702D) which
displays reduced inhibition of the actin-tropomyosin-
activated myosin MgATPase activity (23); see Figure 1 for
primary structures. Addition of F-actin to 658C led to barely
detectable changes in the resonance line width and fine
structure for the composite aromatic side chain signals of
Phe-665 and Phe-752, indicating retention of segmental
flexibility at the extremities of the 658C molecule upon actin
binding (Figure 2A). In sharp contrast, progressive line

broadening of the resonances of both Trp-692 and Trp-722
was observed to occur during titration (Figure 2A). The C4H
doublet signals of each of the tryptophan residues were
separately resolved and were found to respond in parallel to
increasing complex formation. The incremental relaxation
induced with increasing actin concentration is indicative of
specific complex formation with fast-intermediate chemical
exchange on the NMR time scale, a well-documented NMR
phenomenon (40-42). The spectral effect of complex
formation at any fraction bound is a sensitive function of
the correlation time in the bound complex (34). F-Actin is
large with a slow tumbling time and a well-organized
structure. It is a very effective relaxation sink for those
groups in intimate contact. Since the bound line width can
therefore be approximated to be infinite by comparison to
the free line width, exchange between free and bound forms
will result in marked relaxation for the groups in good contact
on a time scale shorter than the lifetime of the bound state.
The observed signal for the groups of 658C bound to actin
(an average over the entire free and bound population) will
therefore be broad even at low mole ratios. Hence, the
marked effect of substoichiometric actin on the tryptophan
signals is a direct indication of close contact between 658C
and actin specifically involving residues in the region of 692
and 722. We have observed similar line broadening for the
interaction of 658C with spin-labeled Ca2+‚calmodulin (34)

FIGURE 3: Inhibitory troponin-I peptide is readily able to displace 658C from F-actin. Two pulse spin-echo1H NMR spectra (interpulse
delay of 60 ms) of 658C-actin upon titration with Tn-I peptide (residues 96-115). Resonance intensity is here indicative of the segmental
mobility available to the corresponding groups. Resonance inversion occurs for doublet signals. Bottom trace: Spectrum of 658C (400µM,
pH 7.2;T ) 285 K) after addition of F-actin (160µM). Upper traces: addition of troponin-I peptide up to 150µM (vs 400µM caldesmon
fragment).
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and for the interaction of other actin binding peptides such
as TnI peptide and the N terminus of myosin LC1 (12, 41).

These observations indicated the dual involvement of the
two side chains in the interaction with F-actin. The
possibility that the observations could have resulted from
equal populations of single-sited attachments involving each
tryptophan-containing sequence in turn, rather than a dual-
sited mode of binding between 658C and actin, was

investigated by monitoring the temperature dependence of
the binding reaction. Increasing temperature led to equal
effects on the signals of Trp-692 and -722 (Figure 2A), both
displaying a significant reduction in line width indicative of
equal enhancement of dissociation. Uniform response of the
two tryptophan residues was also observed when the S702D
mutant was titrated with F-actin (Figure 2B), showing that,
although the point mutation led to a reduction in binding

FIGURE 4: Assignment of signals to individual residues in 658C. (A, top) Section of the1H-15N 2D HMQC-NOESY spectrum of 658C.
(B, bottom) Slice from the1H-15N 3D TOCSY-HMQC spectrum of 658C corresponding to the F1-F3 cross section of the 3D spectrum
at a15N chemical shift of 121.2 ppm. The conventional 2D spectrum of the interacting protons is spread into a third orthogonal frequency
dimension. The resolution of Glu-677, Val-683, Asn-690, and Val-737 is apparent. The spectrum was recorded at 600 MHz1H frequency
at 297 K and pH 5.5.
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Table 1: 1H and15N Resonance Assignments and3JNHR Coupling Constants (Hz) for the 658C Fragment of Caldesmon Obtained at pH 5.6,T
) 297 K

residue 15N NH CHR CHâ other 3JNH

Gly659 109.5 8.57 4.03
Gly662 108.8 8.51 4.00
Gly669 108.7 8.63 4.04
Gly670 108.2 8.39 4.11
Gly672 110.7 8.64 4.07
Gly680 107.3 8.48 3.99
Gly684 112.3 8.65 4.06
Gly699 109.0 8.48 4.01
Gly713 108.6 8.67 4.00
Gly717 110.2 8.52 4.02
Gly741 110.6 8.50 4.04
Gly748 108.6 8.53 3.99
Ala679 126.2 8.46 4.37 1.48 5.49
Ala704 125.5 8.53 4.61 1.42 5.13
Ala731 124.3 8.61 4.33 1.47 5.26
Ala732 123.1 8.54 4.40 1.48 5.13
Ala739 126.5 8.58 4.48 1.49 7.50
Thr671 112.3 8.33 4.44 4.37 1.28γCH3 8.06
Thr673 115.9 8.27 4.68 4.21 1.31γCH3 7.68
Thr678 114.5 8.3 4.38 4.32 1.28γCH3 8.06
Thr694 113.5 8.08 4.36 4.27 1.25γCH3 8.06
Thr696 117.8 8.43 4.64 4.24 1.32γCH3

Thr738 118.5 8.44 4.41 4.27 1.28γCH3 7.93
Thr740 112.5 8.32 4.40 4.33 1.29γCH3 8.19
Thr746 113.9 8.38 4.42 4.31 1.25γCH3 8.19
Val664 119.5 8.17 4.14 2.06 0.86, 0.99γCH3 8.06
Val683 121.2 8.29 4.21 2.13 1.00, 1.03γCH3 8.06
Val685 118.8 8.19 4.23 2.21 1.00, 1.02γCH3 8.06
Val715 119.5 8.34 4.27 2.27 1.00, 1.03γCH3 8.42
Val727 120.8 8.29 4.12 2.15 0.98γCH3 8.79
Val737 121.3 8.32 4.38 2.15 1.03, 1.01γCH3 8.19
Leu681 120.9 8.12 4.39 1.68 1.63γCH 0.93, 0.98δCH3 6.62
Leu693 121.7 7.97 4.35 1.61 1.56γCH 0.89, 0.96δCH3 6.95
Leu710 121.3 8.16 4.24 1.68 1.68γCH 0.92, 0.98δCH3 6.59
Leu721 121.8 8.34 4.21 1.54 1.47γCH 0.86, 0.93δCH3 5.86
Leu749 120.8 8.18 4.43 1.71 1.64γCH 0.98δCH3

Ile689 120.8 8.19 4.38 1.88 1.22, 1.48γCH2 0.92γCH3 7.32
Asn663 118.2 8.45 4.78 2.90, 2.83 7.02, 7.69 NH2

Asn675 118.8 8.67 4.71 2.89, 2.84 7.09, 7.76 NH2

Asn690 121.0 8.54 4.63 2.62 7.01, 7.69 NH2

Asn700 118.1 8.44 4.78 2.82, 2.90 7.05, 7.72 NH2

Asn720 119.4 8.58 4.62 2.49, 2.60 7.01, 7.70 NH2

Asn747 120.5 8.61 4.35 2.89, 2.92 7.05, 7.76 NH2 6.95
Asp709 121.9 8.41 4.68 2.73, 2.78 6.95
Asp714 120.0 8.24 4.69 2.74, 2.82 6.72
Gln725 120.8 8.53 4.40 2.04, 2.15 2.44γCH2 6.96, 7.65 NH2

Gln751 123.9 8.60 4.62 1.98, 2.17 2.44γCH2 6.96, 7.61 NH2 5.26
Glu660 122.6 8.70 4.48 2.03, 2.18 2.37γCH2

Glu677 121.1 8.63 4.40 2.08 2.37γCH2 6.59
Glu691 120.8 8.54 4.19 1.95, 2.17 2.37γCH2 6.50
Glu698 120.5 8.68 4.78 2.03, 2.12 2.38γCH2 6.59
Glu723 121.3 8.00 4.26 1.93 2.17γCH2 6.59
Glu728 124.2 8.55 4.33 1.99 2.34γCH2

Glu753 121.7 8.40 4.28 2.12 2.34γCH2

Ser666 117.1 8.27 4.51 3.87 7.32
Ser686 118.8 8.62 4.56 3.96, 4.00 6.59
Ser687 117.5 8.50 4.51 3.93, 3.97 7.19
Ser702 117.3 8.46 4.58 3.94, 4.00 6.59
Ser708 113.9 8.43 4.42 3.89, 4.00 6.46
Ser716 118.2 8.58 4.44 3.94, 3.97 6.59
Ser726 116.9 8.51 4.52 3.90 6.95
Ser733 114.4 8.47 4.52 3.94, 3.98 6.59
Arg688 122.2 8.50 4.43 7.93
Arg711 123 8.64 4.68 1.82 1.73γCH2 3.28δCH2 7.44εNH 6.59
Arg719 121.3 8.44 4.25 1.84 1.77γCH2 3.23δCH2 7.32εNH
Arg750 121.4 8.46 4.36 1.80
Lys661 122.5 8.65 4.66 1.78, 1.88 1.57γCH2 6.95
Lys695 123.1 8.31 4.47 1.82, 1.91 1.48γCH2 7.32
Lys701 121.1 8.46 4.17
Lys706 123.7 8.56 4.65 1.78, 1.88 1.53γCH2 6.95
Lys718 120.2 8.44 7.19
Pro668 4.52
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affinity as indicated by the higher F-actin concentration
required to reach saturation, the nature of the complex still
involved dual attachment of both sites to actin.

The residue contexts of Trp-692 and Trp-722 appear to
be distinctive of caldesmon as revealed by PROSITE
searches based on the sequences -XXRINEW692LXX- and
-XXRNLW722EXX-. The two sequence contexts are sub-
stantially less basic than the short inhibitory peptide sequence
of troponin-I (amino acid residues 96-115) which has been
shown to antagonize 658C binding to actin (11). This
peptide was therefore used in competition experiments to
study whether differential displacement occurred for the two
658C contacts. Titration of the peptide into a 3:1 mole ratio
mixture of 658C and F-actin resulted in the progressive
reversal of the spectral changes seen for 658C upon actin
addition (Figure 3). The concurrent reappearance of the side
chain signals of both tryptophan residues indicated the
simultaneous displacement of both contacts. This conclusion
is supported by the progressive increase in intensity of the
triplet δCH3 signal of the lone isoleucine residue of 658C,
Ile-689, which paralleled the behavior of the side chain
signals of Trp-692. These observations also pointed to the
discrete nature of the 658C-actin contacts since, as seen
for Phe-665 and -752, several alanine and threonine CH3

groups retain mobility independent of the overall complex
(Figure 3). These residues are distributed throughout the
sequence, suggesting that the actin interaction involved fairly
restricted segments of the 658C molecule encompassing Trp-
692 and -722. To obtain a larger number of sequence-
specific spectral assignments and hence more reporter groups
for the interaction, 2D and 3D NMR studies of the15N-
labeled 658C fragment were undertaken.

NMR Study of the 658C Sequence Indicates Regions of
Localized Structure.Conventional homonuclear1H NMR
methods for identifying coupled spin systems from scalar
(TOCSY) and dipolar (NOESY) connectivities produced
limited resonance characterization due partly to substantial
signal overlap in the CRH/amide proton fingerprint region
of the spectrum. Further, as expected on the grounds of
amino acid composition, 24 of the 99 residues showed AMX
spin systems for theirR/â protons (42). These spectral
features together with the presence of nine proline residues
hampered resonance identification by conventional sequential
assignment procedures (42). The difficulties were largely
overcome by making use of the dispersion available in the
15N chemical shifts of uniformly isotopically enriched 658C.

Figure 4A shows a section of the1H-15N 2D HMQC-
NOESY spectrum of 658C where all 12 glycine backbone
CRH signals are seen to be resolved in the15N dimension.
The sequence-specific residue assignments shown are sum-
marized in Table 1. These assignments were readily obtained
by 3D 15N-separated TOCSY and NOESY experiments
which enabled the spread of the conventional 2D spectrum
of the through-bond/through-space interacting protons into
a third (orthogonal) frequency dimension. Figure 4B shows
a slice of the1H-15N 3D TOCSY-HMQC spectrum of
658C where the spectral overlap has been resolved between
Val-683 and Val-737 and Asn-690 and Glu-677. The
sequence-specific assignments relied on the observation of
sequentialdNN(i,j+1), dRN(i,j+1), and dâN(i,j+1) NOE proximities
for the15N-labeled protein and also enabled the identification
of the previously unassigned aromatic residues. Confirma-
tion of the sequential assignments given in Table 1 was
obtained from the observation inJ-correlation spectra of the
characteristic spin systems for the corresponding residues.

To increase the parameter set available from the observed
NOEs with a view to localization of relatively structured
regions along the protein sequence3JNHR coupling constants
indicative of theφ backbone torsion angle about each N-CR

bond were determined by HMQC-J experiments (Figure 5,
Table 1), and qualitative dynamic structural information
about different regions of the protein backbone was obtained
from the measurement of T1 relaxation times (Figure 5 inset).
Inspection of these parameter sets, each reflecting different
physical properties of the conformation of the 658C mol-
ecule, together with comparison of the1H and15N chemical
shifts with those expected for an unstructured polypeptide
(43) indicated structural constraints on the segments encom-
passing the two tryptophan residues. Further, the sequence
linking these two segments contains a proline-rich region
which was observed to adopt an extended (trans X-Pro)
conformation. The ‘spacer’ properties of the Ser702-Pro-
Ala-Pro-Lys-Pro region can be seen from the downfield shift
of the -CRH signal of each residue preceding proline [Table
1 and (44)] and the strong NOE from the -CRH to the
inequivalent Cδ protons of the neighboring proline ring.
Several residues not preceding proline but possessingJ
coupling constant values notably different (g 0.7 Hz) from
those found in the spectra of denatured proteins (45) are
observed (e.g., Arg-688, Trp-692, Leu-721, Trp-722, and
Val-727), indicative of the more structured nature of the
sequences flanking each of the tryptophan residues. This is

Table 1 (Continued)

residue 15N NH CHR CHâ other 3JNH

Pro674 4.48 1.97, 2.36
Pro697 4.44
Pro703 4.49 2.34, 1.97
Pro705 4.33 2.38, 1.98
Pro707 4.47 2.41
Pro712 4.45 2.38, 2.14
Pro730 4.47 2.37, 1.97
Met658 121.9 8.80 4.62 2.14, 2.02 2.65γCH2

Phe665 123.2 8.48 4.75 3.22, 3.08 2,6H 7.32 3,5H 7.39 7.32
Phe752 119.8 8.38 4.69 3.24, 3.07 2,6H 7.33 3,5H 7.41 7.68
Trp692 119.9 8.17 4.77 3.33, 3.40 2H 7.32, 4H 7.68 5H 7.23, 6H 7.30

7H 7.53, NH 10.25 7.32
Trp722 118.5 7.96 4.71 3.35, 3.38 2H 7.31, 4H 7.68 5H 7.23, 6H 7.30 7.32

7H 7.53, NH 10.30
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also seen in the Figure 5 inset which shows that the
backbones of Asn-690, Leu-693, and Thr-694 (surrounding
Trp-692) possess different relaxation properties to the same
residues (Asn-675, Thr-678, and Leu-681) in the different
sequence setting preceding that encompassing Trp-692. A

full analysis of these data will be published separately, but
it is of interest in view of their dual involvement in actin
binding that the two tryptophan-containing regions of domain
4b, fragment 658C, displayed different solvent accessibility.
This was judged by the increase in amide proton exchange

FIGURE 5: Determination of the3JNHR coupling constants which reflect theφ backbone torsion angle about each N-CR bond. The1H and
15N HMQC-J spectrum of 658C used for measurement of the NH-CRH coupling constants is shown. The residue assignments are given
in Table 1. Inset: Determination of the15N T1 relaxation times. Examples of15N T1 decay curves for Asn-675, Asn-690, Thr-678, Thr-
694, Leu-681, and Leu-693.
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of specific residues induced by the alteration of the solution
pH from 5.8 to 7.2. Since no residue ionization occurred
over this pH range, the greater sensitivity of the segment
encompassing Trp-722 to base-catalyzed-NH exchange as
indicated, for example, by Ser-716, Arg-719, Asn-720, and
Leu-721 suggested greater exposure of these residues
compared to the sequence adjacent to Trp-692. These
considerations influenced our choice of mutagenesis, aiming
to affect interaction with actin by alteration of the less
solvent-exposed region surrounding Trp-692. We produced
a mutant of 658C where we replaced the site around Trp-
692,691Glu-Trp-Leu-Thr-Lys-Thr696 to Pro-Gly-His-Tyr-Asn-
Asn replacing the tryptophan residue and changing the local
charge of the sequence. The purified fragments, Cg1 and
658C, migrated on SDS-PAGE with the same apparent
molecular masses of 10.5 kDa.

Cg1 Binds to Actin and Actin-Tropomyosin.The binding
of Cg1 to actin or to actin-tropomyosin assessed by
sedimentation assay was found to be similar to the binding
of 658C in parallel experiments. Figure 6 shows binding
curves for Cg1 measured in 10 mM KCl buffer. The binding
constants calculated assuming simple binding were 0.1×
106 M-1 for binding to actin and 0.23× 106 M-1 for binding
to actin-tropomyosin. We previously reported an affinity
of 0.06 × 106 M-1 for 658C binding to actin (9). It has
been demonstrated that the binding of caldesmon and
caldesmon peptides such as 658C to actin-tropomyosin may
best be accounted for on the basis of two independent binding
sites, one with a stoichiometry of 1 per actin and affinity
similar to actin binding plus an additional low-stoichiometry

(0.07-0.2 per actin), high-affinity tropomyosin-dependent
binding component (9, 17, 48). Our data record was not
sufficient to fit to an equation for two classes of binding
site; however, when Cg1 binding to actin was subtracted from
Cg1 binding to actin-tropomyosin, as described by Fraser
et al. (17), a high-affinity (K > 2 × 106 M-1), low-
stoichiometry (0.24 per actin) tropomyosin-dependent com-
ponent of binding was revealed. This compares with 9×
106 M-1 estimated for the high-affinity binding of 658C at
0 mM KCl using a biphasic fit (9).

1H NMR ReVeals That the Mutation of the Sequence
Surrounding Trp-692 Reduces Its Affinity for Actin and
Results in Differential Dual-Site Interaction.Addition of
actin to the Cg1 mutant showed markedly different apparent
affinities of the two actin binding zones of the molecule.
While the signals of Trp-722 were significantly perturbed
in the initial stages of the titration (Figure 7) in a manner
comparable to their response in 658C, the signals of His-
693 and Tyr-694 which derive from the mutated region
responded only at higher actin concentrations, consistent with
an estimated 5-10-fold reduction in the apparent actin
binding affinity of this region of the molecule. Further
increase in F-actin concentration led to marked broadening
of the signals of His-693 and Tyr-694, which showed that,
as in the case of 658C, dual sited interaction occurred, leaving
other regions of the molecule (e.g., Phe-665 and Phe-752)
relatively unaffected by complex formation. Consistent with
these observations are our measurements of the inhibitory
potency of Cg1.

Inhibition of the Actin and Actin-Tropomyosin ActiVation
of Myosin ATPase ActiVity. The inhibitory potency of 658C
and Cg1 on the actin-tropomyosin-activated myosin ATPase
was determined in various experimental conditions. At 0
mM KCl/25 °C 3 µM 658C and 7µM Cg1 were needed for
50% inhibition of ATPase activation; at 10 mM KCl, 6µM
658C and 30µM Cg1 were needed for 50% inhibition
(Figure 8A); and at 20 mM KCl/30°C, 17µM 658C and 65
µM Cg1 were needed for 50% inhibition. Much lower
inhibitory activity was observed in the absence of tropomyo-
sin with both caldesmon peptides. Since inhibition is a direct
consequence of the caldesmon-actin interaction, we mea-
sured actin binding and inhibition of actin-tropomyosin
activation of HMM ATPase activity in parallel experiments
(Figure 8B). While 50% inhibition resulted when 0.1 mol
of 658C was bound per mole of actin, the amount of bound
Cg1 needed for the same inhibition level was some 3-4×
higher. These results clearly show that the mutation of the
six amino acid residues causes a decrease of the cooperativity
of the ATPase inhibitory effect of the C-terminus of
caldesmon when bound to actin-tropomyosin.

Both Caldesmon Fragments Bind to Ca2+-Calmodulin. As
previously shown for 658C, we observed that Cg1 was able
to bind calmodulin in a Ca2+-dependent manner. Using
fluorescence spectroscopy, we observed a distinct blue shift
of the maximum of the intrinsic tryptophan fluorescence of
the caldesmon fragments upon complex formation of both
658C and Cg1 with calmodulin, in the presence but not in
the absence of Ca2+(Figure 9A), in accordance with previous
observations of complex formation of caldesmon with Ca2+-
calmodulin (34, 46, 47). The concentration of calmodulin
required to give half-maximal fluorescence blue shift was
greater for Cg1 than for 658C indicating weaker binding of

FIGURE 6: Binding of Cg1 to actin or actin-tropomyosin. Condi-
tions: HMM buffer with 10 mM KCl, 25°C, 12µM actin, and, if
present, 2.9µM tropomyosin. The cosedimentation assay and
subsequent analysis are described under Materials and Methods.
(O) binding of Cg1 to actin; (b) binding of Cg1 to actin-
tropomyosin. The curves are calculated fits to a simple binding
equation. Lower panel: Calculated difference between measured
Cg1 binding to actin-tropomyosin and the fitted curve for Cg1
binding to actin, showing the high-affinity, low-stoichiometry
component of binding which is observed in the presence of
tropomyosin. For details of this procedure, see Fraser et al. (17).
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Cg1. The interaction of Cg1 with calmodulin was also
indicated by a biosensor-based binding assay when solutions
of different concentrations of both Cg1 and 658C were

injected past calmodulin-bound and control surfaces. The
quantitative difference in binding detected during this wash-
on phase was confirmed by the relative ease with which each

FIGURE 7: NMR spectra of the titration of Cg1 with F-actin. The aromatic region is shown to illustrate the differential effects found for
Trp-722, His-693, and Tyr-694. Bottom trace: proton NMR spectrum of Cg1 (400µM; pH 7.2; 297 K). Upper traces: spectrum after
addition of actin at (middle) 10µM and (top) 110µM.

FIGURE 8: Inhibition of the actin and actin-tropomyosin-activated myosin ATPase by Cg1 and by 658C. Panel A conditions: HMM
buffer with 10 mM KCl/25°C (in the presence of tropomyosin, closed symbols) or with 0 mM KCl/25°C (in the absence of tropomyosin,
open symbols), 1µM skeletal muscle HMM, 12µM actin, 4µM tropomyosin (if present), and 0-100µM caldesmon fragment. Cg1: (O,
b). 658C: (4, 2). The assay is described under Materials and Methods. Uninhibited ATPase ()100% ATPase) was 2.6 and 7.5 s-1 in the
absence and presence of tropomyosin, respectively. Panel B: Inhibition of actin-tropomyosin activation in relation to actin binding.
Conditions: HMM buffer with 0 mM KCl and 0.1 mM CaCl2, 25 °C, 1 µM skeletal muscle HMM, 12µM actin, 4µM tropomyosin. Cg1:
(b). 658C: (2). Uninhibited ATPase was 1.8 s-1 ()100% ATPase).
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caldesmon fragment dissociated from calmodulin during the
wash-off phase following injection (Figure 9B), indicating
that the affinity of calmodulin for 658C was greater than its
affinity for the Cg1 mutant.

We also examined the ability of Ca2+‚calmodulin to
reverse inhibition of actin-tropomyosin due to 658C and
Cg1. Measurements were made in 20 mM KCl at 25°C;
20µM 658C inhibited actin-tropomyosin activation by 50%,
and the inhibition was reversed by adding Ca2+‚calmodulin
(50% reversal at 5µM) as previously observed (34, 48). In
contrast, 60µM Cg1 was needed for 50% inhibition, and
Ca2+‚calmodulin had no effect upon inhibition, even at 200
µM, the highest concentration tested.

DISCUSSION

It has been established that the whole of the inhibitory
property of caldesmon is contained within the C-terminal
approximately 160-170 amino acid residues, corresponding
to domain 4, and that the C-terminal 99 amino acids (domain
4b) retain tropomyosin-dependent, Ca2+‚calmodulin-regu-
lated inhibition of actomyosin ATPase activity, albeit with
a lower affinity for actin (6, 7, 8, 9, 18, 49). Our results
show that the interaction of caldesmon domain 4b with
F-actin involves docking of two noncontiguous segments
which flank Trp-692 and Trp-722 (Figure 2). Our data also
indicate that the stretch of the polypeptide chain (Ser702-
Pro-Ala-Pro-Lys-Pro707) linking these two actin contacts
adopts an extended, relatively rigid configuration able to act
as both spacer and swivel joint. Although our results indicate
that the contact sites on actin are disparate, they do not
distinguish between interaction of both sites on a single actin
monomer surface from dual-sited attachment spanning two
monomers.

Ser-702 at the N-terminus of the spacer segment has been
identified as a MAP kinase phosphorylation site (50).
Introduction of a negatively charged residue in the linker

segment of the S702D mutant led to lower affinity for actin
but did not alter the dual-sited nature of the protein contacts
formed (Figure 2B). In sharp contrast, differential affinity
of these two contacts resulted from the alteration of residues
691-696 in the Cg1 mutant (Figure 7). This suggested the
separate ability of each site to interact with F-actin. It is
thus most likely that the weaker affinity for the two sites
observed in S702D derives from a slower on-rate and/or
faster dissociation kinetics. Ser-702 indeed occurs within a
motif comprising charged residues, Lys695-x-x-Asp/Glu-x-
x-Lys701-x-x-x-x-Lys-x-x-Asp709, which is unique to caldes-
mon. The observed effect of negative charges at position
702 indicates that this characteristic charge distribution of
the spacer motif may be a contributing factor in the dual-
sited association between F-actin and the C-terminal 658C
fragment of caldesmon.

The reduced propensity of residues 691-696 to take on a
helical structure was one reason behind the introduction of
proline at residue 691 of the Cg1 mutant, aiming to probe
any difference in conformation when docked to F-actin and
to calmodulin. Despite the marked difference between 658C
and Cg1 in the nature of the side chains of residues 691-
696, it is notable that this mutated site was capable of
interacting with the actin surface, albeit with lower affinity
(Figures 6 and 7). The contrasting inability of calmodulin
to compete for Cg1 in the presence of actin can therefore be
rationalized in terms of the intrinsic structural bias of the
mutated residues of Cg1, a conclusion supported by the
observation that the short segment comprising residues 687-
695 became helical when bound to calmodulin (51). The
ability retained by Cg1 to form dual-sited contacts with
F-actin indicated that complex formation with F-actin involv-
ing residues 691-696 was not reliant upon the properties
of their side chains alone and suggested that this region of
caldesmon is likely to adopt a more open conformation when
bound to F-actin, possibly looped rather than helical.

FIGURE 9: Binding of Cg1 or 658C to Ca2+-calmodulin. (A) Measurement of the tryptophan fluorescence emission of caldesmon fragments
Cg1 and 658C. The wavelength of maximum tryptophan fluorescence of 658C or Cg1 was measured (excitation at 295 nm) upon titration
with calmodulin as described under Materials and Methods. Cg1: (b). 658C: (4). Apparent dissociation constants derived from these
titrations were 4( 1 µM and 15( 4 µM for 658C and Cg1, respectively. (B) Biosensor: Overlay of the dissociation curves of 658C (2,
4) and Cg1 (b, O) during the wash-off phase following injection onto the calmodulin-coated chip surface. A series of injections of 658C
and Cg1 were performed over the range of concentrations 100-2000 mg/mL; 1000 (b, 2) and 1500 mg/mL (4, O) shown for each. Before
each injection, the level of associated protein was reduced to base line by a 10 mL injection of 100mM EDTA. Curves have been normalized
by subtraction of the reference, blank channel. The wild-type 658C can be seen to dissociate more slowly than Cg1. The dissociation rate
constants (s-1) derived by curve fitting of the dissociation phase time courses were 0.065( 0.002 (n ) 3) and 0.113( 0.003 (n ) 3) for
658C and Cg1, respectively.
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Our results are also consistent with the deletion mutagen-
esis studies of caldesmon (22), which indicate that excision
of residues 690-717 and 718-735 led to reduced actin
binding and lower inhibitory potency, and with deletion
analysis of domain 4 (17), which indicated that the sequences
690-710 and 713-737 were essential for inhibition. Our
data shed further light on the different locales of actin that
underlie the inhibitory ability of the C-terminal domain 4 of
caldesmon. Despite the occurrence of lysine residues
throughout the sequence of the 658C fragment comprising
domain 4b (13% by residue composition), no cross-linking
by EDC to actin has been reported, unlike that observed
between the short inhibitory region of troponin-I and the
acidic residues at the N-terminus of actin (52). Rather,
interaction of this region on domain 1 of actin with domain
4a of caldesmon has been indicated by cross-linking (53)
and demonstrated by NMR (11). It thus appears that the
ability of 658C (and Cg1) to inhibit actomyosin ATPase in
a manner potentiated by tropomyosin utilizes sites other than
at actin’s N-terminus. This conclusion is supported by our
observation of the ready displacement of both actin contacts
on each of the caldesmon fragments by the 21 residue
troponin-I inhibitory peptide. Similar displacement by the
binding of the troponin-I peptide to actin’s N-terminal was
found for the myosin light chain 1 which interacts at the
C-terminal residues on subdomain 1 of actin (54). Since
the topology of the C-terminal region of caldesmon involves
proximity of the segments flanking Trp-692 and Trp-722 to
Cys-580 (11), a residue that can be cross-linked to Cys-374
of actin (55), our observations suggest that the contact(s)
and inhibitory ability of 658C entail(s) interaction of caldes-
mon domain 4b at the C-terminus of actin. This is consistent
with three-dimensional reconstructions of the complex of
F-actin with caldesmon domain 4 (the caldesmon fragment,
606C) demonstrating the presence of extra mass at the
C-terminus of actin in the complex (56). The interaction of
the C-terminal domain 4 of caldesmon at a number of sites
on the surface of actin [this study and (11, 57)] raises the
possibility of a graded inhibitory response modulated by the
prevailing concentration of calmodulin or other relevant
calcium-binding proteins.
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