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ABSTRACT. Calmodulin has been shown to interact with the COOH-terminal domain of gizzard h-caldesmon
at three sites, A (residues 65866), B (residues 687695), and B (residues 71%725), each of which
contains a Trp residue [Zhaat al. (1991)J. Biol. Chem. 26621810-21814; Marstoret al. (1994)J.

Biol. Chem. 2698134-8139; Mezgueldet al. (1994)J. Biol. Chem269, 12824-12832]. To determine

the contribution of each of the three Trp residues in the calmodaliddesmon interaction, we have
mutated the Trp residues to Ala in the COOH-terminal domain of fibroblast caldesmon (CaD39) and
studied the effects on calmodulin binding by fluorescence measurements and using immobilized calmodulin.
Wild-type CaD39 binds with &4 of 0.13 x 107 M and a stoichiometry of 1 mol of calmodulin per mol

of caldesmon. Replacing Trp 659 at site A or Trp 692 at site B to Ala reduces binding by 22- and
31-fold (Kg = 2.9 x 1078 and 4.0x 1076 M), respectively, and destabilizes the CaB2@Imodulin
complex by 1.75 and 1.94 kcal md| respectively. Mutation of both Trp 659 and Trp 692 to Ala further
reduces binding with &4 of 6.1 x 1076 M and destabilizes the complex by 2.17 kcal mol On the

other hand, mutation of Trp 722 at sité #® Ala causes a much smaller decrease in affirity€ 0.6 x

10-% M) and results in a destabilization energy of 0.87 kcal TholTo investigate the relative importance

of the amino acid residues near each Trp residue in the caldestamodulin interaction, deletion mutants
were constructed lacking site A, site B, and sité B Although deletion of site A decreases binding of
CaD39 to calmodulin by 13-foldKg = 1.7 x 106 M), it results in tighter binding than mutation of Trp

659 to Ala at this site, suggesting that the residues neighboring Trp 659 may contribute negatively to the
interaction. Deletion of site B causes a similar reduction in bindig= 4.1 x 10°% M) as observed

for replacing Trp 692 to Ala at this site, indicating that Trp 692 is the major, if not the only, binding
determinant at site B. Deletion of both site A and site B drastically reduces binding by 62-fold. Taken
together, these results suggest that Trp 659 and Trp 692 are the major determinants in the caldesmon
calmodulin interaction and that Trp 722 in sité fdays a minor role.

Caldesmon is an actin-binding protein present in both 1991). The h-caldesmon middle domain, which has a high
smooth muscle and nonmuscle cells [for reviews, see Sobuen-helical content based on secondary prediction and circular
and Sellers (1991), Matsumura and Yamashiro (1993), anddichroism measurements (Waegal., 1991a), is absent in
Marston and Redwood (1991)]. Smooth muscle h-caldesmonthe nonmuscle isoform (Ball & Kovala, 1988). Since both
has aM; of 87000 and contains three structurally and smooth muscle and nonmuscle caldesmon have similar

functionally distinct domains: an NHerminal domain  fnctionsin sitro, it is not clear what functional role is played
(residues +250), a middle domain (residues 25400), and by the middle domain.

a COOH-terminal domain (residues 40156). While all
three domains have been shown to bind tropomyiosiiitro There is strongn vitro evidence supporting a regulatory

(Redwood & Marston, 1993; Graceffa, 1987; Watsoral., role for caldesmon in smooth muscle contraction and in
1990), the NH-terminal domain also binds myosin (Velaz nonmuscle cell motility. The COOH-terminal domain of

et al, 1990; lkebe & Reardon, 1988), and the COOH- caldesmon inhibits actomyosin ATPase by blocking the
terminal domain interacts with actin (Barteefi al., 1990; interaction of actin and myosin and/or inhibiting a kinetic

Mezgueldi et al, 1994) and the Ca-binding proteins  step of the actomyosin ATPase cycle (Marston & Smith,
calmodulin (Zharet al., 1991; Zhuangt al., 1995; Marston 1985; Ngai & Walsh, 1984; Valeet al., 1989; Lastet al.,

etal, 1994) and caltropin (Maret al, 1992). Both NH- 1986; Horiuchiet al, 1986). The inhibition can be released
and COOH-terminal domains of smooth muscle caldesmon by C&*—calmodulin (Horiuchiet al, 1986; Sobueet al.

are conserved in nonmuscle caldesmon with similar primary 1985: Ngai & Walsh, 1984).

. ) Itis generally agreed that there
structures and functions (Hayagtial.,, 1991; Bryan & Lee, g yag

are multiple C&"—calmodulin-binding sites at the COOH-
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54?332;,';aéini\?éri'it545'2497- E-mail: maka@qucdn.queensu.ca. release of caldesmon inhibition of actomyosin ATPase
s University of Calgg'ry_ (Wanget al., 1996; Marstoret al, 1994; Zhuangt al., 1995;
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It has been proposed that®acalmodulin interacts with  The primers SCATTCCCTTTCTC(CGC)CATACTCT-
three sites in chicken gizzard caldesmon: M658-W-E-K-G- TGATG3, 5GGGTTTTAGTTAG(CGC)TTCATTGAT-
N-V-F-S666 (site A), S687-R-I-N-E-W-L-T-K695 (site B), GCGGC3, and BCAGATTGCTTTTC(CGC)GAGGTTC-
and G717-K-R-N-L-W-E-K-Q725 (site 'B (Zhan et al., CGCTTGCS3 were used to generate the mutants W659A
1991; Marstoret al., 1994; Mezgueldet al., 1994). Each (W461A), W692A (W494A), and W722A (W524A) and the
of the three sites contains a Trp residue, which is believed double mutant W659,692A (W461,494A). The numbering
to be involved in calmodulin binding as has been shown by refers to the chicken gizzard sequence (Bryan & Lee, 1991)
fluorescence measurements (Shirinskwl., 1988). Recent  while the numbering in parentheses refers to the human
NMR data by Hubeet al. (1996) showed the distinct €a- fibroblast caldesmon sequence (Natyal., 1991). For the
calmodulin interaction with Trp residues 692 and 722 at sites sake of simplicity, the chicken gizzard sequence will be used
B and B, respectively. Another report by Waegal. (1996) as a reference sequence. Each primer sequence represents
has shown that there are three calmodulin-binding determi-the antisense sequence where the mismatched bases are
nants localized within residues 62817, which encompasses underlined and the sequences that give rise to Ala codons
only sites A and B. However, deletion of residues #18 are shown in parentheses. This method takes advantage of
756, containing site Bhad no effect on calmodulin binding.  a second primer (selection primefCAGCTTATCATCTA-
The apparent discrepancy could be due to the use of smallGACGCGTTAATGCGGTAG3), which anneals to the same
caldesmon fragments of various lengths, which likely have strand of DNA as the mutagenic primer and eliminates the
conformations quite different from that of the intact protein uniqueClal andHindlll sites from the pET-3d backbone of

or the COOH-terminal domain. the parental plasmid. Cleavage with these two selection
The aim of the present study is to determine the contribu- €nzymes linearizes the parental plasmid, allowing for the
tion of each Trp residue at sites A, B, and B the recovery of mutants with very little background of wild-

caldesmor-calmodulin interaction. In order to minimize type plasmids.
disruptions to the conformation of the caldesmon COOH- The deletion mutants removing the calmodulin-binding
terminal domain, we have mutated the Trp residue in eachsites A, B, and A-B were constructed by PCR mutagenesis
site to Ala in the COOH-terminal domain of human fibroblast using the following mutagenic primer pairs: A'TEZAA-
caldesmon (CaD39) and studied the effects on calmodulin GAGT/TCCCCCACTGCAGCAG35GTGGGGGA/ACTC-
binding. We present here fluorescence and sedimentationTTGATGTTGCGTACA3; B: 5GGGTTTCT/ACCCCA-
binding data showing that Trp 659 and Trp 692, in sites A GATGGAAACAAG3', 5TCTGGGGT/AGAAACCCCTAC-
and B, respectively, are important in Tacalmodulin CTTCAAG3. The backslashes denote deletion boundaries.
binding whereas Trp 722 in site' Blays a minor role. To  The deletion mutants are missing the putative calmodulin-
determine the contribution of the amino acid residues binding sites A and B corresponding to the chicken gizzard
neighboring the Trp residues at each site to calmodulin h-caldesmon sequences (with the corresponding human
binding, we have constructed deletion mutants lacking sitesfibroblast caldesmon sequences in parenthes®8%8—666
A, B, and A+B in CaD39. Binding data using the deletion (A460-468) andA687—695 (A489-497). A double mutant
mutants suggest that amino acids near Trp 692 at site Bmissing both sites A and B\658-666,687695 (A460—
contribute little, if at all, to calmodulin binding, whereas 468,489-497), was also constructed.
amino acids surrounding Trp 659 may contribute negatively DNA sequence analyses were performed to confirm the
to binding. identity of the Trp-to-Ala and deletion mutations.
Fluorescence StudiesThe binding of calmodulin to
MATERIALS AND METHODS CaD39, W659A, W692A, W659,692A, or W722A was
Protein Preparations. Smooth muscle caldesmon was Monitored by tryptophan fluorescence on a Perkin-Elmer LS-
prepared from chicken gizzard as described by Bretscher20 Spectrometer at 25. A stock solution of calmodulin
(1984). Recombinant COOH-terminal fragment of human (0—8 M final concentration) was titrated into a AM
fibroblast caldesmon (CaD39) and all mutants were expressecsolution of caldesmon fragment such that the total volume
in Escherichia coliand purified as described by Noey al. change was less than 15%; corrections to the intensity
(1993), with the following modifications: the ammonium Measurements were mad(_a for dilution during the titration.
sulfate precipitation was performed from 0 to 55%, and the The buffer was 20 mM Tris-HCI, pH 7.2, 0.5 mM Ca(l
pooled samples from the MonoS column were dialyzed 100 mM NaCl, 1 mM DTT, and 0.1 mM NaN The
against ammonium bicarbonate and lyophilized. Bovine excitation wavelength was at 295 nm, and the excitation slit

brain calmodulin, which is identical in sequence to chicken Widthwas 5 nm. Intensity measurements were made with a
gizzard caldesmon, was purified according to the method of 290 nm filter at 330 nm, with a slit width of 10 nm.
Gopalakrishna and Anderson (1982). Binding curves were fitted to the following equation using

All protein concentrations, except for calmodulin, were & nonlinear regression routine:
determined by the method of Lowrgt al. (1951) using
bovine serum albumin (BSA) as a standard. Bovine brain Al = (Al o /1A — (A% — 4nPTLT)1/2]/2nPT
calmodulin concentration was determined using the absorp-
tion coefficientA'™ at 276 nm= 2.0 (Wolff et al, 1977).  where Al = the change in fluorescence intensity in the
In Vitro Site-Directed MutagenesisThe point mutants  caldesmon fragment induced by calmodulin, = the
replacing Trp with Ala were constructed by the method of fluorescence of the caldesmon fragment in the absence of
Deng and Nickoloff (1992) using the “Transformer site- calmodulin, Almax = the maximal change in caldesmon
directed mutagenesis kit, 2nd version” (Clonetech), in the fragment fluorescence saturated with calmodufine nPr
clone pETCaD39, a gift from Dr. J. J.-C. Lin, University of + Lt + Ky, n = the number of moles of calmodulin-binding
lowa. The mutagenesis was performed in the pET-3d vector.sites per mole of caldesmon fragmef; = the total
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Ficure 1: Purified mutants of recombinant COOH-caldesmon.
SDS-PAGE followed by Coomassie Blue staining of approxi-
mately 1ug of CaD39 or its mutants. The numbers in the left-  wes9A

AAB

hand column indicate the molecular mass in kilodaltons. Lane 1, W92A A .

low molecular mass markers (from top to bottom: ovalbumin, ’ 2

45000 Da; carbonic anhydrase, 31000 Da; soybean trypsin W659.692a

inhibitor, 22 000 Da; lysozyme, 14 000 Da); lane 2, CaD39; lane WIRA A =

3, WB59A; lane 4, W692A, lane 5, W659,692A; lane 6, W722A; ' n

lane 7,AA; lane 8,AB; lane 9,AAB. Ficure 2: Schematic diagram of CaD39 and mutants. CaD39 and

. . its mutants were generated in tBe coli expression system. The
caldesmon fragment concentratibn,= the total calmodulin =~ numbers represent the chicken gizzard sequence; numbers in
concentration, any = the dissociation constant. parentheses represent the human fibroblast caldesmon sequence.

Binding of CaD39 and Mutants to Immobilized Calmodu- Putative calmodulin-binding sites are boxed and show the amino
. . . acid residues of human fibroblast caldesmon. The positions of the
lin. Calmodulin was coupled to Pharmacia CI*:J{Bt_apharos_e Trp-to-Ala mutations are indicated with the letter A.
4B beads according to the manufacturer's instructions.
CaD39 or its mutants (M) were '_nC_Uba.ted_ with cal- Table 1: Binding Parameters of the CaDBD3%almodulin
modulin—Sepharose (3@M) for 30 min in binding buffer Interactiort
(20 mM Tris-HCI, pH 7.2, 0.5 mM Cagl 100 mM NacCl, 1

caldesmon fragment Kg (uM) Almafloat 330 nm

mM DTT, and 0.1 mM Nal) at room temperature. The CaD39 013£ 001 0772 0.03
beads were washed twice wnh binding buffer, and bound WE59A 20105 0.86% 0.04
caldesmon was eluted twice with 20 mM Tris-HCI, pH 7.2, WGE92A 4.0+05 0.97+ 0.04
10 mM EGTA, 100 mM NaCl, 1 mM DTT, and 0.1 mM W659,692A 6.0 1.0 0.40+ 0.10
NaNs. The samples were centrifuged at 12G0r 30 s W722A 0.60+ 0.01 0.96+ 0.02
between each manipulation. Supernatants from the washes AA 1.7+0.2 0.62
and elutions were subjected to SBBAGE, after which the AB 4.1+£0.1 0.77

AAB 8.94+0.4 0.50

gel was stained with Coomassie Blue and the amount of
bound and free prote|n was determ|ned by scannlng dens|_ a Blndlng data were obtained from 2t05 different preparations of
tometry. The binding of BSA and the binding of CaD39 to G039 and mutants, and at least 2 binding curves were consiructed
calmodulin-Sepharose in the presence of 10 mM EGTA -

were used as controls.

schematic representation of the deletion and Trp/Ala mutants
RESULTS is shown in Figure 2.
Binding of Trp/Ala Mutants of CaD39 to €&a-Cal-
Fragments Corresponding to the COOH-Terminal Domain modulin. In the absence of calmodulin, the emission spectra
of Caldesmon Used in This Studor the present studies, 0f CaD39 and all the Trp/Ala mutants are similar in shape
we have chosen to use the recombinant fragment CaD39to that of the chicken gizzard caldesmon and exhibit a
which corresponds to the entire COOH-terminal domain of maximum fluorescence intensity at 348 nm. The relative
human fibroblast caldesmon, residues 2588 (residues  fluorescence intensitieso(at 348 nm) of 1uM of CaD39,
443-736 in chicken gizzar@ caldesmon). The sequences W659A, W692A, W659,692A, and W722A are about 100:
in CaD39 are highly conserved in the corresponding region 64:62:30:65, indicating that each Trp residue contributes
in chicken gizzard h-caldesmon; moreover, the amino acid equally to the total fluorescence of CaD39, that is, about
sequences of the three putative calmodulin-binding sites are32%, 35%, and 30% for Trp 659, Trp 692, and Trp 722,
identical in the two proteins with the exception of a single respectively.
replacement of Gly 717 in h-caldesmon at sitebl a Ser Calmodulin itself does not contain Trp residues, but it
in the fibroblast isoform (Bryan & Lee, 1991; Nowt al., increased the fluorescence intensity of all three Trp residues
1991). This highly conserved domain has been shown toin CaD39 by 77%. Replacement of any one of the three
exist as a distinct structural fragment which retains all the Trp residues by Ala results in an augmented calmodulin-
known functions inherent in the COOH-terminal domain of induced enhancement of fluorescence in the remaining two
the intact protein. For example, it binds actin, tropomyosin, Trp residues as shown by the valuesAdfy. /1, at 330 nm
and calmodulin, and it inhibits actin activated myosin ATPase (Table 1). These data suggest that the binding of calmodulin
activity (Novy et al.,, 1993; Tsurudat al., 1995). Trp/Ala to CaD39 affects each Trp residue to a differing degree and
mutants, W659A, W692A, W659,692A, and W722A, and the effect on each Trp residue is not independent of the
deletion mutants of CaD39 lacking the putative calmodulin- others.
binding sites A, B, and AB (AA, AB, andAAB, respec- Calmodulin binding also caused a blue shift in the emission
tively) were expressed i&. coli and purified as described maximum from 348 to 337 nm, indicating that calmodulin
under Materials and Methods. The purified mutants were either directly or indirectly shields the Trp residues from a
examined by SDS/PAGE as shown in Figure 1, and a polar environment. Our observation is in agreement with
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Ficure 3: Binding of CaD39 and Trp/Ala mutants to calmodulin.
The binding of calmodulin (68 «M) to CaD39 (open circles),
WG659A (filled circles), W692A (open triangles), W659,692A (filled

triangles), or W722A (open squares) was monitored by tryptophan
fluorescence. The lines indicate the fitted curves. The buffer was

20 mM Tris-HCI, pH 7.2, 0.5 mM Cag| 100 mM NaCl, 1 mM
DTT, and 0.1 mM NaN Fluorescence measurement was carried
out at 25°C, with the excitation wavelength at 295 nm and
excitation slit at 5 nm. Measurements were made with a 290 nm
filter at 348 nm with a 10 nm emission slit.

the original report by Shirinsket al. (1988), who observed
a shift of the emission maximum from 351 to 339 nm in

gizzard h-caldesmon in the presence of calmodulin. Cal-

modulin induced changes in the intensity, and a shift in the
maximum wavelength of the emission of CaD39 was
abolished when EGTA was present, indicating a specific
Cat-dependent interaction (data not shown).

To determine the contribution of each Trp residue in sites
A, B, and B in the calmodulir-caldesmon interaction,
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Table 2: Binding Energy of the Trp/Ala MutanCalmodulin
Interaction

caldesmon fragment AGgpp (kcal moi-t)a

WG659A —-1.75
W692A —1.94
W659,692A —2.17
W722A —0.87

& AGapp= RTIn (Ky/Kd'), whereKy andKy' are dissociation constants
of the CaD39-calmodulin and Trp/Ala mutartcalmodulin complexes,
respectively.

In (Ke/Kq'), whereKq andKy' are the dissociation constants
of the calmodulin-CaD39 and calmodulinmutant com-
plexes, respectively. Replacing the indole ring of Trp 659
or Trp 692 with a hydrogen atom causes a similar destabi-
lization of the calmodulinr-CaD39 complex, that is, by 1.75
and 1.94 kcal mol, respectively (Table 2). Mutation of
both Trp 659 and Trp 692 causes a further destabilization,
AGapp= —2.17 kcal mot!. A similar mutation of Trp 722,
however, has a significantly less destabilizing effect as
reflected in theAGgp, value of —0.87 kcal mot™.

To confirm the binding data based on fluorescence
measurements, we have carried out binding experiments
using calmodulin immobilized on Sepharose beads, which
allowed us to measure directly the amount of caldesmon
fragment bound. As shown in Figure 4A, the double mutant,
W659,692A, has the lowest affinity for calmodulin while
W659A and W692A have a similar decrease in their affinity
for calmodulin. Replacing Trp 722 with Ala shows little
effect on the binding of CaD39 to calmodulin. Negligible
amounts of bound protein were recovered when EGTA was
included in the binding assay or BSA was used as the ligand,
indicating specific binding (data not shown). These results
therefore confirm the fluorescence data that Trp 659 and Trp
692 are shown to be equally important in the binding of

binding curves (Figure 3) were constructed and fitted to the caldesmon to calmodulin, whereas Trp 722 is less so. It
equation described under Materials and Methods. CaD39should be pointed out that the margins of error in the affinity
binds calmodulin with &y 0f 0.13x 10°°M, andn=1.1  pinding assays are higher than those in fluorescence meas-
(see Table 1). This is in agreement with previous reports yrements especially for the weak-binding mutants. This is
(Huberet al,, 1996; Zhuanget al., 1995) that although the  jikely due to the uncertainty of the accessibility of the
contact sites, 1 mol of caldesmon binds 1 mol of calmodulin. cymulative error involved in the subsequent steps of analyses
Replacing Trp 659 or Trp 692 with Ala at site A or B reduces of hound protein. For this reason, no attempt was made to
binding by 22- and 31-foldKy = 2.9 x 107° and 4.0x calculate binding parameters based on the affinity binding
10°° M), respectively. Mutating both Trp residues at 659 gata. However, affinity data provide a semiguantitative
and 692 to Ala decreases binding further, resulting in a gnalysis of direct binding and help in confirming the
M). Replacing Trp 722 with Ala at site'Bhas a relatively Interaction of Calmodulin with Deletion Mutants of CaD39
Sma” ef‘feCt on the b|nd|ng Of CaD39to CalmOdulin, reSUIting Lacking Caimoduiin_Binding Sites A and Bo investigate
in a less than 5-fold reduction in binding{= 0.60x 10°  the involvement in calmodulin binding of amino acid residues
M). These data indicate that while both Trp 659 and Trp other than Trp in sites A and B, we have generated deletion
692 are major determinants in the caldesmoalmodulin mutants lacking site AAA, residues 658666, Met-Trp-
interaction, Trp 722 plays a minor role. Glu-Lys-Gly-Asn-Val-Phe-Ser), site BAB, residues 687

To measure the interaction energy of the Trp residues in 695, Ser-Arg-lle-Asn-Glu-Trp-Leu-Thr-Lys), and both sites
caldesmon with calmodulin, we calculate the apparent A and B (AAB, residues 658666 and 687695). As shown
binding energy as defined by Fersht (1988)3,,, Which in Table 1 and Figure 5, calmodulin induces an increase in
compares the binding energy of a wild-type protein with that Alnadlo at 330 nm by about 62% and 77% XA and AB,
of a mutant in which the interacting side chain has been respectively, and causes a shift in the emission maximum
truncated and replaced by a hydrogen atom. In our case,from 348 to 339 nm. Deletion of site A reduces the binding
the indole ring at th@-carbon of each Trp residue has been of CaD39 to calmodulin by 13-fold with &y of 1.7 x 1076
deleted and replaced by a hydrogen atom to generate an AlaVl; interestingly, AA has a higher affinity for calmodulin
residue. AGyppmeasures the difference between the binding than the W659A mutant which hasia of 2.9 x 1076 M. It
energies of the CaD3%calmodulin interaction and the appears that the amino acid residues neighboring Trp 659 at
CaD39 mutantcalmodulin interaction. Thu®)Gap,= RT site A contribute negatively to calmodulin binding. On the
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4 site B is the predominant binding determinant with little or
100 no contribution from the neighboring amino acid residues.
Deletion of both sites A and B reduces binding by almost
70-fold, and calmodulin induces changesAihmayl, of the

90 4

80 1 I remaining Trp 722 by about 50%, but causes a smaller shift
70 1 in the emission maximum from 348 to 343 nm.
z 0 I The fluorescence data were again confirmed by direct
g 504 binding analyses using calmodulin immobilized on Sepharose
< 40 ] I beads. As shown in Figure 4B, deletion of both sites A and
30 | B essentially abolishes the binding of CaD39 to calmodulin
2 ] under these binding conditions. Deletion of either site A or
" B reduces the amount of bound caldesmon fragments by
1 about half.
0
CAD39 W659A W692A  W659,692 W722A DISCUSSION
5 The general approach employed by many previous studies
100 to localize the calmodulin-binding sites on caldesmon was
90 to identify calmodulin-binding fragments of various sizes
30 | 1 representing the different regions of the COOH-terminal
. domain of caldesmon. Thus, it was first demonstrated that
the major calmodulin-binding sites reside in the chymotryptic
2 60 1 fragments corresponding to the COOH-terminal region of
g 01 caldesmon (Wangt al., 1991b). Synthetic peptides corre-
£ 40 1 . sponding to residues 65%66 (Zharet al., 1991) and 675
30 695 (Mezgueldet al., 1994) in chicken gizzard h-caldesmon
20 ] were later shown to bind calmodulin in a €adependent
manner. Using recombinant fragments, Marstbal. (1994)
10 L . L
. — proposed that Ga—calmodulin interacts with three distinct

caldesmon sites: residues 65866 (site A), residues 687

FiIGure 4: Binding of CaD39, Trp/Ala, and deletion mutants to 695 (site B), and residues 71726 (site B). This strategy
calmodul.in immobilized on Sebharose Beads. Binding of calmodulin has been successful in providing us with crucial information

(30 uM) to CaD39 fragments (&M) was performed as outlined ~ about the calmodulin-binding sites, especially since the
under Materials and Methods. Buffer conditions were identical to detailed three-dimensional structure of caldesmon is un-

those used in Figure 3. % Bound represents the amount of known. However, accurate interpretation of binding data

caldesmon bound over the total amount of caldesmon adé&d. ( ;sing this approach relies on the assumption that the
CaD39 and Trp/Ala mutantsBf CaD39 and deletion mutants. fragrglents re?zfin their “native” Conformationg. Although

such an assumption is valid for most large fragments

0.9 ; . . . ; . . ; representing functional and structural domains, smaller
fragments, depending on the location of the ends, may

CaD39 AA AB AAB

il generate false positive or negative binding results. Recently,
0.7+ o o 5o 1 Wanget al. (1996) have attempted to address this problem
06| | by producing caldesmon mutants with truncated COOH-
0s terminal sequences of various lengths. Their studies showed

that removing 38 amino acid residues containing the putative
04l 5 i calmodulin-binding site Bfrom the COOH-terminus did not
affect calmodulin binding and thus did not demonstrate site

Al/To

031 i B’ as a calmodulin-binding site as previously reported by
02| o < . Marstonet al. (1994).
01 L/ . v | In order to minimize the disruption to the overall confor-
v mation of the COOH-terminal domain and to investigate the
0.0 , : . ' : , : : involvement of the Trp residues in calmodulin binding, we
o 1 2 3 4 5 6 71 8 P 9,

have replaced each Trp residue in sites A, B, ahavieh
[CaM] (uM) Ala and studied their binding with calmodulin. We have
Ficure 5. Binding of CaD39 and deletion mutants to calmodulin.  shown that Trp 659 and Trp 692 in sites A and B are the
The binding of calmodulin (68 «M) to CaD39 (open circlespA major binding determinants since replacement of Trp 659

(filled circles), AB (open triangles), oAAB (filled triangles) was . P
monitored by tryptophan fluorescence. The lines indicate the fitted or Trp 692 with Ala reduces the binding of CaD39 to

curves. Conditions for the buffer and fluorescence measurementscalmodulin by about 20- and 30-fold, and destabilizes the
are identical to those in Figure 3. CaD39-calmodulin complex by 1.75 and 1.94 kcal mbl

respectively. Replacing Trp 722 in sité ®ith Ala has a
other hand, deletion of site B causes an almost identical much smaller effect on the interaction between caldesmon
degree of reduction in binding as observed when Trp 692 and calmodulin, causing about a 4-fold reduction in binding
alone is replaced by an Al&{ for AB and W692A are both  and a destabilization energy of 0.87 kcal mohlthough a
about 4x 10°% M). This result suggests that Trp 692 in slight increase im\Inal, (Table 1 and Figure 3) is observed.



Caldesmon and Calmodulin Interaction

Biochemistry, Vol. 36, No. 2, 1997369

These data indicate that although all three Trp residues atBryan, J., & Lee, R. (1991). Muscle Res. Cell Motil. 1872

sites A, B, and Bcontribute to the calmodulincaldesmon
interaction, Trp 659 and Trp 692 play a much greater role
than Trp 722. This suggests a certain flexibility in the
multiple-site interaction between caldesmon and calmodulin,
such that sites A and B act as primary anchoring sites. Site

B’, in contrast, may act as a secondary site whose binding is

easily reversible depending on the environment surrounding
the thin filament. The weak interaction between sitaid
calmodulin may also explain why some have observed an
interaction between calmodulin and caldesmon fragments
containing site B(Huberet al., 1996; Marstoret al., 1994),
while others (Wanget al.,, 1996) did not detect significant
changes in binding when the region containing site B
(residues 718756) was truncated from caldesmon.
Deletion of the nine residues corresponding to site A
(residues 658666) from CaD39 reduces its binding to
calmodulin as expected; however, calmodulin has a higher
affinity for this deletion mutant than for W659A where Trp
659 is replaced by an Ala. This observation suggests that

375.
Deng, W. P., & Nickoloff, J. A. (1992Anal. Biochem. 20081—

Fersht, A. R. (1988Biochemistry 271577-1580.
Goold, R., & Baines, A. J. (1994ur. J. Biochem. 224229-240.
Graceffa, P. (1987FEBS Lett. 218139-142.

Hayashi, K., Fujio, Y., Kato, I., & Sobue, K. (1991) Biol. Chem.
266, 355-361.

Horiuchi, K. Y., Miyata, H., & Chacko, S. (198®iochem. Biophys.
Res. Commun. 13®62—968.

Huber, P. A., EI-Mezgueldi, M., Grabarek, Z., Slatter, D. A., &
Levine, B. A. (1996)Biochem. J. 316413-420.

lkebe, M., & Reardon, S. (1988)) Biol. Chem. 2633055-3058.

Lash, J. A, Sellers, J. R., & Hathaway, D. R. (19868Biol. Chem.
261, 16155-16160.

Lin, J. J.-C., Lin, J. L.-C., Davis-Nanthkumar, E. J., & Lourim, D.
(1988) Hybridoma 7 273-288.

Lowry, O. H., Rosebrough, N. J., Farr, A. L., & Randall, R. J.
(1951)J. Biol. Chem. 193265-275.

Mani, R. S., McCubbin, W. D., & Kay, C. M. (199Biochemistry
31, 11896-11901.

the amino acid residues near Trp 659 may have a negativemarston, S. B., & Smith, C. W. (1985). Muscle Res. Cell Motil.

effect on calmodulin binding. Since site A contains the
sequence Met-Trp659-Glu-Lys-Gly-Asn-Val-Phe-Ser, it is
conceivable that the charged Glu and Lys residues next to
Trp 659 may interfere with hydrophobic interactions involv-
ing this Trp residue. On the other hand, amino acids near
Trp 692 in site B contribute little to the caldesmon
calmodulin interaction since deletion of site B reduces
binding to a similar extent as replacing Trp 692 by an Ala.
It has been shown that calmodulin binds strongly to basic,
amphiphilic, anda-helical motifs of about 20 residues.
These are frequently found in calmodulin-binding sites of
proteins that have a high affinity for calmodulii{ranges
from 10°° to 10°® M) (O'Neil & DeGrado, 1990). It is
apparent that the hydrophobic and electrostatic interactions
both contribute to the binding of these calmodulin-binding
motifs. For caldesmon, the amino acid sequences in an
neighboring sites A, B, and'Bear little resemblance to the
high-affinity basic, amphiphilie-helical motif and probably
represent a low-affinity binding motif belonging to cal-
modulin-binding proteins with &4 in the 10® M range.
While a typical calmodulin-binding domain is believed to
consist of a continuous sequence, some calmodulin-binding
proteins have multiple binding sites and bind more than 1
mol equiv of calmodulin (Goold & Baines, 1994; Menegazzi
et al, 1994). Caldesmon is unusual in that it has multiple
calmodulin-binding sites but binds 1 mol equiv of calmodu-
lin. Our finding that all three sites in caldesmon are involved
to differing degrees with calmodulin binding is consistent
with the model suggested by Marstetal. (1994) and Huber
et al (1996), who proposed a multisite interaction between
caldesmon and both NHand COOH-terminal lobes of
calmodulin.
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