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Chimeras of Yeast and Chicken Calmodulin Demonstrate Differences in Activation
Mechanisms of Target Enzynies

Ken-ichi Nakashima, Hironobu Maekawa, and Michio Yazawa*
Division of Chemistry, Graduate School of Science, Hokkaida&fsity, Sapporo 060, Japan
Receied October 31, 1995; Résed Manuscript Recegéd March 6, 1998

ABSTRACT. Various chimeric proteins were constructed from ye&actharomyces cernsiae) and chicken
calmodulin (CaM), and regions essential for target activation and responsible for the specific features of
the yeast CaM were identified. The chimeric CaMs were designed so that e&chifding site of the

yeast CaM was replaced in series from the C-terminus. Resulting CaM proteins shofwelir@ing
properties inherent to the original €zbinding site. Cooperative €abinding and a suitable rearrangement

of the two EF-hand sites in each half-molecular domain were shown to be important for high-affinity
interaction with CaM-dependent cyclic nucleotide phosphodiesterase (PDE). Residues in chicken CaM
sequences 129148 and 88-128, respectively, were required for low values@f; (the concentration of

CaM required for the half-maximal activation) in the activation of PDE and myosin light chain kinase
(skMLCK and smMLCK). The difference in the structural requirements indicated different manners of
the interaction. While PDE was activated to similar levels by different chimeras, the maximum activity
(Vmax) given by chicken CaMs was not achieved by any chimeric CaMs in MLCKs. Residues in chicken
CaM sequences-150 and 88-129, in addition to C& binding to the fourth site, were important for high
values ofVmax 0f SKMLCK. On the other hand, Met51 and residues in chicken CaM sequenct288

were critical for the highVmaxof SMMLCK. These residues may work to form the active structure of the
catalytic site of each MLCK, while simple binding of CaM seems sufficient to expose the active site of
PDE.

The C&"-binding protein calmodulin (CaM)s found in differences, a structure basically similar to vertebrate CaM
a variety of eukaryotic cells, and through its®C#inding, has been proposed for yeast CaM by analyses of NMR
it activates many target enzymes which are stimulated by spectra (Starovasnik et al., 1993For this reason, functional
the increase in intracellular €aconcentration (James et al., properties of yeast CaM have been studied and compared
1995). Some 30 kinds of enzymes were proposed as targetsvith those of vertebrate CaM to understand the target-
of CaM, and CaMs isolated from vertebrates, invertebrates, recognition and activation mechanism of CaM (Matsuura et
plants, and protozoa show a very high degree of sequenceal., 1991, 1993; Lukas et al., 1994).
similarity (more than 90% identical) which may be requisite ~ Recent NMR and X-ray analyses have revealed the
for activation of many targets in the same manner (Toda et structure of CaM bound to a small peptide consisting of
al., 1985). CaM from baker's yeasgéccharomyces cer-  sequences of the CaM-binding domain of myosin light chain
evisia€) is, however, only~60% identical to vertebrate CaM  kinases or protein kinase Il (lkura et al., 1992; Meador et
in the primary structure and shows characteristic propertiesal., 1992, 1993). In the complex, CaM forms a tunnel with
in its function (Davis et al., 1986; Luan et al., 1987; Ohya bending of a flexible central linker portion connecting the
etal., 1987). Thus, (1) yeast CaM binds only 3 mol ofCa terminal globular domains. The target peptide in the basic
while others bind 4, and the set of macroscopic association@mphiphilic helical conformation lies in the tunnel facing
constants of yeast CaM is also different from others (Luan itS basic and hydrophobic regions to the acidic and hydro-
et al., 1987; Starovasnik et al., 1993) and (2) yeast CaM is Phobic region, respectively, of the inner surface of the tunnel.
a poor activator of target enzymes from vertebrates (Luan A Wide variety of target sequences with a common basic
et al., 1987; Ohya et al., 1987). In spite of these functional @Mphiphilic helical structure can be accommodated in the
tunnel with minor adjustment of the bending position, which
can work as a tool for recognition of the target (Persechini
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Here, we attempted to elucidate additional aspects of theinteraction, was added to the equilibration buffer containing
interaction of CaM with enzymes by using seven kinds of 50 mM Tris-HCI (pH 7.5) and 0.2 mM Cagl The
chimeric proteins from yeast and chicken CaM in which the concentration of (N&.SO, was decreased to 0.1 M (YCMO)
C-terminal sequences of chicken CaM were substituted for or 0.2 M (YC130) in the washing buffer, and the composition
the corresponding regions of yeast CaM. The results of the elution buffer was the same as that of the washing
indicated the importance of suitable arrangement of the two buffer except for substitution of 0.5 mM EGTA for 0.2 mM
EF-hand sites in the globular domains and that different CaCh. Other CaM proteins were purified using similar
targets require different regions of CaM for specific interac- buffer solutions except for substitution of NaCl for (h)gt

tion. SOy, and concentrations of NaCl of 0.2 M in the equilibration
buffer and 0.5 M in the washing and the elution buffer.
MATERIALS AND METHODS EGTA was removed from CaMs by gel filtration using a

Molecular Cloning and Protein EngineeringPlasmids ~ SePhadex G-25 column equilibrated with 25 mM MEO,.
pC and pY (Matsuura et al., 1991, 1998ncoding chicken The purified CaMg sho_wed a single band in polyacrylamide
and yeast CaM sequences, respectively, were used as th@€! electrophoresis (Figure 2) and were stored-20 °C
starting materials. Specific recognition sequences for four after lyophilization.
kinds of restriction endonucleases were first created in Porcine brain PDE (120 kDa) was prepared according to
homologous regions of these two plamidill at Leu51, Sharma et al. (1980) with minor modifications. A DEAE-
Xbd at Ala73, Std at Ala88, andClal at 1le130, by site- cellulose (DE32) column was used for batches, and adsorbed
directed mutagenesis using an Amersham kit (Sculuptor) andproteins were eluted by 20 mM Tris/1 mM imidazole/HCI
custom-synthesized oligonucleotides. Plasmids pCCC and(pH 7.0), 0.15 M NaCl, 0.1 mM EGTA, 14 mM-mercap-
pYYY encoding chicken and yeast CaM, respectively, toethanol, and 0.1 mM PMSF. A Sephacryl S-300 column
contained the engineer&tu and Xba sites (Kimura et al.,  was used in the final gel filtration step.

1995). Plasmid pYYY, plasmid pYYYS129D which en-  Rabbit skeletal MLCK (65 kDa, skMLCK) and chicken
codes a yeast CaM mutant containing Asp in place of Ser129,gizzard MLCK (108 kDa, smMLCK) were prepared accord-
and plasmid pCCQflal) which encodes chicken CaM ing to Nagamoto and Yagi (1984) and Yoshida and Yagi
contained theClal site in addition to thestu and Xbd sites (1986), respectively. The stored sucrose powder was dis-
(Matsuura et al., 1993; Kimura et al., 1995Plasmid pC-  solved in a small volume of water, and the clear solution
(Bcll) encoding chicken CaM was created by destroying one was applied to a Sephacryl S-300 column equilibrated with
of the two Bcll sites within plasmid pC, leaving a unique 20 mM Tris-HCI (pH 7.5), 0.1 M NaCl, and 14 mM
site at Leu51. Plasmid pBcll) was constructed from pY  g-mercaptoethanol. The second protein peak was collected
by creating aBcll site. Escherichia colistrain BZ37 was and used for assay.

used for cloning plasmids p8¢ll), pY(Bcll), and others
containing theBcll site to protect the site from methylation
of adenine; otherwisé. coli TG1 was used.E. Coli strain
BZ37 was a gift from Dr. T. Shiba of Hokkaido University.
Since each plasmid had a unig8ed site derived from the
vector piC10 (Inouye et al., 1986), each pair of plasmids
was first double-digested witBcd and one of the optional
restriction enzymes{lal, Std, Xbal, or Bcll), and product
fragments that include the'-ferminal region of the yeast
CaM gene and the'3erminal region of the chicken CaM ; g _
gene were isolated and ligated to generate expression?y the flow dialysis method usinfCaCl (Du Pont-NEN)
plasmids coding chimeric CaMs YC130, YC129, Ycss, N 0-1 M NaCl and 20 mM MOPS-NaOH at pH 7.0 and 25
YC73, and YC52 (Table 1). Expression plasmids coding C as previously described (Matsuura et aI_., 1993; Yazawa
chimeric CaMs YC51 and YC53 were constructed from €t @l 19?2)' The corlcentratlon of free“Can the upper
plasmid pClY, which encoded YC52, by site-directed Cell [C& ]ee = [Ca']towaCi/Cr,, Was corrected for a
mutagenesis (see above). The nomenciature of paremconS|stent loss of the radloact_|ve Ilgand_lntnnsm to our
plasmids, constructed expression plasmids, and expressedYStem (0.8% of [Cé]ree per 3 min of dialysis), as follows.
chimeric CaMs is summarized in Figure 1 and Table 1

together with optional restriction enzymes used for recom- CTn - CTn+l +aC, 1)
bination.

The nucleotide sequence of the coding region within each whereCr, and C, are the radioactivity (counts per minute)
constructed expression plasmid was verified by the dideoxy- that showed the total and free €aconcentrations in the
sequencing method usiBcaBEST (Takara). upper cell after theith titration, respectively, both of which

Protein Preparation Recombinant CaMs producedin were estimated from the radioactivity in the lower cell, and
coli TG1 were purified according to Matsuura et al. (1991) o (=0.008) is the correction factor for the intrinsicZdoss.
except for details in the phenyl Sepharose CL-4B column The concentration of Ca bound to CaM, [C&]poung Was
chromatography. In the purification of YCMO and YC130, corrected for nonspecific €a binding to the apparatus,

1 M (NH.);SO4, which could stabilize the hydrophobic which is proportional to [CH]wee With a proportional
constant3 = 0.032

Gel Electrophoresis Polyacrylamide gel electrophoresis
at pH 9.4 (native PAGE) was performed according to Davis
(1964) using a 15% gel. Polyacrylamide gel electrophoreses
in the presence of SDS (SBAGE) using a 15% gel and
in the presence of 8 M urea (ureRAGE) using a 12% gel
were done according to Laemmli (1970) and Kendrick-Jones
et al. (1976), respectively. After electrophoresis, proteins
were stained with Coomassie brilliant blue G-250.

C&?* Binding Studies Ca* binding to CaM was measured

3 Plasmids pY and pC were simply renamed here and correspond to

original names pYCMO and pCCMO, respectively. 2+ — 2+ N 2-+
4K. Tai and M. Yazawa, manuscript in preparation. [Ca™ lpouna= [Ca ]boun% PICE Jpree (2)
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where [C&"poung is the observed uncorrected concentration
of C&" bound to the protein, [C&lboung = [Ce liota —
[Caz+]free-

The resulting C& binding data were analyzed by fitting
to the Adiar equation (Dixon & Webb, 1979):

y = (WK, + 28K K, + 3K KK, + 4K KKK )/
(1 + XKy 4+ XK K, + KKK, + XK KKK ) + jx
3)
y = (WK, + 2¢/K K, + 3K K K1 + XK, +
XK K, + XK KK + jx (4)

wherey is the moles of bound C#, x is the concentration
of free C&", K;—K,; are the macroscopic dissociation
constants, angis the slope term for nonspecific binding to
the protein. Equation 3 was used for CCMO0, YC129, YC88,
YC73, YC53, YC52, and YC51, and eq 4 was used for
YCMO and YC130.

PDE Assay The activity was measured according to

Sharma et al. (1980) in the reaction mixture (total of 400
uL) consisting of 40 mM Tris/40 mM imidazole/HCI (pH
7.0), 5 mM Mg(OAc), 1 mM CaC}, 0.1 mg/mL bovine
serum albumin;~0.5 nM PDE, and variable amounts of each
CaM in a screw-capped tube at 3C. To initiate the
reaction, 1.2 mM cAMP was added, and after 20 min of
reaction, the mixture was heated to 1@for 2 min to stop
the reaction. After centrifugation at 3000 rpm for 10 min,
200 uL of the supernatant was withdrawn and mixed with
50 uL of 40 mM Tris-HCI (pH 7.5), 20 mM MnCJ, and 1
mg/mL snake venomQrotalus atrox Sigma) to initiate the
5'-nucleotidase reaction. After 10 min of reaction at°80)
35 ul of 24% SDS was added to stop the reaction. The
phosphate concentration of this mixture was quantified
according to Chifflet et al. (1988) and Gonzalez-Romo et
al. (1992). The activation profiles shown in Figure 4 were
fitted to the Hill equation (Dixon & Webb, 1979):

v =V, JCaM]™/(K ™ + [CaM]™) (5)

whereny, Vimax andKgctare the Hill coefficient, the maximum
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Ficure 1: Comparison of amino acid sequences of wild-type and
chimera CaMs. (A) Amino acid sequences of chicken (top) and
yeast (bottom) CaM. In the sequence of yeast CaM, only
substituted residues are indicated, and identical residues are
indicated by dashes. Deletions at positions 130 and 146 are shown
by *. Positions of the six residues coordinating t&*Cim the four
EF-hand C&" binding loops are indicated by y, z, —y, —x, and

—z (B) Schematic representation of sequences of chicken (open
box), yeast (solid box), and chimera CaMs. Chimeric proteins were
named Y& In these, the N-terminal sequence of yeast CaM was
ligated at positionx (indicated in the figure) to the C-terminal
sequence of chicken CaM so that the chimeric protein had a
sequence of chicken CaM after positianPositions of the optional
sites for restriction enzymes used for recombination are shown by
arrows.

whereVmax andK,e are the maximum catalytic rate and the
concentration of CaM giving the half-maximal rate, respec-
tively.

Determination of Protein ConcentrationThe concentra-

catalytic rate, and the concentration of CaM needed to give tions of CaM, LC2, and LC20 were determined by the biuret

the half-maximal rate, respectively.

MLCK Assay The activity was measured by the urea
PAGE method using LC2 (skMLCK) or LC20 (smMLCK)

as the substrate (Matsuura et al., 1993). In some experi-

ments, the activity of skMLCK was measured by the
determination of3?P incorporated into LC2 according to

method (Kabat & Meyer, 1961). The concentration of
enzymes was determined by the method of Bradford (1976)
using a Bio-Rad protein assay reagent. Egg albumin was
used as the standard.

RESULTS

Corbin and Reimann (1974) as described previously (Yazawa Tq eyaluate the functional contribution of each2Ca

& Yagi, 1978). In the latter methody{*?P]JATP (10-15
cpm/pmol, Du Pont-NEN) was added to initiate the reaction
at 25°C, and 15uL of reaction mixture was withdrawn at
appropriate time intervals and spotted on filter paper (Toyo
no. 50, 1x 2 cm) which was immediately immersed in 10%
trichloroacetic acid solution to stop the reaction. The
radioactivity was measured with a liquid scintillation counter.
The activation profiles shown in Figures 5 and 6 were fitted
to the Michaelis-Menten equation (Dixon & Webb, 1979):

v = Vil CaM]/(Ky + [CaM]) (6)

binding site and the central linker region, four kinds of
chimeric CaMs were constructed with the use of four sets
of unique restriction endonuclease sites which were intro-
duced within the coding sequences of chicken and yeast CaM
DNA (Figure 1, Table 1). Each of the resulting chimeric
CaMs named Y& had a sequence of chicken CaM after
residue numbex in yeast CaM (Table 1). Some point
mutations were added to these chimeric CaMs around residue
numberx to modify the length of the chicken CaM sequence,
and the resulting mutant CaMs were named in a similar
manner (Figure 1, Table 1).



Chimeric Proteins from Yeast and Chicken Calmodulin

Table 1: Summary of Construction of Plasmids and Chimeric
CaMs

origin of coding sequences qntional
yeast chicken  restriction

product expressed

CaM CaM enzymeé plasmid Caw
pY YCMO
pYYY pCCC(Clal) Clal (130) pYYY4C YC130
pYYYS129D pCCCClal) Clal (130) pYYY4CS129D YC129
pYYY pCCC Stu (88) pYYC YCss
pYYY pCCC Xba (73) pYCC YC73
pY (Bcll) pC(Bcl)  Bcll (51) pClY YC52

pC1Y52M YC53
pC1Y51M YC51
pC CCMO

aNumbers in parentheses indicate the position in the amino acid
sequence of CaM where each restriction site was introdifcEde
chimeric CaM expressed was namedxy Gt has a sequence of chicken
CaM after residue numberin the yeast CaM sequence.

Bacterial Expression of Wild-Type and Chimeric CaMs
Since the BamHI fragments coding the wild-type and
chimeric CaMs were inserted into high-level expression
plasmid piC10 (Inouye et al., 1986), each CaM protein was
efficiently expressed ifk. coli cells. The expressed CaMs
were purified by hydrophobic chromatography using a phenyl
Sepharose CL-4B column. All of them bound to the column
stably in the presence of €aexcept for YCMO and YC130;
binding of the latter two was stabilized by addition of (#H
SO, to the equilibration buffer (Materials and Methods). A
higher concentration of (NBLSOs was required for the
binding of YC130 than for that of YCMO. The €a

dependent exposure of the hydrophobic patch may not be

sufficient in the C-domain of these two proteins. Average
yields were 715 mg of protein per liter of culture in LB
medium.

Polyacrylamide Gel Electrophoresis of the Recombinant
Proteins Results of SDSPAGE are shown in Figure 2A.
All of the chimeric CaMs ran faster in the presence of 5
mM CaCl than in its absence (5 mM EGTA), a well-known
feature of CaM (Klee et al., 1979). The mobility itself and
the extent of the Ca-dependent mobility change were,
however, variable. Results of the native PAGE are shown
in Fgirue 2B. Here, all of the proteins migrated slower in
the presence of G4, another feature of CaM (Grand et al.,
1979). Among these proteins, YCMO showed much slower
migration both in the presence and in the absence éf.Ca
All of the chimeras, including YC130, however, showed
nearly the same mobility as CCMO in the absence ¢f'Ca
Chimera YC88 with the yeast-type central linker and YC73
with the chicken-type central linker showed similar mobility
both in the presence and in the absence &f Qligure 2B).
Since they showed different features of?Ginduced UV
difference spectra (data not shown), conformations of their
C-domains especially around Tyr138 were different. There-
fore, the difference in mobility may indicate a role of the
central linker region (residues #87) in determining the
conformation of the C-domain. Chimeras YC53 and YC52
with a single amino acid substitution at residue 52 showed
a considerably large difference in mobility in the presence
of Cat (Figure 2B).

Ca&** Binding Ability of Recombinant CaMsResults of
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Ficure 2: Effect of C&" on the electrophoretic mobility of wild-
type and recombinant CaMs. (A) SBPAGE and (B) native
PAGE. In each lane,-12 ug of protein containing 5 mM EGTA
(lanes 1-9) or 5 mM CacC} (lanes 16-18) was applied and run on
15% gels. Samples applied to each lane were as follows: CCMO
(lanes 1 and 10), YCMO (lanes 2 and 11), YC130 (lanes 3 and 12),
YC129 (lanes 4 and 13), YC88 (lanes 5 and 14), YC73 (lanes 6
and 15), YC53 (lanes 7 and 16), YC52 (lanes 8 and 17), YC51
(lanes 9 and 18), anill, markers (lane S).

are summarized in Table 2. Results for wild-type CaMs,
YCMO and CCMO, were similar to those reported previously
(Luan et al., 1987; Starovasnik et al., 1993; Stemmer & Klee,
1994). All CaMs other than YCMO and YC130 bound 4
mol of C&" per mole of CaM. The maximum €abinding

to YC130 was 3 mol/mol, while chimera YC129 with a
single amino acid substitution could bind 4 mol of?Can

the fourth C&" binding site of YC130, substitution of Ser129
for Asp, which is the consensus residue at thégand
position of the EF-hand Ca&binding site (Strynadka &
James, 1989), may lead to the loss ofChinding ability.
Compared to YCMO, chimeras YC130 and YC129 showed
significantly lower affinity for C&" with weaker cooperat-
ivity, especially between the second and the thirdf"Ca
bindings (Figure 3A). Chimeras YC88 and YC73, both

C&" binding measurements are summarized in Figure 3, andconsisting of the N-domain of yeast CaM and the C-domain
macroscopic dissociation constants obtained from the best-of chicken CaM, showed higher cooperativity between the
fit curves in Adair equation 3 or 4 (Materials and Methods) second and the third & bindings than that of CCMO
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Ficure 3: Ca&" binding to mutant CaMs. Ca binding was FicurRe4: Activation of PDE by wild-type and mutant CaMs. Assay
measured by the flow dialysis method usfitgaCl in a medium conditions are described in Materials and Methods: GAY C130;
of 0.1 M NaCl and 20 mM MOPS-NaOH (pH 7.0) at 2&. 0, YC129; A, CCMO; v, YCMO; (B) O, YC88;0, YC73; and (C)
Details are shown in Materials and Methods: (@) YC130;0, 0, YC53:00, YC52; A, YC51. Solid lines show the curves which

YC129; A, CCMO, v, YCMO; (B) O, YC88;0, YC73; and (C)O, fit best to the Hill equation (eq 5) for each set of data. In panels
YC53;0, YC52; A, YC51. Solid lines show the best-fit curvesto B gnd C, the dotted line and dotted broken line show activation
Adalreq.uatlo'n 3 or 4 for each set of data. Do_tte(_j lines and dotted ¢yrves for CCMO and YCMO, respectively. Parameters which
broken lines in panels B and C representCainding to CCMO0 provide the best-fit curves are summarized in Table 3.

and YCMO, respectively. Parameters for the best-fit curves are
summarized in Table 2.

Table 3: Activation Parameters for PDE, skMLCK, and smML:CK

Table 2: C&" Binding to CaM PDE SkMLCK SmMMLCK
macroscopic dissociation constanisA) Vimax  Kact Vmax  Kat  Vmax  Kaa
) CaM (%) (M) ny (%) (M) (%)  (nM)
CaM Kl Kz K3 K4 ]
CCMO 103 1.14 1.5 103 2.4 105 5.1
CCMO 252 0.336 20.6 3.71 97.7 YC51 103 129 1.8 883 6.6 99.8 354
YC51 5.55 2.45 31.9 3.70 118.9 YC52 100 481 13 842 139 275  68.1
YC52 10.3 1.10 61.7 2.63 717 YyCcs53 977 116 18 80.0 183 251 429
YC53 4.01 1.95 8.78 2.29 33.9 YC73 972 174 15 842 486 269 102
YC73 3.16 3.50 3.80 5.60 80.4 YCcss 104 271 16 870 700 271 826
YCca8 3.66 3.39 14.4 1.58 82.3 YC129 102 545 1.4 537 3440 6.3 548
YC129 6.29 3.20 38.9 5.00 64.4 YC130 963 520 1.3 147 8070 5.8 7760
YC130 10.9 1.53 304 - 63.2 YCMO 955 4310 1.3 9.9 41300 2.3 3060
YCMO 2.75 3.63 2.18 - 314

— — a Experimental results were fitted to the Hill equation (eq 5) (PDE)
#Each set of macroscopic dissociation constalis,Kz, Ks, and or the Michaelis-Menten equation (eq 6) (SkMLCK and smMLCK).

Ka, gives the corresponding best-fit curve to Adair equation 3 or 4 Each set of constants gives the corresponding best-fit curve shown in
shown in Figure 3. Figures 4-6.

(Figure 3B, Table 2). Three kinds of chimeras containing a chicken CaM may have a critical role in the coupling of the
heterologous mixed pair of EF-hand structures in the two N-terminal C&" binding sites.

N-domain showed different €abinding properties (Figure Activation of PhosphodiesteraseWhile the Vinax value
3C). Chimera YC53 showed a highly cooperative’Ca  for PDE was similar regardless of its activators (Figure 4,
binding curve similar to those of YC88 and YC73, while Table 3), theKa value of YCMO was more than 1000-fold
chimeras YC52 and YC51 showed profiles similar to the higher than that of CCMO, which might reflect a more than
one of CCMO but with relatively lower affinity for Ca 1000-fold lower affinity of YCMO for PDE compared with
(Figure 3C, Table 2). Met52 of yeast CaM or lle52 of that of CCMO (Matsuura et al., 1993). Chimera YC130
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wo L T AT 148), and C#& binding to this sequence was not effective
A A, for the high-affinity interaction. With a further increase in
the chicken CaM sequence in the C-terminal region to make
the structure of the chicken-type C-domain, g value
50 | A ) of YC88 was 56-100-fold lower compared with those of
a YC130 and YC129 (Figure 5A,B, Table 3). Chimera YC73
4 T did not show a significant difference compared with YC88
> (Figure 5B, Table 3). Similarly, YC53 and YC52 showed
only a small difference in thK, values, ranging 24-fold
R e lower than those for YC73 and YCB88 (Figure 5B,C, Table
100 - T ] 3). Chimera YC51, which had Met51 of chicken CaM,
showed a small increase in the affinity compared with YC52
and YC53 (Figure 5C, Table 3), and ks value was in a
range similar to that of CCMO (Table 3).

The Vimax value of YCMO was about/;o of the value of
CCMO (Figure 5, Table 3). Since a decreaseVjpx can
- occur due to a large increase kg, values for substrates,
vl s skMLCK activity was measured at various concentrations
e of substrates in the presence of YCMO or CCMO. The time
100 ¢ 7 course of phosphorylation was linear for the initial 15 min
3 5 in the presence of each activator, and the initial rate was
determined in this range. ThK, values of skMLCK
activated by CCMO were 0.0& 0.01 mM and 11.6t 1.5
uM for ATP and LC2, respectively, and those values
activated by YCMO were 0.56 0.04 mM and 35.4- 7.6
uM, respectively. Therefore, the effect of the substrate
concentration on the observed differencévin could be
1011 1010 109 108 107 106 105 10+ excluded under our experimental conditions (2 mM ATP and
150uM LC2), and the variable values ¥f,.x can be related
to the CaM-dependent creation of the catalytic site of

FIGURE 5. Activation of sSkMLCK by wild-type and mutant CaMs.  gkMLCK (Shoemaker et al., 1990; VanBerkum & Means
Assay conditions are described in Materials and Methods:JA) . Y Y I,
YC130;00, YC129: A, CCMO; v, YCMO: (B) O, YC88;0, YC73: 1991; Su et al., 1994). Chimera YC130 showed a slightly

and (C)O, YC53;00, YC52; A, YC51. Solid lines show the best-  NigherVmax value than YCMO, but YC129 showed an about
fit curves for the Michaelis Menten equation (eq 6). In panels B 5-fold higherVmax value than YCMO and YC130 (Figure 5A,
and C, the dotted line and dotted broken line show activation curves Table 3). Chimeras YC88, YC73, YC53, YC52, and YC51
for CCMO and YCMO, respectively. Parameters which provide the ghowed nearly the saménxvalue; the value was about 2.5-
best-fit curves are summarized in Table 3. fold higher than that of YC129 and 8®0% of that of
showed an 80-fold smaller value &, than YCMO and CCMO (Figure 5, Table 3).

YC129 a 9-fold greater one (Figure 4A, Table 3). Witha  actiation of smMLCK The activation profiles of sm-
further increase in the chicken CaM sequence to make ayy ck were similar to those of skMLCK. and both the

structure of the chicken-type C-domain, tkg; value of values ofKae and Vimax varied among recombinant CaMs
YC88 turr_1ed out to be at the same level as the value of (Figure 6, Table 3). YCMO activated SmMLCK very weakly.
CCMO (Figure 4B, Table 3). We could not observe any compared to that of CCMO, itKae Was about 1000-fold
more decrease Kt in YC73 (Figure 4B, Table 3).  higher andv,..cwas about/so. Large decreases Kucwere
Chimeras YC53 and YCS52, consisting of heterologous onqened at three steps leading to YC129, YC88, and CCMO
structures in the N-domain, however, showed highigg (Table 3). Two sequences from the chicken CaM were

values than YC73 or YC88. In these chimeras, Leu Was getive to increase the affinity as in the case of SkMLCK:
substituted for Met51 of chicken CaM, and this might have Asp129, which restored @abinding to site 4, and residues

been responsible for the higher valuekak, since YCS1,  gg 158  An additional sequence, residuessD, was also

which ha@' Met51, showed Hac value similar to that of  gtective for the high-affinity interaction with smMLCK. On
CCMO (Figure 4C, Table 3). the other hand, large increases \fpax Were observed in

Activation of skMLCK YCMO is a poor activator for  -pimeras yC88 and YC51 (Figure 6, Table 3). Residues in
skMLCK compared with CCMO as previously described 1o chicken CaM sequence, Met51 and residues 128

(Luanetal., 1987; Matsuura et al., 1991), and both the values,ich involved the linker region between site 3 and site 4,
of KactandVmax Were influenced variously by each activator | are critical to activation of SmMMLCK.

in the present work (Figure 5, Table 3). DifferenceXia:

can be considered to reflect the different affinities for piscussion

skMLCK as in the case of PDE. YCMO showed an about

20000-fold higher value df,ithan CCMO (Figure 5, Table In this work, we constructed seven chimeric CaMs from

3), suggesting weak interaction between skMLCK and yeast CaM and chicken CaM. Since results of NMR

YCMO. Chimeras YC130 and YC129 showed similar high structural analysis on the yeast CaM suggested folding in
values ofK (Figure 5A, Table 3), suggesting no significant the globular domains similar to that in vertebrate CaM

site for interaction in the C-terminal sequence (residues-129 (Starovasnik et al., 1993)pur chimeric CaMs could be

50 |-
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Ficure 6: Activation of smMLCK by wild-type and chimeric
CaMs. Assay conditions are described in Materials and Methods:
(A) O, YC130;0, YC129;v, YCMO; (B) O, YC88;, YC73; A,
CCMO; and (C)O, YC53;, YC52; A, YC51. Solid lines show
the best-fit curves to the MichaetidMenten equation (eq 6). In
panels B and C, the dotted line and dotted broken lines show
activation curves for CCM0 and YCMO, respectively. Parameters
which provide the best-fit curves are summarized in Table 3.
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leading to an increase in the €affinity of its pair partner,
which cannot be mimicked by the corresponding region of
chicken CaM (Figure 3A, Table 2). The C-terminal sequence
of yeast CaM might also have the ability to interact with
the N-domain, and this interaction might be responsible for
the observed cooperative three?Cabinding. The low
mobility of YCMO in the native PAGE might reflect this
specific structure (Figure 2).

Chimeras YC53 and YC52, both consisting of a heter-
ologous chimeric structure of the N-domain, also showed a
fairly large difference in electrophoretic mobility in thea
saturated state (Figure 2B). In these mutants, an increase
in mobility accompanied the decrease in?Caaffinity
(Figures 2B and 3C). Since the N-domain of yeast CaM is
the high-affinity site for C&" (Starovasnik et al., 1993),
Met52 of the yeast CaM sequence is essential for the high-
affinity coupling of the EF-hand pair and the substitution of
Met52 may lead the N-domain of YC52 to the vertebrate-
type low-affinity sites (Figure 3C, Table 2). According to
the X-ray structure of Ca-saturated CaM (Babu et al.,
1988), the side chain of lle52, which constitutes site 2, is
observed close to the €abinding loop of site 1. The side
chain of Met52 in yeast CaM may affect the structure of
site 1, and this interaction may increase th&'Caffinity in
the N-domain. If a similar mechanism is applicable to the
C-domain, substitution of Leul25, a position homologous
to 1le52, of chimera YC129 by 1le125 of chicken CaM may
improve the C&" affinity (Figure 3A).

The C&* affinity of these N-domain mutants did not
directly correlate to the affinity for target enzymes (Figures
3—6). Since theK,value of YC73 for PDE was similar to
the value of CCMO (Table 3), the N-domain of yeast CaM
was shown to recognize PDE in cooperation with the
C-domain of chicken CaM. After further incorporation of
the site 2 sequence of chicken CaM, g, value of YC53
increased unexpectedly. Since this chimera retained high
affinity for Ca2* (Figure 3C), the alignment of the four

expected to retain the basic characteristic structure of a-helical segments in the N-domain and the resulting exposed
vertebrate CaM, which might be supported by the results of hydrophobic patch might not be suitable for the high-affinity
gel electrophoresis (Figure 2). The similar properties of interaction. Since this effect was improved by substitution
domain-exchanged chimeras YC88 and YC73, each consist-by lle52 of the chicken CaM sequence for Met52, the
ing of the N-domain of yeast CaM and the C-domain of resulting chicken-type conformation of the N-domain with
chicken CaM, strongly support the structural and functional a concomitant low affinity for Ca recovered the appropriate
independence of each terminal domain (Figure§3 But arrangement. Alignment of the four-helices in the N-
chimeras with the heterologous €abinding site in each  domain of yeast CaM or YC53 may result in the high*Ca
half-molecular domain (YC129, YC130, YC53, YC52, and affinity-type of calbindin By (Szebenyi et al., 1981), and
YC51) showed different properties in hydrophobic chroma- the substitution for Met52 of YC53 may rearrange the
tography and in native PAGE (Figure 2B), suggesting some structure to a type of C& regulatory protein like CaM
conformational difference in each domain. (Strynadka & James, 1989). Th€, value was further
Results of C&" binding measurement could be related to improved by substitution of Met51 for Leu51, which restored
the conformational difference observed by the native PAGE. theK,.value of CCMO (Figure 5, Table 3). A possible role

Since YCMO showed a high affinity for Gain a highly
cooperative manner compared to YC130 or YC129 (Figure
3A, Table 2), the C-terminal sequence (residues-1135)

of yeast CaM may have a specific role to generate cooper-

ativity among the three Géa binding sites. Generally, the
Ca*' binding sites of the EF-hand make a pair to form the
high-affinity C&* binding domain (lkura et al., 1984;

of Met51 was predicted by Zhang et al. (1994), and it may
reflect the direct interaction of Met51 with PDE as indicated
in the interaction with the skMLCK peptide (Ikura et al.,
1992). The region involving Met51 and lle52 in the
N-domain and probably the homologous region in the
C-domain may be very important for coupling the EF-hand
pair and for the high-affinity interaction with targets.

Strynadka & James, 1989; Maune et al., 1992). Since the Sequences required for high-affinity interaction with PDE,

C-terminal domain of yeast CaM binds only one*Cdue
to the inactive fourth site (Luan et al., 1987; Matsuura et
al., 1991), the C-terminal sequence (residues—113b) of
yeast CaM may have a specific conformation in YCMO

SkMLCK, and smMLCK were different (Table 3). The

largest increase in affinity for PDE was observed by
introduction of the chicken-type C-terminal region (Asp129
to Lys148), and further small increases were observed in
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YC88, YC73, and YC51 (Figure 4). In addition to the MLCKs are suggested. For MLCKs, CaM first binds to the

chicken CaM sequence itself (YC130), a gain of Qainding enzyme, the autoinhibitory domain dissociates from the active
ability in the site 4 sequence (YC129) was also very effective site, and then the complete structure of the catalytic site is
for PDE (Figure 4). Therefore, residues 12318 are the constructed through the second interaction of CaM with the
most important for high-affinity interaction with PDE (Figure enzyme. Then two substrates bind to start the catalytic
4, Table 3). A large increase in the affinity for smMLCK reaction. On the other hand, PDE can be activated following
was similarly observed due to the restoration o¥'dzinding simple binding of CaM, which may release the complete
to the fourth site (YC129). On the other hand, introduction structure of the catalytic site, possibly through removal of
of chicken CaM sequence Ala88 to Alal28 into mutant the inhibitory domain.

YC129 brought about large increases in the affinities for

skMLCK and smMLCK (Figures 5 and 6). Further small ACKNOWLEDGMENT
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