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Calmodulin  (CaM)  and  the  cardiac  isoform  of tro- 
ponin C (cTnC) are close structural  homologs, but  cTnC 
cannot activate most  CaM target  enzymes. To investi- 
gate  structure-function  relationships, we constructed 
a series of  CaM-cTnC chimeras  and  determined  their 
ability to  bind  Ca2+  and activate CaM target  enzymes. 
Previously, we  exchanged  domain 1 and  found  that  the 
chimeras  exhibited  profoundly  impaired activation of 
smooth  muscle  myosin light chain kinase (smMLCK) 
and  had differential effects on  other CaM target en- 
zymes  (George, s. E., VanBerkum, M. F. A., Ono, T., 
Cook, R., Hanley, R. M., Putkey, J. A.,  and  Means, A. 
R. (1990) J.  Biol. Chern. 265,9228-9235). One  of the 
domain 1 chimeras was a potent  competitive  inhibitor 
of  smMLCK.  We now extend our  study  of  CaM-cTnC 
chimeras  by  exchanging all of  the  remaining  functional 
domains  of CaM and  cTnC. We determined  the ability 
of  the  chimeras  to  bind  Ca2+  and activate phosphodi- 
esterase (PDE)  and smMLCK.  Chimeras containing 
both  domains 3 and 4 of  cTnC exhibited  high affinity 
Caz+  binding  that was indistinguishable  from  cTnC, 
whereas  chimeras  containing either domain 3 or 4 of 
cTnC  demonstrated  Ca2+ affinity that was intermedi- 
ate between CaM and  cTnC.  All  of  the CaMOcTnC 
chimeras  showed  near-maximal  PDE activation but 
required 5-775-fold higher  concentrations  than CaM 
to  produce  half-maximal  PDE  activation. In contrast, 
all of  the  chimeras  showed  impaired ability to activate 
smMLCK,  and  some were potent  competitive  inhibitors 
of  smMLCK activation by  CaM. 

Calmodulin (CaM)’ is a  ubiquitous  intracellular  Ca2+ recep- 
tor in eukaryotic cells. It participates in a  number of intra- 
cellular Ca2+ signal transduction pathways  through its ability 
to bind and activate  a  number of regulatory proteins and 
enzymes (reviewed in Ref. 1). Understanding  the  structural 
basis of CaM’s interaction with its  target enzymes is impor- 
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tant  to understanding how CaM accomplishes its diverse 
regulatory functions. 

CaM is a 16.8-kDa protein that  has four helix-loop-helix 
Ca2+ binding domains, termed EF-hands.  These domains  are 
paired  in  amino- and carboxyl-terminal globular domains, 
separated by a flexible 8-turn  central helix (2-5). Upon com- 
plex formation with model binding peptides, CaM undergoes 
a striking  structural rearrangement (6, 7). The  central helix 
bends 100” and twists 120”, closely associating the two glob- 
ular Ca2+ binding regions about  a pseudo-2-fold axis of sym- 
metry and enveloping the CaM-binding  peptide  in  a hydro- 
phobic tunnel.  The surface of the complex is composed pri- 
marily of residues from the eight helical segments and  the 
interhelix  linker regions. The CaM-peptide complex structure 
does not reveal how the surface of CaM might interact with 
other functional  domains of the CaM target enzyme. 

Chimeras between CaM and a homologous calcium-binding 
protein, cardiac troponin  C (cTnC), may help to define CaM- 
target enzyme interactions. The two proteins show remarka- 
ble structural similarity, with 50% amino acid identity (2, 8, 
9). Although cTnC  has  not been crystallized, it has  a high 
degree of sequence similarity  with both CaM and  the skeletal 
isoform of TnC  (sTnC) (10). Therefore, it is likely that  cTnC 
shares  the dumbbell-shaped structure described for CaM and 
sTnC (2, 8, 9). 

Despite its  structural similarity to CaM, cTnC cannot  ac- 
tivate CaM target enzymes (11,12). By exchanging functional 
domains between the two, it should be possible to define 
regions of CaM that are  essential for activation and cannot 
be substituted by corresponding domain of the inactive hom- 
olog, cTnC. The same approach may also be used to investi- 
gate other functional differences between CaM and  cTnC, 
such as  the higher Ca2+ affinity of cTnC’s carboxyl-terminal 
domains (13-15). The information gained from a CaM.  cTnC 
chimera  study can  then direct  a more detailed mutagenesis 
study. 

We used this approach to show that substitution of CaM’s 
domain I had  differential effects on CaM target enzymes (11). 
One CaM .cTnC chimera, TaM-BM1 (domain 1 of cTnC, 
domains 2-4  of CaM, with its inactive first domain restored 
by mutagenesis)  activated some CaM target enzymes but 
proved to be  a potent competitive  antagonist of smooth muscle 
myosin light chain  kinase  (smMLCK) (11). The competitive 
inhibitor  phenotype and additional data demonstrated that 
TaM-BM1 bound to smMLCK but failed to activate the 
enzyme. Further mutagenesis defined three residues in do- 
main l of CaM that were essential for full activation of 
smMLCK, namely Glu-14, Thr-34, and Ser-38 (16). When 
these three CaM residues were mutated  together, the resulting 
CaM triple mutant (E14A,T34K,S38M) reproduced the com- 
petitive  inhibitor  phenotype of TaM-BM1. 

Here we extend our approach to  the remaining  functional 
domains of CaM. We construct  and assay a new series of 
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CaM . cTnC  chimeras,  exchanging calcium binding  domains 
2, 3, and 4 and  the  central helices. Again we observe that 
domain exchange has  differential effects on target enzymes 
and  that some chimeras competitively inhibit  CaM  activation 
of smMLCK. 

EXPERIMENTAL  PROCEDURES 

Construction of Chimeras 

To exchange functional domains of CaM and cTnC, we added SacI 
and SalI sites to pCaMPL and a SalI site to  pTnCPL3 in the cDNA 
sequences that correspond to  the amino acid residues indicated in 
Fig. 1. These restriction sites enabled us  to exchange domains  3 and 
4. For the central helix exchange, addition of restriction sites was 
impractical because of objectionable mutations.  Instead, we used 
overlap extension PCR (17). The details of construction  are in the 
following paragraphs. 

pCaMf3,4 TnC], pTnCf3,4 CUM], and pTnCf3,4 CaMIfBMll- 
The bacterial expression plasmid pTnCPL3 (chicken cTnC) (18, 19) 
has  a SocI site (GAG CTC). A SacI site was engineered into the 
corresponding position of pCaMPL. This mutates Ile-85 of CaM 
to Leu, which has no effect on Ca2+ binding or activation of the 
target enzymes presented here (data not shown). We call this 
mutant pCaM[Saclj. The  Sad-NdeI restriction fragments were 
then exchanged between pCaM[SacI] and  pTnCPL3  to produce 
pCaM[3,4 TnC]  and pTnC[3,4 CaM]. To make pTnC[3,4 CaM] 
[BMl],  the NcoI-Sac1 fragment of pCBMl (18) was subcloned into 
the corresponding site of pCaM[SacI]. 

pCaMf2 TnC]-The expression plasmid pCaT encodes a  CaM. 
cTnC chimera in which amino acid residues 1-47 (domain I) come 
from CaM, and amino acid residues 48-153 correspond to amino 
acid residues 57-161 (domain 2-4)  of cTnC (11). To construct 

oligo(GAA  TAC CAT GGC AGA TCA GCT GAC TGA GGA  AAC) 
CaM[2 TnC], pCaT was amplified using PCR. The forward 

creates  an NcoI site at  the initiation codon and corresponds to  the 
NH2-terminal 8 amino acid residues of CaM. The reverse oligo(ACC 
CAG TCA CGT AGC GAT AGC, hereinafter oligo 2) lies 3’ to a 
convenient NdeI site  in the expression plasmid. This PCR product is 
treated with proteinase K (20), agarose gel-purified, digested with 
NcoI and SacI, and subcloned into  a vector obtained by digesting 

pCaM[SacI] with NcoI and SUI. The resulting protein product con- 
tains amino acid residues 1-47  of CaM, 56-93 of cTnC, and 81-148 
of CaM. 

pTnCf.2 CUM/-The expression plasmid pTaM encodes a  CaM. 
cTnC chimera in which amino acid residues 1-56 (domain 1) are 
derived from cTnC  and 57-157 correspond to 48-148 (domains 2-4) 
of CaM (11). We used PCR to amplify domains 1 and 2 of pTaM, 
designing the reverse oligo to incorporate a  SacI  site a t  nucleotides 
276-281. This PCR product is treated with proteinase K (20), agarose 
gel-purified, digested with NcoI and  Sad,  and subcloned into  a vector 
obtained by digesting pTnCPL3 with NcoI and SacI. The resulting 
protein product contains amino acid residues 1-56  of cTnC, 48-80  of 
CaM, and 93-161  of cTnC. 

pCaMfCH-TnCj-To construct  this chimera, we used overlap ex- 
tension PCR (17). In  first stage PCR 1, pCaM[SacI] is the template, 
the forward oligo is ACC  ACA CCT ATG GTG TAT GC (oligo 3; lies 
70-bp 5’ to  the NcoI site/initiation codons of pCaMPL and  pTn- 
CPL3), and  the reverse oligo is CCT TTG CTG TCA TCT 
TTC  ATT  TTC CTG GCC ATC ATG GTC. In first stage PCR 2, 
pTnC[3,4 CaM]  is the template, the forward oligo is G ACC  ATG 
ATG  GCC AGG  AAA ATG AAA GAT GAC  AG, and the reverse 
oligo is oligo 2. The two first stage products are combined with oligos 
2 and 3 in a second stage PCR. The second stage product is subcloned 
as described for pCaM[2 TnC].  This construction yields a  protein 
product that is identical to CaM, except that residues 76-85 are 
replaced by residues 85-97  of cTnC (see Fig. 1; the exchange runs 
from the overlap extension splice point to  the SacI site). 

pCaMf4 TnC] and  pTnCf4 CaM]-Using overlap extension, a 
unique Sal1 site was engineered between bp 364-370  of pCaM(Sac1) 
and between bp 398 and 403  of pTnCPL3. At the amino acid level, 
this results in conservative substitutions, I133V,  E134D in pTnCPL3. 
The mutations  in pCaM(Sac1) are silent. 

pTnCfSall]-The first stage PCR  template is pTnCPL3. The 
overlap oligos for first stage PCR 1 and 2 are CAG TTC GTC GAC 
GAC ATC CTC AGT and GAG GAT GAC GTC GAC  GAA CTG 
ATG, respectively. The outside oligos for first stage PCR 1 and 2 are 
oligo 3 and oligo 2, respectively. 

pCaM[Sall]-The first  stage  PCR  template is pCaM[SacI]. The 
overlap oligos  for first stage PCR 1 and  2  are GAA  GAA GTC GAC 
GAAATGATTAGG  andCAGTTC  GTCGACTTCTTCATC 

NW l Pst l 

Loop I 4 Loop I1 
heilx 1 -1 helix 2 hellx 3 )-I helix 4 

CaM RDQLTEEQ I REFKERFSLF-DKDGDGT I TTKELGTU~RSLGQNPTERELQDII I NEUDADGNGT I DFPEFLT 
1 10 20 30 40 50 60 70 

cTnC I lDD IYKRRUEQLTEEQKNEFKRRFDI  FULGREDGCI STKELGKUflRflLGQNPTPEELQEIl I DEUDEDGSGTUDFDEFLU 
1 10 20 30 40 50 60 70 

overlap miension 
splice site Sac I sal l Nde l 

Loop 111 LOOP IV 
helix 4 h8llx 5 7 1  hellx6  hellx7 7 1  helix 8 

CaM I l t lRRKflKDTD---SEEE I RERFRUFDKDGHGY I SRRELRHUflTNLGEKLTDEEUDEfl I READ I DGDGQUNYEEFUQnflTRK 
71 80 [ L l  90  100  110 120 130 1 40  148 

cTnC flflURCnKDDSKGKSEEELSDLFRflFDKNAOGY I DLEELK I flLQRTGET I TED0 I EELflKDGDKNNDGR I DYDEFLEFflKGUE 
80 90 100  110 1 20 130 140 1 5 0  160 

[ U O l  

FIG. 1. Amino acid sequences of CaM and cTnC, aligned to emphasize domain homology. The restriction sites in the corresponding 
expression plasmids used to construct the chimeras  are  indicated above the sequences. The Ncol, PstI,  and NdeI sites were already present 
in the expression plasmids; the Sac1 and SalI sites were added as  part of this study. The splice point for overlap extension is indicated (see 
text and “Experimental Procedures”). Also indicated are the residue numbers of CaM and cTnC  beneath the sequences, the eight helical 
segments that comprise the four calcium binding domains of CaM and  cTnC,  the four 12-residue calcium binding loops bracketed above the 
sequences, and  the conservative substitutions that resulted from the addition of restriction  sites (in brackets immediately above or below the 
sequence). 

 by guest, on January 15, 2010
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


Calmodulin-Troponin C Chimeras 25215 

TGT, respectively. The outside oligos are oligo 3 and oligo 2, respec- 
tively. 

pCaM[4 TnCl and pTnC[4  CaM]-These are  constructed by ex- 
changing SalI-NdeI  restriction  fragments between pTnC(Sal1) and 
pCaM(SaL1). 

~ C a M r 3  TnCI-This was constructed bv digesting uTnC14 CaMl 
w i h  Saci and NdeI and subcloning the 805-bp resthction fragment 
into a Sad-Ndel digested vector derived from pCaM[SacI]. 

pTnC[3  CUM]-This was constructed by digesting pCaM[4 TnC] 
with Sac1 and NdeI and subcloning the 404-bp restriction  fragment 
into a Sad-NdeI digested vector derived from pTnCPL3. 

The above described inserts and vectors were ligated and used to 
transform Escherichia coli strain “294 cI+ using established tech- 
niques (21, 22). The desired mutant colony  was identified by restric- 
tion mapping where feasible or by DNA sequencing. The DNA 
sequence of each expression plasmid was determined (Sequenase, U. 
S. Biochemical Corp.).  Fig. 2 is a schematic diagram of the 10 
chimeras constructed for this study. 

Protein Expression and Purification 
The chimeric expression plasmids were used to transform  E. coli 

strain N5151, and  the chimeric proteins were expressedby heat shock 
as described (11). CaM[3,4 TnC], TnC[3,4 CaM], TnC[3,4 CaM] 
[BMl], CaM[2 TnC],  CaM[CH-TnC],  and CaM[4 TnC] were purified 
as described ( l l ) ,  with the following modification. The final purifi- 
cation using ion-exchange high pressure liquid chromatography was 
eliminated. Instead, we added 3-5  gm  of phenyl-Sepharose, equili- 
brated with 50 mM Tris-C1, pH 7.0, 1 mM EDTA, 1 mM DTT  to  the 
EDTA eluate from the first phenyl-Sepharose column (typical volume 
30-50 ml). The slurry was shaken at  room temperature for 30-45 
min, then aspirated to dryness through  a Millipore RA filter, 5.0 p M  
pore size. The filtrate  contained the chimeric protein, and contami- 
nating  proteins remained bound to  the phenyl-Sepharose. 

For final purification of CaM[3 TnC] we used a Mono Q 5/5 or 
Mono Q 10/10 (fast protein liquid chromatography)  (Pharmacia  LKB 
Biotechnology Inc.) ion-exchange column (20 mM Tris-C1, pH 7.0, 1 
mM DTT, 0.1 mM EDTA, 0-500 mM NaCl gradient). The protein 

CaM 4 
cTnC 

Chimeras: 

TnC  [3,4 Caw 

CaM [2 TnC] 7 

TIC [z Caw 

TnC [3 Caw 

TnC 14 Caw 

FIG. 2. Diagram of CaM.cTnC chimeras. CaM sequences are 
white, and cTnC sequences are gray. The four Ca2’ binding loops are 
shown as semicircles; an ‘‘x” inside the semicircle indicates the loop 
is unable to bind Ca2’. 

eluted at 300-330 mM NaCl and was concentrated and desalted before 
further use. 

TnC[2 CaM], TnC[3 CaM], and  TnC[4 CaM] bound incompletely 
to phenyl-Sepharose in low salt solutions. Bacterial lysates containing 
these  chimeras were bound to phenyl-Sepharose in 50 mM Tris-C1, 
pH 7.5, 1 mM CaC12, 1 mM DTT, 400 mM ammonium sulfate and 
were eluted with 500 mM Tris-C1, pH 7.5, 1 mM DTT, 1 mM EDTA. 
The EDTA eluates were then dialyzed overnight against 2 liters of 
20 mM Tris-C1, pH 7.0, 1 mM DTT, 0.1 mM EDTA, then purified 
over a Mono Q 5/5 column as described for CaM[3 TnC]. 

Calcium Binding by Equilibrium Dialysis-These studies were per- 
formed as described by  George et al. ( 11 ). 

Fluorescence Enhancement-Measurements were  made at ambient 
temperature  on  a Shimadzu RF-5000 spectrofluorimeter, with an 
excitation wavelength of  278  nM and  an emission wavelength scanned 
from 300 to 350  nM. Excitation and emission bandwidths were both 
5 nM. Scan rate was set  at very  slow. The peak fluorescence at 307 
nM is reported. Protein  concentrations were adjusted to 0.1 mg/ml in 
100 mM MOPS, pH 7.0,  150 mM KC1,0.4 mM EGTA. 3 pl of a 10 mM 
CaC12 solution (prepared from a 100 mM standard solution) (Orion) 
were added in successive aliquots to 3 ml  of protein solution. At least 
three separate fluorescence determinations were made with at least 
two different protein  preparations;  no significant variation in fluo- 
rescence data was observed between protein preparations.  Data re- 
ported is the mean of three successive titrations ? standard errors as 
indicated in Fig. 4. Free calcium concentration was determined as 
described by VanBerkum and Means (23). Buffers were calibrated, 
and free calcium concentration was verified by titrating a 3-ml sample 
of 0.1 mg/ml CaM, 1 p M  indo-1, in 100 mM MOPS, 150 mM KCI, 0.4 
mM EGTA, with successive 3-pl aliquots of 10 mM  CaC12. The 
calibration sample was excited at 355  nM, and emission was scanned 
from  380 to 550  nM. Free Ca2+ was estimated from the ratio of 
fluorescence at 404  nM to fluorescence at 485 nM (24). 

The fluorescence data was fit to one- and two-site models of the 
nonlinear Hill equation 

y = 1 + 10(nlWa50 - .&all + 1 + 1o<nZ’pca50 - &a)) 

Ymaxl  Yrnaxz 

where y = percent of maximal enhancement observed at a  particular 
pCa; the subscripts 1 and 2 indicate phases 1 and 2 of the enhance- 
ment  titration; ym,,, maximal percentage enhancement observed in 
that phase of the titration; n, Hill coefficient; pCa50, negative loga- 
rithm of free Caz+  concentration producing half-maximal enhance- 
ment in the indicated phase of the titration;  pCa, negative logarithm 
of free Ca2+ concentration producing y percent of maximal enhance- 
ment. The one-site model excludes terms with the subscript 2. The 
curves were fit with a  least  squares  nonlinear regression algorithm 
(Marquart algorithm, Kaleidagraph 3.0, Synergy Software, Reading 
PA). The selection of either the one- or two-site model  was  made by 
comparison of chi-square values and correlation coefficients between 
the two  models and visual comparison of curve fits. The one-site 
model  was selected for all fluorescence enhancement data except for 
CaM[3 TnC]  and  TnC[4 CaM], for which the two-site model  was 
chosen. 

Enzyme Assays 
Phosphodiesterase Assays-Calmodulin-deficient phosphodiester- 

ase was purified from rat brain, and phosphodiesterase activity was 
assayed as described by Putkey et ai. (25). We also determined 
phosphodiesterase activity as a function of free calcium concentra- 
tion, for CaM, CaM[3 TnC],  and CaM[4 TnC]. For these studies, we 
made a series of  20 reaction buffers, containing 100 mM MOPS, pH 
7.4,  150 mM KC1,  0.4 mM EGTA, 0.1 mM magnesium acetate,  and 
increasing amounts of CaC12 to give the desired free CaC12 concentra- 
tion (from pCa 8 through  pCa  5 in 20 increments). We assayed CaM, 
CaM[3 TnC], or CaM[4 TnC] (500 nM) in each of the 20 buffers. 
Three separate  experiments were performed, each in duplicate. The 
data was fit to a  one-site nonlinear Hill equation as described above 
for the fluorescence enhancement data,  and  the mean pCa5O was 
determined. Standard errors for these pCa50 determinations were 
& 0.2 pCa units or less. 

Myosin Light Chain Kinase Assa-ys-These  were performed as 
described by VanBerkum and Means (16). Evaluation of chimeras as 
inhibitors was performed as described by George et al. (11) and 
VanBerkum and Means (16). 
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RESULTS 

Construction, Expression, and Purification of the Chi- 
meras-Construction of expression plasmids  encoding  10 
CaM . cTnC  chimeras  is  detailed  under  “Experimental  Pro- 
cedures.” A schematic  diagram of the  chimeras  is  shown  in 
Fig. 2. The  chimeras were expressed in E. coli and purified 
using hydrophobic affinity  chromatography  or hydrophobic 
affinity  and ion-exchange chromatography (see “Experimen- 
tal  Procedures”). An SDS-polyacrylamide gel of the purified 
proteins  is shown in Fig. 3. 

Calcium Binding Properties-We used  equilibrium  dialysis 
to  determine calcium binding  properties of the  CaM-cTnC 
chimeras  (Table  I).  At  pCa 4, chimeras that have  four  func- 
tional Ca2+ binding  domains  bound  approximately 4 Ca2+/mo1 
of protein  (range, 3.7-4.4 mol of Ca2+ bound/mol of protein), 
whereas those  with  three  functional  domains  bound  approxi- 
mately 3 mol of Ca2+/mol of protein (range, 2.7-3.2 mol of 
Ca2+/mo1 of protein). 

At low free  Ca2+ concentrations,  the  presence of domain 3 
and/or 4 of cTnC  had a significant effect on Ca2+ binding (see 
Table I, at pCa 7-5.5). Constructs  that  contain  both  domains 
3 and 4 of cTnC  bind more  Ca2+ than  constructs  containing 
the  corresponding  domains of CaM  (compare e.g. CaM  and 
TnC[3, 4 CaM]  with TnC  and CaM[3,  4 TnC]).  Constructs 
that  contain  either  domain 3 or 4 of cTnC  demonstrate 
intermediate calcium affinity  (compare e.g. CaM[3  TnC]  with 
CaM  and  CaM[3,4  TnC]). 

To evaluate Ca2+ affinity  with  greater resolution, we studied 
fluorescence enhancement of the  chimeras  in  response  to 
incremental  additions of Ca2+. Both  CaM  and  cTnC  contain 
one  tyrosine residue in calcium binding loop 3 and  one  in loop 
4  (residues  99 and 138 of CaM  and 111 and 150 of cTnC; 
cTnC  contains a third  tyrosine, a t  position 5 near  the  NH2 
terminus).  Titration of CaM  and  cTnC  with Ca2+ results  in 
fluorescence enhancement, which reflects Ca2+-dependent  al- 
terations  in  the  tertiary  structure (13, 14). Relative to CaM, 
Ca2+ titration of cTnC produces enhancement at about 1 log 
lower free  Ca2+ concentration. 

Fluorescence enhancement of CaM,  cTnC,  and  the  chi- 
meras  are  presented  in Fig. 4 and  Table 11. The fluorescence 
enhancement  curves of cTnC  and CaM[3,4 TnC]  are  nearly 
identical to  each  other (Fig. 4, top; pCa50 7.2 and 7.1, respec- 
tively).  Similarly, the  enhancement curves of TnC[3,4  CaM] 
and  CaM  are  nearly  identical  (pCa50 6.1 and 6.0, respec- 
tively).  Fluorescence enhancement  with  these  proteins  ap- 

97 kDa + 
66 kDa + 

pears monophasic and  exhibits  strong positive  cooperativity 
(Hill coefficients, 1.5-2.4). 

The fluorescence enhancement  data  obtained for 
TnC[4  CaM]  and  CaM[3  TnC] show  a rightward  shift, relative 
to  cTnC. Moreover, these  chimeras  appear to have  biphasic 
fluorescence titrations  (pCaSo 7.2 for cTnC uersus 6.9 and 
5.7 for both chimeras;  see Fig, 4,  bottom and  Table 11). For 
CaM[3  TnC],  the second phase  represents  about 30-35% of 
the  total  enhancement  and  centers  at  pCa50 5.7. Although 
TnC[4  CaM] also fits reasonably well to  the single-site model 
of the  nonlinear Hill equation,  the two-site model appeared 
to give a better fit to  the  data between pCa 6.3-5.0.  If TnC[4 
CaM]  has a second phase,  it  represents  about  15% of the  total 
enhancement  and like CaM[3  TnC]  has a pCa50 of  5.7. The 
Hill coefficients  for these two chimeras range  from 0.8 to 1.3, 
substantially lower than  the  other  proteins  reported here. 
Within observed error,  these  Hill coefficients do  not suggest 
cooperativity (26, 27). 

The fluorescence enhancement curves obtained with 
TnC[3  CaM]  and  CaM[4  TnC]  appear monophasic and  are 
left-shifted relative to CaM ( pCaSo 6.0 for CaM  uersw 6.3 for 
both  chimeras).  CaM[2  TnC]  and  CaM[CH-TnC]  are vir- 
tually  identical to CaM,  and  TnC[2  CaM]  is virtually  identical 
to  cTnC  (data  not  shown). 

Phosphodiesterase Assays-We studied  the  ability of CaM. 
cTnC  chimeras  to  activate  Ca2+-CaM-dependent phosphodi- 
esterase  (Table 111). In  the assay,  Ca2+-CaM stimulates  PDE 
activity 8-10 fold (11, 23). Although cTnC  stimulates  PDE 
activity to  the  same  maximal  extent  as CaM, a very high 
concentration of cTnC  is required  before activation  is ob- 
served. All  of the  CaM.cTnC  chimeras  activate  PDE,  but 
compared  with CaM,  higher concentrations of the  chimeras 
are required to  activate (i.e. all chimeras show increases in 
K,,,, relative to  CaM). Of the half-CaM, half-cTnC chimeras, 
CaM[3,4 TnC] shows the  largest increase in Kact (about 300- 
fold). This increase is largely traceable  to  the presence of 
domain 3 of cTnC.  CaM[3  TnC] shows a 133-fold Kact in- 
crease,  whereas CaM[4  TnC] shows only an 9.5-fold Kact 
increase. In  contrast, TnC[3,4 CaM]  and TnC[3,4  CaM] 
[BMl] show only about 6-fold Kact increases.  CaM[2 TnC] 
and  CaM[CH-TnC]  also show  only small Kact increases (6.3- 
and 4.6-fold, respectively). TnC[2 CaM], TnC[3 CaM], and 
TnC(4  CaM] all  show substantial increases in K,,,. 

We  questioned  whether  the  apparent higher  Ca2+  affinity 
of some CaM  .cTnC  chimeras  might  result  in  altered Ca2+ 
dependence of enzyme activation. To address  this question, 

FIG. 3. SDS-polyacrylamide gels 
of CaM.cTnC chimeras. 15% SDS- 
polyacrylamide gel of the chimeras run 
in buffer containing 5 m M  EDTA. 10 pg 
of each protein was loaded. The chimeras 
remain as single bands when lesser 

31  kDa + - 

21kDa +- - - 0 
amounts are run. The chimeras undergo 
typical shifts toward  lower apparent mo- 
lecular weights when run in Ca2+ con- 
taining buffer (not  shown). 
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TABLE I 
Calcium binding to CaM.cTnC chimeric proteins 

Extent of Ca2+ bound, expressed as mol of Ca2+ bound/mol of protein at  the indicated pCa. Determinations were made by equilibrium 
dialysis of chimeras as described under  “Experimental Procedures.: Data presented are  the mean of two experiments done in triplicate f 
standard error. Where no value is reDorted. the Ca2+ bindine of the chimera was not determined at  that DCa. 

CaM 
cTnC 
CaM(3,4 TnC) 
TnC(3,4 CaM) 
TnC(3,4 CaM)(BMl) 
CaM(3 TnC) 
CaM(4 TnC) 
CaM(2 TnC) 
TnC(2 CaM) 
TnC(3 CaM) 
TnC(4 CaM) 
CaM(CH-TnC) 

pCa 7 

0.4 f 0.2 
1.0 f 0.2 
0.8 f 0.2 
0.2 f 0.1 
0.4 f 0.2 
0.2 f 0.1 
0.2 f 0.1 

pCa 6.5 

0.5 f 0.2 
1.4 f 0.1 
1.1 f 0.3 
0.5 f 0.2 
0.4 f 0.2 
0.8 f 0.1 
0.7 f 0.2 

o c a  6 

0.6 f 0.1 
1.8 f 0.2 
2.2 f 0.2 
0.9 f 0.2 
0.5 f 0.1 
1.6 f 0.2 
1.1 f 0.2 

pCa 5.5 

1.4 f 0.1 
2.1 f 0.1 
2.0 k 0.1 
1.4 f 0.2 
1.2 f 0.3 
1.9 f 0.1 
1.7 f 0.1 

pCa 5 

2.2 f 0.2 
2.8 k 0.1 
3.1 f 0.2 
2.3 f 0.4 
2.1 f 0.1 
2.4 f 0.1 
2.3 f 0.2 

o c a  4 

4.1 f 0.1 
3.2 f 0.2 
4.2 f 0.2 
2.7 f 0.1 
3.7 f 0.2 
3.7 f 0.3 
3.8 f 0.2 
3.7 f 0.1 
2.7 f 0.3 
2.8 f 0.4 
2.7 f 0.2 
4.4 f 0.2 

100 TABLE I1 

80 experiments 
Summary of parameters observed in the fluorescence enhancement 

Fold enhancement is fluorescence observed at pCa 4.5 divided by 
60 fluorescence observed atpCa 8.5;pCa501 (andpCa502, where reported) 

refers to  thepCa  at which enhancement was half-maximal. Hilll (and 
Hillz, where reported)  indicate the Hill coefficient for that phase of 

+caM p 4  TnC) enhancement.  Data reported are the mean of three successive titra- 
- -TnC (3,4 CaM) tions. Standard errors for determination of pCa50s were kO.l pCa 

units or less, for fold enhancement, f O . l  or less, and for Hilll, f O . l  --e--CaM or less. The  standard errors for both reported Hill2 coefficients are f 

40 

g 20 E 
5 0  0.2. 
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FIG. 4. Fluorescence enhancement. Changes in peak fluores- 
cence were monitored as a  function of log-free Ca2+ concentration. 
Data  are expressed as percent of maximal fluorescence enhancement 
obtained between pCa 8.5 and 4.5 for that protein. Curves were fit to 
a  one- or two-site model of the nonlinear Hill equation, as described 
under “Experimental Procedures.” Top, fluorescence enhancement of 
CaM, cTnC, and half-CaM, half-cTnC chimeras. Bottom, fluores- 
cence enhancement of single-domain chimeras. Abscissas of the top 
and bottom graphs  are aligned to allow comparison between the 
figures. 

we studied PDE activation as a function of free  Ca2+ concen- 
tration. At 100 nM CaM, the free Ca2+ concentration required 
to produce half-maximal fluorescence enhancement was con- 
siderably  more than  that required to produce half-maximal 
PDE activation (pCa0 of 6.0 for fluorescence enhancement 
uersuSpCa6,  of 6.6 for PDE activation; see  Tables 11 and 111). 
The enhanced Ca2+ affinity of CaM[4 TnC] does not produce 
a lower Ca2+ requirement for PDE activation; both PDE 
activation and fluorescence enhancement have apCa50 of 6.3. 
For CaM[3 TnC], this effect was even more striking; the 
pCa50 for PDE activation was 5.7.  Thus, the apparent higher 
Ca2+ affinity of the chimeras relative to CaM does not produce 

CaM 
cTnC 
TnC[3,4 CaM] 
CaM[3,4 TnC] 
CaM[3 TnC] 
CaM[4 TnC] 
TnC[3 CaM] 
TnC14 CaMl 

2.3 6.0 2.4 
1.4  7.3 1.5 
2.1 6.1 2.4 
1.4  7.1 1.9 
1.6  6.9 1.1 5.7 1.3 
1.8 6.3 1.6 
1.4 6.3 2.3 
1.4  6.9 1.1 5.7 0.8 

TABLE 111 
Activation of calmodulin-dependent phosphodiesterase by CaM. cTnC 

chimeras 
Kact is the protein  concentration producing half-maximal PDE 

activation.  Percent maximal activation is the percent of activation 
produced by saturating amounts of the protein  (ranging from 100 nM 
for CaM to 5 JLM for cTnC), divided by the activation produced by 
100 nM CaM, multiplied by 100. Relative KaCt is calculated by dividing 
the Kan by the K., for CaM (2.0  nM). pCa5O for PDE activation is 
the negative logarithm of the free Ca2+ concentration producing half- 
maximal PDE activation, with maximal PDE activation defined as 
that produced by  500 nM CaM at pCa 4.0. 

Percent 
K,, maximal Relative gf:”,: 

activation K * ~ t  vation 

CaM 
cTnC 
CaM(3,4 TnC) 
TnC(3,4 CaM) 
TnC(3,4 CaM)(BMl) 
CaM(2 TnC) 
CaM(3  TnC) 
CaM(4 TnC) 
CaM(CH-TnC) 
TnC(2 CaM) 
TnC(3 CaM) 
TnC(4 CaM) 

nM 
2.0  100 

3900 98 
595 92 

11.9  109 
13.0  99 

265 
12.5  102 

96 
19 111 
9.1 100 

1420 96 
360 93 

1550 98 

1 6.6 
1950 
298 

6.0 
6.5 
6.3 

133 5.7 
9.5  6.3 
4.6 

710 
180 
775 
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PDE  activation a t  lower free  Ca2+  concentrations. 
Smooth Muscle Myosin Light Chain  Kinase Assays-Six of 

the  10  chimeras failed to  activate  smMLCK, even at  concen- 
trations as high as 5 p~ (Table 111). CaM[2 TnC], 
CaM[4  TnC],  and  TnC[3  CaM]  retained some ability  to 
activate smMLCK.  CaM[2 TnC] reached 48% of the maximal 
activation produced by CaM, with a similar Kact. CaM[4  TnC] 
and  TnC(3 CaM] were minimal  activators  but required sub- 
stantially higher concentrations  than  CaM before activation 
was observed (KaCt, 30 and >600 nM, respectively). In  contrast 
to  the  other  chimeras,  CaM  (CH-TnC) was an excellent 
activator of smMLCK. It  achieved 85% of maximal smMLCK 
activation, with  less than a  3-fold  rightward K,,, shift relative 
to CaM. 

We assayed the 6 nonactivating  chimeras  for  ability to 
inhibit  smMLCK  activation by CaM. The  results  are shown 
in  Table IV. Screening of CaM[4  TnC],  TnC[2  CaM], 
TnC[3  CaM],  and  TnC[4  CaM]  indicated  that  they  had some 
ability to  inhibit  but with Kis in  the micromolar range. They 
were not evaluated further  as  inhibitors.  In  contrast, 
TnC[3,4 CaM], TnC[3,4  CaM][BMl], CaM[3,4 TnC],  and 
CaM[3  TnC] showed significant  competitive inhibition.  The 
Kis ranged  from 31-95  nM, comparable  with the Kis observed 
for the  domain 1 chimera  TaM-BM1 (66 nM) and  the  CaM 
domain 1 triple  mutant, E14A,T34K,S38 M (38 nM) (11, 16). 

DISCUSSION 

In  the calmodulin  superfamily, the  EF-hand  pair  forms  the 
fundamental  unit of high affinity Ca2+  binding  (9,28).  Despite 
their common  secondary structural motifs, the Ca2+ binding 
affinity of EF-hand  pairs varies by at least 3 orders of mag- 
nitude (28).  Although  several  groups  have  proposed structure- 
function  relationships (29-35), the  mechanisms  through 
which structural  variations  modulate  binding  affinity  remain 
incompletely defined. Because the  carboxyl-terminal  EF-hand 
pair from cTnC  binds Ca2+  with  relatively high affinity (Kd z 

(13, 36, 37) and  the  corresponding region of CaM  binds 
Ca2+ with intermediate affinity (Kd z to M)  (14, 38, 
39), domain  exchange  between these regions of CaM  and 
cTnC  has  the  potential  to provide additional  relevant evidence 
about  the  structural basis of Ca2+  binding. 

CaM[3,4 TnC]  and  cTnC  both  demonstrate relatively  high 
affinity  binding typical of the  carboxyl-terminal  domains of 
cTnC (13, 36, 37). In  the lower range of Ca2+ concentrations, 

TABLE IV 
Activation and competitive inhibition of smMLCK by CaM.cTnC 

chimeras 
Summary table. Assays and data analysis were performed as de- 

scribed under “Experimental Procedures.” % max activation is the 
observed maximal activation of the chimera, divided by the activation 
observed with 100 nM CaM, multiplied by 100. K,, and K, are the 
concentrations producing half-maximal activation and half-maximal 
inhibition, respectively. 

Protein 7% max K ,  
activation (nM) K. (nM) 

CaM 100 0.7 
cTnC 0 >2000 
CaM(3,4  TnC) 0 38 f 3 
TnC(3,4 CaM) 0 
TnC(3,4  CaM)(BMl) 

95 f 3 
0 31 f 2 

CaM(2 TnC) 48 f 2 0.5 Not tested 
CaM(3  TnC) 0 42 & 6 
CaM(4 TnC) 12 +- 1 30 >600 
CaM(CH-TnC) 85 f 3 1.9 Not tested 
TnC(2 CaM) 0 >600 
TnC(3 CaM) 7 + - 2  >600 >600 
TnC(4 CaM) 0 >600 

all  constructs  containing  domains 3 and 4 of CaM bind 
significantly  less  Ca2+ than  constructs  containing  domains 3 
and 4 of cTnC.  These  data reflect the relatively low affinity 
of the  carboxyl-terminal  domains of CaM (14, 38, 39) and 
suggest that  the  factors  that  determine relative CaZ+ affinities 
are  found  within  the  EF-hand  pair itself. An alternative 
possibility is that significant  Ca2+ binding  interactions  exist 
between amino-  and  carboxyl-terminal domains, but  it is not 
important  whether  the  amino-terminal  domains come from 
CaM or cTnC. However, data  obtained with  proteolytic  frag- 
ments of CaM  and  TnC suggest that  interactions between the 
amino-  and  carboxyl-terminal halves of the molecule do not 
substantially influence  Ca2+  affinity (39, 40). 

Our data  indicate  that  the  primary region responsible  for 
the higher  affinity of cTnC  is  domain 3. The carboxyl-termi- 
nal halves of CaM[3  TnC]  and  TnC[4 CaM]  include domain 
3 of cTnC  and  domain 4 of CaM; both have a pCa50 at  6.9. 
The  carboxyl-terminal halves of CaM[4 TnC]  and 
TnC[3  CaM] include domain 3 of CaM  and  domain 4 of cTnC; 
both have  a  pCa50 a t  6.3. Thus, domain  3 of cTnC  dictates a 
higher pCa50 for fluorescence enhancement  than domain 4. 
However, domain 4 is  not  without effect. CaM[4 TnC]  and 
TnC[3 CaM] have higher pCa50s  than  CaM (6.3 for the 
chimeras versus 6.0 for  CaM),  and  TnC[4  CaM]  and  CaM[3 
TnC] have lower pCa50s  than  cTnC (6.9 for the  chimeras 
versus 7.3 for cTnC). 

The biphasic nature of the fluorescence titration of 
CaM[3  TnC] is noteworthy.  A possible interpretation  is  that 
the  first  phase reflects  Ca2+ binding  to domain  3 of cTnC,  and 
the second phase reflects  Ca2+ binding  to domain 4 of CaM. 
The  clear division into  two  phases may be attributable  to  the 
relatively  large  difference in  Ca2+ affinity between the two 
domains. There may  also  be disruption of domain  3-domain 
4 interactions  that  enhance  Ca2+ affinity and positive coop- 
erativity  in  cTnC  but  are lost in  the chimera.  Unlike  Caz+ 
binding to  CaM[3  TnC],  TnC[4 CaM] cannot be unequivo- 
cally divided into two  phases. This may  be  due to a  relatively 
small  second phase, which accounts for  only 15% of the  total 
enhancement  and  results  in  an equally good fit  to  either  the 
one-  or two-site model of the  nonlinear Hill  equation. If the 
two-site  equation  is  correct for TnC[4  CaM],  it produces 
pCa50s of 6.9 and 5.7, which are  the  same as those observed 
for CaM[3  TnC]. 

The  brain isoforms of CaM-stimulated  PDE  exist  in solu- 
tion as dimers of 61- or 59-kDa  subunits (41-43). Their 
activity  is  stimulated  about 8-14-fold by Ca2+-CaM,  and  the 
stimulation  exhibits  strong positive  cooperativity.  Generally, 
CaM  mutants  and chemically modified CaM  derivatives main- 
tain relatively normal ability to activate  PDE  but show vari- 
able Kact shifts that  are  thought  to reflect impaired interaction 
between PDE and  the modified CaM (11, 23, 25,44-47). We 
showed  previously that  cTnC fully activated  PDE, with  a 
marked rightward K,,, shift.  A chimera with the first domain 
of cTnC  and  the  last 3 domains of CaM was indistinguishable 
from CaM  as a PDE activator,  indicating  that  the  first domain 
of cTnC  is  not responsible for  its K,,, shift (11). Thus,  the 
structural basis of the Kact shift  demonstrated by cTnC  must 
exist somewhere in  domains 2-4. The  chimera  data  presented 
here allow one to localize the regions responsible for  this 
marked rightward Kact shift. Of the single domain chimeras, 
CaM[3  TnC]  exhibits  the largest Kact shift; therefore,  the bulk 
of shift may  be attributed  to domain 3 differences. Differences 
in  domain 2, the  central helix, and domain  4  also contribute 
to Kact shift,  but  their  contribution  to  the overall effect  is 
substantially smaller than  that of domain 3. 

Some  chimeras  exhibit  enhanced  Ca2+  affinity,  but  the 
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enhanced affinity does not  in  turn produce enzyme activation 
at lower Ca2+ concentrations. The activation of CaM-depend- 
ent enzymes can be described by a general model involving 
the sequential binding of Ca2+ to CaM and multiple equilib- 
rium reactions between the enzyme and various Ca2+.CaM 
complexes (42, 48). Our data  are consistent with this model. 
Although some chimeras exhibit  enhanced Ca2+ affinity, the 
substitution of cTnC sequences for CaM sequences results  in 
reduced affinity for PDE.  Thus, despite their increased Ca2+ 
affinity in the absence of enzyme, the chimeras exhibit an 
increased Ca2+ requirement for PDE activation. 

Calmodulin forms an extensive interface with smMLCK. 
In crystal  structure, 32 CaM residues form about 185 contacts 
with a CaM-binding peptide derived from residues 796-815  of 
smMLCK (6).  This produces a hydrophobic tunnel  that  en- 
velops the  entire length of the peptide. The 32 CaM residues 
involved in peptide binding extend from Glu-7 to Met-145 
and involve all four EF-hand  domains of CaM. In light of this 
structure, it is not surprising that CaM domain substitution 
significantly impairs smMLCK activation. The  data we pres- 
ent here and elsewhere (11) show that all four CaM domains 
contain  important smMLCK activating residues. 

Not all of the activating residues are involved in binding 
smMLCK residues 796-815. For example, VanBerkum and 
Means  (16) established that Glu-14, Thr-34,  and  Ser-38 play 
an important role in smMLCK activation. Only one of these 
residues, Glu-14, is involved in peptide binding; Thr-34  and 
Ser-38 lie on the solvent-exposed face of helix 2 and have no 
discernible contact with the smMLCK CaM-binding peptide. 
Therefore,  Thr-34  and  Ser-38  must  interact with smMLCK 
in a region distinct from residues 796-815. Mutation of Thr- 
34 to lysine or Ser-38 to methionine did not  prevent the 
formation of a  stable enzyme-activator complex but did alter 
additional  interactions that were essential for activation. If a 
sufficient number of these  mutations were combined in  a 
single molecule, the protein was a  potent competitive inhibitor 
of smMLCK activation by CaM. The first domain cTnC. 
CaM chimera, TaM-BM1,  and the CaM first domain triple 
mutant, E14A,T34K,S38, are examples of this competitive 
inhibitor phenotype. 

The competitive inhibitor  phenotype is not confined to 
chimeras  and  mutants involving domain I of CaM. All three 
of the half-CaM, half-cTnC  chimeras are competitive inhibi- 
tors. TnC[3,4 CaM] is the least  potent of the  three (Ki = 95 
nM), but  restoration of the inactive first domain of this 
chimera (TnC[3,  4  CaM][BMl]) reduces its Ki to  the lowest 
yet described for this class of inhibitors  (31 nM). This  result 
indicates that a  functional  first domain is not  essential for 
the inhibitory phenotype but does enhance  inhibitory potency. 
It is also noteworthy that  TnC[3,4  CaM][BMl] has about a 
2-fold  lower K, than does TaM-BM1 (11). The two constructs 
differ only in the origin of their second domains and  central 
helices. Therefore, the enhanced  inhibitory potency of 
TnC[3,4 CaM][BMl], relative to TaM-BM1, may be due to 
the absence of important  activating residues in domain 2 and/ 
or the central helix. This view is supported by the observation 
that CaM[2  TnC]  and  CaM[CH-TnC] do not fully activate 
smMLCK. Finally, a  nonactivating phenotype does not nec- 
essarily imply a competitive inhibitor phenotype; 
TnC[2  CaM]  and  TnC[4  CaM]  are  nonactivators  that show 
little ability to inhibit smMLCK activation. 

The complete absence of smMLCK activation by 
CaM[3  TnC] documents that domain 3 of CaM plays a critical 
role in smMLCK activation. Our observations indicate that 
essential  activating residues, analogous to Glu-14, Thr-34, 
and  Ser-38,  are likely to be found  in domain 3 of CaM. Domain 

3 is composed of helix 5 (Ile-85 to Phe-92) loop 3 (Asp-93 to 
Glu-104), and helix 6 (Ala-102 to Leu-112). The swap that 
produced CaM[3 TnC] also includes the helix 6-helix 7 linker 
region (Gly-113 to Val-121). Because CaM[CH-TnC] shows 
near maximal smMLCK activation, exchange of helix 5 can- 
not explain the inability of CaM[3 TnC] to activate. There 
are four nonconserved residues between the  third loops  of 
CaM and  cTnC. Because three of these  are directly involved 
in Ca2+ coordination (Asp-95, Asn-97, and Ser-101 in CaM 
loop 3; asparagine, aspartic acid, and  aspartic acid, respec- 
tively, in the corresponding positions of cTnC) (2, 9),  it is 
unlikely that they would interact directly with CaM target 
enzymes. Consequently, our data suggest that  the critical 
smMLCK activating residues present  in domain 3 of CaM 
may  be located in helix 6 or the 6-7 linker. 

Whereas the  CaM.peptide complex structure does not re- 
veal how the surface of CaM might interact with the rest of 
the target  protein, such interactions  are undoubtedly critical 
for enzyme activation. The very  large peptide-induced confor- 
mational change in CaM described by Ikura et al. (7)  and 
Meador et al. (6) will generate new functional domains on the 
solvent-exposed faces of CaM. These may in turn interact 
with functional domains on the target enzyme that  are distinct 
from the CaM binding domain. Such additional  interactions 
may help to generate and/or stabilize the active conformation 
of the  target enzyme. 
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