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ABSTRACT: Aspects of the biochemistry of calmodulin have been addressed that bear on its cell biological
role as a mediator of Caregulation. Calmodulin-binding peptides derived from the amino acid sequence
of smooth-muscle myosin light-chain kinase (MLCK) were characterized as inhibitors of calmodulin
activation of MLCK-catalyzed phosphorylation of the smooth-muscle regulatory light chain (MLC). MLCK
activity was determined by measuring the rate of formation of one of the reaction products, ADP, in a
coupled enzymatic assay by continuous fluorimetric monitoring of NADH removal innid0@aCl, at

ionic strength 0.15 M, pH 7.0 and 2C. TheK, value of calmodulin was 3.5 nM, a value-185-fold
greater than th&y value of calmodulin for MLCK [Took, K., and Trentham D. R. (1998iochemistry

33, 12807-12820]. The differenKm andKy values are most likely associated with the rate-limiting step

in MLC phosphorylation being associated with product release from MLCK. The values of the inhibition
constantsK;, were the following: Ac-R-R-K-W-Q-K-T-G-H-A-V-R-A-1-G-R-L-CONHR (Trp peptide),

8.6 (1.4 sd) pM; Y-analogue of Trp peptide (Tyr peptide), 7-80.1) nM; and A-R-R-K-W-Q-K-T-
G-H-A-V-R-A-I-G-R-L-S-S (RS20-like peptide), 0.310.39 nM. TheK; values were consistent with
kinetically determinedKq values of the peptides to calmodulin. Kinetic determinatioK o¥alues required

the use of a fluorescently labeled calmodulin, 2-chlar@ihino-Lyss)-[6-(4-N,N-diethylamino-phenyl)-
1,3,5-triazin-4-yl]-calmodulin (TA-calmodulin). Since, as here, Lysis a convenient labeling site on
calmodulin for the introduction of fluorescent probes, the biological activity of the Lys-modified calmodulins
was evaluated. TA-calmodulin and calmodulin selectively modified byN-dimethylaminonaphthalene-
5-sulfonyl chloride (dansyl-C1) at Lys(dansyl-calmodulin) were characterized as activators of cyclic
AMP phosphodiesterase (PDE) and inhibitors of MLCK. Haevalue for dansyl-calmodulin was equal

to that of calmodulin, and that of TA-calmodulin was 3.5-fold greater. TA-calmodulin ang-atseled
dansyl-calmodulin thus distinguish between PDE and MLCK being agonists to the former and antagonists
to the latter.

Calmodulin is an intracellular C&binding protein that compare the activation kinetics of cytosolic and nuclear
in its C&"-bound form binds to and activates a wide range calmodulin, to visualize Ca-activation-dependent and
of proteins and thereby regulates a variety of cellular -independent localization of calmodulin, and to investigate
processes (for review seB. Methods to probe cellular  the role of calmodulin in the control of mitotic transitions
mechanisms in which calmodulin is implicated include the (2—4). Target peptides as inhibitors have proved useful in
introduction of fluorescently modified calmodulin into cells
to study its C&" binding, cellular localization, or translational 1 Abbreviations: AD, adenosine deaminase: AP, alkaline phos-
and rotational diffusion and to use target peptides to sequestephatase; bisN,N-methylene-bis-acrylamide; cyclic-AMP, adenosine
calmodulin and hence inhibit calmodulin-dependent cellular 3'.5-cyclic monophosphate; dansyl-calmoduliesafmino-Lyss)-(1-N,

 N-dimethylaminonaphthalene-5-sulfonyl)calmodulin; dansyl-QW, -
processes. We have recently used the fluorescent proteIr{(;limethylalminonaphthalene-5-suh‘ony| chloride; DET-calmodulin, 2-chloro-

TA-calmodulin and a high-affinity target peptide, Trp peptide  (c.amino-Lys:)-(6-N-ethylanilino-1,3,5-triazin-4-yl)calmodulin; DET-
(Ac-R-R-K-W-Q-K-T-G-H-A-V-R-A-I-G-R-L-CONH,), to Cl, 2,4-dichloro-6N-ethylanilino-1,3,5-triazine; DTT, 1,4-dithiothreitol;
FAB, fast atom bombardment; F-moc, 9-fluorenylmethoxycarbonyl;
LDH, lactate dehydrogenase; MES, I4-fnorpholino)ethanesulfonic
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establishing that Ca-calmodulin is essential for cyclin  MATERIALS AND METHODS

degradation and exit from meiotic metaphasexXenopus ) ) ] o
eggs b) and in the regulation of the voltage-activatectCa Protein and Peptide Preparation and characterization.
channels in smooth musclé«8). Fluorescently labeled Calmodulin was purified from pig brain, as described for

calmodulins and inhibitor peptides have been used to monitorPOVine brain 16). TA-Clwas synthesized and characterized,
calmodulin activation by C4 in living cells 9—12). and TA-calmodulin was prepared as described ii8fTwo

batches of TA-CI were used to label calmodulin with TA-
Cl (Batch I) 17) containing 8.1% DET-CI. Later work used
Mra-cl (Batch II) (18) that was free of DET-Cl and was
>99% pure by NMR. The contaminant, DET-Cl-labeled
calmodulin, was spectroscopically silent aB30 nm and
functionally indistinguishable from TA-calmodulin, and
concentrations of TA-calmodulin made with TA-CI (Batch
I) were corrected for its presence. Dansyl-calmodulin was
synthesized by reacting calmodulin and dansyl-Cl in the same
conditions (pH 8.5 and 20 mM Caglas previously
described for TA-calmodulin. Dansyl-calmodulin (2.5 mg)
was purified to homogeneity (monitoring absorption at 215

In this work we analyze aspects of the biochemistry that
form the basis of the cellular processes. Thus the mechanis
of calmodulin activation of MLCK relates to the use of
peptides derived from the amino acid sequence of MLCK
as probes of the cell biology of calmodulin. As indicated
above, fluorescence labeling of calmodulin is an approach
to monitoring the function of calmodulin in cells. The effect
of fluorophores on the mechanism of the modified calm-
odulins’ interactions with MLCK and other enzymes bears
on the observed cell biology. These topics have been
addressed through a series of kinetic studies on calmodulin

and qu_orescentI)_/ labeled calmodulins together with some nm) by reverse-phase HPLC on a Vydac 218TP54 C

analysis of the site of fluorophore attachment. column (4.6 x 250 mm), and its protein properties were
When using target peptides for inhibitor studies of cellular characterized. Dansyl-calmodulin is shown below to be

processes, it is important to know, at least approximately, distinct from the commercially available dansylated calm-

the Kq of the peptide and calmodulin under cellular condi- odulin (Sigma Chemical Co.), which showed several 215-

tions. T_heKd of calmodulin and Trp peptide in the presence nm absorption peaks in identical HPLC analysis.

of Ca&* is 6 pM (13), but these measurements were made ;| ck was copurified with caldesmon from bovine rumen

using the isolated reagents in the absence of the relevan{,g) py an extension of the procedure described for turkey
calmodulin-activated enzyme. We determined here whethergizzard 0). During purification, fractions containing

the sameK, of Trp peptide for calmodulin was obtained in  \1 ck were identified by activity assay (see below) and
an assay that measured the inhibition of MLCK activity. This gradient SDS-PAGE (6.4-20% acrylamide:bis 30:1 con-
situation is closer to that encountered in cell biology, where taining 10% glycerol, Laemmli buffer systerg1)). Dif-
inhibition by peptides presumably occurs through sequester-forantia| identification of MLCK and caldesmon was facili-
ing calmodulin from an enzyme spch as MLCK. Accord- ataq by SDS-PAGE of heat-treated (2 min, 9C) aliquots
ingly, we have developed a continuous assay for MLCK ¢ the relevant fractions, by which treatment caldesmon
activity that permits the determination of the relevant kinetic omained soluble whereas MLCK was precipitated. Caldes-
parameters, and so the competition between MLCK and on was identified by immunoblotting using antibodies
target peptides for calmodulin can be measured. specific to caldesmon (a gift from Dr. S. B. Marstog)).
The affinity of the Trp peptide for calmodulirkK§ = 6 Concentrated crude MLCK was supplemented with 1 mM
pM) contrasts with the order(s) of magnitude lower affinity DTT, 3 mM MgClh, 0.1 mM ATP, 0.1 mM PMSF, and 10%
of other peptides related to the MLCK target peptide such glycerol and rapidly frozen and stored-a80 °C in 2.5-mL
as RS2014). It was important to understand the origin of aliquots. For further purification and the removal of caldes-
this difference, so we have investigated the mechanism ofmon, aliquots were desalted on prepacked gel filtration
an RS20-related peptide (kindly provided by Dr. M. Ikebe) columns (PD10, Pharmacia) and subjected to Mono Q FPLC
interacting with TA-calmodulin. Furthermore, comparison (Pharmacia) as follows: a 2600 mM linear gradient of
of the K, for calmodulin and the dissociation constant of NaCl (80-mL total volume) was applied in 20 mM
calmodulin and MLCK in the presence of the substrates MLC Tris-HCI pH 7.5, 1 mM EGTA, 1 mM EDTA, 1 mM DTT,
and ATP, determined with the use of the peptide inhibitors, 3 mM MgCl, 0.1 mM ATP, and 0.1 mM PMSF to a Mono
should lead to a greater understanding of the role of Q HR 10/10 column. Caldesmon typically eluted at 300 mM
calmodulin in catalyzing MLCK activity. and MLCK at 370 mM NaCl. Homogeneous MLCK was
The preparation of TA-calmodulin from TA-Cl and obtained by rechromatography of 2.5-mL aliquots of the
calmodulin indicated that Lysis the most reactive lysine ~Mono Q MLCK pool desalted by PD10 filtration, on a 4-mL
in calmodulin (reviewed iri3) and is therefore likely to be ~ phosphocellulose column and with conservative pooling of
labeled extensively when calmodulin is treated with other the leading fractions. The MLCK was stored-aB0 °C as
amine-reactive fluorophoreg,(3, 9, 19. This prediction above for crude MLCK. The final concentration of MLCK
was tested by reacting calmodulin with dansyl-Cl. The was0.2-0.5mg/mL. The yields were 0:61 mg of MLCK/
resulting protein was examined for its specificity of labeling. 200 g of rumen.
A major fraction, dansyl-calmodulin, specifically labeled at ~ MLC was purified from the myofibrillar pellet of rumen
Lyszs, was isolated. In addition, it is important to know the after the extraction of MLCK: the myofibrils were homog-
capacity of Lyss-modified calmodulins to activate or inhibit  enized at £C in a Waring blender with 4 volumes of 10%
calmodulin-dependent enzymes. By comparing the interac- TCA, 20 mM TrisHCI pH 7.5, 1 mM EGTA, 1 mM EDTA,
tions of TA-calmodulin and dansyl-calmodulin with MLCK  and 1 mM DTT. The homogenate was adjusted to pH 8.0,
and PDE, the mechanisms of activation by calmodulin are and it was allowed to stand at°€ for 1 h. The slurry was
shown to be distinct from one another. then centrifuged at 400@0for 20 min. The pellet was
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Table 1: Peptide Calmodulin Dissociation Constadts

MLCK inhibition equilibrium competition

Kg (nM) Kg (cal) (nM)
Trp peptide AGR-R-K-W-Q-K-T-G-H-A-V-R-A-I-G-R-L-CONH, 0.0086 (-0.0014% 0.006 @0.002y
Tyr peptide AGR-R-K- Y-Q-K-T-G-H-A-V-R-A-I-G-R-L-CONH, 7.3(0.1) 5.5 @1.7¥
RS20-like peptide A-R-R-K-W-Q-K-T-G-H-A-V-R-A-I-G-R-L-S-S 0.110.39 0.09-0.64
RS20 R-R-K-W-Q-K-T-G-H-A-V-R-A-I-G-R-L-S-S-S 1.640.3y¢ nd
control peptide Ac-R-R-K-E-Q-K-T-G-H-A-V-R-A-I-G-R-E-CONH nd 4700

@ Residues typed in bold face are substitutions introduced into the

chicken gizzard MLCK sedugtacelard deviations. For the RS20-like

peptide, extreme values of measurements are recoidiadlies published in ref3. 9 K4 for calmodulin was calculated from the kinetically determined
Kq for TA-calmodulin on the basis thd€y for calmodulin is typically 0.4-fold that for TA-calmodulif.Value published in refl4. fnd: not
determined$ Aliquots of the control peptide were added to the standard solution (see Materials and Methods) containing 11 nM TA-calmodulin.
TA fluorescence Aex 365 nm,Aem 415 Nm) increased 1.7-fold on saturation with peptideKAvalue of 11.8¢M was determined assuming 1:1
stoichiometry using Fortran program BINDPC (provided by E. P. Morris). A 0.44qlébr TA-calmodulin gave the estimatéq; for calmodulin.

further processed essentially as described ir28f Final
purification of MLC was by Mono Q FPLC (HR 10/10) using
a 0—1 M NaCl gradient in 20 mM TridHCl pH 7.5, 1 mM
EGTA, 1 mM EDTA, and 1 mM DTT. MLC was identified
by SDS-PAGE, then desalted and lyophilized. The vyield
was 80 mg of MLC/200 g of myofibrils.

Smooth-muscle MLC phosphatas®i was a gift of Dr.
D. Alessi and Professor P. Cohen.

The RS20-like peptide was a gift of Dr. M. Ikebe. The

determined by the Bradford assay with bovine serum albumin
as the standard. Peptide concentrations were determined
using o = 1400 Mt cm™ for the Tyr peptide and, =
5700 Mt cm™t at 278 nm for Trp and RS20-like peptides
in aqueous solution at pH 7, and by weight for the control
peptide (Table 1).

Identification of the Tryptic Peptides of Calmodulin as a
Basis for Identifying Dansylated PeptideBeptides obtained
from a tryptic digestion of calmodulin were identified since

peptide was subjected to our routine analysis procedure: ittheir characterization was important for determining the

was HPLC purified on a Vydac { column, and its mass

labeling site(s) of dansyl-calmodulin. Individual peptides

by electrospray mass spectrometry was 2277 Da, confirmingfrom the tryptic digests of calmodulin and dansyl-calmodulin

its structure (Table 1). The control peptide (Table 1) was

synthesized by F-moc technology and purified to homogene-

were isolated by Vydac ¢ HPLC and analyzed by FAB
mass spectrometry. The sequence of elution of peptide peaks

ity by reverse-phase HPLC with a gradient (0.5% change/ was the same as in r&8 except that the relative position of

min) of 0.1% TFA in HO to 0.082% TFA in CHCN on a
Waters Deltapak ¢ column (30 mmx 30 cm) at a flow

peaks corresponding to the peptides of amino acied$3L
and 14-30 was reversed. Only peaks in the vicinity of the

rate of 2 mL/min. Its molecular mass by electrospray mass dansylated peptides were analyzed. Thus peptides spanning

spectrometry was 2032 Da, confirming its structure. Trp
and Tyr peptides were characterized as in&f

Determination of Protein and Peptide Concentrations.
molar extinction coefficientep) of 3300 Mt cm™ at 275
nm was used for purified calmodulin in the absence ¢fCa
(25). Theeg value was 40100 M cm™* for TA-calmodulin
in 1 mM EGTA, 100 mM KCI, 2 mM MgC}, and 50 mM
K-MES at pH 7.0 and 22C as determined in ref3. The
Bradford assay 46) was used to determine the protein
concentrations of dansyl-calmodulin using unlabeled calm-
odulin as the standard. This led to thevalue of 3400 M?
cmt at Amax = 335 nm measured in a solution of 1 mM
EGTA, 100 mM KCI, 2 mM MgC}, and 50 mM K-MES at
pH 7.0 and 21°C (cf. ¢¢ = 3400 M* cm™ for the
dansylated-calmodulin preparation described irlggf We
used the value, = 6740 Mt cm™ at 275 nm for MLC
obtained for the turkey gizzard MLQ8). The calculated
€o for gizzard MLC is 4400 M! cm™! (27), and thus the
concentration estimates for MLC may be too small by a
factor of 1.5. There is additional uncertainty with regard to

38—74 were not analyzed, but have been reported to elute
after the ninth peak (residues 12¥45) “peak 9” 8). Peak

9 appeared as a single peak in the elution profile obtained
in ref 28. In our elution profiles it always appeared as a
broad or split peak. The C-terminal tryptic peptide of
calmodulin might be expected to be 12¥48 but is
susceptible to anomalous tryptic cleavage including cleavage
on the C-terminal side of Mets (29, 30. We needed to
unravel this anomaly, and so we used electrospray mass
spectrometry to check the homogeneity of calmodulin. The
calmodulin we had isolated from pig brain was essentially
homogeneous. The observed molecular mass of 16790.9 Da
equals that of bovine brain calmodulin (16790.3 Da) and
indicates that the amino acid sequences and post-translational
modifications of the pig and bovine calmodulins are identical.
Thus truncation in the C-terminal peptide arose because of
anomalous trypsin cleavage. It may be that the inhomoge-
neity in peak 9 arose from peptides related to-1245, such

as 127148, the peptide found in r&XB, or 127144, since
C-terminal to Melysis also an anomalous cleavage sB6)(

the precision of MLC concentration measurements because Mass Spectrometry of Calmodulin and Its Tryptic Peptides.

bovine stomach MLC was used in this study. Furthermore
MLC has a tendency to precipitate and to form a dimer
through disulfide bond formation (B. Brandmeier, R. S.
Ferguson, J. E. T. Corrie, J. Kendrick-Jones, and D. R.

Trentham, unpublished work). Care is needed to avoid thesethe positive ionization electrospray source.

problems, for example, by having DTT in the solution;
otherwise MLC concentrations are lower than envisaged.
Concentrations of MLCK and myosin phosphatase were

Electrospray mass spectra of calmodulin were recorded on
a VG Platform. Samples were injected through aul0-
rheodyne loop into a mobile phase of 50% aqueousGMH
containing 0.1% (v/v) TFA flowing at 520 uL/min into
Data were
acquired over the appropriatez range, and mass accuracy
was ensured by calibration on a separate introduction of horse
heart myoglobin (16951.48 Da). FAB mass spectra were
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Scheme 1 12.5umol of MLC phosphorylated mirt (mg of MLCK) ™.
This value compares with 18mol min~* mg at 25°C
Ca/ealmodulin/MLCK MLC phosphatase using gizzard MLCK 85) and with 8.1 and 8.9%mol of
MLC phosphorylated-MLC MLC ~+ P, gizzard and bovine stomach myosin phosphorylated-min
/ \ mg%, respectively, also at 25C (19).

ATP ADP ATP  NADH NAD' Phosphodiesterase Agétion Assay. PDE activity was

i PK { LDH determined as a function of calmodulin concentration. The

PEP pyruvate lactate reaction product, AMP, was converted into inosine by a

coupled enzyme system, and the rate of adenosine deami-

acquired on a VG70-250 SE mass spectrometer in thenation was measured spectrophotometricaig).( Calm-
positive ion mode at an accelerating voltage of 8 kV using odulin-deficient PDE, AD, AP, and cyclic AMP were
a cesium ion gun operating at 20 kV. Approximatety 10 purchased from Boehringer Mannheim. The assay was
nmol of sample dissolved in methanol was applied 2 carried out at 30C in 1 mL of 0.1 M glycylglycineHCI
of thioglycerol (Fluka) on the probe tip, and spectra were pH 7.5, 3 mM CaGJ, 1.2 mM MgSQ, 90 uM cyclic AMP,
obtained in continuum mode. Calibration was achieved using AD, AP, and PDE. Amounts of calmodulin, TA-calmodulin
0.5 M Csl/1.0 M Nal (Aldrich Chemical Co.). or dansyl-calmodulin are specified in Figure 3. Maximum

Microsequencing of Dansylated Tryptic Peptideswo calmodulin activation was set by the rate of PDE-catalyzed
peaks (one overlapping with the peak of peptide-3T) were hydrolysis of cyclic AMP in the presence of Ag/mL
specific to the tryptic digests of dansyl-calmodulin. They calmodulin. The amount of PDE was such that\8 inosine
were isolated by HPLC and analyzed by gas-phase microsewas formed per minute. The concentration of inosine was
guencing. Sequence analysis was performed with Applied determined frome, = —8100 Mt cm® at 265 nm for
Biosystems 470A gas-phase and 477A pulsed liquid-phaseadenosine to inosine conversion. Sufficient AD and AP were
peptide sequencers. Phenylthiohydantoin-amino acids wereadded for these enzymes not to affect the rate of inosine
analyzed on-line with Applied Biosystems 120A analyzers formation. Stock solutions of calmodulin and labeled
(31). Data collection and analysis were done with an Applied calmodulins from which aliquots were taken for the assays
Biosystems 900A module calibrated with 25 pmol of PTH- ¢ontained 1 mg/mL bovine serum albumii,, values for
amino acid standards. native and labeled calmodulins were determined as described

Assay of MLCK Actiity. A continuous spectrophotometric  pelow.

assay of MLCK activity was developed on the basis of the — £,ijiprium, Steady-State Enzyme, and Transient Kinetic
measurement of ADP produced by the enzyme reaction. ADP gy heriments. Unless otherwise stated, all equilibrium,

was reconverted to ATP with coupling to NADH oxidation,  gteaqy-state, and transient kinetic experiments were carried
and the time course of the NADH fluorescence decrease Wasy it in 50 mM K-MES pH 7.0, 100 mM KCl, 2 mM MgG

measurede = 340 nm,1em = 460 nm) and quantified by 554 100,M CaCl, at 21°C. Equilibrium and steady-state
the calibration of the NADH fluorescence. Phosphorylated \,oasurements of fluorescence were carried out in an SLM

ML_C:_ is a relatively_ potent product inhibi_tor of MLCK " hstruments Inc. photon counting fluorimeter. Transient
activity (32), but the inhibition could be avoided by one of  yinetic experiments using TA-calmodulin were carried out
two ways. At low MLC concentrations<(5 M), NADH as described in ref3.

was in excess (40100 uM) and smooth-muscle MLC Analysis of Enzyme KineticsThe kinetic parameters of

phosphatase was added until product inhibition was sup- activator (Figure 3) or inhibitor (Figure 4) calmodulins were

pressed. It was also advantageous in that MLC Wan termined b ial bstrate Michaeligent del
continuously recycled, extending the range of the assay to etermined by a singie-substrate Michaelisenten mode
solving the following equations:v = Vmal/(1 + Kg/

cover MLC concentrations below ik, value (5-14 uM at [activator]) and v = Viel{1 + Kn(1 + [inhibitor}/K)/

30°C, (33)). Altematively, MLC (typically > 10 uM) was [activator}. The program Enzfitter7) was used to obtain

in excess of .uM NADH, in which case the NADH was best fits to steadv-stat it ¢
used up in the initial stage of the reaction during which est hits to steady-state enzyme aclivity measurements.

product inhibition did not significantly affect the phospho- _ Design and Theory of Peptide Inhibition of MLCK Adty.
rylation rate. The reactions are summarized in Scheme 1.TWo types of measurements were made. First, the calm-
Suitable conditions for testing the properties of TA- odulin-activated steady-state MLCK activity was determined
calmodulin and dansyl-calmodulin in the MLCK assay were in the presence and absence of the peptide inhibitor. From
first established, for example, by investigating whether MLC the ratio of the steady-state rates with and without peptide
phosphatase was required_ Th% of calmodulin and the a.ddition, the dissociation constant of the Calmod-ul'iﬂptide
K; values of TA-calmodulin and dansyl-calmodulin were then complex was calculated. Second, the steady-state kinase rate
measured as follows. A typical MLCK assay solution Was perturbed by the addition of the inhibitor peptide to the
contained C#%, calmodulin, MLC, MLCK, NADH as assay, and the relaxation to a new steady-state kinase rate
required, PK and LDH (Sigma Chemical Co.), 1.2 mM PEP, Was observed. From the exponential process that linked the
500 uM ATP, 2 mM DTT, 50 mM K-MES pH 7.0, 100 two steady states, the rate constants that maintain the
mM KCI, and 2 mM MgC}. Sufficient muscle PK and ~ calmodulin-MLCK complex were calculated.
bovine heart LDH were added for these enzymes not to affect In observing initial kinase rates the following conditions
the rate of NADH disappearance. With this assay solution were adhered to: the concentration of MLCK was negligible
and 120 nM calmodulin, 2«M MLC, 0.2 nM MLCK compared to the substrates, and the concentrations of the
(molecular mass: 155 kD&4)), 0.2 mM CaC}, and 5uM substrates ATP and MLC were sufficiently high not to
NADH in 0.5 mL at 22 °C, the specific activity was change significantly in the initial part of the reaction.
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Product accumulation was negligible (or could be avoided MLCK N B

by using MLC phosphatase, see above). 10+ v 10

Calmodulinr-MLCK complexes (in equilibrium with ATP s s
and MLC) were assumed to be the active enzyme in steady- ]
state equilibrium with calmodulin and MLCK. The, for : 0 ‘

0

Jrrppeptde ik

calmodulin corresponds to the apparent dissociation constant £ o 500 1000 0 500 1000
of calmodulin from the prevailing MLCKsubstrate (product) -

steady-state complex (e.g., see Scheme 5). By using this & | Jek c N TLCK ‘ D
Km value, it was now possible to measitg the dissociation 2 v peptide o 1P pepide

constant of calmodulinpeptide interactions from the peptide 5 2.5

inhibition of MLCK. In the presence of calmodulin and no h H

peptide inhibitor, the steady-state rate of MLCK activity is 0 o 1000 0 0 o0 1000
v1 = kea{cal-MLCK] 1, where [calMLCK], is the concentra- T

tion of the calmodulir-MLCK steady-state complex.
[cal-MLCK]; was determined froniK,, = [cal];[MLCK] 1/ Ficure 1: Measurement of the inhibition of steady-state MLCK

[cal-MLCK] ,, where [cal] and [MLCK]; are the concentra- activity by calmodulin binding peptides. Prior to adding MLCK
! (indicated by arrow), the assay components were allowed to

tions of free calmodulin and the relevant MLCK species (e.9., equilibrate until a steady, slow NADH decay was obtained.The
MLCK-MLC-P in Scheme 5), and thigy, for calmodulin MLCK assay mix (0.5 mL) consisted of the following: 50 mM
(calculated from data in Figure 4) is assumed to correspondK-MES pH 7.0, 100 mM KCI, 2 mM MgGJ, 100uM CaCl, LDH

to the dissociation constant of calmodulin to MLCK. The (14 units), PK (13 units), 2aM MLC, 1.25 mM PEP, ATP as

. . . indicated below, 13uM NADH, 1.5 mM DTT, and 41 nM
velocity of MLCK activity measured in the presence of calmodulin. The assay temperature was°22 Panel A: MLCK

calmodulin and peptide isv; = kea{Cal-MLCK]o. activity measurement. ATP concentration was 880 MLCK (0.5
[cal-MLCK] 2, the concentration of the calmoduVLCK nM) was added to start the reaction. The specific activity of the
steady-state complex in the presence of the peptide, wasenzyme was 12.mol of MLC phosphorylated mirt (mg of
determined fromvy/v, = [cal-MLCK] y/[cal-MLCK] ». MLCK) 1. Panel B: measurement & of calmodulin for Trp

peptide. ATP concentration was 3QM. The assay mix was

The concentration of free calmodulin [gafuring the equilibrated with 56.1 nM Trp peptide followed by the addition of

measurement ofv, was determined fromK, = 36.2 nM MLCK. Kq = 7.1 pM in this experiment. Panel C:
[cal]oJMLCK] /[cal*MLCK],. Knowing [catMLCK], and measurement dfq of calmodulin for Tyr peptide. ATP concentra-
[cal],, Kq can be determined: tion was 10quM. MLCK (1.44 nM) was added and was followed
by 174 nM Tyr peptide.Kq = 7.2 nM in this experiment.
— i idal= i _ Re-equilibration to a new steady state occurred within a few seconds
Kq = [call[peptide]/[catpeptide]= [call,([peptide}, due to the relatively weak binding of Tyr peptide to calmodulin.
[cal], + [cal], + [cal-MLCK] ,)/([cal], — [cal], — See text for further analysis. Panel D: displacement of calmodulin

from MLCK by Trp peptide. NADH (6.54M) was present. ATP
[cal-MLCK]) (1) concentrationywaspqumﬁ)w. MLCK (O.é n?\u/l) 3vas adpded followed
. . . by 64.6 nM Trp peptide.
where concentrations denoted with the O subscript are the
total concentrations of components. . _ As long as [peptide] does not change over the time course
The rate constants of the calmoduklLCK interaction  of the re-establishment of the MLCK steady-state rate (in
can be determined from the kinetics of re-establishing a practical terms, if [peptidel [MLCK] o), the above equation
steady-state MLCK rate on sequestration of calmodulin by iy [cal-MLCK] has the form of a first-order exponential
inhibitor peptide (as in Figure 1D). Following the addition gecay in which the rate constakis is given by
of inhibitor peptide during an assay of calmodulin-activated
MLCK, the change in the rate of MLCK activity occurs as = i
[cal-MLCK], the concentration of the calmodulin-bound Kons = k-1 + ky[cally/(1 + [peptide]Ky) @

MLCK steady-state complex, decreases: Thus, the measured parameter/d t enabledk,,s to be

do/dt=k,d [catMLCK}/d t = Eeterminid as Ia fluTcaionlfoE [petpéig}(i],lgrom Whiﬁf}l and
~1 may be calculated. pepti & as is the case
Kear{ —k-y[cal-MLCK] + k, ,[MLCK][cal] } with Trp peptide kops = K-1. For the above kinetic theory
(eq 2) to be validk.psmust be independent of [Trp peptide].
where
K, RESULTS
catMLCK ﬁ cal+ MLCK Steady-State MLCK Assaylhe continuous measurement
_ o ~_ of steady-state kinase activity utilizing the regeneration of
assuming the equilibration of sequestered calmodulin with ADp was advantageous for assessing both the linearity of
peptide is rapid on the time scale of the assay. the reaction and the relaxation from one steady-state rate to
. _ . another (Figure 1). A detailed presentation of the data for
d [catMLCK]/d t= —k_[cal-MLCK] + the determination of th&, for calmodulin during MLCK
K, 4[cal]o([MLCK] ;, — [cal-MLCK])/ activity is left til analysis of the kinetic data of TA-
(1 + [peptide]K,) = k. [cal]l,[MLCK] o/ calmodulin and dansyl-calmodulin (Figure 4). These data
: [ral. were also obtained using the ADP/NADH linked assay and
(1+ [peptide]K,) —[ca-MLCK]{k_, + k“[_caI]O/ show that theK,, of calmodulin was 3.5 nM. Figure 1A
(1 + [peptide]Ky)} shows a typical record at saturating calmodulin. It was
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always necessary to allow the assay to run a few minutes
before adding MLCK so that an accurate background rate
of NADH disappearance was obtained. Another precaution

Biochemistry, Vol. 37, No. 17, 1998193

to MLCK (13)). Then, under the experimental conditions
described in Figure 1D, the right-hand expression in eq 2,
ki1[callo/(1 + [peptide]Kq) = 4.1Kd/[peptide]. At 50 nM

was to measure the rate of NADH disappearance above 2Trp peptide and 41 nM calmodulin, [peptide] 9 nM so

uM NADH. This is because NADH bound to LDH has a
greater fluorescence than NADH alor8), so the rate of

that 4.Ky/[peptide] = 0.004 s. This is consistent with
the low sensitivity ofk,psto Trp peptide concentration since,

fluorescence change associated with the removal of the lasteven at the lowest concentration of Trp peptikigs would

of the NADH was as much as 35% greater than it was earlier
in the assay. This increased rate is just evident in Figure
1A,C. TheKq of LDH for NADH is 1 uM (39).

The other records in Figure 1 illustrate the inhibition by
Trp peptide and Tyr peptide of calmodulin-dependent MLCK
activity. Thus one inhibition assay yielded two parameters:
the dissociation constant of the peptid@lmodulin interac-
tion (Kg) and the dissociation rate constamt,) of the
calmodulin-MLCK complex in the presence of substrates
and 100uM Ca?*.

Determination of I§ Values of Calmodulin Binding Pep-
tides. In the experiment shown in Figure 1B, Trp peptide
in an excess over calmodulin was included in the assay prior
to the addition of MLCK. The 72-fold greater concentration
of MLCK compared to that shown in Figure 1A is an
indication of the high affinity of the peptide for calmodulin.
The Ky for the Trp peptide-calmodulin binding was
determined from several such assays using eq 1. Kthe
value of 8.6 £1.4) pM is in good agreement with that
determined by equilibrium competition with TA-calmodulin
from kinetic measurements (Table 1).

A disadvantage of the protocol used in Figure 1B is that
the activity of MLCK in the absence of inhibitor peptide

absent when studying inhibition caused by Tyr peptide, which
binds much more weakly to calmodulin. A typical record

from which K4 was calculated is shown in Figure 1C, and

again theKq value equals that measured in the equilibrium
competition experiments (Table 1).

TheKq reported for the peptide RS20 (R-R-K-W-Q-K-T-
G-H-A-V-R-A-1-G-R-L-S-S-S) is 1.6 £0.3) nM (14). We
used a similar peptide, termed RS20-like peptide (A-R-R-
K-W-Q-K-T-G-H-A-V-R-A-I-G-R-L-S-S), and measurdgy
values in the range 0.310.39 nM as shown in Table 1,
consistent with a 18100-fold weaker binding of calmodulin
to RS20-like peptide than to Trp peptide.

Dissociation Rate Constant of the CalmodwiMLCK
Complex in the Presence of Substratdigure 1D shows
the steady-state MLCK rate and the time course of its
decrease on addition of Trp peptide. A single-exponential
process with rate constant 0.015 finked the steady-state
rates observed before and after inhibitor peptide addition.
The inhibition of MLCK by Trp peptide is complete as
judged by comparison of the final steady-state rate to that
prior to MLCK addition. The observed rate constant of
calmodulin displacement changed by less than 20% over the!
concentration range of 5800 nM Trp peptide. These data
can be interpreted according to eq 2 whiejg the observed
rate constant, is independent of [peptide]. Thus the dis-
sociation rate constant of calmodulin from MLCK in the
presence of its substrates, MLC and WTP, is k_;
0.015 s'. The maximum value of the association rate
constantk.y, will be ~10® M~1 s71 (i.e., diffusion-controlled
and equal to the association rate constant of TA-calmodulin

be at most 26% greater than,. In contrast to Trp peptide,
inhibition by Tyr peptide occurred within 10 s (i.e.,7a0.07

s 1) (Figure 1C). From eq Zops = 0.20 s* [taking k-1 =
0.015 Sl, ki1 = 18 M1 Sﬁl, [Ca|]o =41 nM,Kq=7.2
nM, and [peptide]= 155 nM (corrected for Tyr peptide
bound to calmodulin)], which is also consistent with the
observed rate of the onset of Tyr peptide inhibition.

Kinetic Mechanism of RS20-Like Peptide and TA-Calm-
odulin Interaction. RS20-like peptide is an analogue of Trp
peptide. Trp peptide is acetylated at the N terminus and
amidated at the C terminus. In contrast, RS20-like peptide
has free N and C termini. Given the much weaker affinities
of RS20 (Table 1) and the RS20-like peptide (measured
above), it was of interest to find out the mechanistic basis
of this difference.

Association Kinetics of TA-Calmodulin and RS20-Like
Peptide. The fluorescence transients shown in Figure 2A,B
were obtained when 11 nM TA-calmodulin and 45 nM
RS20-like peptide were rapidly mixed. The secondary plot
shown in Figure 2C was derived by varying the concentration
of the RS20-like peptide. The solvent and temperature were
as specified in Materials and Methods.

The biphasic kinetics with the RS20-like peptide were
reminiscent of that observed with Trp peptide and Tyr peptide
th ref 13. We modeled the mechanism of interaction of the
RS20-like peptide by Scheme 2, a two-step mechanism that
was consistent with the interaction of Trp and Tyr peptides
with TA-calmodulin (3).

Fi1, F2, andF; represent the relative fluorescence of TA-
cal, TA-catRS20-like peptide, and TA-c&S20-like pep-
tide*, respectively.F; was defined as 1 and, from the records
in Figure 2A,B,F, = 1.9. The fluorescence intensity at the
end of the reaction wals., = 1.7 (Figure 2B). In terms of
Scheme 2, the following rate constants were determiked:
=0.14 #1.02) x 18 M1 s 1 (gradient ofk' ousas a function
of peptide concentration, Figure 2C) akid, + k'_, = 0.98
(£0.045) s (mean ofk'*,,s Figure 2C).

Dissociation Kinetics of TA-caRS20-Like Peptide Com-
plex. The dissociation kinetics of RS20-like peptide from
TA-calmodulin were measured by mixing the binary complex
with excess calmodulin so that the latter trapped the RS20-
like peptide as it dissociated. ThusuM calmodulin was
rapidly mixed with the equilibrated mixture of 11 nM TA-
calmodulin and 45 nM RS20-like peptide (mixing chamber
concentrations). TA-calmodulin dissociation was biphasic;
the fluorescence decay is shown in Figure 2D. The theory
developed in refl3 was applied to the analysis of these
kinetic data in terms of Scheme 3.

The best fit to two exponentials of TA-calmodulin dis-
sociation gave,; = 2.25 @1.70) st andl, = 0.24 @0.04)

s 1 with amplitude ratioA1/A, = 0.35. In terms of Scheme
2, A1 and A, are the roots of the equatidd — (kK_; + K42
+ k'fz)/l + k'flk'fz =0, from Wthh/ll + /’{2 = k'fl + k'+2
+ k2 andA 4, = K1 K_,. The constraink's, + kK, =
0.98 s (Figure 2C) leads t&'—; = 1.51 s'%; kK4, = 0.63
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Ficure 2: Association and dissociation kinetics of TA-calmodulin and RS20-like peptide. In panels A and B, fluorescence transients were
obtained by rapid mixing of 11 nM TA-calmodulin and 45 nM RS20-like peptide (concentrations in the mixing chamber) in a stopped-flow
fluorimeter @ex = 365 Nm,Aem > 400 Nm) as described in Materials and Methods. Time 0 (marked by the arrows) is defined by stopping
the flow of solutions. In panel A, the fluorescence of the solutions flowing is shown prior to time 0. In panel B, the fluorescence of the
end-of-reaction mixture precedes that of the fluorescence during flow prior to time 0. In panel C, the rate constants of the two exponential
phases of the reaction were plotted as a function of [RS20-like pepkidgldenoted values for the fast phase &dpsfor the slow phase.

The gradient of the linear regression line for the d@awas 9.14 £1.02) x 18 M1 s (K4, in Scheme 4), and the intercept was 6.35
(£0.74) s*. Values fork'* ,ps were fitted with a horizontal line at 0.98:0.05) st (K> + k'—, in eq 2). In panel D, TA-calmodulin was
displaced from RS20-like peptide by calmodulin. Calmodulink{@) was rapidly mixed with the equilibrated mixture of 11 nM TA-
calmodulin and 45 nM RS20-like peptide (mixing chamber concentrations). This record was taken at a reduced excitation slit width and
increased photomultiplier sensitivity to counter photobleaching, hence the noise on the data. Nonlinear least-squares fitting to two €xponential
of amplitudeA; andA; and rate constanfy and4, (eq 8 in Taok and Trentham, 1994) gavie = 2.25 @1.70) st andA, = 0.24 {0.04)

s~ L The amplitude ratio wad,/A, = 0.35 @0.07). The line overlaying the data was generated by using the following paramkters:
=151s,K;,=063st k_,=0.36s? F,=1,F,=1.9, andF; = 1.6. The calculated amplitude ratio for these values was 0.30.

Scheme 2

|2 k2
TA-cal + RS20-like peptidle =  TA-cal RS20-like peptide «— TA-cal RS20-like peptide®
P K F K2 F3

Scheme 3

Ko k.
TA-cal. RS20-like peptide* — TA-cal RS20-like peptide « TA-cal + RS20-like peptide
K2 N
peptide trapped by calmodulin

Scheme 4

0.63s"
TA-cal.RS20-like peptide
F=19 0.36 5"

9.14x 10°M''s”
TA-cal + RS20-like peptide

. TA-cal RS20-like peptide*
Fi=1 151¢

F;=1.59

s andk'-, = 0.36 s'. Now using all the data in Figure

2,Kg=K_ K _oKii(K2 + K-3) = 0.60 nM. F; = 1.59

and is derived from a knowledge &%, F», K1, andk'_,.
These values can be fed back into eq 10 of 18&fto
determineA4/A; = 0.30 in good agreement withy/A,; =

0.35 measured experimentally in Figure 2D. All of these
results can be summarized by putting the appropriate valuesPeptide and Control FE;; Peptide for Calmodulin. Dis-

into Scheme 2.

In summary, RS20-like peptide interacted with TA-
calmodulin in a similar way to that seen with Tyr and Trp
peptides. A biphasic fluorescence change occurred in the
association of RS20-like peptide with TA-calmodulin, the
first phase of which represented a bimolecular reaction, and
the second phase was concentration independent. The
formation of the initial TA-calmodulir-peptide complex was
rapid and diffusion-limited. Isomerization of this complex
occurred at 1 8. The dissociation of the equilibrated
complex was biphasic and thus allowed estimates of other
parameters of the interaction. The bimolecular association
rate constants of all three peptides were essentially the same
and indicated diffusion-controlled complex formation be-
tween the peptide and calmodulin. Likewise all three
peptides and MLCK X3) underwent an isomerization fol-
lowing binary complex formation. Differences in the dis-
sociation constants arose from differences in the kinetics of
dissociation, in particular ik’ _;.

Dissociation Constants of Calmodulin for RS20-Like

sociation constants of targets for calmodulin are conveniently

As seen in Figure 2D, the calculated values of the determined by equilibrium competition assay with TA-
parameters of the above reaction (Scheme 4) gave a goodalmodulin. TypicallyKq values for calmodulin are 0.4-fold

fit for the data. However, there was a large errodlin=

2.25 @1.70) s?, so the range of the estimates was

determined: the lower limii; + 1, = 0.76 s was taken

to satisfy the requirement fol; + 1, = Ko + Ko, K-
was limited byFs; > 0, and that gav&’_, < 0.88 s. With

these considerations, the range of values wask} < 1.6,
0.23s!'<kK_;<40s%0.37st<k_,<0.88s% 0.10

st <ki; <0.61s? and 0.23 nM< K'q < 1.6 nM.

those for TA-calmodulin 13). In the case of RS20-like
peptide however, this assay gave a complex result, possibly
indicative of binding of two peptide molecules to calmodulin
with a 10-fold difference inKq values (data not shown).
Therefore, in contrast to the situation with Trp peptid8)(

it was not possible to combine the kinetic analysis of the
RS20-like peptide interaction with TA-calmodulin and the
competition assay to calculate thg of RS20-like peptide
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FiGure 3: Activation of PDE by calmodulin, TA-calmodulin, and
dansyl-calmodulin. Activity of PDE relative to that in the presence
of 1 ug/mL calmodulin was measured in the presence of calmodulin
(m), TA-calmodulin @) and dansyl-calmodulin®) under assay
conditions described in Materials and Methods. The solid lines
represent the best fit to Michaetidlenten kinetics for calmodulin
(left-hand line) and TA-calmodulin (right-hand line).

with calmodulin directly. However, on the basis of the 0.4-
fold ratio of Ky values between calmodulin and TA-
calmodulin, we estimated that th& value of calmodulin
and the RS20-like peptide is 0.69.64 nM. This value is
within the range determined by the MLCK inhibition assay
(see Table 1). Thus RS20-like peptide binds-100-fold
more weakly to calmodulin and TA-calmodulin than does
Trp peptide.

For tests of binding specificity, the control peptide, the
E4E;7 analogue of Trp peptide, was designed. This peptide
contains two negatively charged groups in place of Trp and
Leu at residues 4 and 17, respectively. Predictablykihe
of the control peptide to TA-calmodulin was 11u81, 10°-
fold greater than that of the Trp peptide. ThiKig of the
control peptide for calmodulin was estimated to be #\Vf
(Table 1).

Preparation of Specifically Labeled Dansyl-Calmodulin
and Ildentification of the Labeling Sitd/Ve expected Lys-
dansylated calmodulin (dansyl-calmodulin) to be the main
derivative if dansylation of calmodulin is carried out in the
same conditions as labeling with TA-C13). The labeling
site in dansyl-calmodulin was determined by isolating and
identifying dansylated peptides in the tryptic digest of dansyl-
calmodulin. Dansylated peptides were indicated by the
differences in the HPLC elution profiles of calmodulin and
dansyl-calmodulin digests. The peak representing theskys

Biochemistry, Vol. 37, No. 17, 199&195
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FIGURE 4: Inhibition of MLCK by TA-calmodulin and dansyl-
calmodulin. The concentration of MLCK was 0.2 nM and of ATP
was 0.5 mM. Specific activity of MLCK was measured in the
presence of calmodulin®) under the typical MLCK assay
conditions described in Materials and Methods. Inhibition of MLCK
with respect to calmodulin in the presence of 235 nM TA-
calmodulin @), or 235 nM dansyl-calmodulin®) is shown. The
curves represent best fits to Michaeliglenten kinetics treating
calmodulin as the activator protein and TA-calmodulin and dansyl-
calmodulin as competitive inhibitor&,, was fitted to the theory

of single substrate activation in MichaetiMenten kinetics. Note
that a steeper dependence on calmodulin concentration would give
a better fit, suggesting cooperativity in the process.

calmodulin. Dansyl-calmodulin activated PDE withKg,
of 0.13 nM, a value indistinguishable from that for calm-
odulin.

In contrast, neither TA-calmodulin nor dansyl-calmodulin
was an activator of MLCK. The C&calmodulin-dependent
activity was competitively inhibited by TA-calmodulin with
KilKm = 3.6 (#0.44 sd) and by dansyl-calmodulin wiky/

Km = 5.6 (Figure 4). The&, for calmodulin was 3.5 nM.
To test for possible contamination of calmodulin in TA-
calmodulin, an assay under the conditions described in
Materials and Methods was carried out in the presence of

600 nM TA-calmodulin but no added calmodulin. If TA-
calmodulin had been contaminated by 1% calmodulin (i.e.,
6 nM), then on the basis of the data derived from Figure 4
(see previous paragraph), the specific activity would have
been 0.3umol of MLC phosphorylated mirt (mg of
MLCK) 1, and well above the observed specific activity that
was <0.1xmol min~t (mg of MLCK)™*. Thus we conclude
that the contamination of TA-calmodulin by calmodulin was
<1%. These data also show that DET-calmodulin is not an
activator of MLCK and suggest that, like TA-calmodulin,

Argss peptide was absent following dansylation. Gas-phase DET-calmodulin is substituted at Lys

microsequencing of a new peptide peak immediately fol-
lowing that containing peptide 3137 gave the sequence

DISCUSSION

Xaa-Met-Lys-Asp-, suggesting that this peak corresponded Trp peptide and the peptide termed RS28) only differ

to the modified Lyss—Argss peptide. When the material of
the peak of peptide 3137 was sequenced, it contained not
only the expected amino acids but also an additional

at their termini: Trp peptide is 3 amino acids shorter and its
termini are blocked. Yet their reportey values to
calmodulin in the presence of Eadiffer over 100-fold. We

component that sequenced as Xaa-Met-, suggesting a furthechecked using an independent method, a continuous steady-

Lyszs-modified peptide, most probabkydansyl-Lyss-Met-
Lys;7. These data are consistent with kybeing the sole
labeled amino acid in dansyl-calmodulin. The biological
properties of dansyl-calmodulin purified to homogeneity were
tested alongside with those of TA-calmodulin (see below).
Modulation of Enzyme Aclity by TA-Calmodulin and
Dansyl-Calmodulin.PDE activation by TA-calmodulin and
dansyl-calmodulin is shown in Figure 3. TA-calmodulin
activated PDE with a 3.5-fold great&, but to the same
Vmax @S the unlabeled calmodulin. TH&, for calmodulin
was 0.13 £0.025) nM and 0.45+0.17) nM for TA-

state MLCK activity assay, thy values of calmodulin to
Trp, Tyr, and RS20-like peptides and determined Khef
RS20-like peptide by transient kinetic methods using TA-
calmodulin. The results confirmed both the origin&l
estimates for Trp and Tyr peptides and theZlorders of
magnitude difference between these and RS20-like peptide.
The EE;7 homologue of Trp peptide bound TA-calmodulin
with a 10-fold higher K4 (10 uM) and inhibited MLCK
activity negligibly. This peptide is thus a useful control for
the specificity of Trp peptide function. The tight binding
of Trp peptide (6 pM) makes it suitable for displacing
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calmodulin and dansyl-calmodulin have been shown here to

(2). There are two issues to consider when using calmodulin be activators of PDE with an increasdd, relative to

inhibitors. These are illustrated in Figure 1, panels C and
D by the examples of Tyr peptide and Trp peptide,
respectively. Tyr peptide causes partial inhibition, and re-
equilibration occurs within a few seconds. In contrast,
inhibition of MLCK activity by Trp peptide is complete and
takes several minutes. These differences arise fronkghe
values of these peptides to calmodulin. Trp peptide ef-
ficiently traps calmodulin. The result of this is that the free
calmodulin concentration is very low, so calmodulin rebind-
ing to MLCK is negligible. Thus inhibition sets in at the
rate of calmodulin dissociation from MLCK. When Trp
peptide is applied in physiological systems, the slow time
course of calmodulin dissociation (shown in Figure 1D for
MLCK) from target enzymes has to be taken into account
when C&" is present at or above &aactivation levels. It
is noteworthy that Trp peptide, when injected into sea urchin
egg prior to fertilization (i.e., at low Ca), was fully effective
in preventing mitotic transitions following fertilizatior2).
In contrast, Tyr peptide, whose affinity for calmodulin is
comparable to that of MLCK, is a less efficient trap for
calmodulin (Figure 1C).

RS20-like peptide interacted with TA-calmodulin in a
manner similar to that of the Trp and Tyr peptides: biphasic

calmodulin and competitive inhibitors of calmodulin with
respect to MLCK activation. Results with MLCK show how
complicated the situation may be. Thus our results are
similar to those obtained in réf6 when labeling Lygs with
norchlorpromazine isothiocyanate. On the other hand calm-
odulin was also labeled with a fluorescent isothiocyanate
under similar conditions, and so possibly at tgysut in

that case the labeled calmodulin activated MLCK)( It
may be that in this case th#l,N-dimethyl-bis-(-1,3-
propylidene)ammonium group that interposes the tetrame-
thine-merocyanine and putative Lypermits the activation

by reducing steric interference and/or preserving the positive
charge associated with Lysprior to its modification.
However, in the light of our results with TA-calmodulin and
dansyl-calmodulin, labeling with the isothiocyanate may have
been incomplete at Lysso that MLCK activation was due

to residual native calmodulin.

The enzyme kinetic results suggest that ymodified
calmodulins bind to target proteins with comparable affinity
to calmodulin, but with different consequences for the target
protein activity, a particular derivative can act as either
agonist or antagonis#t8). TA-calmodulin appears to be the
first to distinguish between PDE and MLCK, being an

fluorescence changes occurred both on association andhgonist to the former and an antagonist to the latter. Small-
dissociation. Diffusion-limited association was followed by angle X-ray scattering data have revealed how calmodulin
an isomerization at 1'8. The weaker binding of the RS20- can interact with target peptides in distinct mod48s, (50.

like peptide to calmodulin was dependent on a more rapid Atomic resolution X-ray structures also reveal the diversity

dissociation rate constant from the protein and may be duethat the central helix of calmodulin exhibits when calmodulin

to the charged amino and carboxylate groups at either endinteracts with target peptide§1). Finally the conformation

of the peptide. Consistent with the data showing an taken up by calmodulin on binding to MLCK has been shown

isomerization is the abundant kinetic evidence of the con- by energy transfer to be different from that on its binding to

formational changes when calmodulin interacts with target
peptides {3, 40-42).

Calmodulin has been covalently modified with a fluores-
cent Lys reagent, TA-CI, with the aim of producing specif-
ically labeled derivatives that respond to?Cand target

protein (peptide) binding with fluorescence changes in the

presence of physiological concentrations of &nd Mg™*.

The sensitivity of the fluorescence signal allowed mechanistic

studies of TA-calmodulin and of its interactions with®a

PDE (62). Thus our kinetic data fit into the pattern of these
structural results.

Scheme 5
cal + MLCK. MLC-P
Kot

koa
cal MLCKMLC-P —— c¢al MLCK + MLC-P

We now address the 18-fold difference between Khe

and target proteins and peptides in the nanomolar concentraof calmodulin as an activator of MLCK activity and the

tion range. Lyss-modified dansyl-calmodulin was made and
purified similarly to TA-calmodulin. Unlike commercially

dissociation constant of the calmodulin MLCK interaction.
Let us suppose for the purpose of argument that the

available material, it was a homogeneous protein and association rate constants of ADP with MLE@WLC-P and
therefore suitable for biochemical assays. The properties ofcaltMLCK.MLC-P are rapid, that ADP binds weakly to these
the fluorescent calmodulins are interesting from a structural complexes, and that MLC-P release is the rate-limiting step

point of view and relevant to their use as probes of cellular
function. Lyssis located in the central helix of calmodulin.
In C&"-calmodulin, residues 7881 which form part of the
central helix in the crystal structurd3) are nonhelical in
solution @4). In the complex with the calmodulin binding
peptide of skeletal myosin light-chain kinase, a flexible loop
was identified between residues 74 and 82 ( Since Lyss

is found in the region of calmodulin that undergoes the most
substantial structural changes upon target binding, a probe

attached to this site is well positioned to report these
structural changes.

Binding to and activation of target proteins are the normal
functions of calmodulin. Covalent modification of Lyysnay

of calmodulin-activated MLCK activity. Then the critical
steps defining th&, of calmodulin during MLCK activity
can be represented by Scheme 5, and the rate of MR.C
formation, v, is given by

v = K Jcal-MLCK+-MLC-P]
Let us further suppose that [calp [MLCK] o, then
v = K {MLCK] /(1 + K./[cal])

where K, the measured Michaelis constant, is also the
dissociation constant of the calmodulin ML&HLC-P
interaction. Thus in this model, product dissociation is rate-

help resolve structural aspects of these two functions. TA- limiting and K, = 3.5 nM. The thermodynamics of the
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Scheme 6
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interaction of calmodulin, MLCK, and MLC-P is represented
by Scheme 6, wheréy = [MLC-P][MLCK]/[MLCK -MLC-

P] andK4' = [MLC-P][cal-MLCK]/[cal ‘MLCK -MLC-P].
This leads tK''/K4 = 3.5/0.2= 18; that is, MLC-P binds
18-fold more tightly to MLCK than it does to cAILCK.

A kinetic implication is that calmodulin promotes MLC-P

release, a plausible explanation of the observed phenomena.

Let us now consider an alternative mechanism in which
the rate-limiting step is the transfer of the phosphate group
to MLC, and ATP saturates MLCK and the ddlLCK,
MLCK-MLC, and calMLCK-MLC complexes with equal
affinity. Now the critical steps defining th€,, of calmodulin
during MLCK activity can be represented by Scheme 7. Then

comparable logic to the above analysis of Schemes 5 and 6

leads to the conclusion that MLC binds 18-fold more tightly
to MLCK than to calMLCK. This is an unlikely though

not impossible mechanism so we consider Scheme 5 to be

more likely than Scheme 7.

However, more research is needed to define a calmodulin-
dependent MLCK mechanism which must also accommodate
evidence suggesting that a primary role of calmodulin is to
sequester an inhibitory peptide within the MLCK sequence
away from the kinase active site. To be specific, a
mechanism for calmodulin activation of MLCK has been
proposed in which calmodulin binds to a region of a
pseudosubstrate domain of MLCK that has autoinhibitory
properties $3, 54 and references in each). The calmodulin
binding causes the inhibition to be removed by exposing the
substrate binding site. The hypothesis requires modification
in the light of the catalytic behavior of mutant forms of
MLCK and their tryptic digests§5). Furthermore, while
our data do not invalidate the pseudosubstrate domain model
the existence of inhibitory calmodulin derivatives, such as
TA-calmodulin and dansyl-calmodulin, suggests that activa-
tion by calmodulin may involve additional structural changes
in the calmodulin-MLCK complex. It is noteworthy that
the K; value for TA-calmodulin and MLCK (Figure 4) is
27—-59-fold greater than it&y (0.23-0.51 nM, @3)). This
ratio is comparable to thik/K4 of calmodulin and MLCK
and is consistent with TA-calmodulin binding to the same
MLCK complex as calmodulin (e.g., MLCHILC-P in
Scheme 5).

Finally, the sensitivity of the fluorescence signal, especially
with respect to C& binding means that TA-calmodulin may
complement other intracellular calmodulin imaging probes
(2, 4, 9. Dansyl-calmodulin is more likely to be of value
in noncellular systems, since the near-UV irradiation required
for its excitation is likely to cause cellular damage and
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because cells autofluoresce in the same wavelength range.
Both Lyss-labeled calmodulins could have contrasting
effects as compared to calmodulin target peptides; the labeled
calmodulins will only inhibit some target enzymes as
opposed to the indiscriminate inhibitory effect of the target
peptides on calmodulin-dependent enzymes. For example,
in smooth muscle cells one would expect the peptides to
inhibit all processes stimulated by calmodulin, while {gys
labeled calmodulins, though inhibiting MLCK, may promote
the activity of other calmodulin-dependent enzymes. The
commercial availability of dansyl-chloride means that a
Lyszs-labeled calmodulin is readily prepared for such studies.
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