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ABSTRACT. Segments of the autoregulatory domain of MK, a catalytically active fragment of the monomeric
smooth muscle myosin light chain kinase (smMLCK) (residues—¥2), were replaced with their
counterparts from a homologous but multimeric enzyme, calmodulin-dependent protein kinase Il (CaM
KII). Chimeric proteins in which both the autoregulatory and oligomerization domains of CaM KiII (residues
281-478) were substituted for residues 772 of smMLCK, MK(CK281-478), or only the
autoregulatory domain of CaM KII (residues 28315) was exchanged for residues 7&1.3 of smMLCK,
MK(CK281—315), exhibited significant enzymatic activity in the absence &f@aM. In contrast, both

MK and a chimeric protein in which the C-terminal half of the autoregulatory domain of smMLCK was
replaced with CaM KiII residues 361315, MK(CK301-315), were inactive in the absence of?Ca

CaM. These results indicate that the sequence of the N-terminal half of the autoregulatory domain of
smMLCK is important for complete autoinhibition of its enzymatic activity. All proteins bound &/Ca
CaM, and the chimeric proteins MK(CK28478) and MK(CK281315) were activated by Ga/CaM

with activation constantav) and maximal enzymatic activities comparable to those of the wild-type
MK enzyme. This demonstrates that the entire autoregulatory domain of CaM KIlI can replace that of
smMLCK in its ability to promote efficient CaM-dependent activation of the smMLCK enzyme. However,
the inability of the chimeric protein MK(CK304315) to be activated by G&CaM suggests that
replacement of only the C-terminal half of the autoregulatory domain of smMLCK, while still retaining
the ability to bind C&"/CaM, also substitutes residues that prevent activation of the enzymeyy Ca
CaM.

Calmodulin (CaM)-dependent protein kinases are critical muscle myosin light chain kinases (smMLCK and skMLCK)
regulators of several important cellular functions. Some involved in changing cellular shape and movement and CaM
examples of these enzymes include the smooth and skeletal

1 Abbreviations: CaM, calmodulin; smMLCK, smooth muscle
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A activation of smMLCK by CaM §). Taken together, these
+ smMLCK results suggest that (a) residues located within the autoin-
I hibitory domain of smMLCK (residues 77807) do not
ey or; simply behave as a spacer but appear instead to inhibit
E e M enzymatic activity in a sequence-specific manner, (b) residues
CaMKII . . A . .
" 791 752 572 in the N-terminal half of the _CaM binding doma_ln _of
_E—F smMLCK, such as W800, are important for CaM binding
- N and subsequent enzyme activation, and (c) although the CaM
o215 i binding sequence (residues 79%13) is not required for
AN e autoinhibition, many residues within this domain are required
MK EF‘CKZ’“'“S)rJE- for CaM-dependent activation of smMLCK.

The structural analyses of related proteins have provided

MKERCKBLM S | valuable insights into the mechanisms by which smMLCK

EF is regulated. The crystallographic structure of the kinase

B domain of twitchin kinase, an enzyme that is homologous
777 821 i i
SMMLCK, MK .. .DTKNM. . EARKKLSKDRMKKYMARRKWOKTGHAVRAIGRLSSMAMISG . . . to smMLCK, shows an e.XtenSIV? mterche betwee_n the
.. £ YMARRKW! G. ..
MEC(CK30L315) .. DTKNM, . EAKKL KDRMKKYVARRAOOGAT LETLATRNP SGAMISG . | autoregulatory and catalytic domains of this enzy@je i(
MKEF (CK281-315) . , DTKNMe fMHRQETVDCLKKFNARRKLKGAT LTTMLATRNFSGAMISG . . . agreement with an earlier model bu||d|ng Study of smMLCK

MKEF (CK281-478) . . DTKNMe fMHRQETVDCLKKFNARRKLKGAILTTMLATRNF SGGKSGG. . » . .
(). The three-dimensional structure of a closely related CaM-

Ficure 1: Structures of autoregulatory domains of smMLCK and dependent protein kinase, CaM KI, provides additional
chimeric proteins. (A) The domain  organization of wild-type evidence supporting a model of intrasteric autoinhibiti@n (

SmMLCK, the catalytic fragments MK and MK EF, and chimeric Here the homologous autoregulatory domain of CaM Ki
proteins containing autoregulatory sequences of CaMtKTlhe makes extensive intramolecular contacts with its kinase

N- and C-terminal sequence positions from the parental protein aredomain, thus blocking the access of the substrate to the
listed above the chimeric fragment of each construct. (B) Amino enzyme active site. The structure also reveals that W303, in

acid sequences of the autoregulatory domains from the wild-type : o .
and mutant enzymes. The numbers above the wild-type proteinsthe N-terminal half of the CaM binding domain of CaM KI

indicate their amino acid sequence positions. The CaM binding @1d the homologue of W800 of smMLCK, is unusually
domains of the wild-type proteins are underlined, and the autoin- exposed to solvent, thus providing an accessible site for
hibitory domains are overlined. CaM Kilsequences are bold. hydrophobic interactions with CaM.

) Critical information about the specific interactions between
kinases I, II, and IV (CaM KI, CaM KiIl, and CaM KIV,  smMLCK and CaM has been gleaned from the crystal-
respectively) involved in learning and memory. The enzy- |ographic structure of a complex between CaM and the CaM
matic activities of the CaM-dependent protein kinases are binding domain of smMLCK10). In this complex, the CaM
regulated by their respective autoregulatory domains, which pinding peptide of smMLCK (residues 79813) assumes
are responsible for the dual functions of enzyme autoinhi- 5 helical structure and is engulfed by the two globular
bition and CaM activation. The autoregulatory domains of domains of CaM. The N-terminal half of the smMLCK
the CaM kinases are Contiguous with their CatalytiC domains. peptide, inc|uding the residue Corresponding to W800, makes
In the specific case of SmMMLCK, the kinase domain (residues hydrophobic interactions with the C-terminal domain of
513-774) is immediately followed by its autoregulatory Cam, whereas the C-terminal half of the peptide interacts
domain (residues 774813) (Figure 1A). The autoregulatory  primarily with the N-terminal domain of CaM. The contacts
domain of smMLCK can be further divided into two ohserved in the crystal structure are consistent with the results
functional units: an autoinhibitory domain (residues #74  from recent investigations with CaM. Mutating Met residues
807) that is required for high-affinity inhibition of enzymatic  in the C-terminal domain of CaM, which interact with W800
activity (1) and an overlapping CaM binding domain  of the smMLCK peptide, greatly reduces the affinity of CaM
(residues 796813) that extends beyond the autoinhibitory for the intact enzymel(l), whereas mutations at residues in
domain @) (Figure 1B). the N-terminal domain of CaM, which interact with the

Experiments in which the autoregulatory domain of C-terminal half of the smMLCK peptide, interfere with the
smMLCK was targeted have started to define the relationship activation of smMLCK, but not with CaM bindinglL@).
between the closely linked functions of enzyme autoinhibi-  These results imply that the autoregulatory domain of
tion and CaM-dependent activation. Fragments of sSmMLCK smMLCK is specifically suited for efficient autoinhibition
with C-termini at either A796, K7993], or 1810 @) are in the absence of CaM, and also for maximal activation in
inactive in the absence of CaM and are also unable to bethe presence of CaM. To further investigate the mechanisms
activated by CaM. However, smMLCK with C-termini of action of the autoregulatory domain of smMLCK, we have
between K779%) and K793 B), as well as mutants with  replaced all or a part of this domain with the autoregulatory
amino acid substitutions within the autoinhibitory domain domain of a related enzyme, CaM KIllI (residues 2809)
(residues 794796), exhibit constitutive activities in the (Figure 1B). Similar to smMLCK, CaM KIll is an enzyme
absence of CaM3). Studies focusing on activation by CaM that is autoinhibited in the absence of CaM and activated in
indicate that W800, located in the N-terminal half of the CaM the presence of CaM. However, in contrast to smMLCK,
binding domain of smMLCK, plays an important role in CaM CaM KiIl is a multimeric enzyme that can remain active upon
binding and hence in the subsequent activation of the enzymedissociation of CaM due to the autophosphorylation of
(6, 7). In addition, the substitution of other residues within Thr286. The evidence obtained from characterizing the
the CaM binding domain severely interferes with the resulting chimeric smMLCK-CaM KIll enzymes supports

276 320
CAM KITO. ........ TVASC. .MHRQETVDCLKKFNARRKLKGATLTTMLATRNFSGGKSGG. . .
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the idea that the native autoregulatory domain of smMLCK  (5) MK(CK281-315).PCR was used to introduceBsEl
is most efficient at enzyme autoinhibition and CaM-depend- site immediately 5to the DNA encoding smMLCK A817

ent activation. and to simultaneously introducePst site 3 to the protein
coding sequence. The resulting 0.5B&EI—Pst fragment
EXPERIMENTAL PROCEDURES of smMLCK was inserted between tBsgEl andPst sites
) of MK(CK281—-478) to generate a new construct, MK-
Materials (CK281-315).

(6) MK(CK301-315). PCR was used to create a silent
mutationNarl site (with anEccRlI site on its 5flank) within
CaM Killo residues 903906 of the MK(CK28%315)
construct. APst site was also simultaneously created at the
3 end of the terminal stop codon for MK(CK28B05). The
resulting EcaRl—Pst fragment was inserted into a shuttle
vector. PCR was also used to creatBarH| site prior to
and including the sequence encoding wild-type smMLCK
S472 as well as to introduce a complementacgRl, Narl
site at the 3end. The resulting 1 kBamrHI—EcadRI fragment

Restriction enzymes were from Boehringer Mannheim and
New England Biolabs. Taqg polymerase was purchased from
Boehringer Mannheim, and dNTPs were from Pharmacia.
DNA sequencing was performed using Amersham’s Seque-
nase kit. Bacterial media were from Difco, and Sf9 cell
culture medium was from Life Technologies, Inc. FMC
provided Seakem agarose (ME), and acrylamide was pur-
chased from Serva. NickeNTA resin was obtained from
Qiagen. Radiochemicals were purchased from Amersham.

Myosin light chain and CaM were purified after expression was cloned next to the' &nd of the previouEcoRI—Pst

in bacteria as previously describetll). Myosin light chain ; ;
peptide and GS-10 peptides were provided as a gift Courtesyfragment in the shuttle vector. The intervenidgrl fragment

of B. E. Kemp from the Holt Laboratory of St. Vincent's was then removed by digestion and religation to create the

. ; construct MK(CK30%1-315).
Ihr:stk:tgst;a ;\I\//Iaﬁllsgltérgi,aﬁtl;straha). Other reagents were of the (7) MK EF. PCR was used to insert aBcoRl site

immediately 5to E782 of smMLCK and also to create a
Methods Pst site 3 to the stop codon. The resulting 0.6 EooRI—
Pst fragment of sSmMLCK was inserted between theoRl

Construction of Kinase Expression Plasmids. (1) Wild- and Pst sites of MK(CK281-315), leading to a MK
Type smMLCKA BarrHI restriction site was inserted 15 construct with E and F inserted between M781 and E782,
bp upstream of the ATG start codon for chicken smMLCK designated MK EF.
in pGEM (5) by USE mutagenesid 8). The cDNA contain- To confirm the correct identity of the chimeras, DNA
ing the entire coding region of SMMLCK was then excised sequencing was performed on the protein coding sequences
by BanHI digestion and inserted in the correct orientation Of all constructs starting from both the amino and carboxyl
into the uniqueBanHI site of the baculovirus expression termini, as well as spanning their entire autoregulatory
plasmid pVL1393. regions.

(2) His-Tagged PVL1393[0 facilitate the expression of Expressmn and Purification of Protem_ KinaseBacu- .
His-tagged proteins, the hexyl histidine tag from pTrcHisB lovirus stocks were generated from plasmids by transfecting
(Invitrogen) was isolated by PCR and inserted between the SfO Cells with reagents provided from the Baculogold

uniqueBarH| site and a newly create8ipé site of pVL1393. Transfection Kit (Pharmingen) using previously established
This new expression vector was called pVLHis. protocols (1). This typically resulted in viral stocks with a

PCR mutagenesis was used to generate all chimeric proteinconcentration of 16-10° pfu/mL. Proteins were then
. . . ) Xpr in Sf I reviousl| rikdel). (The His-
kinases. Reactions were performed in a Perkin-Elmer Cetuse pressed in Sf9 cells as previously desc (The His

DNA Thermo Cycler in a total volume of 0.1 mL. Al tagged protein kinases were purified by affinity chromatog-

reaction mixtures contained Taq polymerase, Tag buffer, 0.2 raphy with a nickel-NTA resin. The infected Sf9 cells were
mM dNTPs, 0.14g of forward and reverse oligonucleotide first harvested by centrifugation and lysed by sonication. The

primers, and 0.&M template DNA. In most reactions, each collected supernatant was first mixed with 1 mL of-Ni
cycle consisted of 1 min at 92C, 1 min at 55°C, and 1 NTA resin at 4°C for 2 h. The resin was next washed with

: N ) . 5 volumes of buffer A [50 mM Hepes (pH 7.5), 0.5 M NacCl,
min at 72°C, which was then repeated 33 times. and 10% glycerol] followed by 12.5 volumes of buffer B

(3) MK. PCR was used to introduceBanHl site at the [50 mM K-MES (pH 6.3), 0.5 M NaCl, and 10% glycerol].
nucleotides between E471 and S472 of sSmMLCK in pGEM The resin was then washed with 12.5 volumes of buffer B,
and also to introduce Bst site 3 to the coding sequence.  containing 50 mM imidazole, before finally eluting the
The resulting 1.5 kiBanH| —Pst fragment of STMLCK was  proteins with 3-5 volumes of buffer B, containing 200 mM
inserted between thBaH| and Pst sites of pVLHis and  jmidazole. The concentration of purified proteins was
the resulting construct designated MK. determined by the method of Bradforti} usingy-globulin

(4) MK(CK281-478). PCR was used to insert &caRl protein standards, and the purity of all proteins was checked
site immediately 5to M281 of CaMKllo. and simultaneously by SDS-PAGE analysis. The proteins were finally stored
add aPst site immediately 3to the stop codon. The resulting  for later use at-70 °C in 20% glycerol.

0.6 kb EcoRI—Pst fragment of CaMKIb. was attached to Calmodulin Qerlays. Protein samples were transferred
an EcaRl site previously inserted at M751 of the wild-type overnight at £C from a SDS-PAGE gel to an Immobilon-P
smMLCK. The resulting 1.5 kiBanHI—Pst fragment, membrane (Millipore). The membrane was incubated with
containing residues-1751 of smMLCK fused with CaMKik 100 mM Imidazole (pH 7.0) for 10 min, followed by
residues 281478, was inserted between tBarmrH| andPst incubation in buffer C [20 mM imidazole (pH 7.0), 200 mM

sites of pVLHis. KCI, 0.1% BSA, 0.02% Nahl and 1 mM CaC] for 2 h.
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The membrane was then incubated f h in buffer C,
containing [24]CaM (0.5 x 10° cpm/mL), followed by three
washes of 20 min each in buffer C only, before drying and
exposing to film.

Calmodulin Equilibrium Binding AssayaM was bioti-
nylated withN-hydroxysuccinimide-LC biotin by combining
5 mol of biotin reagent/mol of CaM in 50 mM NaHGO

substrates (26M), in a final volume of 5QuL. Assays were
initiated by the addition of enzymes to final concentration
of 1 nM and allowed to proceed for 10 min at 30. Under
these conditions, less than 5% of the substrates were
consumed in the reactions. Forty microliters of each reaction
mixture was then spotted on either Whatman P-81 filter paper
[MLC(11—13) peptide] or Whatman 3MM filter paper (20
(pH 8.5) fa 2 h onice. The biotinylated CaM was next kDa MLC). The P-81 filters were extensively washed in 75
immobilized by passing it over a BIAcore chip fixed with mM phosphoric acid, whereas the 3MM filters were washed
streptavidin that was part of a BIAcore system (Pharmacia in a solution of 10% TCA and 2% sodium pyrophosphate,
Biosensor). The affixed CaM was equilibrated with a running prior to quantitation on a Beckman LS 6000 scintillation
buffer of 10 mM Hepes (pH 7.5), 150 mM NaCl, 0.5 mM counter.

CaCl, and 0.005% Tween 20. All enzyme constructs were  Kcaw values were determined by direct nonlinear least-
dialyzed extensively against running buffer prior to applica- squares fitting of calmodulin concentration curves to the
tion on the BlAcore system. Eight different concentrations equation

of each enzyme construct ranging from 0.5 nM to:?
enzyme were passed over the CaM chip, with each concen-
tration repeated to ensure the accuracy of the results. Between ) )
each concentration, the apparatus was washed with running/sing Kaleidagraph version 3.0.2 (Abelbeck Software), where

v — vy =V, — vo[CaM]/(Kem + [CaM])

buffer containing EGTA instead of calcium, followed by
extensive equilibration with the original running buffer.

v is the rate at subsaturating concentrations of CaMs
the rate in the absence of CaM,, is the maximal rate

Sensorgrams showing association and dissociation curvegchieved at saturating CaM concentrationsNl), andKcau
obtained from the BlAcore system were analyzed using the iS the concentration of CaM required to elicit 50% of the

BlAevaluation 2.0 software to determini€y values for
binding to CaM based on a single-site interaction model
whereKyg = Koi/Kon.

ks was derived from a nonlinear least-squares fit of the
association curves to the equation

R=ro/ks x [1 — e 9]

whereR is the instrument signaty is the baseline signal,
is time (seconds)y is time at addition of enzyme, ard=
konC + kost, WhereC is the enzyme concentration. The value
of kon was determined from linear regression analysis of a
secondary plot ok versusC.

kott was derived from a nonlinear least-squares fit of the
disocciation curves to the equation

R= Roe*koff(t*to)
where Ry is the instrument signal at the start of the

disocciation ando is the time at the start of the dissociation.
Gel Permeation Chromatographel permeation chro-

CaM-dependent activity of the enzyme.

RESULTS

PCR mutagenesis was employed to create hexyl histidine-
tagged, truncated forms of smMLCK in which different
segments of the autoregulatory domain of CaM Kl were
exchanged for the corresponding region of smMLCK (Figure
1A). The N-termini of all the truncated enzymes started at
residue 472 of smMLCK, approximately 40 residues before
the beginning of the kinase domain of the enzyme. All
chimeras extended through the entire kinase domain of
smMLCK (residues 513774) and, with one exception,
terminated at C-terminal residue 972 of the wild-type
smMLCK. The exception was the chimera MK(CK28478)
which spliced C-terminal residue 781 of smMLCK with
N-terminal residue 281 of CaM Kl and terminated at residue
478 of CaM KiIl. The chimeric protein MK(CK281315)
replaced smMLCK residues 78817 with CaM KIlI residues
281-315. In the cases of MK(CK281478) and MK-
(CK281-315), two additional residues, E and F, were
inserted between smMLCK residue 781 and CaM Kll residue

matography was performed on a Pharmacia FPLC system281 as a consequence of creating a new DNA restriction

using a 24 mL Superdex 200 HR analytical gel filtration
column (10 mmx 300 mm) equilibrated and eluted with
buffer at a flow rate of 0.4 mL/min.

Limited ProteolysisProtein kinases (0.2 mg/mL) were
proteolyzed by the addition of trypsin (0.08 mg/mL) in a
solution of 30 mM Tris-HCI (pH 7.5), 50 mM KCI, and 1
mM EGTA at 0°C for times varying from 0 to 60 min. At
different time intervals, 2@L aliquots were taken and added
to solutions of trypsin inhibitor at 4C to give a final 10:1

site. We therefore created a control enzyme, MK EF, in
which the two identical residues (EF) were inserted between
residues 781 and 782 of smMLCK. The final chimeric
construct, MK(CK30%315), replaced smMLCK residues
801817 with CaM KiII residues 310315, but without
including the EF insert. The exact amino acid sequences of
the various enzymes, highlighting the CaM KII chimeric
residues, are presented in Figure 1B.

The truncated, His-tagged smMLCK chimeric proteins

ratio of inhibitor to trypsin. These samples were then assayedwere expressed in Sf9 insect cells with the baculovirus

for protein kinase activity.

Protein Kinase Assay$rotein kinase assays were per-
formed as previously describetll] in a solution of 50 mM
Hepes (pH 7.5), 10 mM magnesium acetate, 1 mM DTT,
0.1% Tween 80, 0.5 mg/mL BSA, 1QM ATP (0.2 mCi),
and 0.5 mM CaGl(or 1 mM EGTA) in the presence of either
200uM peptide MLC(11-23) or the 20 kDa MLC as protein

system and purified in a single step by the identical method
of nickel column affinity chromatography. Typical yields of
the purified enzymes from 129 10° Sf9 cells were several
milligrams of protein. Figure 2A shows a Coomasie blue-
stained SDSPAGE gel of equal amounts of the various
purified proteins. All the His-tagged proteins migrated in the
expectedVl, range (between 55 and 65 kDa), although MK-
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" o = on this chimera and the peak of enzymatic activity compared
- S & with those from wild-type MK, another chimeric protein MK-
A . (CK281-315), and wild-type CaM KIl. The results from
] & gel filtration on a Superdex 200 column (Figure 4) demon-
E % (54) % strate that oligomerized wild-type CaM KIM; ~ 600 kDa)
VIR Z < Z elqtes at a volume close to the void volumé)( Wher_egs
s S S 5 S chimeras MK and MK(CK281315) elute at a position
similar to that of a protein standard, BSA-§5 kDa). In
contrast, the activity of the chimera MK(CK28#78) eluted
at a position very close to that of wild-type CaM Kill (600
kDa), confirming that the presence of the oligomerization
i domain of CaM Kll led to a multimerization of the smMLCK
- - e e domain.
AT, Although the CaM gel overlay and BlAcore assays
i indicated that all the chimeric proteins were capable of
binding CaM to some extent, it is also known that the initial
b, ' binding of CaM by smMLCK can be separated from a later
5ot e step of enzyme activation1®, 15, 16). We therefore
‘, A . T compared the enzymatic activity of the various purified
' proteins in the absence of CaM with their activity in the
S o & presence of increasing amounts of CaM (Figure 5). The
— o~ — results show that in the absence of CaM, the wild-type
B 2 i‘r 2 enzyme MK has virtually no kinase activity, whereas it is
S = % activated by CaM with an activation constaricfy) of 9
(w VY, M nM (Table 1). In contrast, chimeras MK(CK28B815) and
m o O QL MK(CK281—478) had 23 and 37% of the maximal kinase
R - 4 activity toward the 20 kDa substrate protein MLC in the
= = = = p absence of CaM, respectively. When tested with a consider-

ably smaller peptide substrate, MLC(123), this CaM-
independent activity increased even further, to 30% for
MK(CK281—-315) and 54% for MK(CK281+478) (Table

1). Interestingly, although these two chimeras were active
in the absence of CaM, they were still capable of additional
FIGURE 2: Analysis of proteins by SDSpolyacrylamide gel ~ activation by exogenously added CaM, witam values of
electrophoresis. (A) Coomassie blue stain of equal amounts of 7.5 and 22 nM, respectively (Table 1). Indeed, at high CaM
purified proteins. The identities of the proteins are presented aboveconcentrations, the chimeras exhibited enzymatic activities
each lane. (B)'P4]CaM gel overlay of purified proteins. comparable to that of the wild-type MK enzyme. Thus, the
(CK281-478) had a slightly faster migration rate than chimeric CaM KIl sequences (residues 2815 and 28%+
expected. To qualitatively determine whether the inserted 478) had different effects on autoinhibition and CaM-
CaM KIll chimeric sequences inhibited the ability of the dependent activation. On one hand, they were unable to
enzymes to interact with CaM, ad?§ijCaM overlay was completely inhibit the activity of the enzymes in the absence
performed on equal amounts of the purified proteins. The of CaM. On the other hand, the chimeric CaM Kll sequences
results (Figure 2B) demonstrate that all the expressed proteindehaved like the original smMLCK sequence with respect
were capable of binding CaM in the presence of calcium, to CaM binding and activation.

with MK(CK281—478) appearing to exhibit a higher affinity Since the two-amino acid insert (EF) could, in part,
for CaM than the other proteins. To quantitate the relative account for some of the CaM-independent activity of the
abilities of these proteins to bind to CaM, different concen- chimeras, we tested the activity of a control construct (MK
trations of each protein were passed over biotinylated CaM EF), where the same two amino acids (EF) were inserted in
that had been immobilized on a BlAcore chip, and the results the identical position of MK, between residues 781 and 782.
are shown in Figure 3. The CaM binding constaritsg) ©Of In the presence of CaM, MK EF behaved very much like
the enzymes are consistent with the results from the CaM the wild-type enzyme MK, with an almost identical specific
overlay assay (Table 1). Three of the constructs, MK EF, activity and aKcav 0f 6 nM (Figure 5 and Table 1). However,
MK(CK281—-478), and MK(CK281-315), were very similar  the results in the absence of CaM demonstrate that MK EF,
to the wild-type MK enzyme, whereas the fourth, MK- unlike chimeras MK(CK281315) and MK(CK281-478),
(CK301-315), had an approximately 10-fold lower affinity —exhibited little CaM-independent activity. The two-residue

for CaM. EF insertion is thus unlikely to account for the CaM-
In contrast with the other chimeras, MK(CK28478) also independent activity of the chimeric proteins.
harbored the C-terminal domain of CaM Kl (residues 320 A region within the CaM KII chimeric sequences might

478), the portion of the enzyme responsible for its oligo- also be responsible for the CaM-independent activities of
merization properties. To ascertain whether the oligomer- chimeras MK(CK281315) and MK(CK281+478). It has

ization function of CaM Kll was transferred to MK(CK281 been previously demonstrated that phosphorylation of T286
478), analytical gel filtration chromatography was performed in CaM Klla leads to an autonomous enzyme, i.e., one which
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Response (relative units x 10-2)

Ficure 3: Sensorgrams showing the phases of association and
dissociation of proteins with CaM. The proteins are (A) MK, (B)
MK EF, (C) MK(CK281—478), (D) MK(CK281-315), and (E)
MK(CK310—315).
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Table 1: Calmodulin-Dependent and -Independent Properties of

Wild-Type and Chimeric Enzymes

% Ca&"-independent activity

protein Ka (nM)  Kcam (NM)  peptides light chains
MK 10.3+2.0 9.0+1.3 0 0
MK EF 8.6+06 6.6+1.1 0 0
MK(CK281—-478) 9.0+1.6 21.6+3.8 54 37
MK(CK281-315) 5.6+22 7.5+1.3 30 23
MK(CK301-315) 116.5+59.2 LA® 0 0

aLow activity.

—e—  CaMKIl
—8— K

—0— MK(CK281-478)
—O—  MK(CK281-315)

100‘1
807

60

% Maximal Activity

BSA

Ficure 4: Gel filtration analysis of wild-type and chimeric proteins.
Individual samples of proteins were loaded on a Superdex 200
FPLC column, eluted, and fractions were collected. Enzymatic
activities were assayed as described in Methods and expressed as

a percentage of the peak fraction.
calibrated by using dextran blud{ =

The void volurvg) (was
600 kDa). BSA M, = 66

kDa) was also used as a molecular mass standard.

is active in the absence of &€#CaM (17). Since T286 is
present in both chimeras MK(CK28B15) and MK-
(CK281-478), it is possible that the unusual presence of
this potential regulatory site in smMLCK might contribute
to the CaM-independent activity exhibited by the two
chimeric enzymes. To test whether T286 contributed to the
observed CaM-independent activities, two additional con-
structs were created by site-directed mutagenesis in which
the corresponding T286 of chimeras MK(CK28315) and
MK(CK281—-478) was individually changed to a structurally
similar residue, V, which was incapable of being phospho-
rylated. The activities in the absence and presence of CaM
of the T to V point mutants, MK(CK281315)TV and MK-
(CK281-478)TV, were then compared to their parental
chimeras, MK(CK28%+315) and MK(CK281478), respec-
tively. The results demonstrate that the CaM-independent
and CaM-dependent activities of the mutant MK(CK281
315)TV were almost identical to those of the parental MK-
(CK281-315) (Figure 6). However, the CaM-independent
activity of the T to V mutant MK(CK28+478)TV was
almost twice that of the parental chimera MK(CK28478)

(65 vs 35%), a result which indicates that the substitution
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FiGUrRe 7: Activation of wild-type and chimeric enzymes by limited
Log[CaM] proteolysis. Wild-type MK and chimeric enzymes were treated with
trypsin, and their specific activities were measured over time.

Ficure 5: Activation of wild-type and chimeric enzymes by Experiments were performed in the presence of'Ga EGTA.

calmodulin. The specific activity of the individual enzymes was
measured at increasing CaM concentrations and expressed as a . . .
percentage of the activity of the wild-type MK protein determined MK activity, even at concentrations of CaM approaching 1

at 1uM CaM. The concentration of the enzymes was 1 nM. uM (Figure 5). When combined with the results from the
CaM gel overlay (Figure 2) and BlAcore assays (Table 1)
100 demonstrating that MK(CK301315) binds CaM, this result

indicates that MK(CK304-315) interacts with CaM but is
activated with great difficulty. One possible explanation for

801 the inability of MK(CK301-315) to be activated by CaM

- 1 might be a misfolding of the kinase domain of this particular
2 s0d enzyme as a result of the unusual changes in its autoregu-
§ latory sequence. To check for the presence of a correctly
w folded kinase domain, we compared the effects of limited
£ 40 trypsinolysis on the activity of MK(CK301315) with that

s : —0—  MK(CK281315)TV of the wild-type MK enzyme, to determine whether cleavage
LS 00 T®  MK(CK281-315) of their respective autoinhibitory domains would result in

—O0——  MK(CK281478)TV

constitutively active enzymes. The results of this study
demonstrate that both MK and MK(CK36B15) are
0 X - : ! activated at almost identical initial rates due to the cleavage
ﬁ‘ -9 -8 -7 -6 S of the autoinhibitory domains by trypsin (Figure 7). Both
NoCM | ogicam), M ;enz;t/mest wgtrr]etactiyat?d to ::1 sin;]ilar zptersific ?F:t.it\’ity by
. L . . reatment with trypsin for up to , an is activity was
FIGURE 6: Activity of chimeric and threonine 286 to valine mutant . . .
enzymes in the absence and presence of calmodulin. The enzymatiéndependent of the presence of CaM. The klna}se domains
activities of the chimeric proteins was measured either in the Of both enzymes are therefore capable of CaM-independent
absence of CaM or at increasing CaM concentrations and expresse&nzymatic activities, and are thus unlikely to be responsible

as a percentage of the activity of wild-type MK determined at 1 for the inability of MK(CK301-315) to be activated by
IL{M CaM. CaM.

——8—  MK(CK281-478)

of V for T286 had not abolished, but had instead increased
the activity of this enzyme in the absence of CaM. Taken
together, the results with these mutations demonstrate that The enzyme smMLCK is inactive in the absence of CaM,
the presence of T286 has little effect on generating CaM- with its activity strictly controlled by an autoregulatory
independent activity in the chimeric enzymes, and may in domain that performs the dual functions of autoinhibition
fact contribute to maintaining the enzyme in an inactive state and CaM-dependent activation. The CaM-independent activi-
when not phosphorylated. ties observed in the chimeric enzymes MK(CK28&l15) and
Like the wild-type MK enzyme, the chimera MK(CK361 MK(CK281—-478) suggest that the specific sequence of the
315) did not exhibit CaM-independent activity (Figure 5 and smMLCK autoinhibitory domain is necessary for complete
Table 1), indicating that CaM KIllI residues 30315 did not inhibition of enzymatic activity (Table 1). These results
interfere with the normal autoinhibitory function of the indicate that the CaM KIl autoregulatory sequence is able
enzyme. In contrast to MK, however, MK(CK36B15) was to partially compensate for the autoinhibitory function of the
resistant to activation by CaM, exhibiting5% of the control original smMLCK autoregulatory domain but was unable to

'DISCUSSION
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fully inhibit the enzymatic activity of the smMLCK catalytic ~ substitute for the original SmMLCK CaM binding domain
domain in an intrasteric manner. A similar inability to within the context of the smMLCK enzyme.
completely autoinhibit enzyme activity has also been ob- The ability of MK(CK301-315) to bind to CaM but
served in mutants of the related CaM-dependent proteinremain inactive is the most intriguing result of this study. It
kinases, CaM KIll and CaM KI, where substitutions were has been previously demonstrated that the conversion of
introduced into the autoinhibitory sequences of these two W800 in the N-terminal half of the CaM binding domain to
enzymes18, 19). Together, these results indicate that at least a variety of residues with smaller side chains severely
three CaM-regulated protein kinases are partially activated diminishes and in some cases abolishes CaM binding to
by mutations within their respective autoinhibitory sequences. smMLCK (6, 7). On the basis of these results, the ability of
Recently, a strategy similar to the one used herein on MK(CK301—-315) to bind CaM resides in its retention of
smMLCK has been employed in replacing the autoregulatory the N-terminal half of the CaM binding domain of smMLCK,
sequence of rabbit skMLCK with that of either rabbit which includes W800 (Figure 1B). However, the inability
smMLCK, CaM KiII, or neuronal nitric oxide synthase. The of MK(CK301—-315) to be activated by micromolar con-
resulting skMLCK chimeras did not exhibit CaM-indepen- centrations of CaM indicates that the chimeric CaM Kil
dent activity as was observed in the smMLCK chimeras sequences of MK(CK301315) do not allow CaM-dependent
described here but were instead completely inactive in the activation. It has been previously observed that autophos-
absence of CaM20). The differences between the primary phorylation of T305/306 in CaM Ki can prevent CaM-
structures and domain organizations of skMLCK and sm- dependent activation of CaM KIRE, 26). These residues
MLCK, as well as the high substrate specificity of smMLCK, are also present in the MK(CK306B15) chimera. However,
indicate a tighter degree of regulation of smMLCK. These the phosphorylation of these residues is an unlikely explana-
differences might account for the inability of two of the tion for the inability of the MK(CK30%315) chimera to be
CaMKiII chimeras to maintain smMLCK in an inactive state, activated by CaM for three reasons. First, phosphorylation
whereas the skMLCK enzyme can tolerate these changesof T305/306 prevents CaM binding to CaM KIl, whereas
In contrast to MK(CK28%-315), which exhibited signifi- the MK(CK301-315) chimera is still capable of binding
cant CaM-independent activity, the lack of activity of the CaM in gel overlays as well as in solution. Second, the same
chimera MK(CK301-315), in the absence of CaM (Figure two T residues are also present in chimeras MK(Ck281
5 and Table 1), indicates that this chimera contains sequence815) and MK(CK281-478) (Figure 1), both of which were
important for the effective autoinhibition of the smMLCK  activated in a CaM-dependent manner (Figure 5). Third, the
catalytic domain. One clear difference between these two treatment of MK(CK30%315) with protein phosphatases

proteins is the presence of smMLCK residues%8@1 in did not result in an enzyme capable of being activated by
the chimera MK(CK30%315) instead of the homologous C&*/CaM (data not shown).
autoregulatory residues of CaM Kill found in MK(CK281 The relative spacing of hydrophobic residues in the CaM

315) (Figure 1B). This suggests that smMLCK residues782 KIl sequence of MK(CK30%+315) may be responsible for
801 are responsible for the observed autoinhibition of the inability of this chimera to be activated by CaM. The
enzymatic activity and conversely that the chimeric auto- crystal structures of CG&/CaM in complex with the CaM
regulatory residues of CaM KIl were unable to make the binding peptides of smMLCK or CaMKIl show that the
same specific intramolecular contacts with the smMLCK N-terminal domain of CaM makes a prominent hydrophobic
catalytic domain. Indeed, the part of the autoregulatory interaction with the residue corresponding to L813 of the
domain that resembles the natural substrate, smooth musclsmMLCK peptide or L308 in the case of the CaM KIl
myosin light chain amino acids 122, designated the peptide (0, 24). The chimera MK(CK30%+315) retains
“pseudosubstrate” inhibitor sequence, also resides betweenV800 in the N-terminal half of the CaM binding domain of
smMLCK residues 787 and 8021, 22). smMLCK but substitutes the C-terminal half of the CaM
Whereas in the absence of CaM chimeras MK(CK281 KIll sequence. This changes the relative position of SmMMLCK
475) and MK(CK28%1-315) were unable to completely residue L813 which is normally separated by 12 residues
autoinhibit the catalytic domain of smMLCK, the same from W800, and instead introduces L308 of CaM KII which
enzymes behaved like the wild-type MK enzyme in the is now separated from W800 by only 8 residues. The
presence of CaM. These results demonstrate that althoughmisalignment of the C-terminal halves of these two different
they may have dissimilar primary structures, the CaM binding CaM binding domains might account for the failure of MK-
domain of CaM KIl can functionally replace the CaM (CK301-315) to be activated by CaM since the change in
binding domain of smMLCK. Similar results have been spacing from 12 to 8 residues relative to W800 may not allow
obtained when the entire CaM binding domain of CaM KII the N-terminal domain of CaM to properly interact with the
was substituted for its counterpart in smMLCR3], and newly introduced CaM KII chimeric sequence.
when smMLCK or CaM KIl autoregulatory domains were Residues other than L813 or the critical spacing between
substituted in skMLCK 20). The CaM binding properties  two important hydrophobic residues may also be responsible
of these chimeras in which the entire CaM binding domains for the inability of MK(CK301-315) to be activated by
are swapped can be readily explained by the similarities CaM. An earlier mutagenesis study of the kinase domain of
between the crystallographic structures of CaM in complex smMLCK demonstrated that several positions within the
with peptides corresponding to the CaM binding domains CaM binding domain of smMLCK had substantial effects
of either smMLCK (L0) or CaM KIlI (24). Although the two on its regulation by CaM@). Specifically, individual A
CaM binding domains have different amino acid sequences, substitutions at K802, R808, 1810, and L813 of smMLCK
their similar interactions with CaM may explain the ability resulted in enzymes that had a reduced affinity for CaM as
of the intact CaM binding domain of CaM KiIlI to functionally  well as a lowered enzymatic activity in the presence of CaM.
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The same residues, as well as several others, are changed in 5. Olson, N. J., Pearson, R. B., Needleman, D. S., Hurwitz, M.

the MK(CK301-315) chimera (Figure 1B), which in com-
parison produced similar effects. For example, 1810 of
smMLCK is an A in MK(CK301-315) (Figure 1B). The
I810A mutant of smMLCK has been shown to have a
reduced affinity for CaM as well as reduced enzymatic
activity (6). Therefore, it is possible that the individual A

point mutants of smMLCK are behaving like MK(CK361

315) but exhibit lesser effects due the smaller number of

changes they incorporate into the enzyme.

Finally, it is worth noting that the results from the
smMLCK—CaM KIlI chimeras are complementary with those
from mutants of CaM 11, 12). Since the CaM binding
domain of smMLCK overlaps its autoinhibitory domain, it
is likely that CaM binding disrupts intramolecular contacts
between the autoinhibitory sequence and the kinase domain 13.
of the enzyme. This removes the entire autoinhibitory domain
from the active site, resulting in the generation of enzymatic
activity. Recent small-angle X-ray scattering studies on the
homologous CaM-dependent enzyme, skMLCK, provide
evidence for just such a dramatic conformational change on
binding CaM 7). The relevance of this mechanism to the
activation of other CaM-dependent kinases remains to be

investigated.
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