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ABSTRACT A regulatory region involved in both autoin-
hibition and calmodulin (CaM) binding has previously been
identified in the multifunctional Ca?* /CaM-dependent protein
kinase (CaM kinase II). We have tested the role of various
segments of the regulatory region in autoinhibition by the
analysis of a series of truncation, substitution, and deletion
mutants of the CaM Kkinase II « subunit (CaM kinase Ila).
Unexpectedly, the sequence Lys-Lys-Phe-Asn at positions 291-
294, adjacent to the CaM binding domain, was found to be
sufficient to maintain an inhibited state in a truncated form of
the kinase. However, these residues are not essential in the
context of the full-length protein, indicating the importance of
additional residues from the overlapping CaM binding domain.
We propose here a molecular model for CaM kinase Il based
on the three-dimensional structure of the cAPK-PKI-(5-24)
(protein kinase inhibitor fragment) complex. It is predicted
from this model that autoinhibition is of the pseudosubstrate
variety and that autophosphorylation of Thr-286 could occur
by an intersubunit reaction in the holoenzyme complex.

Ca?* /calmodulin (CaM)-dependent protein kinase (CaM ki-
nase II) is one of several serine/threonine protein Kinases
known to be maintained in an inactive state by the interaction
of the catalytic region with an autoinhibitory domain located
on the same polypeptide (1-4). These enzymes can be
activated by limited proteolysis, which removes the autoin-
hibitory domain. In the cAMP-dependent protein kinase
(cAPK) (5), the inactive state of the holoenzyme is main-
tained by an inhibitory amino acid sequence located on the
regulatory subunit. Upon dissociation of the regulatory sub-
unit, the enzyme can also be inhibited by interaction with the
thermostable protein kinase inhibitor (PKI). Synthetic pep-
tides derived from PKI have provided evidence that inhibi-
tion occurs by the interaction of a pseudosubstrate sequence
on the PKI with the active site. This pseudosubstrate type of
inhibition is also the mechanism involved in the intrasteric
regulation of MLCK and PKC and has now been proposed for
CaM kinase II (1-4, 6).

CaM kinase II, the most abundant protein kinase in brain
tissue (7), is a multimer of 10-12 catalytic subunits. All
subunit types described to date (a, B, B’, v, ) have an
NH,-terminal catalytic domain containing the conserved
blocks of homology found in serine/threonine kinases (8), a
central regulatory domain, and a COOH-terminal domain
responsible for the association of the subunits into a multi-
mer. Upon activation by Ca2*/CaM, CaM kinase II under-
goes rapid autophosphorylation. In the a subunit, the pre-
dominant type in forebrain, this occurs by phosphorylation of
Thr-286 (9). This event is responsible for the development of
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an autonomous catalytic activity that is maintained even after
removal of Ca2*/CaM from the enzyme.

Efforts have been made to map the regulatory region of
CaM kinase II. Our studies showed that residues 291-294
were required for a synthetic peptide analog to inhibit the
Ca?*/CaM-independent form of the kinase (10). Other groups
revealed that inhibitory potency could be enhanced by using
longer peptides containing Thr-286 (11-13). Site-directed
mutagenesis studies have predominantly been restricted to
attempts to mimic the effect of autophosphorylation by
replacement of Thr-286 and its neighboring residues with
negatively charged amino acids (14-16). Since none of these
mutations resulted in complete autonomous activity, other
residues within the autoinhibitory domain must be involved
in establishment of the autoinhibitory state.

For this study of residues of the regulatory region respon-
sible for autoinhibition we generated a series of truncation,
substitution, and deletion mutants of the a subunit of CaM
kinase II and measured their Ca2*/CaM-independent activ-
ity. We show that residues 291-294 are sufficient to impart
autoinhibition to a truncated form of the kinase and that, in
the context of the full-length enzyme, amino acids involved
in binding CaM also may participate in autoinhibition. In
addition, a molecular model is proposed for the three-
dimensional structure of a truncated form of CaM kinase Ila
based on similarities to the structure of the cAPK complexed
to its inhibitor peptide.

METHODS

Site-Directed Mutagenesis and Expression of Mutants. A
cDNA encoding rat brain CaM kinase Ila (17) was introduced
into either pET3a (18) or pT7-7 (19) after generation of a Nde
I site at the translation initiation codon by site-directed
mutagenesis (20). All mutants were made by the same
method. The sequence of oligonucleotides used for genera-
tion of truncation (‘‘stop’’), deletion (del.), and substitution
(subst.) mutants are available upon request. The resulting
constructs, pPETCKa and pT7-CaMKk, allowed the expression
of proteins in Escherichia coli by induction of T7 RNA
polymerase or by in vitro transcription/translation. Purified
DNA from clone pETCKa and each one of the mutants was
transcribed as described (22). For in vitro translation reac-
tions, 1-3 ug of CaM kinase Il transcript was used in a 50-ul
reaction containing 35 ul of rabbit reticulocyte lysate
(Promega) and 25 pCi (925 kBq) of [3S]methionine (22).
Expression of translated mutant proteins relative to wild type
(wt) was compared by the intensity of radiolabeled products
on SDS/PAGE. For measurement of kinase activity, identi-

Abbreviations: CaM, calmodulin; CaM kinase II, Ca2*/CaM-
dependent protein kinase; cAPK, cAMP-dependent protein kinase;
PKI, protein kinase inhibitor; MLCK, myosin light chain kinase; wt,
wild type.
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cal reactions were carried out with unlabeled methionine.
RNA was omitted from control reactions.

CaM Overlays, Inmunoblots, and Kinase Assays. To visu-
alize expressed proteins, 5 ul of labeled translation reactions
were loaded on 10% polyacrylamide gels, autoradiographed,
and quantified by laser scanning. For Western blots, E. coli
cells carrying T7 polymerase-driven expression constructs
(Fig. 1) of each mutant were induced to express CaM kinase
Ila by infection with A phage carrying T7 polymerase.
Western immunoblots (22) using a polyclonal antibody spe-
cific for the « subunit and 12I-labeled CaM overlays of crude
bacterial lysates were carried out as described (23). Kinase
activity was measured as described (22, 24) by phosphory-
lation of a synthetic peptide derived from glycogen synthase
(Pro-Leu-Arg-Arg-Thr-Leu-Val-Ala-Ala) (25) in 50 ul of re-
action mixture (50 mM Hepes, pH 7.5/50 mM Mg(OAc),/1
pM CaM/50 uM ATP/0.2 mM dithiothreitol/50 uM peptide
substrate/0.2 ug of cAPK inhibitor per ml/20 uCi of
[v-2PJATP) per reaction. Aliquots (10 ul) were applied
directly to a P81 phosphocellulose filter and washed with 75
mM phosphoric acid. After drying, the filters were counted
in scintillation fluid. Reactions were done in duplicate. Typ-
ically, a 4- to 5-fold increase in kinase activity was observed
in a translation reaction containing CaM kinase Ila mRNA
compared with no RNA.

Molecular Modeling of CaM Kinase Ila. The coordinates of
the cAPK-PKI-(5-24) complex crystal structure were kindly
provided by Susan Taylor (University of California at San
Diego). Modeling was carried out with the Sybyl 5.4 package
(Tripos Associates, St. Louis) on an Evans-Sutherland sys-
tem. Replacement of side chains and construction of addi-
tional chains were carried out with the BIOPOLYMER program.
Alignment of cAPK and CaM kinase Ila amino acid se-
quences was carried out with the BESTFIT program (GCG
package).
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FiG. 1. Organization of the CaM kinase Ila and mutants. CaM
kinase Ila (17) is composed of thrée major regions: a catalytic region
(1-270) that contains the 11 blocks of homology found in protein
kinases (8), a central regulatory region responsible for CaM binding
and autoinhibition (271-311) (26), and a COOH-terminal region
involved in association of subunits. (312-474) (27). COOH-terminal
truncations were made that maintained the catalytic region intact.
Substitutions were made in the context of the full-length kinase with
new residues underlined. The amino acids used for substitutions
were chosen to avoid the introduction of charged or bulky side
chains. In some cases, glycine residues were used to impart flexi-
bility to the structure. Deletions are shown as angled lines. Auto-
phos., autophosphorylation (site indicated by asterisk).
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RESULTS AND DISCUSSION

To study its regulatory region, a series of truncation, substi-
tution, and deletion mutants of the rat brain CaM kinase Ila
were created (Fig. 1), and each one of the mutants was tested
for its ability to bind Ca?*/CaM as well as both Ca2*/CaM-
dependent and Ca?*/CaM-independent kinase activity. For
expression of mutated proteins, we used expression vectors
driven by T7 polymerase which allowed production of the
wild-type (wt) and mutant proteins either in E. coli or by in
vitro transcription/translation. However, since bacterial ex-
pression of CaM kinase Ila invariably yields also a fragment
of about 33 kDa (11, 28), we preferred the in vitro translation
system as a source of enzyme for our kinase assays and used
bacterial expressed proteins only in CaM-overlay assays.
As predicted from previous studies of synthetic peptides
suggesting that residues 296-309 are important for Ca2+/
CaM binding (6), truncation mutants ending at positions 306,
298, 294, and 290 did not bind Ca?*/CaM, while longer
versions of the enzyme terminating at 317 and 326 or the
full-length polypeptide bound Ca2+/CaM (Fig. 2B). No high-
affinity binding was detected in the mutant ending at residue
310, suggesting that Arg-311 corresponds to an arginine
shown to be essential for CaM binding in other enzymes (23).
As shown on Fig. 2C, the holoenzyme or mutants truncated
at residues 326 or 317 were activated by binding of Ca2*/
CaM, whereas the mutant ending at 310 was only weakly
activated (22%) at saturating CaM concentrations. In con-
trast, truncation mutants ending at 306, 298, and 294 that did
not bind CaM exhibited no enzymatic activity in either the
presence or absence of Ca2*/CaM. Surprisingly, removal of
the sequence Lys-Lys-Phe-Asn at positions 291-294 created
326 317 310 306 wit 298 294 290
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FiG.2. Expression and analysis of truncation mutants. (4) SDS/
PAGE of 35S-labeled in vitro translated mutants. Duplicate transla-
tion reactions are shown. (B) 1?5I-labeled CaM overlay and immu-
noblot analysis using crude lysates of E. coli expressing the CaM
kinase Ila polypeptides. (C) Phosphorylation of GS-10 peptide
substrate in the presence of CaM and Ca?* (gray bars) or EGTA
(black bars) as measured with in vitro translated proteins as the
source of kinases.

(@]
|
\
|

i

n
o
|

% wt Ca2+-dependent activity

o R vl (R | S |

n
P

i

I
< T o
[+2} o
~N o~

5

317 )

310 L_j]

306
298



Biochemistry: Cruzalegui et al.

a mutant that, while not capable of binding Ca2*/CaM, was
constitutively active at levels similar to that of the activated
wt enzyme.

Results obtained with the truncation mutants indicate that
the COOH-terminal boundary of a minimal autoinhibitory
domain lies between residues 291 and 294, NH,-terminal to
the CaM-binding sequence, but COOH-terminal to Thr-286,
the autophosphorylation site that confers Ca?*/CaM-
independence (9). These data (Fig. 2) concur with the obser-
vations that constitutively active fragments can be generated
by truncation of the enzyme at residue 282 by site-directed
mutagenesis (28) whereas proteolytic digestion can yield an
inactive fragment ending at 293 (29), suggesting that, while
residues 283-290 are not sufficient to inhibit CaM kinase Ila,
the addition of residues 291-293 (or 294) inhibits kinase
activity. Alternatively, the lack of activity observed in the
mutant truncated at 294 could be explained by improper
folding caused by the addition of residues 291-294 to the
mutant truncated at 290. However, this is unlikely since the
longer truncated versions (Fig. 2) have activities near wt
levels. It is noteworthy that a similar constitutively active
truncation mutant has been constructed by using the mouse
CaM kinase Ila (30) containing the additional sequence
Lys-Arg-Pro-Ala-Gly-Met-Gin-Ala at the COOH terminus
after Leu-290. The constitutive activity of this mutant sug-
gests that the inhibition by residues 291-294 described here
is specific. Finally, the activity of the mutant ending at 290
could not be attributed to phosphorylation of Thr-286 in this
protein since mutation of Thr-286 to alanine did not alter the
constitutive activity of the enzyme truncated at Leu-290 (not
shown).

Having shown that extension of the constitutively active
kinase by amino acids 291-294 was sufficient to inhibit
catalytic activity, it was of interest to test the requirement for
these residues when they were adjacent to the normal CaM
binding domain. Therefore, we substituted Ala-Ala-Ala-Leu
for the sequence Lys-Arg-Arg-Asn at positions 291-294 in the
context of the full-length protein (Fig. 1C). Like the enzyme
isolated from mammalian brain, the full-length a subunit
expressed in E. coli formed a multimer, as assessed by gel
filtration (not shown). Multimer formation has been shown in
other in vitro systems in which the a subunit has been
expressed such as CHO cells (31) and baculovirus (32). The
mutant carrying the substitution at 291-294 was predomi-
nantly Ca?*/CaM-dependent with a low level (7%) of inde-
pendent activity (Table 1). However, disruption of the do-
main by deletion of these residues resulted in higher consti-
tutive activity (38%). In addition, because of the higher

Table 1. Activity of CaM Kinase Ila substitution and
deletion mutants

Phosphorylation activity

With With %
Mutant CaZ+ EGTA Ca2*-indep.

wt 87.4 0.2 0
Subst. 291-294 77.4 5.41 7
Del. 291-294 301.5 113.6 37.7
Subst. 283-289 197.5 25.5 13
Del. 283-289 65.1 23.1 35.5
Subst. 283-294 26.1 249 95
Del. 283-294 64.6 60.3 95

Phosphorylation is expressed as pmol of phosphorylated peptide
substrate per min per ug of lysate. Activities were normalized to
equal amounts of CaM kinase Ila polypeptide based on the relative
expression of these mutants in reticulocyte lysates. Kinase activity
endogenous to the lysate (i.e., no CaM kinase Ila RNA added) was
subtracted in each case. Percentage of Ca?*-independent activity
was calculated from the ratio of activities in the presence of EGTA
vs. CaZ*. Subst., substitution; Del., deletion; indep., independent.
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inhibitory potency of synthetic peptides that include residues
283-289 (13, 33), these amino acids were also substituted or
deleted. As with the replacement of residues 291-294, mu-
tation of 283-289 resulted in only a slight increase in inde-
pendent activity, whereas deletion had a larger effect. More
drastic changes in enzymatic properties were introduced by
replacement or deletion of the entire sequence 283-294. In
both cases the resulting mutants showed 95% independent
activity, suggesting a nearly complete disruption of intra-
steric regulation.

That the truncation mutant ending at Leu-290 was unreg-
ulated with a total activity similar to that of activated full-
length enzyme, while residues 291-294 are sufficient to
confer autoinhibition of the truncated kinase but were not
essential in the context of the full-length enzyme, suggests
that an extended domain beyond Leu-290 could be involved
in autoinhibition. The ability of sequences other than residues
291-294 to provide autoinhibition would be consistent with
the observation that deletions result in larger increases in
independent activity, whereas short substitutions with non-
charged residues have milder effects. Thus, residues NH,-
terminal to position 291 would be unlikely to play a direct role
in the intrasteric inhibition but would ensure the correct
positioning of the autoinhibitory domain. The extended au-
toinhibitory domain would then encompass Phe-293, fol-
lowed by separate blocks of basic and hydrophobic residues.
This pattern of side chains is reminiscent of that of the peptide
inhibitor of cAPK, PKI-(5-24) (Fig. 3). In this peptide,
phenylalanine at position 11 [P(—11)] upstream from phos-
phorylation site P(0) [Phe-(—11); corresponds to Phe-293 of
CaM kinase Ila] is critical for high-affinity binding to the
catalytic subunit, and substitution of this amino acid de-
creases affinity ‘by a factor of 100 (34). The importance of
Phe-293 and the similar pattern of side chains suggested that
the intrasteric autoinhibition of CaM kinase II could have
functional and structural similarities to the inhibition of
cAPK by the inhibitor peptide. Thus, we prepared a model
for CaM kinase Ila based on the three-dimensional structure
of the catalytic subunit of cAPK and modeled the autoinhib-
itory domain according to the coordinates of PKI-(5-24) (35,
36). A similar approach has been used recently to elaborate
a model for smooth muscle MLCK (37). Fig. 4 compares the
structures of the cAPK-PKI-(5-24) complex with our model
for CaM kinase Ila. In Fig. 4A, the NH,-terminal end of
cAPK (in magenta) contains a long a-helix (helix A) absent in
CaM kinase Ila. Residues 31-296 of cAPK (shown in cyan)
represent the core of the enzyme homologous to the catalytic
region of CaM kinase Ila (residues 1-270). The last residue
conserved in this region is Trp-296 (Trp-270 in CaM kinase
Ila) and is shown in yellow. The sequence following Trp-296
is a random coil structure (magenta) with no homology to
CaM kinase Ila. The catalytic core is composed of two lobes.
The upper lobe, mainly formed by B-strands, is involved in
binding ATP (Lys-72 of the phosphate anchor is displayed in
blue). The lower lobe, rich in a-helices, is responsible for
interacting with the peptide. Within this lobe, residues Glu-

a - HELIX EXTENDED

CaMkinase lle "DCLKKFNARRKL - KGA | LT T*®
| I
Pk-524 TTYADFIASGRTGRRNAIHD

P(-11) P(-3)P(-2) P(0)

F1G.3. Comparison of the CaM kinase Ila autoinhibitory domain
to PKI-(5-24). Amino acids 288-306 of CaM Kkinase lla are aligned
with PKI-(5-24). P(0) indicates the position of the alanine residue
that occupies the site of phosphorylation in a cAPK substrate.
Arginine residues at P(—2) and P(—3) are recognized by acidic
residues in the peptide binding site of the kinase.
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FiG. 4. Molecular modeling of CaM kinase Ila. (A) Structure of
the cAPK-PKI-(5-24) complex. Colors: Cyan, homologous core
catalytic region (residues 35-270); magenta, nonhomologous regions
of cAPK; green, PKI-(5-24). (B) Molecular model for monomeric
CaM kinase Ila (amino acids 1-317). Colors: Cyan, core catalytic
domain (1-270); green, Asp-288 to Thr-306 [aligned with PKI-(5-24)];
orange, Ile-271 to Val-287 (connecting peptide in CaM kinase Ila);
magenta, residues 306-317 (COOH end of the CaM binding domain).
Side chains of several important residues are shown colored: yellow,
Trp-270, the last residue of the core catalytic domain; green, Thr-286,
autophosphorylation site (facing the inner side of the enzyme); blue,
residues forming the ATP binding loop (Lys-72 and -42) and the
catalytic loop (Glu-127 and -96, Glu-170 and -139) in cAPK and CaM
kinase Ila. The coordinates for this model are available upon
request.

127 and -170 are involved in recognizing the basic residues
found in the consensus cAPK substrates [positions P(—3) and
P(-2), respectively]. The inhibitor peptide (in green) is
composed of an NH,-terminal five-residue a-helix containing
Phe-(—11) (displayed in orange), followed by an extended
structure containing the pseudosubstrate sequence. Phe-
(—11) interacts with a hydrophobic pocket between helices F
and G of the kinase, formed by Tyr-210 and Phe-214.

To build our model, we aligned the catalytic subunit
(residues 1-350) with residues 1-317 of CaM kinase Ila. This
alignment showed that residues 1-270 of CaM kinase Ila
contained all of the blocks of homology typical of serine/
threonine protein kinases. Furthermore, all a-helices and
B-strands would be predicted to have the same length as in
cAPK, except for helix B (on the small lobe), which is one
residue shorter. Other inserts or deletions in the CaM kinase
IIa would be predicted to occur in loops. Several residues
within a-helices and B-strands as well as within loops in-
volved in binding the peptide inhibitor are remarkably con-
served. In particular, (i) Glu-96 is situated at a position
equivalent to Glu-127 in cAPK and could be involved in
recognizing the basic residue required at position P(—3) in
most CaM kinase II substrates; (ii) the hydrophobic loop

Proc. Natl. Acad. Sci. USA 89 (1992)

involved in interacting with a nonpolar residue at the P(+1)
position in both cAPK and CaM kinase Ila is conserved; (iii)
unlike cAPK, CaM kinase Ila does not require a second basic
residue at position P(—2), as the latter enzyme does not
contain a residue equivalent of Glu-230; and finally (iv)
conservation of the hydrophobic pocket between helices F
and G (Gly-Tyr-Pro-Pro-Phe-Phe-Ala-Asp at 234-241 in
cAPK, and Gly-Tyr-Pro-Pro-Phe-Trp-Asp-Glu at 209-216 in
CaM kinase Ila), which is the site of the high-affinity inter-
action with Phe-(—11) on the inhibitor.

When optimally aligned, amino acids 1-270 of CaM kinase
I« are equivalent to residues 31-296 of cAPK. In the model,
each of the side chains of cAPK in this region was replaced
with the side chains of the equivalent residue in CaM kinase
Ila on the a-carbon backbone of the cAPK structure. After
all the side chains had been replaced, the entire modeled
structure was energy-minimized to ensure the best possible
fit. This replacement did not affect the overall distribution of
charged residues preferentially exposed to the solvent or
hydrophobic residues predominantly directed inwards. Sub-
sequently, the structure of residues from Asp-288 to Met-306
(regulatory region) was modeled according to the coordinates
of PKI-(5-24) by aligning Phe-293 of CaM kinase Ila and
Phe-(—11) of PKI-(5-24) as shown in Fig. 3. The possibility
that the autoinhibitory domain conforms to the PKI-(5-24)
structure is also suggested by the fact that circular dichroism
measurements of the peptide from Met-281 to Ala-302 have
been shown to have 57% a-helical character (36). To connect
the aligned regulatory region to the core of the kinase,
residues 271-283 were modeled to form a random coil fol-
lowed by one turn of the a-helix at 283-287, joining the helix
at the NH,-terminal end of the PKI alignment. No secondary
structure has been modeled for this segment of the polypep-
tide to show that, regardless of the type of secondary
structure, the number of residues between Trp-271 and
Val-287 (orange) (64 A) allows sufficient distance to accom-
modate all of the intervening amino acids [in the PKI-(5-24)-
cAPK structure, the distance between Trp?® and the NH,-
terminal end of PKI P(—16), is 30 A].

In our model shown in Fig. 4B, the following features can
be observed. (i) Alignment of Phe-(—11) with Phe-293 of CaM
kinase Ila positions the latter residue at the hydrophobic
pocket formed by Tyr-210 and Trp-214 of CaM kinase Ila at
the same location as Tyr-235 and Phe-239 of cAPK. This
interaction is responsible for the high affinity of PKI-(5-24)
for cAPK (32) and could explain the tight inhibition of the
kinase in the absence of Ca2*/CaM. (ii) Some of the residues
involved in CaM binding (Arg-Lys-Leu-Lys-Gly-Ala-Ile-
Leu-Thr-Thr-Met-Leu-Ala-Thr-Arg at 296-311) at the
COOH-terminal end of the regulatory region could also be
involved in a direct interaction with the catalytic site (either
the ATP binding loop or the residues involved in recognizing
the substrate). The a-helical character of PKI-(5-24) is
limited to the first eight residues, whereas the COOH-
terminal 12 residues adopt a relaxed conformation that in
CaM kinase II could be more extended, allowing the posi-
tioning of Lys-298 at position P(—6), Lys-300 at P(-3),
Ile-303 at P(0), and Leu-304 at P(+1). (iii) Thr-286, the
autophosphorylation site responsible for autonomous activ-
ity, is located far from the catalytic site at a position more
likely to be available for intersubunit phosphorylation upon
CaM binding. It is also useful to consider whether Thr-286
could become phosphorylated in an intrasubunit reaction.
This would require sliding this residue into the active site in
response to a conformational change due to CaM binding. To
accomplish this, residues 271-285 would need to be fully
extended across the surface of the kinase, and such a
structure would not be energetically likely. Thus, we favor
intersubunit phosphorylation of Thr-286. Experimental evi-
dence for intersubunit phosphorylation after CaM binding
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has been provided by anisotropy measurements of a mono-
meric recombinant CaM Kkinase (38). These experiments
showed that CaM trapping, which depends on autophosphor-
ylation, is not possible when this mutant is diluted. In
addition, coexpression of mutated forms of CaM kinase Ila
in COS cells has recently demonstrated that autophosphor-
ylation at Thr-286 is an intersubunit event (H. Schulman,
personal communication).

The results and the model presented here define a minimal
autoinhibitory domain composed of residues 291-294 inter-
acting with the catalytic domain of the same. subunit. We
cannot rule out the possibility that in the multimer, the
autoinhibitory domain of one subunit interacts with the
catalytic domain of an adjacent subunit such that residues
271-285 extend as a tether between subunits. However, two
facts argue against this possibility: (i) phosphorylation of
Thr-286 occurs only upon CaM binding, suggesting that this
residue is not accessible to another subunit before activation;
and (i) proteolysis at sites located between residues 271 and
287, which leads to constitutive activity, occurs only upon
CaM binding, suggesting that the autoinhibitory domain is
protected in the inactive state. Consistent with the results of
our mutational studies, truncation at Leu-290 would remove
the key inhibitory interactions, including the contributions of
Phe-293. Extending the sequence by only four residues
(291-294) may occlude substrate binding sufficiently to in-
activate the enzyme, without necessarily interacting with the
phosphate anchor or the catalytic loop. This model indicates
that replacement of residues 291-294 with Ala-Ala-Ala-Leu
would result in only a small effect on the level of CaM-
independent activity because of the remainder of the COOH-
terminal end of the autoregulatory region, which extends
through the active-site groove. This region includes residues
Gly-Ala-Ile-Leu-Thr-Thr-Met-Leu-Ala at 301-309 containing
Thr-305 and -306. These two residues are now known to be
involved in an inhibitory autophosphorylation reaction and
proposed to be situated close to the active site (39).

Based on the model and data, we speculate that activation
of CaM kinase II may be initiated by binding of CaM at the
COOH-terminal end of the autoinhibitory domain, which
includes Arg-311 as a critical residue. This interaction would
precipitate major conformational changes in CaM as well as
throughout the entire length of the CaM binding region of the
enzyme. Based on the NMR and three-dimensional struc-
tures of CaM/MLCK-peptide complexes (21, 40), we predict
that the CaM-binding region will form a long, rigid a-helix.
Such a conformational alteration would separate the remain-
der of the autoinhibitory domain including Phe-293 from the
core of the kinase, exposing Thr-286 for intersubunit phos-
phorylation and allowing phosphorylation of other sub-
strates. The phosphate group on Thr-286 could prevent
reassociation of the autoinhibitory domain with the body of
the kinase by either stabilizing the helix and/or by electro-
static repulsion. Obviously, solution of the crystal structure
of CaM kinase Ila will be required to confirm or deny our
suggestions. However, until such structure is available, the
model presented here can serve as a basis for the design of
additional mutations that could lead to the identification of
other important elements in this kinase.
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