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The structure of calcium-bound calmodulin (Ca?t/CaM)
complexed with a 26-residue peptide, corresponding to the
CaM-binding domain of rat Ca’*/CaM-dependent protein
kinase kinase (CaMKK), has been determined by NMR spec-
troscopy. In this complex, the CaMKK peptide forms a fold
comprising an 0-helix and a hairpin-like loop whose C-ter-
minus folds back on itself. The binding orientation of this
CaMKK peptide by the two CaM domains is opposite to that
observed in all other CaM—-target complexes determined so
far. The N- and C-terminal hydrophobic pockets of Ca?*/CaM
anchor Trp 444 and Phe 459 of the CaMKK peptide, respec-
tively. This 14-residue separation between two key hydropho-
bic groups is also unique among previously determined CaM
complexes. The present structure represents a new and dis-
tinct class of Ca?*/CaM target recognition that may be shared
by other Ca?/CaM-stimulated proteins.

Calmodulin  (CaM)-dependent protein kinase kinase
(CaMKK) is located at the top of a Ca?*/CaM-dependent cascade
that activates two serine/threonine kinases: CaM-kinase I
(CaMKI) and CaM-kinase IV (CaMKIV)!-*. Upon activation by
Ca?*/CaM, CaMKK phosphorylates CaMKI and CaMKIV, and
enhances their catalytic activities. CaMKI and CaMKIV them-
selves are also Ca?*/CaM-dependent enzymes. This double mod-
ulation of the kinase activities by the calcium signal produces an
amplification of Ca?* sensitivity in cellular processes. In neurons,
the CaMKK-CaMKIV signaling cascade activates the transcrip-
tion of c-fos through phosphorylation of cAMP response ele-
ment binding protein (CREB)®!!, thereby modulating synaptic
activity of specific intensity or duration'?. In addition, Yano et al.
recently provided evidence that CaMKK displays an anti-apop-
totic effect, in response to modest elevation of intracellular Ca*,
through phosphorylation and activation of protein kinase B
(PKB)". This observation suggests a direct linkage between the
Ca?*/CaM-dependent signaling process and the PKB cascade
essential to the progression of apoptosis.

CaMKK is autoinhibited by a sequence located beyond the C-
terminus of its catalytic domain (Fig. 1a)'“. Site-directed muta-
genesis identifies the regulatory domain of rat CaMKKa
between residues 435 and 463. This comprises both autoin-
hibitory (residues 435-440) and CaM-binding (residues
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438-463) regions, which are also conserved in a recently cloned
B-isoform' and Caenorhabditis elegans CaMKK'. We have
demonstrated that a synthetic peptide consisting of residues
438-463 is able to bind CaM in a Ca?*-dependent manner, with a
subnanomolar-range dissociation constant’’. In addition,
CaMKK is inactivated by protein kinase A (PKA) phosphorylat-
ing Ser 458, suggesting that phosphorylation may prevent
Ca?*/CaM from binding to the CaM-binding domain of
CaMKK!s.

To date, the only known structures of Ca**/CaM—target com-
plexes are those with peptides that specify the Ca?*/CaM binding
regions of myosin light chain kinase (MLCK)'?° and CaMKII?'.
All complexes reveal an 0-helical target peptide clamped by the
N- and C-terminal domains of CaM. A hydrophobic pocket in
each CaM domain is deep enough to bind even the bulkiest
residues (for example, Trp, Phe and Leu) of a target protein, and
their sequential separation is often used to define particular
binding modes. While not all separations will be possible, two
distinct modes of binding are already known in the MLCK and
CaMKII peptides, where the separations are 12 and 8 residues,
respectively (Fig. 1a). The CaM-binding region of CaMKK
appears to be a third distinct form. First, there are no candidate
residues that could anchor the hydrophobic pocket in a manner
similar to MLCKs and CaMKII (Fig. 1a). Second, a full binding
activity of CaMKK for Ca**/CaM requires at least 26 residues,
which is longer than both MLCKs and CaMKII. This suggests
that Ca?*/CaM binding to CaMKK must use a hitherto unob-
served approach.

As a pivotal step toward clarifying this situation, we decided to
determine the structure of Ca**/CaM bound to a synthetic pep-
tide corresponding to the 26-residue region from a-isoform of
rat CaMKK. We describe here the structure determination of the
Ca?*/CaM complex with the CaMKK peptide by NMR spec-
troscopy. The binding mode is entirely unanticipated, with the
CaMKK peptide bound to the N- and C-terminal domains of
CaM in the opposite orientation to all other known Ca**/CaM
complexes as well as having deviations from the typically helical
peptide conformation. Determinants for the peptide-binding
orientation are also discussed.

Structure description

Our previous work using a series of C-terminal truncated
mutants of rat CaMKKa has indicated that the region between
residues 438 and 463 of CaMKKa was sufficient to bind to
Ca?*/CaM. Furthermore, site-directed mutagenesis studies have
shown that mutations at 443-445, 448-450 or 455-457 signifi-
cantly reduce Ca?*/CaM binding activity'’. In the present study,
we have constructed two new mutants, F459D and F463D, both
of which result in a total loss of CaM binding (Fig. 1b). Taking
these data into consideration, we decided to use a peptide corre-
sponding to residues 438—463 of rat CaMKKa for NMR struc-
ture determination .

The structure of Ca**/CaM complexed with the CaMKK pep-
tide has been determined using 2,525 NOE-based distance
restraints (including 271 intermolecular restraints), supple-
mented with 115 dihedral and 112 hydrogen bond restraints.
The best-fit superposition of backbone atoms for 30 models,
together with a ribbon diagram of the averaged structure, was
generated (Fig. lc—e). A summary of the structural statistics is
given in Table 1.

The backbone conformation of N-terminal residues 1-75 (N-
domain) and C-terminal residues 82-148 (C-domain) remains
essentially unchanged upon binding to the CaMKK peptide. The
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root-mean-square deviation (r.m.s.d.) values for the backbone
atoms between Ca?*/CaM?? and the present structure are 0.96 A
for N-domain and 1.32 A for C-domain. The larger r.m.s.d. value
for C-domain is mainly due to a slight shift of helix VIII with
respect to other helices in C-domain; interhelical angles between
helix V and VIII and between helix VI and VIII undergo greater
changes (-15.0 + 4.6° and 22.2 + 4.1°, respectively) compared
with those between all other helix pairs (<8.0°). A drastic change
in the overall CaM conformation upon binding to the CaMKK
peptide occurs at the domain linker region. When CaM is free
from a target, the domain linker displays high flexibility at
residues 78-81 in solution?. Upon binding to the CaMKK pep-
tide, this portion in the linker undergoes further melting, result-
ing in a longer flexible loop comprising residues 75-82. This
change in the linker region enables the two domains to come

820

b

505
l CaMKK —

Fig. 1 a, Alignment of Ca?*/CaM binding
Westarn bjot : sequences of CaMKK, MLCK and CaMKIl. The
key hydrophobic residues binding to the
hydrophobic pockets of Ca?/CaM are shaded.
The key residues of rat CaMKKp and C. elegans

g2t overa CaMKK are proposed from this sequence allign-

CaMKK —» ment. Sequences: rCaMKKa, rat CaMKKa
' (residues 438-463)'7; rCaMKKB, rat CaMKKp

§$ g?é’ (residues 474-489)'5; cCaMKK, C. elegans

K3 g CaMKK (residues 331-357)'6; skMLCK, rabbit

skeletal muscle MLCK (residues 342-367)'9;
smMLCK, rabbit smooth muscle MLCK (residues
796-815)2%; CaMKII, rat CaMKlla (residues 290-
315)2". b, Binding of CaMKKa mutants (F459D
and F463D) to Ca?*/CaM. The binding of the
mutants as well as wild type (WT) was analyzed
by CaM overlay, and their expression was con-
firmed by western blotting. Mock, Extracts from
mock-transfected COS-7 cells. ¢, Stereo drawing
of the 30 NMR models of the Ca2*/CaM-CaMKK
peptide complex. CaM N- and C-domains and
the domain linker are shown in cyan, violet and
gray, respectively. The helix and the loop region
of the CaMKK peptide are shown in yellow and
orange line, respectively. Ca?* ions are shown as
white spheres. Each model was superimposed
onto the energy-minimized average structure
using residues 6-18, 26-39, 45-55, 62-74, 83-91,
99-111, 118-127, 135-146 of Ca?*/CaM and
443-463 of CaMKK. When using only backbone
atoms (N, Ca and C), the rm.s.d. was 0.78 + 0.06
A. For all heavy atoms (not shown), this
increased to 1.38 + 0.06 A. d, Front and e, side
view of the ribbon diagram of the energy-mini-
mized averaged structure. The diagrams in (c—e)
were generated using the program MOLMOL>®.

together and clamp the CaMKK peptide
effectively (Fig. 1c—e). Similar methods in
recognizing target proteins have been
observed in CaM-MLCK"?  and
CaM-CaMKII?! complexes.

However, it is here that overall resem-
blance to other CaM—peptide complexes
ends. Unlike the previously determined
CaM-bound target peptides that form an
0-helix upon complexation, the CaMKK
peptide consists of two structural seg-
ments (Fig. 2a): an 1l-residue a-helix
(residues 444—454) connected to a hair-
pin-like loop (residues 455-459) whose C-
terminus folds back onto the helix. Both
the a-helix and the hairpin-like loop are
involved in interactions with CaM.
Extensive hydrophobic contacts involving a number of side
chains between the peptide and CaM were observed in *C/F;-fil-
tered ’C/F,-edited HMQC-NOESY?* spectrum. The N-terminal
portion of the peptide helix employs Trp 444 to interact with
many CaM residues including Ile 27 and Ile 63 (Fig. 2b). This
tryptophan residue serves as a key hydrophobic residue that
anchors to CaM N-domain (Fig. 2¢). The C-terminal portion of
the helix and the hairpin loop mainly interact with the
hydrophobic pocket of CaM C-domain. This hairpin loop pro-
vides Phe 459, another key hydrophobic residue interacting with
Val 91, Leu 112 and Val 136 of C-domain (Fig. 2b,d). The interac-
tion of residues following Phe 459 with helix VIII of C-domain,
is probably responsible for the slight shift of the helix VIII
described above. In addition, the loop is stabilized by intramole-
cular hydrophobic interactions between Met 453 and Phe 459, as
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Fig. 2 a, Schematic drawing of interacting
residues between Ca?*/CaM and CaMKK pep-
tide. Residues in N-domain and C-domain are
colored in cyan and violet, respectively. Key
residues of the CaMKK peptide anchoring the
hydrophobic pocket in each domain, Trp 444
and Phe 459, are shown in green. b, Portions of
13C/F5-filtered 3C/F;-edited HMQC-NOESY spec-
trum?4 showing intermolecular NOEs between
CaM and the CaMKK peptide. Stereo drawing
of the key residues of CaMKK peptide in the
hydrophobic pocket of ¢, N-domain and d, C-
domain. Residues within 5 A of the key
residues, Trp 444 and Phe 459, are shown. N, O
and S atoms are colored in blue, red and yellow,
respectively, while C atoms of N- and C-domain
of CaM and CaMKK are shown in cyan, violet
and gray, respectively. Diagrams (c¢) and (d)
were generated using the program MOLMOL>.

well as interactions involving Phe 463, Ile
448 and Leu 449. The final residue of our
peptide, Phe 463, also makes intimate
contact with Met 72 and Met 76 of CaM.
Interactions between three basic
residues (Arg 455, Lys 456 and Arg 457) of
the loop structure and the negatively
charged CaM residues, Glu 14, Glu 120,
Glu 123 and Glu 127 (Fig. 2a), probably
contribute intermolecular electrostatic
interactions. Interestingly, phosphoryla-
tion of Ser 458 by PKA has been shown to
abolish the CaMKK activity's. In the
present structure, this serine is located in
the vicinity of Glu 127 of CaM.
Phosphorylation of Ser 458 would intro-
duce a negative charge to this local envi-
ronment, possibly repelling the glutamic
acid. However, given the relatively large
binding surface of the peptide—protein
complex (3,410 A2), it is not yet clear why
this single modification is sufficient to
modulate CaMKK activity so drastically.

Correlation with mutagenesis
studies

Our structure of the CaM-CaMKK pep-
tide complex is consistent with previous
mutagenesis studies on CaMKK, in which
block aspartate scanning was used to
mutate four nonoverlapping blocks". Of
the four block mutants, those involving
residues 443-445, 448-450 and 455-457
showed no binding affinity for Ca?*/CaM
and suppressed CaMKK enzymatic activi-
ty by about 80% under the experimental
conditions used. Residues 443-445 and
448-450 correspond to the helix, whereas
residues 455-457 are in the hairpin loop of
our present structure; all of these are cru-
cial for the interaction with CaM. The
mutant with the fourth block, involving
residues 438-440, showed about 80%
reduction in Ca*/CaM binding activity.
This region is just N-terminal of the CaM-
binding core of the peptide in our struc-

b W444HL2 W444HN2
W444He3 N (¢ W444HL3 13C = 17.72 ppm [ppm]
;
v
127 Hy2 l LA l L) 1.0
163 Hy2 40— T ; - - [
‘ [
13C = 23.06 ppm
W |
L112 Ho2 KesiHa s el a. 05
V136 HR2 | ¢ 4§ LIS | *0
V91 Hy2 |F459H5 F459HT F459H: T446Ho P442Ha  V447Ho Ypasthy T4 6Hy2 r10
A
T T T T T T 7T T A A
[ppm] 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
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Fig. 3 Electrostatic potential surfaces of the CaM-target peptide complexes. In the upper panels, the surface of Ca2*/CaM is shown with the target
peptide as an yellow tube. The peptide surface is in the lower panels. The surface is colored according to the local electrostatic potential, with blue
and red representing positive and negative potential, respectively. Acidic and basic residues interacting with the target peptide are labeled in red
and blue, respectively. a, CaM-CaMKK; b, CaM-MLCK':2%; ¢, CaM-CaMKII2'. The domain linker of CaM in the CaM-CaMKIl complex was modeled in
the Insight Il, since residues 74-83 are absent from the PDB file because of the high flexibility of this region. This figure was generated using GRASP56

ture. The simultaneous replacement of the three residues with
aspartates probably caused intermolecular electrostatic repul-
sions, since there are many acidic residues in the region of CaM,
which binds the N-terminus of the CaMKK peptide (see later).
Furthermore, point mutations at two single sites in the hair-
pin loop (F459D and F463D) resulted in total loss of Ca?*/CaM
affinity under the same condition used for the block aspartate
scanning (Fig. 1b). In the present structure, the complex is
clearly stabilized by these residues located in the hairpin loop,
providing hydrophobic interactions with C-domain as well as
residues in its own CaMKK helix. A recent mutagenesis study?
indicated that a truncated mutant of CaMKK,_,, retains
Ca?*/CaM sensitivity in the phosphorylation activity. This is
not surprising, since most residues (16 out of 22) essential for
CaM-CaMKK interaction (Fig. 2a) remain in the mutant.
However, lack of residues 458-463 may account for the reduc-
tion in Ca?*/CaM-dependent enzyme activation?. This notion
is supported by our mutagenesis studies in which the ability to
bind to CaM is undetectable for the F463D mutant (Fig. 1b).

Comparison with other CaM-peptide complexes
The most striking feature of this structure concerns the orien-
tation of the peptide with respect to the N- and C-domains of
CaM. In all previously known cases (that is, CaM—skeletal mus-
cle MLCK peptide!’”, CaM-smooth muscle MLCKZ?,
CaM-CaMKII*'), the peptide helix is positioned such that the
N-terminal portion mainly binds to C-domain of CaM, while
the C-terminal portion binds to CaM N-domain (Fig. 3b,¢). To
our surprise, the peptide orientation in the CaM-CaMKK
complex is reversed (Fig. 3a); the N-terminal portion of the
CaMKK peptide interacts with N-domain, while the C-termi-
nal portion of the peptide binds to C-domain.

Another key feature of the structure is the position of the two
key hydrophobic residues that anchor the peptide to CaM N-
and C-domains. In both skeletal and smooth muscle MLCK

822

peptides, there are 12 residues between the two key anchoring
residues, whereas in CaM—CaMKII there are eight. In the pre-
sent structure of the CaM—CaMKK peptide complex, the spacer
between Trp 444 and Phe 459 comprises 14 residues, represent-
ing the longest among those so far characterized. Consistent
with the lengths of the spacer among different complexes, the
structure of the CaM—CaMKK complex is closer to that of the
CaM-MLCK complex than to that of the CaM-CaMKII com-
plex. More quantitatively, the r.m.s.d. value for the CaM back-
bone atoms of residues 11-73 and 84-146 between CaMKK
and MLCK complexes (1.75 A) is smaller than the correspond-
ing value of CaMKK and CaMKII (2.54 A). As previously noted
by various groups?>26-28, the high flexibility of the domain link-
er in CaM is clearly important in allowing CaM to adopt vari-
ous binding configurations.

Determinants for the peptide-binding direction

Close examination of the present structure together with the
previously published CaM—peptide complexes'®-?! identifies
two important features of the target-binding channel formed
by N- and C-domains of CaM (Fig. 3). The first feature is elec-
trostatic polarity of the channel created by a non-uniform dis-
tribution of acidic and basic residues at the two channel outlets
(Fig. 3a). Channel outlet 1 (CO-1) possesses seven acidic
residues and four basic residues, whereas channel outlet 2 (CO-
2) contains eight acidic residues but no basic residue. As a
result, CO-2 is more negatively charged than CO-1. In particu-
lar, Lys 75, Arg 86 and Arg 90 contribute largely to neutraliza-
tion of acidic clusters of the CO-1. This feature is common in
all structures of CaM—peptide complexes that have been solved
(Fig. 3b,c).

The second feature involves the domain linker location rela-
tive to the two channel outlets of CaM. CO-1 is created by
helices II, III and IV from N-domain and helix V of C-domain,
whereas CO-2 results from helix I from N-domain and helices
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Fig. 4 Alignment of the sequences of CaM-bind- skMLCK KRENKKNVFIAVSAANRIGKKT

ing region based on the position of the N-termi- SmMLCK RRKOKTGHAVRATIGRIISSM

nal key residue. The peptides whose structure in s s E N

complex with Ca2*/CaM has been determined are CaMKIV RREIKAAVEAVVA GoA

underlined. Key residues are shaded. Acidic and Calcineurin RR EILAIGRLERFOV e N
basic residues are shown in red and blue, respec- CaMKIT RREKIFKGATIL " I'M! 'RITF 0
tively. Sequences for MLCK, rat CaMKII (rCaMKII) CcaMKI KSKIKOAF ATA. HMR

and CaMKK peptides are the same as in Fig. 1a. :

Other sequences were taken from the reference

of Rhoads and Friedberg®’: CaMKI, rat CaMKI

(residues 300-317)2% mouse CaMKIV (residues rCaMERQ IPS[ TTVILVKSMLRKR:[GIPF N
319-338)3%;  Neurospora crassa  calcineurin rCaMKKB IPSPATVILVETMIRKR I3GUPF

(residues 406-425)3'; Drosophila myosin ninaC cCaMKK IPRIDTLILVKAMGHRKRIJGPFR N ° C
(residues 1040-1059)3% rat guanine nucleotide- . .

releasing protein (GNRP, residues 206-225)33. On Myosin ninaC VI LMRALLARK%EGG

the right are schematically depicted observed or GNRP IKKUOFSLRGWLCRR I

predicted binding polarity of these sequences.

VI, VII and VIII of C-domain. Importantly, the domain linker,
which resides between helix IV and V, partially covers CO-1
(Fig. 3a), resulting in CO-1 being smaller than CO-2.

Not surprisingly, the target peptides possess complementary
properties. Specific steric and electrostatic effects define a clear
binding mode for CaMKK. The hairpin loop makes the C-termi-
nal portion of CaMKK peptide bulkier than the N-terminal por-
tion, such that the C-terminus would only fit CO-2. Electrostatic
polarity is also a prominent determinant (Fig. 3a), with the
CaMKK peptide possessing a C-terminal postively charged clus-
ter that interacts with CO-2. In the MLCK and CaMKII peptides,
a similar basic cluster at the N-terminus interacts with CO-2
(Fig. 3 b,c). Being slightly bulkier, the basic cluster provides an

additional steric preference, which is consistent with the struc-
ture of the Ca?*/CaM—-CaMKK peptide complex.

Based on these particular characteristics, one can predict the
binding orientation of a given target protein with CaM domains.
For example, CaM-dependent kinases I (ref. 29) and IV (ref. 30),
and calcineurin® share the same properties as MLCK and
CaMKII (Fig. 4); a basic cluster located at the N-terminal por-
tion of the CaM-binding domain. Therefore, these enzymes are
likely to bind to CaM in a similar orientation as the CaM—-MLCK
and —CaMKII complexes. On the other hand, C. elegans CaMKK,
Drosophila  unconventional myosin®>, and rat guanine
nucleotide-releasing protein®® possess a basic cluster at their
C-termini. So these proteins will probably bind to CaM, in a
manner similar to the present structure.
However, this still leaves a few cases in

Table 1 Statistics of the 30 structures of Ca2*/CaM complexed with CaMKK peptide’

which a basic cluster is not apparent, such

R.m.s. deviations from experimental distance restraints (A)
All (2,383/278 with 271 intermolecular NOEs)
Interresidue sequential NOE (|i - j| = 1) (468/65)
Interresidue short-range NOE (1 <|i - j| < 5) (337/29)
Interresidue long-range NOE (]i - j| > 5) (362/20)
Intraresidue NOE (823/150)

Intermolecular NOE (271)
Hydrogen bond (98/14)
R.m.s. deviations from experimental dihedral restraints (°) (105/10)

R.m.s. deviations from idealized geometry
Bonds (A)

Angles (°)
Impropers (°)

Energies (kcal mol")
FNOEZ
chihz
Frepel3
FL-J4

R.m.s. deviations from the mean structure (A)
Backbone heavy atoms (superimposed on N, Ca, C)
All heavy atoms

as the human Ca?* pump?* and plant glu-

0.0177 £0.0004  tamate decarboxylase®.
0.022 + 0.003
0.020 = 0.012 Concluding remarks
0.008 +0.003 The present structure reveals that CaMKK
0.014 £ 0.005 uses a unique CaM-binding mechanism
0.023 + 0.002 that differs from those observed for
0.022 +0.002 MLCKs®? and CaMKI?'. While the
0.07 +0.04 MLCK and CaMKII peptides adopt
O-helical conformations in the CaM-bind-
0.0028 +0.0002  ing region, the CaMKK peptide assumes a
0.485 £ 0.006 fold comprising a helix and a hairpin-like
0.358 +0.003 loop, both of which are essential for CaM
binding. Orientation of the CaMKK pep-
41.9£6.3 tide with respect to the two CaM domains
0.09 £0.12 is opposite to that of the MLCK and
9.2+25 CaMKII peptides. We suggest that electro-
-317.6 +48.3 static attraction at the channel outlets
formed by the two CaM domains play a key
0.78 £ 0.06 role in determining the binding orienta-
1.38 £ 0.06

tion of the target protein. The location of

'The number of each type of restraints used in the structure calculation is given in parentheses.
None of the structures exhibits distance violations greater than 0.3 A or dihedral angle violations

greater than 1.0°.

ZFyor and Fgi, were calculated using force constraints of 50 kcal mol-' A2 and 200 kcal mol-' rad-2,

respectively.

3F epel Was calculated using a final value of 4.0 kcal mol! A4 with the van der Waals hard sphere
radii set to 0.75 times those in the parameter set PARALLHSA supplied with X-PLOR>4.

the domain linker with respect to the chan-
nel outlets may also induce larger steric
hindrance at one channel compared to the
other. These features appear to represent
critical determinants for CaM binding to
its target proteins.

4F_, is the Lennard-Jones van der Waals energy calculated with the CHARMM empirical energy

function and is not included in the target function for simulated-annealing calculation.
5Each model was superimposed onto the energy-minimized average structure using residues 6-18,
26-39, 45-55, 62-74, 83-91, 99-111, 118-127, 135-146 of Ca?*/CaM and 443-463 of CaMKK.

Methods

Sample preparation. A 26-residue synthet-
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binding domain of rat CaMKKa was synthesized by Peptide Institute
Inc. Uniformly *N- or 3C/"*N-labeled recombinant Xenopus laevis
CaM was expressed in Escherichia coli and purified to homogeneity as
described3¢. CaM was dissolved in unbuffered 0.4 ml 95% H,0/5%
D,0 or 99.99% D,O v/v solution containing 0.1 M KCl and 10 mM
CaCl,. The pH/pD values of the samples were 6.7 without considera-
tion of the isotope effects. The sample concentrations of CaM were
1.5 mM. The molar ratio of CaM and the CaMKK peptide was 1:1.25
for the sample used for the structure determination to ensure com-
plete formation of the complex.

NMR spectroscopy. All NMR experiments were performed at 30 °C
on a Bruker AMX-600 spectrometer. Sequential assignments of the
backbone resonances of CaM were achieved by the sets of experi-
ments, HNCACB3” and CBCA(CO)NH3839, CT-HNCO*, gd-HCACO*, '>N-
edited TOCSY-HMQC, HNHA%2 and HBHA(CBCACO)NH43. Side chain
assignments were obtained from H(CCO)NH#, C(CO)NH* and HCCH-
TOCSY# experiments. Stereospecific assignments of valine and
leucine methyl groups were obtained by analyzing a constant-time
13C-"H HSQC spectrum of 10% '3C-enriched Ca2*/CaM complexed with
CaMKK peptide’s.

The assignments of the CaMKK peptide were carried out based on
NOE connectivities by analyzing a series of isotope filter experi-
ments?’: 5N/F,-filtered NOESY and TOCSY, '3C,'sN/F,-filtered NOESY
and TOCSY, 3C/F,,F,-filtered NOESY, TOCSY and COSY. All data were
processed using the software NMRPipe®, and the data analysis was
assisted by the software PIPP4.

The 'H, 3C and 5N resonance assignments have been deposited
with the BioMagResBank, with accession number 4270.

Structure calculation. Approximate interproton distances were
obtained from 3C-edited NOESY-HMQC*?, >N-edited NOESY-HMQC*',
13C/F;-filtered 13C/F;-edited HMQC-NOESY?4, and isotope-filtered
NOESY spectra described above. The mixing time was 100 ms for all
NOESY experiments. The distance restraints were grouped into four
classes: 1.8-2.7 A, 1.8-3.3 A, 1.8-5.0 A and 1.8-6.0 A corresponding to
strong, medium, weak and very weak NOE cross peak intensities,
respectively. The NOEs including backbone amide protons were
grouped into four classes of 1.8-2.9 A, 1.8-35 A, 1.8-5.0 A and
1.8-6.0 A. The backbone coupling constants, 3Jy, were measured
from a HNHA experiment®. @ and y-dihedral angle restraints were
derived from the 2Jy, coupling constants and chemical shift indices®2.
Values of -60° + 30° and -40° = 30° were used for @ and y-dihedral
angles, respectively, for a-helical regions; -120° + 50° and 120° + 50°
for B-strands. Hydrogen bond restraints were obtained by analyzing
the H/D exchange rates and the NOE patterns characteristic of
a-helices or B-strands. Two distance restraints, ry.o(0-2.3 A) and
r'n-o(0-3.3 A), were used for each hydrogen bond. Structures were cal-
culated using the YASAP protocol®3 within X-PLOR 3.1 (ref. 54).

Mutagenesis and transient expression of CaMKK mutants. Rat
CaMKKa cDNA (GenBank accession number L42810) was from a rat
brain cDNA library>. Mutagenesis of CaMKK (F459D and F463D) using
pME-CaMKK (wild type) plasmid as a template was carried out by
GenekEditor in vitro Site-Directed Mutagenesis System (Promega Co.).
Transient expression of CaMKK mutants (F459D, F463D) was carried
out as described"’. Extracts from COS-7 cells (18 ug) that were either
mock-transfected or transfected with the indicated rat CaMKKa
mutants (F459D, F463D) including wild type, were subjected to 10%
SDS-PAGE and transferred onto Immobilon C (Millipore Corp.).
Membranes were analyzed by western blotting using anti CaMKK
antibody (Transduction Lab.) and CaM overlay.

Coordinates. The coordinates for the final structures and structur-
al constraints used in the calculations have been deposited with the
Protein Data Bank (accession code 1CKK).
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