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ABSTRACT: We have determined solution structures of the N-terminal half domain (N-domain) of yeast
calmodulin (YCMO-N, residues-177) in the apo and Ca-saturated forms by NMR spectroscopy. The
C&*-binding sites of YCMO-N consist of a pair of helix-loop-helix motifs (EF-hands), in which the loops
are linked by a shoif-sheet. The binding of two Ca causes large rearrangement of the fathelices

and exposes the hydrophobic surface as observed for vertebrate calmodulin (CaM). Within the observed
overall conformational similarity in the peptide backbone, several significant conformational differences
were observed between the two proteins, which originated from the 38% disagreement in amino acid
sequences. Thesheet in apo YCMO-N is strongly twisted compared with that in the N-domain of CaM,
while it turns to the normal more stable conformation of*Canding. YCMO-N shows higher cooperativity

in C&* binding than the N-domain of CaM, and the observed conformational change @fstheet is a
possible cause of the highly cooperative®Clainding. The hydrophobic surface on€aaturated YCMO-N
appears less flexible due to the replacements of Met51, Met71, and Val55 in the hydrophobic surface of
CaM with Leu51, Leu71, and lle55, which is thought to be one of reasons for the poor activation of
target enzymes by yeast CaM.

Calmodulin (CaM) is a ubiquitous intracellular C& EF-hand motifs are referred to as EF1, EF2, EF3, and EF4
receptor protein, which can activate variou$¢CGdependent  from the N-terminus. The helical linker connecting two
enzymes in response to transient?Canflux caused by domains is highly flexible in solution while each domain
extracellular stimuli. The X-ray crystal structure of a behaves as an independenfChinding unit @, 5). NMR
saturated CaM resembles a dumbbell in which two globular studies 6, 7) showed that each domain of apo CaM has the

domains (N- and C-domain) are linked by afhelix (1, 2). same secondary structure elements as those observed for
Each domain contains two €abinding sites and consists Ca&*-saturated CaM. The four helices in the pair of EF-hand
of a pair of EF-hand helix-loop-helix motifs3), in which motifs in apo CaM, however, form a characteristic bundle,

the two loops are joined by a short antiparafiesheet. The  and the cluster of hydrophobic side chains is not exposed to

: solvent. In the X-ray crystal structure of Cesaturated CaM,

N :6%9[:2;“3;‘?“5;?;?9%0 tNC'\glF:nggul?lt]ULZS gszg‘% ?j';fé;@?toela”gt he these helices are rearranged, and the hydrophobic residues
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1 Abbreviations: CaM, calmodulin; skMLCK, skeletal muscle . ; .
myosin light chain kinase; smMLCK, smooth muscle myosin light chain ~ Amino acid sequences of CaMs isolated from vertebrates,

kinase; PDE, cyclic nucleotide phosphodiesterase; CaN, calcineurin; scallop, and drosophila are very similar with their identity

CaMKIl, calmodulin dependent protein kinase type Il; 2D, two- 0 ; ;
dimensional; 3D, three-dimensional; DANTE, delays alternating with of more than 90 /016)' Amino acid sequence of CaM from

nutation for tailored excitation; DQFCOSY, double quantum filtered ~ Y&ast,Saccharomyces cerisiae (146 amino acid residues)
correlation spectroscopy; HSQC, heteronuclear single quantum coher-is, however, only about 60% identical to those of other CaMs
ence Spectroscopy; NMR, nuclear magnetic resonance; NOE, nuclear(17_19)7 and yeast CaM ShOWS Characteristicztbjnding

Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy; . .
PFG, pulsed field gradient; TOCSY, total correlation spectroscopy; TSP, and other functional properties. Hereafter, we refer to

2,2,3,3-tetradeutero-3-(tri-methylsilyl)propionic acid sodium salt; YCMO, = calmodulin from vertebrate, scallop, and drosophila as CaM,
yeast calmodulin; YCMO-N, N-terminal half domain of yeast calm- and calmodulin from yeast as YCMO0. YCMO binds only 3

odulin; dun(i—x,i), NOE cross-peak between amide protons of residue 14| of C&2* instead of 4. since Ga cannot bind to a site in
i — xandi; den(i—x,i), NOE cross-peaks betweenproton of residue YCMO di ’ EF4 of CaML®). The N-d .
i — x and amide proton of residuie ds(i—x,i), NOE cross-peaks corresponding to of CaMLg). The N-domain

betweeng protons of residué — x and amide proton of residiue of YCMO (YCMO-N, residues 77 containing EF1 and
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Ficure 1: Alignment of the amino acid sequence of the N-domain
of vertebrate CaM (residues-I'7) (top) with the one of YCMO-N
(bottom). In the sequence of YCMO-N, only substituted residues
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S.cerevisiae

Vertebrate

S. cerevisiae
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mM KCl and 0.02% Nal The pH/pD values of the samples
were adjusted to 6.8 0.1 by adding KOD without
consideration of the isotope effects. Sample concentrations
of the apo-form were 3 mM. For the &aform, sample
concentrations were 5 mM for nonlabeled®sample and
3 mM for nonlabeled BO sample, and fo5N-labeled
sample. Three-fold molar excess Ca®GWer protein was
added to each sample of €aorm.

All NMR experiments were performed using JEOL JNM-
A600 and A500 spectrometers’at frequencies of 600 and
500 MHz, respectively. Each spectrometer is equipped with

are indicated, and identical residues are indicated by dashes.a triple resonance probe-head withzaxis pulse field

Positions of the six residues coordinating?Cén EF1 and EF2
are indicated by, y, z, —y, —x, and—z

EF2) can bind two CH in a highly cooperative manner like
the C-domain of CaM containing EF3 and EF4 can 210 (

YCMO can activate target enzymes from vertebrates such
as phosphodiesterase (PDE) and myosin light chain kinase

(MLCK), but the resulting activities are very podt§ 21).
However, the activation of calcineurin (CaN) from vertebrate
by YCMO is not so poor compared with that by CaM (K.N.
and M.Y., unpublished results).

Despite such characteristic properties of YCMO, the

analysis of NMR spectra has showed that the structure is

principally similar to that of CaMs1(9, 22). It implies that
rather small conformational differences from vertebrate CaM
in addition to interactions between two-half-molecular
domains of YCMO 20) give rise to the different properties.
Here, we describe solution structures of YCMO-N in the apo
and the C#& -saturated forms determined by two- and three-
dimensional NMR techniques. We discuss structural differ-
ences between YCMO-N and the N-domain of CaM. The
relation between the conformation of YCMO-N and the
highly cooperative Cd binding compared with that of the
N-domain of CaM is also discussed. Moreover, we propose
a reason for the limited levels of activation of target enzymes
by YCMO.

MATERIALS AND METHODS

Sample PreparationA recombinant protein, YCMO-N
(Serl-Lys77, Figure 1), corresponding to the N-domain of
yeast,Saccharomyces cerisiae, CaM (YCMO) was over-
expressed ifEscherichia coli(strain TG1) containing expres-
sion plasmid pYCMO-N, which was constructed from
plasmid pYCMO 23, 24) by replacing a codon TCA for
Ser78 of YCMO with a stop codon TGA. In later experi-
ments, YCMO-N was expressedHtn coli strain BL21 (DE3)
transformed with plasmid pETYCMO-N. For construction of
pPETYCMO-N, anNdd site was generated at the initiation
codon for YCMO-N in plasmid pYCMO-N and the resulting
plasmid was digested witNdd/BanHI. Then, the cDNA
fragment coding for YCMO-N was inserted into th&ld/
BanHI site of plasmid pET-30bf) (Novagene) generating
plasmid pETYCMO-N. Uniformly'*N-labeled recombinant
YCMO-N was obtained by growing cells in M10 minimal
medium containing®NH,Cl (0.5 g/1 L) 5). YCMO-N was
purified using a previously published meth&B{-24, 26).
We obtained C&-free YCMO-N using a Sephadex G-25 gel
column.

NMR ExperimentsSamples were dissolved in 0.3 mL of
90% H,0/10% DO or 99.99% RO solution containing 50

gradient coil. Temperature was kept at 30 0.1 °C
throughout the experiments. The chemical shiftdtbfand

5N resonances are reported from the internal standard TSP
(0 ppm) and external standartNH,Cl (24.93 ppm),
respectively.

2D-NMR data of DQFCOSY 7), NOESY @8, 29),
and TOCSY 80, 31) were acquired with 1024 compldx
points and 512 compleix points. Mixing times of 100 and
150 ms were used for the 2D-NOESY spectra. Water peak
suppression was achieved by DANTE) for DQF—COSY
and TOCSY, and by WATERGATE3Q) for NOESY.

15N-edited 3D-NOESY-HSQC @34, 35) data and'®N-
edited 3D-TOCSY-HSQC @4, 36) data were collected with
128, 32, and 256 complex points, respectively,tfdiH), t,
(*>N), andtz (NH) time domains. A mixing time of 150 ms
was used in the®N-edited 3D-NOESY-HSQC spectra.
MLEV times for 2D-TOCSY and®N-edited 3D-TOCSY-
HSQC was 75 ms. Spectral widthsf and*®N resonances
were 8000 and 1800 Hz, respectively. Water peak suppres-
sion was achieved by field gradient pulse in all 3D-NMR
experiments.

{*H-13N}-HSQC spectra were used to identify slowly
exchanging amide protons. HSQC data were acquired with
1024 complext, points and 256 complek points. Data
acquisitions for the HSQC spectra were started at 1, 9, 25,
57, 121, 249, and 505 min after dissolving the protein in
D,0. The experiment was carried out at room temperature.

Data processing and analysis were performed using
NMRPipe 37) and/or Felix 95.0 software package (Molec-
ular Simulations Inc., San Diego, CA) on a SGI 02
workstation (Silicon Graphics, Mountain View, CA).

Structural CalculationsThe assigned NOE cross-peaks
in the apo-form were broadly classified on the basis of peak
intensity into strong, medium, and weak, which were
assumed to correspond to distances of-B® (1.8-3.5 for
HN), 1.8-4.0 (1.8-4.5 for HN), and 1.85.9 A, respec-
tively. All of NOE cross-peaks in the Caform were
grouped on the basis of peak intensity into-1337, 1.8-

4.7, and 1.8-5.9 A. ¢-Torsion angle restraints were derived
from 3Jyu—no coupling constants and the Karplus curve.
Values of —60 + 30 and—120 + 50° were used, respec-
tively, for residues witfJyn-no values<6 and>9 Hz. The
hydrogen bond restraints were used in the later stage of
structural determination. The available hydrogen bonds were
determined based on slowly exchanging backbone amide
protons and the calculated structures without hydrogen bond
restraints. The hydrogen bond distances ofNMin a-helix

and NH-0 in -sheet were set to 1-8.3 and 2.3-3.3 A,
respectively. Calcium-ligand distance restraints were set to
2.4-2.8 A on the basis of EF-hand model of Strynadka and
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Ficure 2: Solution structures of YCMO-N. Best-fit superpositions of the backbone heavy atoms of the 30 NMR structures of YCMO-N are
shown. (a) The structures of apo YCMO-N were superimposed using the folding regions except for loop and linker regions (res&jues 6
26—39, 45-53, and 62-72). (b) The structures of Cabound YCMO-N were superimposed using the folding regions except for the
Linker and ill-determined regions (residues &3 and 45-72). The region of helices and sheets are shown in blue and red, respectively.
The position of C&" in the average structure is shown as spheres. Helices are labeled as described in the text.

James 38). The distances from Gato five protein ligands  was well consistent with assigned HSQC spectrum of intact
(x, ¥, z =y, and —2) out of six (a ligand of—x is water) YCMO in the apo form (unpublished results) except for
were employed. signals from the C-terminal residues, GIn75, Leu76, and
Structure calculation was performed using X-PLOR ver- Lys77, with a maximum*N chemical shift difference of
sion 3.851 89). Two hundred starting structures were 0.40 ppm. Thus, the conformation of YCMO-N is the same
generated from an extended conformation using an ab initio@s the one of the N-domain in YCMO. Total of 64 and 17
simulated annealing (SA) protocol (sa.ing) and refined  *Jnw-+a COUpling constants, respectively, for apo and'Ca
by a rapid SA protocol (refine.inp). Structures with distance saturated YCMO-N were obtained using DQEOSY to
violations greater than 0.2 A and dihedral angle violations provide dihedral angle restraints.
greater than 2were cut off by accept.inp. The parameter  The structures of apo and &asaturated YCMO-N were
files parallhdg.pro and topallhdg.pro were used to define the determined using 996 and 920 restraints, respectively, derived
force constants and topologies, respectively for apo-form from the present experiments. In the apo form, the experi-
structure. For the calculation of €aform structures, par-  mental restraints include 917 interproton distances derived
allhdg.pro and topallhdg.pro supplemented with parametersfrom NOEs, 44p dihedral angles, and 35 hydrogen bonding.
for calcium were used. An average structure was generatedn the C&'-saturated form, the experimental restraints
by calculating mean atom positions of the 30 lowest-energy include 863 interproton distances derived from NOEsg17
simulated annealing structures with average.inp. Geometricdihedral angles, 28 hydrogen bonding, and 12 calcium-ligand
strain of this average structure was removed by restrainedgjstances. A total of 200 simulated annealing structures were
energy minimization. Solvent-accessible surface areas weregenerated and in final 30 structures with lowest energies and
calculated with X-PLOR using a water probe radius of 1.4 jithout violations greater than 0.2 A anél\®ere determined
A. Insight Il (Molecular Simulations Inc., San Diego, CA),  for each of apo and Ga-saturated YCMO-N. Figure 2 show
MOLMOL program @1), and WebLav VeiwerLite (Molec-  pest-fit superposition of the backbone atoms for apo and
ular Simulations Inc., San Diego, CA) were used for cg+.saturated YCMO-N, respectively. The average root-

structural drawing. mean-square deviations (rmsd) for backbone heavy atoms
(N, Cq, C, O) in the folding regions (residues-62) of apo
RESULTS AND DISCUSSION YCMO-N were 0.58+ 0.13 A. The average rmsd for

Structural Determination of YCMO-Nhe chemical shift ~ °@ckbone heavy atoms in the folding regions of*Ca
assignments for both apo and?Caaturated YCMO-N were satgrated Y_CNO-N except for the linker ar_1d ill-determined
performed by the standard method using DEFOSY, regions (residues-633, and 45-72, respectively) was 0.51

NOESY, TOCSY, 5N-edited 3D-NOESY, and TOCSY + 0.10 A. Theg andy angles of the peptide backbone in
spectra 42). Stereospecific information was not included the folding regions of YCMO-N in the two forms were
throughout our structural determinations. Spin systems werechecked by a program PROCHECK3 and all angles were
classified on the basis of connectivities between main-chain found within allowed regions of a Ramachandran map. A
amide and side-chain protons observed in 2D-TOCSY and Summary c_)f ggomt_etnc and energetic statistics of the final
15\-edited 3D-TOCSY spectra. These spin systems were Structures is given in Table 1 and the structural data_for apo
connected using sequence-specific NO&g(i—1, i), dun- anq Cé+—saturated_YCMO—N were plotted as a function of
(i—1,i), andds(i—1, i) derived from 2D-NOESY an¢eN- ~ residue number (Figure 3).

edited 3D-NOESY spectra. tH-"N}-HSQC spectra, total Structure of YCMO-NFigure 4, panels a and b, show the
of 73 and 70 of 75 amide peaks except for one Pro were best-fit superpositions of structures of apo ané'&aturated
identified for apo and CGa-saturated YCMO-N, respectively. YCMO-N to those of the N-domain of CaM in the apo and
The{*H-5N}-HSQC spectrum of YCMO-N in the apo-form  C&"-saturated states: The values of backbone rmsd are 1.72
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Table 1: Structural Statistics of the 30 Structures of Apo and
Ca*-Saturated YCMO-N

Restraints for Structure Calculation

apo-form C&"-form

total restraints used 996 920
total NOE restraints 917 863
intraresidue 157 223
sequential 249 226
medium range 273 225
long range 238 189
hydrogen bond restraints 35 28
@ torsion angle restraints 44 17
Ca**-ligand distance restraints 0 12
distance restraint violations greater than 0.2 A 0 0
@ torsion angle restraint violations greaterthdn2 0 0

rmsd from |dealized Geometry
(0.92x 1073) + (0.53x 1075) (1.25x 1073) +
(3.69x 1079)
(0.47+2.11)x 1023
(0.37+2.89)x 1073

bonds (A)

bond angles (deg) (0.450.51)x 1073
improper torsions (0.364 0.32) x 1073
(deg)

rmsd from Experimental Restraints

distance (A) (3.36¢ 103 £ (0.15x 103 (9.56x 10°3) &

(0.34x 1079
dihedralangle  (2.15x 1073) + (2.62x 1073) (8.38x 1072) +
(deg) (4.30x 1079
X-PLOR potential 77.724+ 0.20 95.00+ 1.31
energy Eota)
(kcal mol™)

PROCHECK Ramachandran Plot Statistics

residues residues

(6—72) (6—72)
residues in most favored regions (%) 78.9 70.4
residues in additional allowed regions (%) 21.1 23.9
residues in generously allowed regions (%) 0.0 5.6
residues in disallowed regions (%) 0.0 0.0

rmsd of Backbone Heavy Atoms (N,CC, and O)

apo-form
residues 618, 26-39, 45-53, 62-72 0.47+ 0.15 A
Cat-form
residues 672 0.58+ 0.13 A
residues 633, 45-72 0.51+ 0.10 A
residues 672 1.044+ 0.29 A
rmsd of All Heavy Atoms
apo-form
residues 618, 26-39, 45-53, 62-72 1.19+ 0.14 A
residues 672 1.27+0.11 A
Ca*-form
residues 633, 45-72 1.16+ 0.09 A
residues 672 1.71+ 0.35 A

+ 0.05 and 1.35+ 0.06 A in the apo and CGéa-saturated
forms, respectively; apo and €asaturated YCMO-N are
almost in the same conformation as the N-terminal domain
of apo and C&-saturated CaM, respectively. Thus, YCMO-N
has four helices and a short antiparaffetheet (Figure 2).
Using the Kabsch and Sander algorithdd)(for ensemble

of 30 NMR conformers of apo and &asaturated YCMO-

N, following elements of the secondary structure were
detected in most of conformers. Four helices in the apo form
are residues 618 (A-helix), 29-39 (B-helix), 45-53 (C-
helix), and 65-72 (D-helix). In the Cé™-saturated form, the
region corresponding to the last part of B-helix in the apo

Biochemistry, Vol. 39, No. 45, 2003663

B-helices, and C- and D-helices form EF-hand motifs, EF1
and EF2, respectively. These two EF-hand motifs of both
forms are connected by a short antiparghelheet (residues
26—28 and 62-64); the hydrogen bonds are formed between
residues lle27 and lle63.

A- and D-helices are well-defined as inferred from the
existence of a large number of NOEs in both structures. In
particular, we found a large number of interhelical NOEs
for ring protons of Phe residues which are located in A- and
D-helices (Phel2, 16, 19, 65, and 68) (Figure 3a). The
positions of Phe residues in the amino acid sequence are
exactly the same as those of CaM (Figure 1), and these
residues form a so-called aromatic box: a hydrophobic core
found in all CaMs and other EF-hand domains.

In the apo form, many hydrophobic residues in B-helix
interact with the aromatic box. As a result, B-helix is also
well-defined in the apo form due to many NOEs including
helix-specific NOEsdnn(i—2,), dun(i—3,), anddan(i—4,i)
and many interhelical NOEs with A- and D-helices. How-
ever, in the C&'-form, the region corresponding to the
C-terminal part of B-helix in the apo form was not well-
defined with a large rmsd due to the absence of long-range
NOEs (Figure 3). The hinding of €aexposes B-helix to
solvent and the hydrophobic interaction with the aromatic
box becomes weaker (Figure 2). The similar alteration of
the pattern of NOE cross-peaks in B-helix region was
observed in the corresponding helix (F-helix) of the C-
terminal domain of CaM45). In the apo form, the position
of C-helix is not well-defined compared with other helices.
This is reflected by a small number of medium range NOEs
and the absence of interhelical NOEs, suggesting looser
hydrophobic packing than other helices. This feature is
similar to C- and G-helices in CaMr), and to the first helix
of EF2 in TnC @6, 47) and recoverin48, 49). On the other
hand, C-helix in the Cd-form of YCMO-N is well-defined
as A- and D-helices. For CaM, C-helix is in a flexible
conformation in the apo form; the hydrophobic interaction
increases upon binding &aions 2, 50).

Though the secondary structural elements of both struc-
tures of YCMO-N are almost the same, the orientations of
B- and C-helix are remarkably different (Figure 2). Upon
C&" binding, hydrophobic residues are exposed to solvent
and form a hydrophobic patch, which is assumed to be a
binding part to target (Figure 5b). The total solvent-accessible
area of YCMO-N in the apo and €asaturated forms is
almost the same with 5314 115 and 5335+ 96 A?,
respectively. Solvent-accessible area of twa'@ainding
sites and C-helix region in the apo form is decreased by about
320 A2in the C&*-saturated form (Figure 3e). On the other
hand, the solvent-exposed surface area for hydrophobic
residues increases from 109448 A2 in the apo form to
1479+ 69 A? in the Ca&*-saturated form. This feature of
YCMO-N agrees well with those of other EF-hand proteins
that act as a Ca sensor $0).

Ca&"-Binding. YCMO-N has unusual amino acids in the
two C&*-binding loops. At the fourth position in EF1, Gly,
the most common residue at this positi@8)(is replaced
with Asn23 in YCMO-N, andp andy angles of the Ca-

form is not determined well, and most of conformers assume form are 56.3+ 12.1 and 23.9t 7.3, respectively, which

irregular helical conformation (Figure 2); as a result, four
helices are residues@9 (A-helix), 29-33 (B-helix), 45-
55 (C-helix), and 6572 (D-helix). In both forms, A- and

is similar to 58 and 3%6for Gly23. The invariant Gly at the
sixth position 62) is replaced with His61 in EF2 of YCMO-
N, andg andy angles of the apo form are128.2+ 51.9
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FIGURE 3: Structural data for apo YCMO-N and €asaturated YCMO-N plotted as a function of residue number. NOE distribution for the

apo (a) and Ca-saturated forms (b). Intraresidue NOEs, sequential NOEs, medium range NOEs including iN®Bs (,i+3), and

(i,i+4), and long-range NOEs are indicated by gray, black, slashed, and white bars, respectively. Values of rmsd of backbone heavy atoms
(N, C,, C, and O) for 30 apo (c), and €asaturated forms (d). (e), Solvent accessible surface area of the apo (open circles connected by
solid line) and the Cd-saturated forms (filled circles connected by dotted line).

and 166.5+ 4.3, and those of the Ca-form are 64.3+ side chain of His61 is located in the inside of the second
3.5 and 10.4t 4.4°, respectively, instead of 90 and for loop in the apo form, and it moves to the outside in thé"€a
Gly61. Compared with the flexible €abinding loops in binding form (Figure 4). As a result, NOE cross-peaks
apo CaM {), the loop conformation of YCMO-N is between the ring protons of His61 and residues of C-helix
comparatively well defined (Figure 3c). This result may be found in the apo form were not identified in the Cdorm.
caused by reduced flexibility due to replacements of the two Considering the stabilization of the second loop in the apo-
Gly residues in the loop. The imidazole ring of His61 close form, EF2 of YCMO-N possibly functions as the low-affinity
to C-helix is fixed around where €awould be accom-  Ca*-binding site and the first Ga binding occurs in EF1
modated (Figure 4a). It is known that charged side-chains of YCMO-N.

are frequently located near the terminicchelices 63, 54). We reported that the affinity for Ga of YCMO-N is

In the case of barnase, a model of the electrostatic interactionsignificantly higher than that of the N-terminal domain of
between the imidazole ring of His18 and the last turn of helix CaM, and the high affinity for Ca is associated with a
has been discusse8). In our structure of the apo form, higher cooperativity in Ca binding @0). It has been
N<2 of His61 is located near the last turn of C-helix. NOE considered that the cooperative?Cainding of CaM results
cross-peaks between the ring protons of His61 and the sidefrom the concerted movement of helix pairs connected by a
chains locating around C-terminal end of C-helix (lle55, short linker region: B-helix of EF1 and C-helix of EF2 in
Asp56, and Val57) were identified. The electrostatic interac- the N-domain, and F-helix of EF3 and G-helix of EF4 in
tion between imidazole ring of His61l and C-helix may the C-domain ). The cooperativity is not so high in the
contribute to stabilizing the conformation of YCMO-N. The N-domain of CaM compared with that in the C-domain of
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Ficure 4: Comparison of the backbone conformation of YCMO-N with the N-domain of CaM (stereoviews). Comparisons of the N-domain
of apo CaM (PDB accession number 1CFD) (red) with apo YCMO-N (blue) (a), and the N-domaiftes&arated CaM (PDB accession
number 3CLN) (red) with Ca-saturated YCMO-N (blue) (b). 30 NMR conformers of apo ané"@amaturated YCMO-N were superimposed

on to the average structure of apo CaM and X-ray structure éf-€aturated CaM, respectively, using the backbone heavy atoms of
residue 6-72. The side chains of Glu31 and His61 are also shown. Helices are labeled as described in the text.

CaM (20, 56). Since the overall structure of apo YCMO-N
is quite similar to that of the N-domain of apo CaM, small

conformation as a result of €abinding (Figure 4). As a
result, thep andy angles of the residues in thiesheet of

structural differences between them may be important to YCMO-N are almost the same as those of CaM in thé&'€a

increase the affinity of Ga for YCMO-N. In addition to
the similar C&"™-dependent rearrangement of the B- and
C-helix pair of YCMO-N (Figure 2), the following structural
feature may be important for the highly cooperative’'Ca
binding to YCMO-N. As shown in Figure 4a, thfesheet of
apo YCMO-N is remarkably twisted as compared to the
counterpart of CaM, which reflects low sequence similarity
of this region to CaM (Figure 1). The angles of Ser26,
lle27, and Ser28 in the firgh-strand are—139.3 + 3.9,
—131.5+ 7.2, and—82.2+ 8.6°, respectively. On the other
hand, thep angles of corresponding residues of CaM are
—139.6+ 0.6, —140.2+ 0.1, and—90.0 &+ 2.0, respec-

form. The amide proton of lle27 in the first strand®heet,
which forms a hydrogen bond with 1le63, shows a notably
large low-field shift from 8.18 ppm in the apo form to 9.77
ppm in the Ca"-form probably due to the enhanced hydrogen
bonding in thes-sheet. The amide proton of 1le63, which
forms another hydrogen bond in tlfesheet, also shows a
low-field shift. A similar observation was reported in kg
and Ca&"-forms of YCMO-N @2). The S-sheet of the
C-domain of CaM, to which CGa binds with high cooper-
ativity, is also highly twisted in the apo form, and €a
binding removes this twistl( 2, 6, 7, 45). Therefore, this
conformational change in thsheet may play an important

tively. GIn62, 1le63, and Glu64 are residues of the second role for the cooperative Cabinding, by which C&" binding

pB-strand and whose angles are-99.2 + 5.3, —71.9 +
3.2, and—120.0+ 6.5°, respectively. On the other hand,
the ¢ angles of corresponding residues of CaM ark38.4

+ 2.8,—140.2+ 0.1, and—101.6+ 1.1°, respectively. A
twistedf-sheet in apo YCMO-N changed to a slightly twisted

in one EF-hand can affect the other EF-hand to form the
C&"-binding conformation.

As discussed in the previous paragraph?'Ga thought
to bind first to EF1 of YCMO-N. Then the following
reorientation of C-helix by the concerted movement of B-
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Ficure 5: (a) Ribbon diagrams and surface structure of the N-domain &f-&#turated CaM (PDB accession number 3CLN). (b, left)
Backbone atoms of 30 NMR structures (thin lines) o?Gaaturated YCMO-N superimposed on the energy-minimized their average
conformation (thick line). (b, right) Surface structure of the average conformation “tsaaurated YCMO-N. All Mets except for ill-

determined Met36 and Met76 are shown in red. Leu51 and Leu71 of YCMO-N are shown in blue. Residues of position 55 in both proteins

are shown in green. In surface structures, other hydrophobic residues are shown in yellow.

and C-helices reduces the electrostatic interaction betweenyYCMO (19, 21). Since the hydrophobic surfaces exposed in
the side chain of His61 and C-helix, which was discussed each domain of CaM are responsible for the activation by
in the previous paragraph, due to increase in the distancerecognizing the diverse sequences of CaM-binding domain
between them. The lower interaction energy may result in of targets, the exposed hydrophobic surface of YCMO-N were

easy replacement of the side chain of His61 witF'Ca
EF2. It might also contribute to the highly cooperativéCa
binding in YCMO-N.

For apo CaM, the N-terminal part of B-helix (residues-29
31) forms 3¢-helix and has a kink at the position of Glu31
(6, 7). On the other hand, B-helix of YCMO-N is a regular
o-helix throughout this region. The observed twist in the
pB-sheet is probably responsible for this difference. The
similar discussion was reported for the C-domain of CaM
(6). As a result, the position of Glu31 in apo YCMO-N is a
little different from that of CaM (Figure 4a). However, the
position of Glu31l in the Cd-form is almost the same as
that of CaM (Figure 4b). Thus, the rsmd values for @
Glu31 between apo and &asaturated CaM and between
those of YCMO-N are 3.37% 0.06 and 2.89+ 0.19 A,
respectively, when the loop regions (residues-30) were
superimposed. The smaller movement of Glu31 of YCMO-N

compared with the corresponding region of CaM (Figure 5).
The hydrophobic surface in each domain of CaM is rich in
Met residue (four residues in each domain) with a flexible
hydrophobic side chain, and Met51 and Met71 collaborating
with Met36 and Met72 in the N-domain of CaM have been
considered to be essential for matching the hydrophobic
surface to a diversity of hydrophobic anchor residues in the
CaM-binding domain 12—15). YCMO-N has four Met
(Met36, Met52, Met72, and Met76) and positions of Met52
and Met72 were defined (Figure 5b). Met36 on ill-converged
region of B-helix and Met76 in the C-terminal region were
not defined and were excluded in Figure 5b. Met52 in
YCMO-N corresponding to lle52 in CaM is located in a
different position to stabilize C-helix through a hydrophobic
interaction with Leu32, which is inferred from NOE cross-
peaks between Met52 and Leu32. Met51 and Met71 in CaM
are replaced with Leu in YCMO-N, which has a more rigid

than that of CaM seems to be one of reasons for the highand larger side chain, and they are exposed to solvent on

Ca*-affinity of YCMO-N.
Target Binding.CaM activates various Cadependent

C&" binding (Figure 3e). Val55 in CaM, another constituent
which interacts with the anchor residue of target is replaced

enzymes by recognizing the CaM-binding domains of target with 1le55 in YCMO-N (Figures 1 and 5). Thus side chains

enzymes §—11). On the other hand these target enzymes
of vertebrate CaM are activated only to limited levels by

of Leu51, Leu71, and 1le55 in place of Met51, Met71, and
Val55 of CaM may directly interact with the anchor residue
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of target enzymes on the exposed hydrophobic surface of
YCMO-N. As a result, YCMO-N has a less flexible and
smaller hydrophobic pocket than that of the N-domain of
CaM, which may restrict an acceptable volume of anchor
residue (Figure 5b). The feature of the exposed hydrophobic
surface may account for limited levels of activation of target
enzymes, or restricted diversity in target recognition of
YCMO-N (18, 21).

Since three Met out of four in the C-domain of CaM are
also replaced with Leu in the C-domain of YCMO, the
C-domain of YCMO also may have a less flexible and small
hydrophobic pocket. Thus YCMO may bind target with two
of less flexible and smaller hydrophobic pockets than those
of CaM. The CaM binding sequences of sk- and smMLCK
belong to the same classification in the distribution of electric
charges and the interval of anchor residue (12 residdéd}) (
and bind to CaM with an antiparallel orientation: the N-
and C-terminal anchor residues bind to hydrophobic pockets
of the C- and N-domain of CaM, respectively. The N-
terminal anchor residue is Trp in both MLCKs, and the
C-terminal anchor residue is Phe for skMLCK and Leu for
smMLCK. The activation constant&4) of YCMO are more
than 17000-fold for skMLCK and more than 600-fold for
smMLCK, compared with those of CaMs®), which may
be at least partly attributed to the too much bulky anchor
residue for proper accommodation in the hydrophobic
surfaces of YCMO with restricted flexibility. YCMO is also
a poor activator of the 120-kDa brain PDE3], which also
has Trp as the N-terminal anchds9Y( 60). So far target
enzymes with Trp as the anchor residue are not found in
yeast (5, 61). The reporteK,; values of YCMO for yeast
CaN and CaMKI are within nanomolar randg/{ K.N. and
M.Y., unpublished result). The N-terminal anchor residue
of CaMKI from rat and human is Trp, whereas it is replaced
with Phe in yeast CaMKIg1). On the basis of the same
classification, the C-terminal anchor residue of yeast CaN
is Val, and the residue of yeast CaMKI or CaMKIll is Leu,
both of which may well conform to the hydrophobic pocket
with restricted flexibility in the N-terminal domain of YCMO.
Further, vertebrate CaN with Val as the C-terminal anchor
can be efficiently activated by YCMO with a similar affinity
for CaM (K.N. and M.Y., unpublished results). Therefore,
the volume of anchor residue may influence the affinities of
target enzymes for YCMO. The replacements of Met51,
Met71, and Val55 in CaM with Leu51, Leu71, and lle55 in
YCMO may be one of important factors that restrict a volume
of side chain of anchor residue in the N-terminal domain.
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