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Solution Structure of a
Calmodulin-Target Peptide
Complex by Multidimensional NMR

Mitsuhiko lkura,* G. Marius Clore,T Angela M. Gronenborn,t
Guang Zhu, Claude B. Klee, Ad Baxt

The three-dimensional solution structure of the complex between calcium-bound cal-
modulin (Ca2+-CaM) and a 26-residue synthetic peptide comprising the CaM binding
domain (residues 577 to 602) of skeletal muscle myosin light chain kinase, has been
determined using multidimensional heteronuclear filtered and separated nuclear magnetic
resonance spectroscopy. The two domains of CaM (residues 6 to 73 and 83 to 146) remain
essentially unchanged upon complexation. The long central helix (residues 65 to 93),
however, which connects the two domains in the crystal structure of Ca?*-CaM, is dis-
rupted into two helices connected by a long flexible loop (residues 74 to 82), thereby
enabling the two domains to clamp residues 3 to 21 of the bound peptide, which adopt a
helical conformation. The overall structure of the complex is globular, approximating an
ellipsoid of dimensions 47 by 32 by 30 angstroms. The helical peptide is located in a
hydrophobic channel that passes through the center of the ellipsoid at an angle of ~45°
with its fong axis. The complex is mainly stabilized by hydrophobic interactions which, from
the CaM side, involve an unusually large number of methionines. Key residues of the
peptide are Trp* and Phe'”, which serve to anchor the amino- and carboxyl-terminal halves
of the peptide to the carboxyl- and amino-terminal domains of CaM, respectively. Se-
quence comparisons indicate that a number of peptides that bind CaM with high affinity
share this common feature containing either aromatic residues or long-chain hydrophobic
ones separated by a stretch of 12 residues, suggesting that they interact with CaM in a

similar manner.

Calmodulin (CaM) is a ubiquitous Ca’*
binding protein of 148 residues that is
involved in a wide range of cellular Ca®*-
dependent signaling pathways, thereby reg-
ulating the activity of a large number of
proteins including protein kinases, a pro-
tein phosphatase, nitric oxide synthase,
inositol triphosphate kinase, nicotinamide
adenine dinucleotide kinase, cyclic nucleo-
tide phosphodiesterase, Ca’* pumps, and
proteins involved in motility (1). Binding
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domains for CaM have been isolated from a
number of CaM-dependent enzymes and
have been shown to comprise peptide se-
quences with a high propensity for helix
formation (2). In addition, both circular
dichroism (3) and nuclear magnetic reso-
nance (NMR) (4, 5) studies have shown
that many naturally occurring CaM binding
peptides, such as mellitin and mastoporan,
as well as synthetic peptides corresponding
to CaM binding domains adopt a helical



conformation upon binding to CaM. Al-
though the crystal structure of Ca?*-CaM
has been solved (6), there is no crystal
structure of a ternary complex of Ca?*-
CaM with the CaM binding domain of one
of its target proteins yet available because of
difficulties in obtaining suitable crystals.
The crystal structure of Ca?*-CaM is a
dumbbell-shaped molecule with an overall
length of ~65 A that consists of two glob-
ular domains, each of which contains two
Ca** binding sites of the helix-loop-helix
type, connected by a long rigid central
helix. In solution, on the other hand,
NMR studies indicate that the central helix
is disrupted near its midpoint and serves as
a flexible linker between the two domains
(7). A range of biophysical studies includ-
ing cross-linking experiments (8) and
small-angle x-ray and neutron scattering (9,
10) indicate that, upon complexation with
certain target peptides, CaM adopts a glob-
ular conformation. The structural mecha-
nism whereby Ca?*-CaM recognizes its tar-
get sites has been the subject of consider-
able interest and debate, and a number of
models for a Ca?*-CaM-peptide complex
have been proposed (11, 12). With the
advent of a panoply of three-dimensional
(3D) and 4D heteronuclear NMR experi-
ments (13), it has now become possible to
answer this question directly by solving the
structure of a complex of this size (~19.7
kD) in solution (14). In this article, we
present the structure determination of such
a complex comprising recombinant CaM
from Drosophila melanogaster and a 26-resi-
due synthetic peptide (commonly referred
to as M13) comprising the CaM binding
domain of rabbit skeletal muscle myosin
light chain kinase (MLCK).

Structure determination. All experi-
ments were carried out at near-physiologi-
cal conditions (100 mM KCI, pH 6.8,
35°C) on a 1:1 complex of uniformly
(>95%) '®N- and *C-labeled Ca?*-CaM
and the synthetic 26-residue M13 peptide
(KRRWKKNFIAVSAANRFKKISSSGAL)
(15) at natural isotopic abundance, with
sample concentrations in the 1 to 1.5 mM
range, prepared as described in (16). Struc-
tural information in the form of interproton
distance restraints was derived from iso-
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tope-edited and isotope-filtered 2D, 3D,
and 4D nuclear Overhauser effect (NOE)
experiments, on the basis of the previously
obtained resonance assignments (4, 16,
17). Thus, 2D isotope-filtered nuclear
Overhauser enhancement spectroscopy
(NOESY) experiments (4, 18) were used to
obtain interproton distance restraints for
the bound peptide, suppressing the signal of
BC- and PN-attached protons. The ’C-
separated, '2C-filtered 3D NOESY spectra
were used to specifically identify NOEs
between protein protons and bound peptide
protons. Finally, 3D *C- and ""N-separat-
ed (19, 20) and 4D BC-3C-separated (21,
22) NOESY experiments were used to ob-
tain NOEs between protein protons. At
present, the 4D spectra have not as yet
been extensively analyzed and have only
been used to confirm NOE assignments
derived from the 3D experiments.

An example of a small region of a
YH(F,)-"H(F;) cross section through the 3D
13C-separated, '?C-filtered NOESY spec-
trum of the Ca’*-CaM-M13 complex is
shown in Fig. 1A. In this 3D spectrum, only
NOE interactions between peptide protons
and protein protons are observed. These
NOE interactions are dispersed in an orthog-
onal dimension (F,), which corresponds to
the chemical shift of the '*C atom attached
to the protein proton. As a '*C(F,) spectral
width of 23.8 ppm was used, this slice only
contains NOE cross peaks between peptide
protons and protein protons attached to 1*C

Fig. 1. Cross sections through (A) the 3D '3C(F,)-
separated '3C-filtered NOESY spectrum and (B)
through the 4D '3C-'3C—separated NOESY spec-
trum of the Ca?*-CaM-M13 complex. Spectrum A
shows intermolecular NOE interactions exclusive-
ly between protons attached to '3C (CaM pro-
tons) and protons attached to '2C (M13 peptide
protons) and displays among others NOEs be-
tween the CaM Met'*®> methyl protons and the
aromatic-ring protons of the M13 Trp*. Slice B
displays intramolecular CaM NOE interactions.
The '3C-'3C slice has been taken perpendicular
to the NOESY cross peaks superimposed at (F,,
F,) = (0.78, 1.23) ppm, and reveals a long-range
NOE cross peak (labeled L393, V91y) between
two methyl groups in the amino-terminal and
carboxyl-terminal domains of CaM. Dashed con-
tours correspond to negative intensity introduced
by folding. Spurious diagonal peaks, marked “x,”
correspond to the tails of nearby intense diagonal
methyl resonances. The 4D spectrum was re-
corded as described in (27). The 3D spectrum
was recorded with a 'H-'3C HMQC-NOESY se-
quence (19) incorporating an isotope filter prior to
the detection period (4). The spectra were pro-
cessed with in-house routines for Fourier transfor-
mation (45) and linear prediction (46), together
with the commercially available software package
NMR2 (New Methods Research Inc., Syracuse,
New York). Analysis of the spectra and peak
picking was carried out with the in-house pro-
grams CAPP and PIPP (47).
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atoms resonating at 66.47 * (n X 23.8)
ppm (where n = 0, 1, 2, .. .). The side
chain of the single Trp residue of M13 at
position 4 shows intense NOE interactions
to the methyl protons of Met!** of CaM.
The aromatic ring protons of Phe? of M13
show interactions to the methyl group of
Ala®® and the CaH proton of 1le®®, both
located near the carboxyl-terminal end of
the central helix. A C(F,)-"*C(F;) plane
of the 4D '>C-13C-separated NOESY spec-
trum of the Ca?*-CaM-M13 complex at
d'H(F,), 8'H(F,) = 0.78, 1.23 ppm is
shown in Fig. 1B. Particularly noteworthy in
this slice is the NOE between the methyl
groups of Leu®” and Val®!, which indicates
that they are separated by <5 A. Thus, in
the complex, the amino- and carboxyl-ter-
minal domains are in close proximity. In
contrast, in the crystal structure of Ca’™*-
CaM, the distance between these two
methyl groups is between 30 and 33 A.
Approximate interproton distance re-
straints were obtained from 3D heteronu-
clear-separated and isotope-filtered NOE
measurements at mixing times of 50 and
100 ms and were grouped into three classes,
1.8 to 2.7, 1.8 to 3.3, and 1.8 to0 5.0 A,

A
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which correspond to strong, medium, and
weak NOEs, respectively (23, 24). The
present structure calculations are based on
1787 interproton distance restraints, com-
prising 1490 and 164 restraints for CaM and
M13, respectively, and 133 intermolecular

restraints between CaM and M13. These
data were supplemented by 144 distance
restraints for 72 hydrogen bonds identified
on the basis of amide exchange and NOE
data (25), 24 distance restraints between
the four Ca’* ions and protein groups

Table 1. The notation of the structures is as follows: <SA> are the 24 simulated annealing
structures; SA is the mean structure obtained by averaging the coordinates of the individual SA
structures best fitted to each other (the residues used in the best fitting are residues 6 to 73 and 83
to 146 of CaM and residues 3 to 21 of M13); and (SA)r is the restrained minimized (regularized)
mean structure obtained from SA. The number of terms for the various restraints is given in
parenthesis; rms, root-mean-square, and expt, experimental.

Parameter <SA> (SA)Fr
Rms deviations from exp distance restraints (A)*
All (1995) 0.037 = 0.006 0.039
Intramolecular CaM interproton distances
Interresidue sequential (1i — jI = 1) (393) 0.027 = 0.006 0.023
Interresidue medium range (1 < Ii — jI < 5) (253) 0.014 = 0.006 0.023
Interresidue long range (I — jI > 5) (162) 0.030 = 0.012 0.021
Intraresidue (682) 0.038 = 0.006 0.040
Intramolecular M13 interproton distances
Interresidue sequential (Ii — jI = 1) (51) 0.063 = 0.037 0.064
Interresidue medium range (1 < Ii — jl < 5) (33) 0.018 = 0.009 0.037
Intraresidue (80) 0.066 = 0.008 0.068
Intermolecular CaM-M13 interproton distances (133) 0.058 = 0.013 0.062
CaM hydrogen-bond restraints (118)t 0.025 = 0.008 0.023
M13 hydrogen-bond restraints (26)t 0.027 = 0.020 0.037
Ca?* distance restraints (24)+ 0.015 = 0.015 0.000
Rms deviation from expt. ¢ restraints (degree) (113)*§ 0.046 = 0.071 0.126
Deviations from idealized covalent geometry
Bonds (&) (2715) 0.004 = 0.000 0.006
Angles (degrees) (4894) 1.810 = 0.004 2.267
Impropers (degrees) (1036)|| 0.510 = 0.019 0.647
E, ., (kcal mol="{ -561.3 =373 —368

*None of the structures exhibit distance violations greater than 0.5 A or dihedral angle violations greater than
1°,  tEach hydrogen bond is characterized by two distance restraints: ry, o < 2.3 A and r,_o = 25 to
3.3 A. All hydrogen-bonding restraints involve slowly exchanging backbone amide protons. FThere are six
distance restraints (1.5 to 3.3 A) per Ca2+ to the interacting side-chain carboxylate and backbone carbonyl atoms
of CaM, as deduced from the x-ray structure of Ca2+-CaM (6). §The ¢ backbone torsion angles are restrained
from —10° to —100° and from —70° to —170° for 3J,;, < 6 Hz and > 8 Hz, respectively (24). |[The improper
torsion restraints serve to maintain planarity and chirality. YE, ., is the Lennard Jones van der Waals
energy calculated with the use of CHARMM (48) empirical energy function and is not included in the
target function for simulated annealing or restrained minimization.

Carboxyl domain
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derived from the x-ray structure of Ca®*-
CaM (6), and 113 ¢ backbone torsion
angle restraints derived from °Jy, cou-
plings (26). At present, no stereospecific
assignments of CBH methylene protons or
of methyl groups of Val and Leu have been
obtained, and the structure calculations do
not include any ¥ or x, torsion-angle re-
straints. Further, a large number of addi-
tional NOEs in the 4D spectrum have not
as yet been interpreted. Thus, the present
structure should be regarded as a low-reso-
lution structure equivalent to what has
been termed a second-generation NMR
structure (13). A summary of the intermo-
lecular NOEs observed between CaM and
M13 is provided in Fig. 2.

Structure of the complex. A total of 24
simulated annealing (SA) structures (27)
were calculated with the hybrid distance
geometry-simulated annealing method of
Nilges et al. (28, 29) (Table 1). The amino
(residues 1 to 5) and carboxyl (residues 147
and 148) termini of CaM, the tether con-
necting the two domains of CaM (residues
74 to 82), and the amino (residues 1 and 2)
and carboxyl termini (residues 22 to 26) of
M13 are ill-defined by the present data and
appear to be disordered. The atomic root-
mean-square (rms) distribution about the
mean coordinate positions for the rest of
the structure (that is, residues 6 to 73 and
83 to 146 of CaM and residues 3 to 21 of
M13) is 1.0 A for the backbone atoms and
1.4 A for all atoms. A stereoview showing a
best-fit superposition of the 24 SA struc-
tures is shown in Fig. 3A.

The backbone atomic rms differences
between the amino- (residues 6 to 73) and
carboxyl- (residues 83 to 146) terminal
domains of the Ca?*-CaM-M13 complex
and the corresponding residues of the rat
Ca’*-CaM x-ray structure (30) are 1.8
and 1.5 A, respectively. Thus, within the
errors of the present coordinates, there is
no significant conformational change with-
in each domain (residues 4 to 74 and 82
to 146) in the complexed and uncom-
plexed states. Further, the overall confor-
mation of the two domains is similar and
their backbone atoms can be superimposed
with an atomic rms difference of 1.8 A.

Fig. 2. Summary of residue pairs for which
intermolecular NOEs between CaM and M13
are observed. CaM residues involved in hydro-
phobic interactions are boxed. Also included
are potential electrostatic interactions between
negatively charged Glu residues of CaM,
shown in parentheses, and positively charged
Lys and Arg residues of M13; it should be noted
that the electrostatic interactions have been
inferred purely from the structure as no NOEs
have as yet been identified between these pairs
of residues.




The major conformational change in
Ca?*-CaM that occurs upon binding M13
involves the dissolution of the long central
helix (residues 65 to 93) observed in the
x-ray structure into two helices (residues 65
to 73 and 83 to 93) connected by a long
flexible loop (residues 74 to 82), thereby
enabling the two domains to come together
to grip the peptide rather like two hands
capturing a rope. The hydrophobic channel
formed by the two domains is complemen-
tary in shape to that of the peptide helix.
This structure is illustrated by the schemat-
ic ribbon drawings shown in Fig. 4, which
also serve to highlight the approximate
twofold pseudo-symmetry of the complex.
Thus, whereas the two domains of CaM are
arranged in an approximately orthogonal
‘manner to each other in the crystal struc-
ture of Ca2*-CaM (6), in the Ca?*-CaM-
M13 complex they are almost symmetrical-
ly related by a 180° rotation about a twofold
axis. A large conformational change also
occurs in the M13 peptide upon complex-
ation from a random coil state (4) to a
well-defined helical conformation. Indeed,
the helix involves all of the residues (3 to
21) of M13 that interact with CaM, where-
as the amino (residues 1 and 2) and car-
boxyl (residues 22 to 26) termini of the
peptide, which do not interact with CaM,
remain disordered. Upon complexation
there is a decrease in the accessible surface
area of CaM and M13 of 1848 and 1477 A2,
respectively, which corresponds to a de-
crease in the calculated solvation free ener-
gy of folding (31) of 18 and 20 kcal mol~!
(32). This large decrease in solvation free
energy of folding would account for the very
tight binding (association constant K, =
10° M~1) of M13 to CaM (2). In addition,
the accessible surface area of the portion of
M13 (residues 3 to 21) in direct contact
with CaM in the complex is only 494 A?
compared to an accessible surface area of
3123 A? for a random coil and 2250 A? for
a helix. Thus, more than 80 percent of the
surface of the peptide in contact with CaM
is buried.

In the views shown in Figs. 3 and 4, the
roof of the channel is formed by helices II
(residues 29 to 38) and VI (residues 102 to
111) of the amino- and carboxyl-terminal
domains, respectively, which run antiparal-
lel to each other; and the floor is formed by
the flexible loop (residues 74 to 82) con-
necting the two domains and by helix VIII
(residues 138 to 146) of the carboxyl-termi-
nal domain. The front of the channel in
Fig. 4A and the left wall of the channel in
Fig. 4B is formed by helices I (residues 7 to
19) and IV (residues 65 to 73) and the
mini-antiparallel B sheet comprising resi-
dues 26 to 28 and 62 to 64), all from the
amino-terminal domain; the back of the
channel in Fig. 4A and the right wall of the

channel in Fig. 4B are formed by helices V
(residues 83 to 93) and VIII (residues 138 to
146) and the mini-antiparallel B sheet com-
prising residues 99 to 101 and 135 to 137,
all from the carboxyl-terminal domain. The
two domains of CaM are staggered with a
small degree of overlap such that the hydro-
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phobic face of the amino-terminal domain
mainly contacts the carboxyl-termihal half
of the M13 peptide, while the carboxyl-
terminal domain principally interacts with
the amino-terminal half of M13 (Fig. 4A).

The overall Ca?*-CaM-M13 complex
has a compact globular shape that is almost

Fig. 3. (A) Stereoview showing a best-fit superposition of the backbone (N, Ca, C) atoms of the
24-SA structure of the Ca?*-CaM-M13 complex with the amino-terminal domain in blue, the
carboxyl-terminal domain in red, and the M13 peptide in green; the restrained minimized mean
(SA)r structure is also included in the superposition and is highlighted. (B) Stereoview of the
restrained minimized mean (SA)r structure illustrating the interaction of Trp* and Phe'” of the
peptide (shown in green) with hydrophobic side chains of the carboxyl- and amino-terminal
domains of CaM, respectively (shown in red); the backbone atoms of the amino- and carboxyl-
terminal domains are shown in blue and purple, respectively, while the backbone atoms of the
peptide are shown in yellow. The residues shown are 6 to 146 of CaM and 3 to 21 of M13; the amino
and carboxyl termini of both CaM and M13 are disordered.

Fig. 4. Two orthogonal views of a schematic ribbon drawing representation of the restrained
minimized mean (SA)r structure of the Ca2*-CaM-M13 complex with the amino-terminal domain in
blue, the carboxyl-terminal domain in red, and the M13 peptide in green. The residues shown are
5 to 148 of CaM and 1 to 22 of M13. The model was generated with the program Ribbon 2.0 (49).

SCIENCE ¢ VOL. 256 ¢ 1MAY 1992 635



ellipsoidal, with approximate dimensions of
47 by 32 by 30 A. The helical M13 peptide
passes through the center of the ellipsoid at
an angle of ~45° with its long axis. In
contrast, the approximate dimensions of
the Ca?*-CaM x-ray structure are 65 by 30
by 30 A (6). This change in dimensions is
reflected by a change in the ratio of the
three principal components of the inertia
tensor from 1.00:0.22:1.07 for the x-ray
structure of Ca?*-CaM to 1.00:1.44:1.58
for the solution structure of the Ca?*-CaM-
M13 complex. In addition, the calculated
radius of gyration for Ca?*-CaM-M13 is
~17 A, which is completely consistent
with the decrease in the radius of gyration
from ~21 A to ~16 A observed by both
small-angle x-ray and neutron scattering
upon complexation of Ca’*-CaM with
M13 (10).

The Ca?*-CaM-M13 complex is stabi-
lized by numerous hydrophobic interactions
which are summarized in Fig. 2. Particularly
striking are the interactions of Trp* and
Phe!7 of the peptide which serve to anchor
the amino- and carboxyl-terminal halves of
M13 to the carboxyl-terminal and amino-
terminal hydrophobic patches of CaM, re-
spectively (Fig. 3B). These interactions
also involve a large number of Met residues,
which are unusually abundant in CaM, in
particular four methionines in the carboxyl-
terminal domain (Met'®, Met!#*, Met!#4,
and Met!*®) and three methionines in the
amino-terminal domain (Met3¢, Met’!, and
Met™). As methionine is an unbranched
hydrophobic residue extending over four
heavy atoms (CB, Cvy, S8, and Cg), the
abundance of methionines can generate a
hydrophobic surface whose detailed topolo-
gy is readily adjusted by minor changes in
side-chain conformation, thereby providing
a mechanism to accommodate and recog-
nize different bound peptides (12).

SK-MLCK M13

SM-MLCK M13

Ca Pump C24W
C20W

Calspermin A

Calcineurin AR

Mastaporan

Mastaporan X
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<REER®

o Errrb====

RZZWRAAOR O
<IrEPIIRR
HXRA>QQHZ

o [Hepr<trte[

Q@
»
<

Interacting
domain of cCaM

In addition to hydrophobic interactions,
there are a number of possible electrostatic
interactions that can be deduced from the
calculated SA structures. Putative interac-
tions exist between the Arg and Lys resi-
dues of M13 and the Glu residues of CaM,
and these are also included in Fig. 2. Glu!!
and Glu'* in helix I are within 5 A of Lys®
and Lys® of M13; Glu®3, Glu®4, and Glu®’
in helix V of CaM are close to Lys'®, Arg!®,
and Lys'8, respectively, of M13; and Glu'?’
in helix VII of CaM is close to Arg’ of M13.

Correlation with biochemical data. The
present structure explains a number of in-
teresting observations previously reported.
Studies of backbone amide exchange be-
havior have shown that upon complexation
with M13, the amide exchange rates of
residues 75 to 79 are substantially increased
(33). Prior NMR studies on Ca’*-CaM
indicate that the long central helix is al-
ready disrupted near its middle (from Asp’®
to Ser®!) in solution (16) and that large
variations in the orientation of one domain
relative to the other occur randomly with
time (7). The further disruption of the
central helix upon complexation seen in
the present structure is manifested by the
increased amide exchange rates and sup-
ports the view of the central helix serving as
a flexible linker between the two domains.
Similarly, the present structure explains the
finding that as many as four residues can be
deleted from the middle of the central helix
without dramatically altering the stability
or shape of the Ca’*-CaM-M13 complex
(34), as the long flexible loop connecting
the two domains can readily be shortened
without causing any alteration in the struc-
ture (compare with Fig. 4). The observa-
tion from photoaffinity labeling studies that
the two domains of CaM interact simulta-
neously with opposite ends of the peptide,
such that residue 4 of the peptide (current

10 15 20 25
IA|IVISAANR|FIKKISSSGAL
HA|VIRAIGRI|L|S S S
NRIIIQTQI R|[VIVNAFRSS
NRII|QTQIK
K A|VIVA S S R|L|G S
RA|IIGKMARI|VISFVL
LAIAILAKKTI|L
I AA[MAKKLIL
TGILIPALISWIKREKROQQ

C N
N

Fig. 5. Alignment of tightly binding (K, > 5 x 107 M~") CaM binding sequences based on the
structural role of Trp* and Phe'” in anchoring the M13 peptide to the carboxyl- and amino-terminal
domains of CaM, respectively. In all of the sequences, there is a pair of aromatic or long-chain
aliphatic residues or both (boxed) separated by a stretch of 12 residues that ‘correspond to Trp* and
Phe'? of M13. In addition, there are generally hydrophobic residues at positions equivalent to Phe®
(which interacts with the carboxyl-terminal domain) and Val'! (which interacts with both domains).
Sequences: skeletal muscle myosin light chain kinase (SK-MLCK) M13 (residues 342 to 367) (50),
smooth muscle myosin light chain kinase (SM-MLCK) M13 (residues 494 to 513) (57), plasma
membrane Ca2* pump (37, 52), calspermin (711, 53), and calcineurin (mouse brain) (54). The
mastaporans and mellitin are naturally occurring insect peptides (55).
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numbering) can be cross-linked to Met!%*
or Met!#* of the carboxyl-terminal domain
and that residue 13 of the peptide can be
cross-linked to Met! of the amino-terminal
domain (13, 35), is readily explained by the
structural finding that the amino-terminal
half of the peptide interacts predominantly
with the carboxyl-terminal domain while
the carboxyl-terminal half of the peptide
interacts predominantly with the amino-
terminal domain (Figs. 2 to 4). The obser-
vation that at least 17 residues of the M13
peptide from either skeletal muscle or
smooth muscle are necessary for high-affin-
ity binding (36, 37) is readily explained by
the intimate interactions of the carboxyl-
terminal hydrophobic residue (that is,
Phe!?) with the amino-terminal domain of
CaM by which the peptide is anchored.
Finally, the structure accounts for experi-
ments in which cross-linking of residues 3
and 146 of CaM, mutated to Cys, has no
effect on the activation of MLCK, even if
the central helix is cleaved proteolytically
at Lys?” by trypsin (9). Thus, whereas the
Ca carbons of the residues 3 and 146 are 37

apart in the x-ray structure of Ca’*-
CaM, they are only ~20 A apart in the
solution structure of the Ca?*-CaM-M13
complex, which is close enough to permit
cross-linking to occur.

Comparison with previous models. It is
of interest to compare the present structure
of the Ca’*-CaM-M13 complex with the
class III model proposed by Persechini and
Kretsinger (11) generated by introducing a
kink in the central helix by simply changing
the ¢, angles of Ser®! from —57°,—47° to
—54°,498°. The general features of the
structure, namely, the two domains coming
together in close proximity to form a hydro-
phobic channel occupied by a peptide in a
helical conformation, are similar in the two
cases. However, there are substantial differ-
ences. First, the extent of the M13 peptide
in direct contact with CaM is a little longer
in the model (residues 1 to 21) than in the
solution structure (residues 3 to 21). Sec-
ond, the peptide in the model is oriented at
180° relative to that in the solution structure
such that the amino- and carboxyl-terminal
halves of the peptide in the model interact
with the amino- and carboxyl-terminal do-
mains of CaM, respectively. (The possibili-
ty, however, of inverting the orientation of
the peptide is stated in the description of the
model.) Third, the relative orientation of
the two domains is significantly different; the
central helix remains essentially intact in
the model except for the kink introduced at
Ser®!, whereas in the solution structure it is
broken up and partitioned into two helices
separated by a long nine-residue flexible
loop, thereby permitting a more optimal
arrangement of the two domains. Thus,
when the carboxyl-terminal domains of the



model and solution structures are superim-
posed, the atomic rms displacement between
the amino-terminal domains of the two
structures is ~8 A. As a consequence the
width of the channel is a little wider and the
two domains are slightly more separated in
the model than in the solution structure.
An alternative model has also been pro-
posed by O’Neil and DeGrado (12). As in
the previous model, a kink was introduced
by altering the ¢, angles of Ser®!. Al-
though the orientation of the peptide in
this model, based on the results of photo-
labeling studies, was correct, only a rela-
tively small distortion was introduced in the
central helix so that the complex retained
to some degree a dumbbell shape as opposed
to the globular shape observed in the pre-
sent structure, and does not possess a well-
defined hydrophobic channel.
Implications of the structure. A large
body of experimental data shows that CaM
binds to numerous proteins whose binding
domains exhibit a propensity for a-helix
formation (2). A comparison of these se-
quences reveals little homology. Neverthe-
less, many of the very tightly binding pep-
tides (K, = 5 x 107 M™!) have the
common property of containing either aro-
matic residues or long-chain hydrophobic
residues (Leu, Ile, or Val) separated by 12
residues (Fig. 5). In the case of M13, these
two residues are Trp* and Phe!” which are
exclusively in contact with the carboxyl-
and amino-terminal domains of CaM, re-
spectively (Fig. 2). Given that these two
residues are involved in more hydrophobic
interactions with CaM than any other res-
idues of the peptide (compare Figs. 2 and
3B), it seems likely that this feature of the
sequence can be used to align the CaM
binding sequences listed in Fig. 5, thereby
permitting one to predict their interaction
with CaM. It is clear from this alignment
that the pattern of hydrophobic and hydro-
philic residues is in general comparable for
the various peptides, suggesting that the
mode of binding and the structure of the
corresponding complexes with Ca?*-CaM
are also likely to be similar. For example,
there is, in general, conservation of hydro-
phobic residues at the positions equivalent
to Phe® which interacts with the carboxyl-
terminal domain and Val'! which interacts
with both domains (compare with Fig. 2).
In addition, there are no acidic residues
present that would result in unfavorable
electrostatic interactions with the negative-
ly charged Glu residues on the surface of
CaM (compare with Fig. 2). The minimum
length of peptide required for high-affinity
binding to Ca?*-CaM is defined by the
14-residue mastaporans, which comprise
the two hydrophobic residues at the amino
and carboxyl termini (Fig. 5) and have
approximately the same equilibrium associ-

ation constant (K, = 1 x 10° to 3 x 10°
M1 as M13 (2).

This structural alignment also predicts
that a peptide stopping just short of the
second hydrophobic residue of the pair
(that is, the residue equivalent to Phe!”)
would only bind to the carboxyl-terminal
domain and that the resulting complex
would therefore retain the dumbbell shape
of Ca?*-CaM. This is exactly what has
been observed by small-angle x-ray scatter-
ing with two synthetic peptides, C24W and
C20W (Fig. 5), which comprise different
portions of the CaM binding domain of the
plasma membrane Ca?* pump (38). The
complex with the C24W peptide that cor-
responds to residues 1 to 24 of M13 and
contains a Trp at position 4 and a Val at
position 17 has a globular shape similar to
that of Ca?*-CaM-M13. The complex with
the C20W peptide, on the other hand,
which corresponds to residues —4 to 16 of
M13 and therefore lacks the carboxyl-termi-
nal hydrophobic residue of the pair, retains
the dumbbell shape of Ca?*-CaM (38),
suggesting that the peptide only binds to the
carboxyl-terminal domain.

The present structure of the Ca?*-CaM-
M13 complex reveals an unusual binding
mode in which the target peptide is seques-
trated into a hydrophobic channel formed
by the two domains of CaM with interac-
tions involving 19 residues of the target
M13 peptide (that is, residues 3 to 21). In
addition, a key requirement appears to be
the presence of two long-chain hydropho-
bic or aromatic residues separated by 12
residues in order to anchor the peptide to
the two domains of CaM. By analogy, the
rope (that is, the CaM binding domain of
the target) has to be long enough and have
two knots at each end for the two hands
(domains) of CaM to grip it. This particular
mode of binding is therefore only likely to
occur if the CaM binding site -is located
either at an easily accessible carboxyl or
amino terminus or in a long exposed surface
loop of the target protein. An example of
the former is MLCK and of the latter is
calcineurin, and, in accordance with their
location, the CaM binding sites are suscep-
tible to proteolysis (37, 39). Clearly, other
types of complexes between Ca?*-CaM and
its target proteins are possible given the
inherent flexibility of the central helix (7,
16, 33). For example, in the case of the vy
subunit of phosphorylase kinase, it appears
that there are two discontinuous CaM bind-
ing sites that are capable of binding to
Ca’?*-CaM simultaneously (40), and bind-
ing of a peptide derived from one of these
sites causes elongation rather than contrac-
tion of Ca?2*-CaM (41), indicating that the
complex is of a quite different structural
nature. Similarly, in the case of cyclic
nucleotide phosphodiesterase (42) and CaM
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kinase II (43), the CaM binding sequences
do not have the same spacing of hydropho-
bic residues seen in M13 and the other
sequences listed in Fig. 5, and, in addition,
CaM kinase I is not susceptible to proteol-
ysis in the absence of phosphorylation (44),
suggesting that the mode of binding is
different again. Thus, in all likelihood, the
present complex represents one of a range
of Ca’*-CaM binding modes achieving
CaM-target protein interactions in an effi-
cient and elegant manner.
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Modulation of an NCAM-Related
Adhesion Molecule with Long-
Term Synaptic Plasticity in Aplysia

Mark Mayford, Ari Barzilai, Flavio Keller,*
Samuel Schacher, Eric R. Kandel

A form of learning in the marine mollusk Aplysia, long-term sensitization of the gill- and
siphon-withdrawal reflex, results in the formation of new synaptic connections between the
presynaptic siphon sensory neurons and their target cells. These structural changes can be
mimicked, when the cells are maintained in culture, by application of serotonin, an endogenous
facilitating neurotransmitter in Aplysia. A group of cell surface proteins, designated Aplysia cell
adhesion molecules (apCAM'’s) was down-regulated in the sensory neurons in response to
serotonin. The deduced amino acid sequence obtained from complementary DNA clones
indicated that the apCAM's are a family of proteins that seem to arise from a single gene. The
apCAM's are members of the immunoglobulin class of cell adhesion molecules and resemble
two neural cell adhesion molecules, NCAM and fasciclin II. In addition to regulating newly
synthesized apCAM, serotonin also altered the amount of preexisting apCAM on the cell
surface of the presynaptic sensory neurons. By contrast, the apCAM on the surface of the
postsynaptic motor neuron was not modulated by serotonin. This rapid, transmitter-mediated
down-regulation of a cell adhesion molecule in the sensory neurons may be one of the early
molecular changes in long-term synaptic facilitation.

One mechanism for storing long-term
memory in neurons is by the formation of
new synaptic connections. For example,
studies of the gill- and siphon-withdrawal
reflex of the mollusk Aplysia californica show
that, after long-term sensitization, there is
an increase in the number of synaptic con-
nections made by identified siphon sensory
neurons on their target cells, such as the gill
motor neuron L7 (I). These changes last
several weeks and parallel the behavioral
changes produced by the training. Similar-
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ly, stimuli that produce long-term potenti-
ation (LTP) in the hippocampus of verte-
brates produce changes in the structure and
distribution of synapses between the pre-
and postsynaptic cells (2).

In Aplysia, these structural changes can be
studied in identified neurons maintained in
dissociated cell culture (3, 4). Individual sen-
sory and motor neurons form functional syn-
aptic connections in culture that undergo
long-term synaptic facilitation in response to
repeated applications of serotonin (5-HT), an





