A A R

existence of as many as five or six members
of the melanocortin receptor gene family
(18). The isolation of the MSH-R, the
ACTH-R, and perhaps additional melano-
cortin receptor genes should provide a more
detailed understanding of the control of
melanocyte and adrenal cortical function
and help explain the actions and pharma-
cology of melanocortins in the brain and
other tissues.
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Target Enzyme Recognition by Calmodulin: 2.4 A
Structure of a Calmodulin-Peptide Complex

William E. Meador, Anthony R. Means, Florante A. Quiocho*

The crystal structure of calcium-bound calmodulin (Ca2*+-CaM) bound to a peptide analog
of the CaM-binding region of chicken smooth muscle myosin light chain kinase has been
determined and refined to a resolution of 2.4 angstroms (A). The structure is compact and
has the shape of an ellipsoid (axial ratio ~2:1). The bound CaM forms a tunnel diagonal
to its long axis that engulfs the helical peptide, with the hydrophobic regions of CaM melded
into a single area that closely covers the hydrophobic side of the peptide. There is a
remarkably high pseudo-twofold symmetry between the closely associated domains. The
central helix of the native CaM is unwound and expanded into a bend between residues
73 and 77. About 185 contacts (<4 A) are formed between CaM and the peptide, with van
der Waals contacts comprising ~80% of this total.

Calmodulin (CaM) is a 148-amino acid
protein present in all eukaryotic cells that
serves as the primary receptor for intracellular
Ca?* (1). The three-dimensional structure of
native CaM with four bound Ca?* showed a
dumbbell-shaped molecule in which two
structurally similar globular domains, each
containing a pair of Ca?*-binding sites, were
separated by an eight-turn solvent-exposed
central a helix (2). Whereas the presence of
this central helix in solution has been ques-
tioned (3), several lines of evidence suggested
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that some amino acids within this region, as
well as in both hydrophobic pockets formed
within the globular domains, were critical for
target interaction (I, 4). Calmodulin™acti-
vates more than 20 enzymes in eukaryotic
cells, and the CaM-binding domain has been
identified in several enzymes. In each case,
the CaM-binding regions consist of 18 amino
acids in linear sequence, and, whereas they
show considerable sequence diversity, most
are predicted to form amphipathic helices (5).
Consequently, synthetic peptide analogs of
CaM-binding regions have been used to study
the interaction with CaM by a variety of

- biophysical and biochemical techniques.

One of the most intensely studied CaM-

dependent enzymes is the smooth muscle form
of myosin light chain kinase (smMLCK).
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The sequence of the CaM-binding region of
smMLCK, spanning residues 796 to 815 as
previously identified (6, 7), is shown below.
Ala Arg Arg Lys Trp Gln Lys
1 2 3 4 5 6 7

Thr Gly His Ala Val Arg Ala
8 9 10 11 12 13 14

Ile Gly Arg Leu Ser Ser
15 16 17 18 19 20

The afhnity of this peptide for CaM is 1
nM, which is similar to the activation
constant of smMLCK (8). In addition to its
CaM-binding property, residues 796
through 815 serve as a pseudosubstrate to
intrasterically inhibit kinase activity in the
absence of Ca?*-CaM (7, 9). The first 12
amino acids of the peptide seem to be more
involved in autoinhibition, whereas the
amino acids primarily involved in CaM
binding have been suggested to be residues
5and 9 to 18 (7, 9, 10).

We have crystallized CaM in the pres-
ence of the peptide (I11) and determined
the x-ray structure to 2.4 A resolution. The
phases were solved by multiple isomorphous
replacement (MIR) combined with anoma-
lous scattering (Table 1). The initial atom-
ic structure, consisting of four molecules in
the asymmetric unit, was obtained by fitting
separate fragments of the NH,-terminal and
COOH-terminal domains (12) of the 1.7 A
refined structure of the native CaM (13) to
a 3.5 A MIR electron density map. The
segment that connects the two domains was
then fitted. Finally, the remaining long
helical density between the two domains
(determined to be the bound peptide) was
fitted for each molecule. The structure was
refined by using the suite of programs in
X-PLOR (I4) at 2.4 A to an R factor of
0.22 (Table 1). The quality of the electron
density calculated with (2|F | — |F_|) and o,
coefhicients is shown in Fig. 1 (15).

The structure of the CaM-peptide com-
plex shows the following prominent fea-
tures (Fig. 2). It is compact and has the
shape of an ellipsoid with overall dimen-
sions of approximately 50 by 30 by 25 A.
The NH,- and COOH-terminal domains of
CaM are in close association with contacts
mainly between the COOH-terminal ends
of helices II of the N-domain and VI of the
C-domain. The bound peptide is engulfed
by both domains in a manner akin to an
articulated jaw. The interaction between
helices II and VI, mainly of hydrophobic
nature, serves as a latch. All eight helices of
CaM (I to IV in the N-domain and V to
VIII in the C-domain) are in close proxim-
ity to and wrap around the peptide.

A surprising revelation is the remarkable
high symmetry between the two domains of
CaM about a pseudo-twofold axis along the
axis of view and at the center of the
structure shown in Fig. 2. This twofold axis
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relates all of the helices of each lobe (be-
tween helices I and V, II and VI, III and
VII, and IV and VIII), the loops connect-
ing the helices, the large shallow hydropho-
bic pocket in each lobe, and the two pairs of
calciums located at both ends of the ellip-
soid.

The bound peptide, which is a-helical
from residues 4 to 18 (16), lies in the tunnel
running diagonal to the long axis of the
ellipsoidal CaM molecule. This alignment

e

results in an optimal overlap between the
peptide and CaM. The close association of
the two lobes of CaM creates a hydrophobic
patch or arc with a considerable area that
encompasses the hydrophobic pocket on
each lobe (Fig. 2A). This hydrophobic arc,
with a slight left-handed twist, interfaces
with the hydrophobic side of the helical
peptide. Residues Trp® and Thr® of the
peptide occupy the hydrophobic pocket of
the C-domain, whereas Ala'4, Ile!’, and

Fig. 1. Stereoscopic view of the 2.4 A electron density of a portion of the peptide and its surrounding
CaM residues superimposed with the refined structure. The electron density map (blue), calculated
with coefficients (2 |F,| — |F.]) and «, phases from the refined 2.4 A resolution structure, was
contoured at 1o and grid spacings of 0.8 A. Starting from the bottom of the figure, the peptide
displayed is from residues Trp® to Val'2. The CHAIN program (29) was used for density fitting and
molecular modeling.

Table 1. Crystallographic and refinement data. Abbreviations: U, uranyl acetate; Hg, potassium
mercury tetraiodide; Sm, samarium acetate; Pb, lead nitrate; and RMS, root-mean-square. R, iS
the Rfactor on intensities for merging symmetry-related reflections; R, = Z||Fep = Fol = Ful/ZlFpn
— Fg|; where F,,, F, and F,, are the structure factors for the protein containing a heavy atom, the
protein, and the heavy atom, respectively, and RMS R, = |Z(AF: — AF%)%/Z(AFZ)2)'2, where FZ
and F; are the observed and calculated structure factors, respectively. The R factor is Z|F, —
FAIZ|F,.

Parameter Native U Hg Sm Pb
Resolution limit (&) 24 35 40 40 35
merge 0.068 0.066 0.071 0.049 0.046
MIR Sstatisticst
Sites (no.) 7 12 8 12
fJresidual 1.24 0.97 0.98 2.73
Reuuis 0.90 0.88 0.89 0.52
anom 0.74 0.65
Refinement statistics
R factor 0.220
CaM atoms (no.) 4488
Peptide atoms (no.) 644

Calcium atoms (no.) 16

RMS deviation from ideal 0.016
bond distance (&)
RMS deviation from ideal angle 3.46

(degrees)

*Completeness of data varies from 83 to 89%. 1Cycles of heavy-atom refinement and phase determination
were performed with the PROTEIN program package (28).
28 AUGUST 1992
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Leu!® reside in the N-domain pocket. Com-
pleting the arc, Ala'! and Val!? reside in
the domain-domain latch region.

The superpositioning of the N-domains
of the structures of the native and the
CaM-peptide complex (Fig. 3) shows a
portion of the central helix transformed
into an “expansion joint” in the complex
structure. As superpositioning of identical
domains of the bound and unbound forms
of CaM shows only minor differences in the
lobes, the large conformational change in
CaM upon peptide binding is manifested
almost completely by changes of the helix ¢
and { angles of residues 73 to 77 (17). To
our knowledge, the “bend” of about 100°
and “twist” of about 120° between the two
lobes of CaM upon binding represent the
largest ligand-induced interdomain motion
in a protein.

There are about 185 contacts (<4 A)
between the peptide and CaM. Of these
contacts, 15% are hydrogen bonds and 80%
are van der Waals contacts. All seven basic
residues of the peptide make salt bridges
with CaM. Figure 4 schematically depicts
the residues of CaM that make contacts with
the residues in the a-helical segment (resi-
dues 4 to 18) of the peptide and also provides
a description of the contacts associated with
the first three and last two peptide residues.
It is noteworthy that all nine Met residues of
CaM, especially Met??, are involved in in-
teraction with the peptide.

The asymmetry of the structure, with
the bend region proximal to the COOH-
terminus of the peptide, reveals a further
aspect of CaM binding. Since Arg'? of the
peptide is the only residue that extensively
interacts by way of hydrogen-bonding and
charge-coupling interactions with the bend
and the helices preceeding and following
the bend, (Figs. 2A and 4), it helps main-
tain the bent structure. This interaction
provides a structural basis for the stringent
requirement for an Arg at position 17 for
CaM binding of several CaM-dependent
enzymes (1) as well as for the observations
that increasing or decreasing the length of
the central helix by two to four residues has
little effect on affinity for CaM (18).

The structure of the CaM-peptide com-
plex differs markedly from proposed models
(19, 20) of complexes of CaM with target
proteins primarily because of differences in
the arrangement of the two lobes and thus
in the geometry of the bend or loop of the
central helix and the mode of binding of
the peptide segment. Moreover, Persechini
and Kretsinger (19), modeling the CaM-
binding segment of skeletal muscle MLCK,
which is very similar to the smMLCK pep-
tide shown above, positioned the peptide in
the reverse direction to that seen in the
structure. The orientation in the structure
agrees with the nuclear magnetic resonance

Fig. 2. Structure of CaM-peptide complex. (A)
Stereoscopic view depicting the a-carbon
backbone trace of CaM (magenta) and the
complete structure of the bound peptide (col-
or by atom types). Calciums are depicted as
difference electron density surface (orange);
the density (contoured at 50¢) was calculated
with coefficients (|F,| — |F,) and «_ phases
from the 2.4 A refined structure with the con-
tribution of the calciums omitted. Every 20
residues of the a-carbon of CaM are identi-
fied. Hydrophobic side chains of CaM are
shown (blue). (B) Perspective view of the a-carbon backbone traces of CaM (tan) and the
peptide (green). Calciums are colored blue, and the helices identified by Roman numerals. This
figure especially portrays the pseudo-twofold axis (perpendicular to the page and at the center
of the CaM molecule) that relates the first four helices (I to IV) in the NH,-terminal lobe to the
corresponding helices (V to VIII) in the COOH-terminal lobe. Light blue peptide side chains are
Trp5, Arg'?, and Leu'®. Drawn with the RIBBON program (30).

Fig. 3. Superposition of the structures of native CaM (blue) and CaM-peptide complex (magenta
and green). See (17) for the ¢ and ¢ torsion angles of the residues 73 to 77 in the bend region of
the complex structure.
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Fig. 4. Schematic dia-
gram of the interactions
(<4 A distances) be-
tween CaM and peptide.
The interactions are be-
tween the residues in the
helical portion of the pep-
tide (residues 4 to 18)
(represented by a helical
wheel) and the residues
of CaM. The first three
and the last two residues
of the peptide form non-
helical turns. The a-am-
monium group of Ala’
salt links with Glu'2°,
Glu'®, and Glu'??, and
the side chain contacts

E11,F12
A15, M72

M71, M72
R74, M76}R17
E84

E7, E11, M144}-Q6

H10

E14, A15, L18, Ewﬂ—l

F19, F68, M72}-A14

"~ M145]-G9  G16

L32, M51
V55, M71
A11—[L18, F19,L112

E114, L116
K4— E120, M124

115—{F19, M36, L39

K7 L18

F92, M109
T81112, E114

V12—{A88, V91, Fo2

M72, E84—R13

L105, M124 E127

W5 "|A128,

Met'24. Arg? salt links with Glu'?” and contacts Met'44, and Arg?® salt links with Glu'#. The last two
residues (Ser'® and Ser2°) make very few contacts with CaM (at most three). Abbreviations for the
amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu;
M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

(NMR) data on smMLCK-CaM interaction
(21). However, the pseudo-twofold symme-
try of the two domains could in some cases
allow binding in the reverse direction. The
result of NMR studies of the mellitin-CaM
complex is consistent with this possibility
(22). Thus, the high symmetry between the
two lobes could double the ways in which
CaM could bind to target proteins. This,
combined with the very large interaction
surface of CaM, helps explain why CaM
forms complexes with so many CaM-bind-
ing proteins that show little sequence iden-
tity. Despite divergent sequences, many
synthetic peptide analogs of CaM-binding
regions of CaM-dependent enzymes have
similar high affinity for CaM (23). Even in
the context of the MLCK enzymes, the
CaM-binding regions can be exchanged
between the skeletal and smooth muscle
forms without affecting CaM activation
properties (24). These diverse specificities
are likely to be due to ‘the predominant
involvement of van der- Waals contacts in
target enzyme recognition and in the likely
variability of the interdomain association.
The structure lends support to and new
understanding of the results of extensive
mutagenesis studies on interaction of CaM
with smMLCK (1, 8, 10, 24, 25). For
instance, it has revealed the molecular basis
of the critical requirement of residues Trp®,
Arg'?, and Leu'® of the CaM-binding seg-
ment that are highly conserved in other
target enzymes. Also of particular relevance
is the observation that mutation of only
three residues in the N-domain of CaM
converts it from agonist to potent antago-
nist (8). The available data suggest that the
N-domain of CaM might first interact with
the COOH-terminal end of the smMLCK
recognition sequence, which would allow
the interaction of Arg!” with the CaM
central helix and the Arg to act as a fulcrum
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to facilitate the bend and twist. The result
would be a melding of the hydrophobic
pockets in CaM to expose an array of apolar
residues that would interact with the
smMLCK peptide and pull it out of the
active site of the enzyme in the activation
process. Short-range electrostatic interac-

. tions between appropriate residues also con-

tribute to the process. This proposal allows
several predictions that can be tested by
mutagenesis and structural analysis. Finally,
the determination of the structure of the
CaM-peptide complex herein described
paves the way for the x-ray structure anal-
ysis of other CaM-target sequence com-
plexes (26, 27).
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After submission of this report, an article ap-
peared describing the solution NMR structure of
Ca2+-CaM complexed with a peptide analog of
the skeletal muscle CaM-binding domain (27).
The NMR structure and the x-ray structure report-
ed here appear to be similar overall; however, the
NMR structure shows the domain-domain inter-
face distance to be slightly larger and the inter-



pretation of the pseudo-twofold symmetry to be
different. With reference to Fig. 2 of this report
and figure 3 in the article of lkura et al. (27),
helices |l and VI are almost antiparallel in the
crystal structure and at an angle in the NMR
structure where the peptide Trp residue is also in
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scribes a disordered region comprising resi-
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Deactivation of Visual Transduction Without
Guanosine Triphosphate Hydrolysis by G Protein

Martha A. Erickson, Phyllis Robinson, John Lisman*

G proteins couple receptors to their target-enzymes in many signal transduction cascades.
It has generally been thought that deactivation of such cascades cannot occur without the
hydrolysis of guanosine triphosphate (GTP) by G protein. This requirement has now been
reexamined in both vertebrate and invertebrate phetotransduction. Results indicate that
GTP hydrolysis is not required for deactivation. Evidence is presented for an alternative
model in which the target enzyme is deactivated by an inhibitory factor that is available even

when GTP hydrolysis is blocked.

G protein—coupled receptors initiate signal
transduction by catalyzing the exchange of
GTP for guanosine diphosphate (GDP) on
G proteins (I1). The G protein with GTP
bound to it can then activate its target
enzyme. All steps in the cascade must
deactivate when the signal is removed.
According to what has become the standard
model for G protein-mediated transduc-
tion, deactivation of the target enzyme
depends directly on the hydrolysis of the
bound GTP by the intrinsic GTPase of the
G protein.

We questioned the standard model be-
cause it seems unable to account for the
effect of nonhydrolyzable GTP analogs
such as guanosine-5'-O-3-thiotriphosphate
(GTPyS) (2) on G protein—mediated pho-
totransduction in Limulus. If target enzyme
deactivation cannot occur without GTP
hydrolysis, each G protein that binds a
nonhydrolyzable analog should generate a
maintained increase in target enzyme activ-
ity and a maintained increase in the output
of the transduction cascade. Thus, the G
proteins that bind analogs during a stimulus
should generate a maintained aftereffect, an
output that persists even after the stimulus
is removed (the response would normally
return to base line). An aftereffect has been
observed in Limulus photoreceptors (3, 4)
but surprisingly appears to be pulsatile
waves (Fig. 1A, middle trace) rather than a
maintained output. These spontaneous
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waves initiated at the G protein level are
similar kinetically to the single photon
response (4), the elementary unit of the
light response, but have a smaller average
size. We found no evidence of a concurrent
maintained output because the average shift
in resting potential was a negligible 0.46 +
0.47 mV (SEM; n = 4). This complete
return to base line after each wave indicates
that the aftereffect is entirely pulsatile.

Fig. 1. Deactivation in Lim- A
ulus ventral photorecep-
tors injected with GTPvS.
(A) Pulsatile aftereffect of
light in low intracellular
concentration of GTPyS
(=20 pM). Top trace: be-
fore injection, low rate of
spontaneous waves typical
of these photoreceptors
due to spontaneous activa-
tion of. early stages of
transduction (23). GTPyS
was then pressure-inject-
ed, and light [50 flashes,
30-ms duration at 4 x 10°

il
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When further binding of GTPyS was in-
duced by additional light, the pulsatile
events became so frequent that they super-
posed to form a maintained, noisy afteref-
fect (Fig. 1A, bottom trace). The detection
of the pulsatile nature of the aftereffect in
Limulus photoreceptors is possible because
the high transduction, gain makes it possible
to detect the events produced by a single G
protein (4). In systems with less gain, only
the larger maintained aftereffect resulting
from the superposition of waves might be
detected. Difficulty in explaining the pulsa-
tile nature of the aftereffect in terms of the
standard model led us to devise more rigor-
ous tests of this theory.

According to the standard model, block-
ing hydrolysis should prevent any deactiva-
tion of the response at the offset of a
long-duration light (5). Testing this predic-
tion in living cells by injecting them with
GTPyS is complicated by the fact that
some deactivation will occur when G pro-
teins bind endogenous, hydrolyzable GTP
instead of the injected GTPyS. To estimate
the relative binding of GTP and of the

1mV|]
2s

I

light-activated rhodopsin

isomerizations (R*)/s] induced binding of GTPyS to G protein. The cell was then allowed to dark
adapt. Middle trace: aftereffect of first light. The rate of waves in the dark was elevated but the base
line was negligibly different from preinjection level (dashed line). Bottom trace: aftereffect of second
identical light. Waves became so frequent that they superposed to form a maintained, noisy
depolarization from the base line (arrow). Electrode contained 0.5 mM GTPyS, 10 mM Hepes, and
300 mM potassium aspartate, pH = 7.0. (B) Deactivation of light response in high concentration of
GTP+S. Top trace: receptor potential following injection of the GTPyS to 2.3 mM. At the termination
of the long duration light (1 s, 5 x 105 R¥/s) the voltage rapidly deactivated 80% from the plateau
response, leaving only a small maintained aftereffect similar to that shown in Fig. 1A. For controls
see (24). Middle trace: receptor potential following injection of GTP to 2.2 mM in a different cell. No
aftereffect was elicited by light (1's, 1 x 10* R*/s). Bottom trace: light stimulus. Electrode solutions:
100 mM GTP+S (or GTP, bottom trace), 4.5 mM Fast Green FCP, 300 mM potassium aspartate, 100
mM Hepes, and 5 mM KCI.
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