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Extracts of bovine brain membranes were applied to

0.25-ml glutathione-Sepharose 4B columns con-

taining GST-linked small GTPases loaded with gua-

nine nucleotides (8). The columns were washed
three times with 0.825 ml of buffer A [20 mM tris-HCI

(pH 7.5), 1 mM EDTA, 1 mM dithiothreitol, 5 mM

MgCl,] containing 0.2 M NaCl, and bound proteins

were eluted together with the GST fusion proteins by

the addition of 0.825 ml of buffer A containing 10 mM

glutathione.

Rabbit polyclonal antibodies to chicken MBS and to

the 20-kD regulatory subunit were generated with

the use of recombinant proteins (74). Antibodies to
the 37-kD catalytic subunit were from Santa Cruz

Biotechnology.

MLC phosphatase activity was assayed for 6 min at

30°C in 50 wl of reaction mixture [30 mM tris-HCI (pH

7.5), 30 mM KCI, 3 mM MgCl,, 5 mM EDTA, 1 mM

dithiothreitol, 5 M 32P-labeled MLC, and test sam-

ples] (74).

In vitro translation of plasmid pCRIl encoding rat

MBS (amino acids 1 to 976) was performed as

described [T. Yamamoto, T. Matsui, M. Nakafuku,

A. lwamatsu, K. Kaibuchii, J. Biol. Chem. 270,

30557 (1995)]. The [3S]methionine-labeled prod-

ucts were mixed with glutathione-Sepharose 4B

beads coated with GST-RhoA loaded with guanine
nucleotides.

To express fusion proteins of small GTPases with the

LexA DNA-binding domain, we constructed plas-

mids pLex—H-Ras, pLex-RhoA, and pLex-RhoAV'4

(75). To express fusion proteins of rMBS-N and

rMBS-C with the Gal4p acidic activation domain, we

constructed pACTII-rMBS-N and pACTII-rMBS-C,
respectively (15). The Saccharomyces cerevisiae re-
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porter strain L40 [MATa, trpl, leu2, his3,
LYS2::(lexAop) ,-HIS3, URA::(lexAop)g-lacZ] was
transformed with plasmids encoding the LexA fusion
proteins and plasmids encoding the Gal4p fusion
proteins (75). The transformants were plated on syn-
thetic medium lacking histidine. If the LexA fusion
protein interacts with the Gal4p fusion protein, the
transformant can express the HIS3 reporter gene
and therefore grow in the absence of histidine.

26. To express Myc epitope-tagged MBS, we cloned
the complementary DNA encoding rat MBS into
pEF-BOS-Myc to vield pEF-BOS-Myc-MBS (70).
COS-7 cells were transfected with pEF-BOS-Myc-
MBS alone or together with pEF-BOS-HA-RhoA or
PEF-BOS-HA-RhoAY4 (10). After 40 hours, the cells
were collected and homogenized. The cytosolic and
particulate fractions were prepared and subjected to
quantitative immunoblot analysis with antibodies
(9E10) to the Myc epitope (10).

27. cMBS-N and cMBS-C were expressed as maltose-

" binding protein fusion proteins in Escherichia coli and
purified (75).

28. The kinase reaction was performed in 50 wl of kinase
buffer [50 mM tris-HCI (pH 7.5), 2.8 mM EDTA, 6.5 mM
MgCl,, 0.16% CHAPS detergent] containing 10 uM
[y-32P]JATP (80 to 80 GBa/mmol), purified Rho-kinase
(10 ng of protein), and cMBS-N or cMBS-C (450 ng of
protein). After incubation for 10 min at 30°C, the reac-
tion mixture was boiled in SDS sample buffer and re-
solved by SDS-PAGE. The 32P-labeled bands corre-
sponding to MBS were visualized by autoradiography.
Fold stimulation of MBS phosphorylation was deter-
mined with a Fuji image analyzer (BAS-2000).

29. Myosin phosphatase was purified from chicken giz-
zard (74).

30. Thiophosphorylation of myosin phosphatase (1 .g)
was performed in 50 wl of kinase buffer in the pres-
ence of 10 pM [38S]ATP-y-S (8 to 10 GBg/mmol)
(28). After incubation for 6 min at 30°C, a portion of
the mixture (40 wl) was subjected to SDS-PAGE and
the remaining portion was assayed for MLC phos-

phatase activity (23).

31. NIH 3T3 cells were stably transfected with p3'SS
(repressor plasmid) (Stratagene) and pOPRSVI-HA-
RhoA or pOPRSVI-HA-RhoAV'4 to establish cell
lines overexpressing RhoA (RhoA-5 and RhoA-24
cell lines) or RhoAY™* (RhoAV14-7 and RhoAv14-25
cell lines) under the control of IPTG [D. L. Wyborski
andJ. M. Short, Nucleic Acids Res. 19, 4647 (1991)].

32. Confluent NIH 3T3 cells (parental and RhoA-5, RhoA-
24, RnoAV14-7, and RhoAY14-25 cell lines) in 35-mm
dishes were treated with 5 mM IPTG for 24 hours. Dur-
ing the last 12 hours, the cells were deprived of serum,
and during the last 2 hours they were labeled with 9.25
MBgq of [32P]orthophosphate. The cells were then lysed
and MBS was immunoprecipitated. The washed immu-
noprecipitates were subjected to SDS-PAGE and auto-
radiography. Fold stimulation of MBS phosphorylation
was determined with a Fuji BAS-2000 image analyzer.
Under similar conditions, with the exception that the
cells were not labeled, cells were lysed and the lysates
were subjected to immunoblot analysis with antibodies
to MBS and RhoA.

33. IPTG-treated, serum-deprived NIH 3T3 cell lines
(100-mm dishes) were treated with 10% (w/Vv) trichlo-
roacetic acid. The resulting precipitates were sub-
jected to glycerol-urea gel electrophoresis, and the
relative amounts of nonphosphorylated and phos-
phorylated forms of MLC were determined by immu-
noblot analysis [D. A. Taylor and J. T. Stull, J. Biol.
Chem. 263, 14456 (1988)]. NIH 3T3 cells were treat-
ed with 0.1 uM calyculin A for 10 min.

34. We thank M. Fujioka and J. Tanaka for preparing
polyclonal antibodies to MBS and the 20-kD regula-
tory subunit of myosin phosphatase, Y. Hamajima for
preparing NIH 3T3 cell lines, M. Inagaki for valuable
discussions, and M. Nishimura for help in preparing
the manuscript. Supported by grants-in-aid for scien-
tific research and for cancer research from the Minis-
try of Education, Science, and Culture of Japan.

28 March 1996; accepted 20 May 1996

Bipartite Ca?*-Binding Motif in C, Domains of
Synaptotagmin and Protein Kinase C

Xuguang Shao, Bazbek A. Davletov,” R. Bryan Sutton,
Thomas C. Sudhof, Josep Rizot

C, domains are found in many proteins involved in membrane traffic or signal trans-
duction. Although C, domains are thought to bind calcium ions, the structural basis for
calcium binding is unclear. Analysis of calcium binding to C, domains of synaptotagmin
| and protein kinase C— by nuclear magnetic resonance spectroscopy revealed a
bipartite calcium-binding motif that involves the coordination of two calcium ions by five
aspartate residues located on two separate loops. Sequence comparisons indicated that
this may be a widely used calcium-binding motif, designated here as the C, motif.

Calcium ions regulate a wide variety of
biological functions through binding to pro-
teins. Most Ca?*-binding proteins can be
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grouped into families with common structur-
al motifs such as the EF-hand motif (1). A
structural unit called the C, domain, first
defined in protein kinase C (PKC) (2), has
recently been recognized as a widespread
domain that may participate in numerous
Ca?’*-regulatory roles. More than 50 C, do-
mains have been identified in various pro-
teins, many of which participate in signal
transduction or membrane traffic (3). Al-
though Ca?*-dependent binding of some of
these proteins to phospholipids or to other
proteins has been shown (4—7), the general-
ity and structural basis of Ca?* binding to C,



domains remains unclear.
Synaptotagmin [ is a synaptic vesicle
protein that contains two C, domains and
i 2+
plays a key role in Ca’*-evoked neuro-
transmitter release (8). The first C, do-

main of synaptotagmin [ (hereafter re-
ferred to as the C,A domain) binds phos—
pholipids (7) and syntaxin (6) in a Ca?*

dependent manner. The crystal structure
of the C,A domain has been solved (9),
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Fig. 1. "H-"SN HSQC spectra of the C,A domain at 34°C and pH 5.0 in the absence (A) and presence
(B) of Ca2* (24). For comparison, the HSQC spectrum in (A) is superimposed in (B), drawing single
contours. Cross peak assignments are indicated in (A) (sc, side chain). Only cross peaks with significant
shifts are labeled in (B). A dagger indicates cross peaks that are folded along the F, dimension and an
asterisk indicates cross peaks from a 17-residue NH,-terminal sequence from the expression vector

used; ppm, parts per million.
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revealing a compact B-sandwich fold
formed by two four-stranded antiparallel B
sheets (see below). Diffusion of Ca’™ into
the crystals allowed identification of a sin-
gle Ca’* ion bound to a site formed by two
loops and coordinated by residues Asp'??,
Asp'™, Asp?°, and Asp?*2. However,
only Asp!?® and Asp?*° were well ordered,
and the crystals cracked when more than
100 pM Ca?* was present (9). It thus
remained unclear how the C,A domain
binds Ca’* and whether conformatlonal
changes are hindered by crystal contacts.
In addition, the cooperativity observed in
phospholipid binding suggests that the
C,A domain binds at least two Ca?™* ions
(7). To elucidate how the C,A domain of
synaptotagmin I binds Ca?* and how gen-
eral its Ca?*-binding mode is, we used
nuclear magnetic resonance (NMR) spec-
troscopy in solution.

We obtained complete assignments of the
'H and '*N resonances of the backbone and
of 70% of the side chains of the C,A domain
at pH 5.0 in the absence and presence of
Ca?* (10, 11). The 'H-1°N heteronuclear
single-quantum correlation (HSQC) spec-
tra of the Ca’*-free and Ca®*-bound
forms of the C,A domain at pH 5.0 are
shown in Fig. 1 All larger Ca**-induced
chemical shift changes in these spectra

Fig. 2. Mpde\ of the bi- D.GJA — [E g |
partite Ca#*-binding mo- 0.3 Loop 1| R ‘
tif of the C,A domain. § 0.0 B L e G

Changes in backbone £.0.3- e ’E‘_ﬁ/"‘\ % |
amide 'H (A)and '°N (B) T .06 ! ,Loop 3 TR g ‘
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These regions (residues 140 160 180 200 220 240 260 .

168 to 183, 198 to 202,
and 227 to 240) include

the loops labeled 1, 2, and 3 that constitute the Ca®*-
binding region. C, COOH-terminus; N, NH,-terminus. (D)
Stereo picture of the motif of the C,A domain that binds
ions, obtained through molecular dynamics sim-
ulation and energy minimization (78). The backbone of
residues 170 to 180 (loop 1), 198 to 202 (loop 2), and 229
to 240 (loop 3) is represented by a purple ribbon, the two
ions by green spheres, and the Ca and side chain
heavy atoms of the five aspartate residues participating in
Ca®* binding by yellow (O) and magenta (C) spheres. The
Ca?* ligands are as follows (D, Asp; F, Phe): for Cal—
D172 O1, D172 02, D178 02, D230 02, F231 CO (not
shown), and D232 O1; and for Ca2—D172 02, D230 O1,
D232 01, D232 02, and D238 02, Water molecules that
presumably complete the coordination of the Ca®* ions
were not included in the calculations. (E) General model of Ca®* binding by
-binding residues in loop 1 are labeled X1 and X7 and

two Ca?*

Ca2+

C, motifs. The Ca?*
those i loop 3 are labeled Y1, Y3, and Y9; these
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aspartates but may also be glutamates and sometimes asparagine [see
sequence alignment in (3)

|. Solid circles represent residues between the
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(Fig. 2, A and B) are observed in the loops
labeled 1 to 3 in the ribbon diagram (Fig.
2C), showing that Ca’" binding is re-
stricted to this region of the C,A domain.
Many of the largest changes are observed
for amide protons near the four aspartate
residues that bind the Ca’* ion in the
crystal structure. However, large chemical
shift changes are also observed around
Asp?*®, which is more distant from this
bound Ca?* ion and does not participate
in its binding. These observations led us to
hypothesize that the C,A domain binds a
second Ca?* ion at a cavity formed by the
side chains of Asp!”?, Asp?*°, Asp?*?, and
Asp?*® as shown in our model (Fig. 2D).
Our model (Fig. 2D) is based on the
assumptions that the solution structure of
the C,A domain is very similar to its
crystal structure and that Ca?* binding
does not produce substantial conforma-
tional changes. We tested these assump-
tions by analyzing more than 1300 nuclear
Overhauser effects (NOEs) assigned for
Ca?”*-free and Ca?*-bound C,A domains
(12). The NOE patterns observed for both
forms are very similar and agree well with
the interproton distances predicted from
the crystal structures (13). The excellent
correlation with the crystal structures in-
cludes 46 long-range NOEs involving pro-
tons in loops 1 through 3 that have been
assigned foy the Ca?*-bound C,A domain;
however, for the Ca**-free C,A domain, a
few of these NOEs have notably lower
intensities than predicted from the crystal
structures. Such low intensities can be
attributed to a lower stability of the Ca?*-
free form in solution compared with the
Ca?*-bound form, resulting in a higher
flexibility of the Ca’*-binding loops in
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0 U TNy p1200
9 s e
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Fig. 3. The C,A domain binds two Ca2™* ions. A
Ca?* titration of uniformly '*N-labeled C,A do-
main (100 wM) was monitored through use of 'H-
SN HSQC spectra (16). Expansions of the 10
HSQC spectra showing the evolution of the amide
cross peaks from Leu'®® (A), Asp=3° (B), Lys2°
(C), and lle?*° (D) are superimposed to illustrate
the biphasic shift behavior.
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the absence of Ca’™. Structural stabiliza-
tion due to Ca’?* binding was confirmed
by the observation of a Ca?"-induced shift
in the denaturation temperature from
55°C to 74°C. Stabilization is consistent
with a slight Ca?*-induced change ob-
served in the circular dichroism (CD)
spectrum of the C,A domain (14), as well
as with increased resistance to proteolysis
(15). These results indicate that the solu-
tion structure and the crystal structure of
the C,A domain are very similar and show
that Ca®* binding stabilizes the structure
of the C,A domain without inducing a
substantial conformational change.

To test the Ca®*-binding model pro-
posed (Fig. 2D), we performed a Ca’”*
titration experiment monitored by HSQC
spectra at pH 7.4 (16). Many HSQC cross
peaks moved nonlinearly during the titra-
tion from their positions in the Ca?*-free
state to their positions in the fully Ca?*-
saturated state (Fig. 3), demonstrating
that at least one intermediate, partially
saturated state exists. A straightforward
explanation is that the intermediate state
or states arise from the binding of a single
Ca?* ion, whereas full saturation involves
the binding of two Ca?" ions. This con-
clusion is supported by plots of the depen-
dence of the 'H or N chemical shift on
the Ca?* concentration for each individ-
ual HSQC cross peak, most of which show
a biphasic behavior. Whereas most chem-
ical shifts are significantly affected by both
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Fig. 4. Ca2™-binding properties of the C, domain
of PKC-B. (A) Ca?*-dependent binding of the
PKC-g C, domain to 3H-labeled phosphatidyl-
choline (PC)-containing liposomes (22). (B and C)
Ca?* titration of uniformly "®N-labeled PKC-g C,
domain (40 wM) monitored with HSQC spectra
(23). Expansions of a superposition of the 10
HSQC spectra illustrating the evolution of two
amide cross peaks are shown (Ca2* concentra-
tions were the same as for titration of the C,A
domain). The cross peak in (C) was not observed
at Ca?* concentrations below 40 uM.
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Ca’* ions, the N chemical shift of the
Lys?°° NH group is primarily influenced by
Ca?* binding to the higher affinity site,
and the 'H chemical shift of the Ile?*° NH
group is mostly affected by binding to the
lower affinity site (Fig. 3, C and D), thus
allowing accurate measurements of the two
dissociation constants. Curve fitting yielded
dissociation constant (K}y) values of 60 and
400 uM, in agreement with the values esti-
mated from the other titration curves and
from titrations monitored through use of CD
and thermal denaturation (14, 17). The two-
Ca’?" ion-binding model was also supported
by measurements of Mn?*-induced intensity
changes in the HSQC cross peaks of the
C,A domain (caused by paramagnetic relax-
ation effects upon Mn?" binding), which
were well correlated with the distances from
the NH groups to the closest Mn?™ ion
predicted by the model (12). Finally, molec-
ular dynamics simulations showed that Ca?*
ions placed in front of loops 1 through 3
move spontaneously into the two predicted
binding sites (Fig. 2D) (18).

Altogether, our results show that the
C,A domain binds two Ca** ions as de-
scribed in the model (Fig. 2D). In this
model Asp'”?, Asp?*°, and Asp?*? act as
bidentate ligands that coordinate with the
two Ca’™ ions, forming a triangle with a
Ca’" ion on each side; Asp!”® and Asp?8
bind only one Ca?* ion each. Whereas the
first Ca’™ ion is surrounded by oxygen
atoms approaching a hexa- or heptaden-
tate coordination, the second Ca?" ion is
coordinated with only five carboxylate
oxygens and is partially exposed to the
solvent. The incomplete coordination of
the second Ca?* ion correlates with its
low binding affinity and may have func-
tional significance because the empty co-
ordination sites may mediate interactions
with other molecules, for example, phos-
pholipids or syntaxin. Because Ca’?" bind-
ing does not produce substantial confor-
mational changes in the C,A domain,
these interactions are likely to be driven
by the drastic change in electrostatic po-
tential around loops 1 through 3 caused by
binding of two Ca’* ions. The observation
that the C,A domain binds two Ca?" ions
helps explain the cooperativity observed
in Ca?*-dependent phospholipid binding
(7) and fits well with the cooperativity
observed in synaptic vesicle exocytosis
(19, 20). The intrinsic Ca*" dissociation
constants that we measured for the C,A
domain correlate with the Ca?* depen-
dence of neurotransmitter release (19), of
the interaction between the C,A domain
and syntaxin (6), and of the self-associa-
tion of the second C, domain of synapto-
tagmin 1 (20). These observations provide
further support for a function of synapto-



tagmin I as a Ca®" sensor in neurotrans-
mitter release (8).

The bipartite Ca’*-binding motif of
the C,A domain, which we designate the
C, motif, involves five aspartate residues
observed in an identical pattern in many
but not all C, domains (3). Hence, these
C, domains may share the two-Ca’* ion-
binding motif present in the C,A domain
of synaptotagmin 1. To test this postulate,
we analyzed the C, domain of PKC-B with
the key experiments that defined the
Ca’*-binding properties of the C,A do-
main of synaptotagmin 1. Although the C,
domain of PKC is believed to be involved
in its Ca’*-dependent phospholipid bind-
ing properties (2), it has been suggested
that this domain is not sufficient for Ca?*
binding (21). However, when we tested
for this directly we found that the PKC-B
C, domain alone is capable of binding
phospholipids in a Ca?*-dependent man-
ner, with affinity and cooperativity similar
to those observed for the C,A domain of
synaptotagmin I (7, 22) (Fig. 4A). Anal-
ysis by CD also showed a small Ca?*-
induced spectral change for the PKC-8 C,
domain and a shift in denaturation tem-
perature from 48°C to 74°C. A Ca’™ ti-
tration of the PKC-B C, domain at pH 7.4
monitored by HSQC spectra revealed
nonlinear movement of some cross peaks
from the Ca’*-free positions to the fully
Ca?*-bound positions (Fig. 4, B and C)
(23), showing that the PKC-B C, domain
binds at least two Ca’* ions. These results
clearly establish that the PKC-B C, do-
main is an autonomous Ca?*-binding do-
main and support the proposal that its
Ca?*-binding mode is analogous to that of
the C,A domain of synaptotagmin I.

The analogous Ca?*-binding properties
of the two C, domains studied here, to-
gether with the conservation of the five
aspartate residues in many C, domain pro-
teins, strongly indicate that the C, motif
constitutes a widely used Ca?*-binding
motif. This motif is different from the
EF-hand motif, which binds a single Ca?*
ion and is formed by a contiguous polypep-
tide chain in a helix-loop-helix arrange-
ment (I). The C, motif binds two Ca**
ions through two loops that are distant in
the sequence, with a third small loop play-
ing a supporting role. The motif is built at
the tip of a stable B-sandwich structure
that allows clustering of five negative
charges in a relatively small region. The
fundamental signature of the C, motif in-
cludes two residues from loop 1 (separated
by 5 * 1 residues) and three residues from
loop 3 (separated by 1 and by 5 = 1
residues) (Fig. 2E). Note the pseudosym-
metry of the motif (Fig. 2E), where a C,
axis relates Cal to Ca2, X1 to Y3 and X7

to Y9. The structure of the C, motif re-
vealed here provides an explanation for
the Ca?*-binding properties observed in
proteins bearing C, domains (4-7) and
suggests a mechanistic basis for the action
of many regulatory proteins involved in
membrane traffic and signal transduction.
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