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Mouse monoclonal antibodies against SRC-1 were purified from hybridoma
culture supernatants using a mAb TRAP GII column (Pharmacia). Analysis of
various GST—SRC fusion proteins by western blotting with purified SRC-1
mAD 677-F11 indicates that the antibody epitope maps to the region encom-
passing residues 840 to 947 but not to GST. Western blots were visualized using
goat anti-mouse secondary antibodies conjugated to alkaline phosphatase
followed by chemoluminescence detection with an ECL kit (Amersham Life
Science).

IP-HAT assays. Immunoprecipitation (IP)-HAT assays were done as
described’. The HAT assay was incubated at 30°C for 30—45min. Histone
acetylation was measured using a P-81 filter-binding assay as described’.
Protein expression and purification. cDNAs corresponding to portions of
SRC-1 or CBP were excised from human SRC-1 and mouse CBP using
restriction endonucleases and subcloned into either the E. coli expression
plasmid pRSET-GST (InVitrogen), yeast expression plasmid pCBUBGST* or
baculovirus expression plasmid pVLGST (InVitrogen). Portions of SRC-1 were
expressed as GST fusion proteins in E. coli (amino acids (aa) 383568, 383—
841, 782-1,139, 1,027-1,139, 1,139-1,250, 1,027-1,250, 1,107—1,441), yeast
(aa 1-399, 1,216—1,441) or insect cells (aa 383—841, 1,107—1,441). The PCAF
interaction region of CBP (aa 1,775-2,008) was expressed as a GST fusion
protein in E. coli. Recombinant GST-SRC and GST-CBP fusion proteins were
affinity-purified from these whole-cell extracts with gluthathione—Sepharose
4B beads (Pharmacia). Protein concentration was determined using the
Bradford protein assay (BioRad), and the purity of the full-length protein
was assessed by Coomassie blue staining of 12% SDS—PAGE minigels.

Liquid HAT assays. Liquid assays for HAT activity were done essentially as
described. Chicken mononucleosomes stripped of H1 and H5 were prepared as
described previously’. Histone amino-terminal peptides with a C-terminal
cysteine and histone amino-terminal MAP peptides™ were obtained from the
protein core facility at Baylor College of Medicine. Synthetic histone amino-
terminal peptides were acetylated as described’, with 300ng peptide per
reaction and an incubation time of 20 min.

In vitro interaction assay. For in vitro transcription and translation, Flag
PCAF® was subcloned in pCR 3.1 (InVitrogen). About 50 pmol of purified
GST-SRC fusion proteins was incubated with 20 pl glutathione—Sepharose
beads (Pharmacia) in suspension for 2 h at 4 °C. Resins were then washed twice
with NETN 90 (20 mM Tris-HCI, pH 7.5, 1 mM EDTA, 0.5% NP-40, 100 mM
NaCl). Subsequently, beads were mixed with 5 ul of in vitro transcribed and
translated [**S]methionine-labelled Flag—PCAF crude lysate (Promega), and
reacted for 1hour. Beads were then washed six times with NETN,4,. Bound
radiolabelled protein was separated on 10% SDS—PAGE gels and detected by
fluorography.

Mammalian two-hybrid assay. Flag-PCAF® was subcloned into the pAB-
GalDBD vector’ to express the Gal4 DNA-binding domain (residues 1 to 147)
fused to full-length PCAF. Portions of SRC-1 were subcloned in-frame into the
PABVP16 vector which expresses the VP16 activation domain. HeLa cells were
transfected with Gal-PCAF, VP16-SRC, and (UAS),TATA-luciferase'® reporter
plasmids as described". Cell extracts were assayed for luciferase activity and
values were corrected for protein concentration. Data are represented as fold
induction (*s.d.) of triplicate values obtained from a representative experi-
ment which was independently repeated at least three times.
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Many eukaryotic cellular and viral proteins have a covalently
attached myristoyl group at the amino terminus. One such
protein is recoverin, a calcium sensor in retinal rod cells, which
controls the lifetime of photoexcited rhodopsin by inhibiting
rhodopsin kinase' . Recoverin has a relative molecular mass of
23,000 (M, 23K), and contains an amino-terminal myristoyl group
(or related acyl group) and four EF hands’. The binding of two
Ca’" ions to recoverin leads to its translocation from the cytosol to
the disc membrane®. In the Ca®*-free state, the myristoyl group is
sequestered in a deep hydrophobic box, where it is clamped by
multiple residues contributed by three of the EF hands'. We have
used nuclear magnetic resonance to show that Ca’>" induces the
unclamping and extrusion of the myristoyl group, enabling it to
interact with a lipid bilayer membrane. The transition is also
accompanied by a 45-degree rotation of the amino-terminal
domain relative to the carboxy-terminal domain, and many
hydrophobic residues are exposed. The conservation of the myr-
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istoyl binding site and two swivels in recoverin homologues from
yeast to humans indicates that calcium—myristoyl switches are
ancient devices for controlling calcium-sensitive processes.

The observation that viral Src protein is oncogenic only when
myristoylated demonstrates the biological importance of this
hydrophobic modification'". More recently, it was found that
calcium induces the binding of myristoylated, but not unmyristoyl-
ated, recoverin to membranes, suggesting that recoverin possesses a
calcium-myristoyl switch®. It was proposed that the myristoyl
group is sequestered in the calcium-free form of the protein and
becomes exposed in the calcium-bound form, enabling it to insert
into a membrane or a hydrophobic site of a target protein. These
experiments suggested that myristoyl groups are not simply hydro-
phobic anchors, but can serve as dynamic partners in signalling.

X-ray crystallographic studies of recombinant unmyristoylated
recoverin showed it to contain a compact array of four EF hands,
which contrasts with the dumb-bell shape of calmodulin and
troponin C'2. In crystal form, Ca** was bound to EF-3, the high-
affinity site, but not to EF-2, the low-affinity site. The other two EF
hands cannot bind Ca**: EF-1 is disabled by a Cys-Pro sequence at a
critical loop position, and EF-4 is disabled by an internal Lys-Glu
salt bridge. Myristoylated recoverin, the physiologically active form,
has thus far have eluded crystallization. We therefore turned to
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nuclear magnetic resonance (NMR) spectroscopy to solve the
structure of both its calcium-free and calcium-bound state. In the
calcium-free state, the myristoyl group is sequestered in a deep
hydrophobic cavity in the N-terminal domain". The cavity is
formed by aromatic and other non-polar residues contributed by
five flanking helices. The tight hairpin turn between the N-terminal
helix and the sequestered myristoyl group gave the impression of a
cocked trigger. NMR studies of the environment of the myristoyl
group then demonstrated that Ca®* induces the extrusion of the
myristoyl group"'*.

The next step in unravelling the mechanism of the calcium switch
was to obtain a structure of the entire protein in the Ca**-bound
state. Determining the complete structure proved to be problematic
because the Ca**-bound form is considerably less soluble than the
Ca**-free form. This difficulty was circumvented by making an
analogue of myristoylated recoverin with oxygen in place of carbon
at position 13 of the fatty-acyl chain. Recoverin bearing this
myristoyl analogue has a functional calcium-myristoyl switch
and is sufficiently soluble to allow its structure to be fully deter-
mined by NMR spectroscopy. The relationship of the structure of
this 13-oxa analogue to myristoylated recoverin was ascertained by
obtaining heteronuclear single quantum coherence spectra of both
proteins, which serve as fingerprints of the conformation of their

Figure 1 a, Superposition of the main-chain atoms of the
24 NMR-derived structures of myristoylated recoverin
with two Ca® bound. The 13-oxa myristoyl group
(magenta), bound Ca?* (orange), and the four EF-hands
(green, red, cyan and yellow) are indicated. The rm.s.
deviation of the NMR-derived structures relative to the
mean structure is 0.8 = 0.1 A for main-chain atoms and
135+ 0.1A for all non-hydrogen atoms in the helical
regions. This figure was generated using Midas?. b,
Schematic ribbon representation of the energy-mini-
mized average structure of Ca®*-bound myristoylated
recoverin. The average position of the myristoyl group
is shown as a space-filling model. Helices (A, residues
9-18; B, 27-38; C, 46-56; D, 64-73; E, 83-93; F,102-109; G,
119-132; H, 135-140; |, 148-160; J, 169-178; K, 181-187) are
labelled and the colour scheme is as a. The figure was
generated using Molscript®® and Raster3d®.
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main-chain and side-chain amide groups. The near identity of these
spectra indicates that the structure of the 13-oxa analogue is almost
the same as that of myristoylated recoverin.

A superposition of 24 NMR-derived structures of Ca**-bound
myristoylated recoverin is shown in Fig. la, and their average is
depicted as a ribbon diagram in Fig. 1b. The myristoyl group is
clearly extruded in aqueous solution, where it occupies many
different positions. The N-terminal eight residues of the Ca*'-
bound form are also disordered and exposed to the solvent. Thus
the N-terminal region serves as a mobile arm to position the
myristoyl group outside the protein when Ca** is bound. This
flexible arm is followed by a short a-helix that precedes the four EF-
hand motifs, which are arranged in a linear array. EF-1 and EF-2
interact intimately to form the N-terminal domain, and EF-3 and
EF-4 interact to form the C-terminal domain. The last 13 residues
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Figure 2 Space-filling model (a) and ribbon diagram (b)
of Ca?-free® (left, liku.pdb) and Ca®*-bound (right)
myristoylated recoverin. The C-terminal domains of
the two forms are aligned to show the Ca?*-induced
45-deg rotation of the N-terminal domain.

are disordered. Ca** is bound to EF-2 and EF3. EF-3 has the
conformation of a classic EF hand, but EF-2 is rather different.
The root-mean-squared (r.m.s.) deviations of the main-chain
atoms of these EF hands and those of Ca**-bound calmodulin are
<1.2 and 3.7 A, respectively. The overall topology of Ca**-bound
myristoylated recoverin is similar to that of unmyristoylated reco-
verin containing one bound Ca*".

The structures of the Ca**-free!® and Ca*'-bound forms of
myristoylated recoverin are compared in Fig. 2. The C-terminal
domains of the two forms are quite similar, apart from changes in
the Ca’**-binding loop and the entering helix of EF-3. The N-
terminal domain, by contrast, undergoes a striking rearrangement
caused by rotation of the backbone at Gly 42, which is located in the
loop between the helices of EF-1. Rotation about this swivel
markedly changes the interhelical angle of EF-1. In the Ca**-bound
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Figure 3 Schematic ribbon representation of the structure of EF-2 and EF-3 of
Ca?'-free (left) and Ca?-bound (right) myristoylated recoverin. Rotation about
Gly 96 dramatically alters the interaction between EF-2 and EF-3, as highlighted by

state, EF-1, like EF-3, adopts an open conformation akin to that of
the Ca**-occupied EF hands in calmodulin and troponin C'*'°, The
transition to the open conformation exposes hydrophobic residues,
enabling them to interact with a target. Another important con-
sequence of this rotation is the unclamping of the myristoyl group.
Ejection of the myristoyl group is further promoted by the Ca**-
induced melting of the N-terminal helix to provide a flexible arm.
Extrusion of the myristoyl group requires the binding of Ca** to EF-
2 and EF-3 (refs 8, 17). But how is the occupancy of EF-3 in the C-
terminal domain communicated to the myristoyl group in the N-
terminal domain? The binding of Ca®* to EF-2 and EF-3 induces
structural changes in these EF hands, rather like those seen in
calmodulin and troponin C'®'®, The weakened interaction of these
EF hands at the domain interface promotes a conformational
change near Gly 96 in the U-shaped interdomain linker. The inter-
face between the two domains is rearranged completely by rotation
at Gly 96, which serves as a second swivel. Ca>* binding leads to a
rotation of 45 deg of one domain with respect to the other (Fig. 2).

The structural consequences of Ca**-induced rotation at Gly 96
between domains are highlighted in Fig. 3. In the Ca**-free state, the
exiting helix of EF-2 contains a series of hydrophobic residues
(Ile 88, Ala 89, His91 and Met 92) that interact with hydrophobic
residues in both the entering and exiting helices of EF-3 (Leu 108,
Tyr 109, Ile 125 and Ala 128). The entering helix of EF-2 is exposed
to solvent in the Ca**-free protein, and does not interact with EF-3.
Conversely, in the Ca’*-bound protein, the entering helix of EF-2
(marked by Ala 64 in Fig. 3) interacts intimately with EF-3, whereas
the exiting helix of EF-2 (marked by Ile 88 in Fig. 3) does not. In
particular, Ala64, Tyr65 and His68 of the EF-2 entering helix
interact with the hydrophobic residues Leu 108, Ile 125, Ala 128 and
Met 132 of EF-3. Furthermore, the loops of EF-2 and EF-3 are 20 A
closer when Ca*" is bound. The switching of helices accompanying
the domain rotation accounts for the cooperativity of Ca’* binding
to EF-2 and EF-3.

The second important swivel is at Gly 42 in the loop between the
helices of EF-1 (Fig. 4). Rotation here moves the entering helix of
EF-1 outwards causing it to pull on residues Gly 2 to Glu 26 on the
N-terminal side of the helix. This displacement allows the myristoyl
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the displacement of lle 88 and Tyr 109. The ¢ and y angles of Gly 96 are 135° and -
161° (Ca®*-free), and 73° and -178° (Ca®*-bound), respectively.

Figure 4 Schematic ribbon representation of the structure of the N-terminal
domain of Ca?-free (top) and Ca?"-bound (bottom) recoverin. Rotation about
Gly 42 enables the extrusion of the myristoyl group.
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group to swing out of its binding pocket. The unclamping of the
myristoyl group is also essential for its extrusion. Many aromatic
and other hydrophobic residues (notably Leu28, Trp 31, Tyr 32,
Ile 52, Phe 49, Tyr 53, Phe 56, Tyr 86, Leu 90, Trp 104 and Leu 108)
fit snugly around the myristoyl group in the Ca**-free state. The
binding of Ca®" causes several clamping residues (Leu 14, Leu 28,
Tyr32, Trp104 and Leul08) to move apart. Ejection of the
myristoyl group is also made possible by the melting of part of
the N-terminal helix. In the Ca**-free form, the long amphipathic
N-terminal helix (Lys5 to Glu 16) fits tightly against and is stabi-
lized by the sequestered myristoyl group. In the Ca**-bound state,
residues Gly2 to Ala8 have become part of the flexible arm that
places the myristoyl group outside and gives it freedom to insert
into a bilayer membrane or other hydrophobic site.

More than ten homologues of recoverin have been identified in
the brain. The amino-acid sequences of neurocalcins’ and
hippocalcin® are 55% identical to that of recoverin. These neuronal
calcium sensors have been shown to possess functional calcium—
myristoyl switches. The recoverin family is also present in inverte-
brates, as exemplified by frequenin (43% identical), which controls
synaptic transmission in flies’, and NCS (41% identical) in
nematodes”. Indeed, yeast contains a homologue that is 45%
identical to recoverin (K. Devlin, C. M. Churcher, B. G. Marrell,
M. A. Rajendream and S. V. Walsh, unpublished; locus
NCS1SCHPO, Swiss-Prot accession no. Q09711). Thus the reco-
verin family arose early in the evolution of eukaryotes. They may
serve to couple calcium cascades and guanine-nucleotide-binding
protein cascades. The characteristic feature of this family of calcium
sensors is the presence of a myristoylation consensus sequence at the
N terminus (MGXXXS), four EF-hand motifs (two or three of
which bind Ca**), and CPXG (residues 39—42) in the first EF hand.
Cys-Pro prevents Ca®" from binding to EF-1, which instead has been
recruited for a very different role, to cradle the myristoyl group and
serve as part of the extrusion mechanism. The two swivels, Gly 42 in
EF-1 and Gly 96 in the linker, are also conserved. Furthermore, ten
residues that clamp the myristoyl group in the Ca*-free state
(Trp 31, Tyr 32, Phe 49, Ile 52, Tyr 53, Phe 56 and Phe 57 in EF-1,
Phe 83 and Leu 90 in EF-2, and Trp 104 in EF-3) are invariant. The
high degree of conservation of residues that are important in the
Ca**-induced extrusion of the myristoyl group of recoverin suggests
that the calcium—myristoyl switch mechanism is almost the same in
all family members, from yeast to humans. It would seem to be an
ancient device for switching the location and activity of calcium
sensors and modulators in signal-transduction processes. U

Methods

Sample preparation. Recombinant myristoylated recoverin with uniformly
'5N- and C-labelled protein and unlabelled 13-oxa tetradecanoyl group was
expressed in overproducing Escherichia coli strain pTrec2/pBB131/DH5a
grown in M9 minimal medium and purified as described previously®, and 13-
oxa tetradecanoic acid was added (5 mg 1™ 1 h before induction.

NMR spectroscopy. All NMR experiments were performed on a UNITY-plus
500 or UNITY-600 spectrometer. Sequence-specific resonance assignments
were obtained for myristoylated and unmyristoylated forms of Ca®'-
bound recoverin®. Complete assignments obtained for unmyristoylated reco-
verin containing two bound Ca®* served as a guide for assigning some
resonances (about 15% of the total) of myristoylated recoverin. Structure
calculations were performed using a restrained molecular dynamics stimulated
annealing protocol** within X-PLOR®. A total of 2,100 inter-proton distance
restraints (750 intra-residue, 470 sequential, 370 short range, and 500 long
range) were obtained from nuclear Overhauser effect (NOE) spectra of
myristoylated recoverin (1mM) dissolved in 0.1 MKCl, 10mM CaCl,
10mM dithiothreitol, pH 7.0. In addition to the NOE-derived distance

202

Nature © Macmillan Publishers Ltd 1997

restraints, 12 distance restraints involving Ca®" bound to residues in EF-2
and EF-3 (refs 12, 26), 60 distance restraints for 30 hydrogen bonds, and 266
dihedral angle restraints were included in the structure calculation. The total,
experimental distance, and Lennard—Jones potential energies are 3,991, 76 and
—357 kcal mol ™", respectively (calculated with the use of square-well potentials
for the experimental-distance empirical-energy term with a force constant of
50 kcal mol™ A%). None of the distance and angle restraints were violated by
more than 0.40 A and 4.0°. The average r.m.s. deviations from an idealized
geometry for bonds, angles and impropers are 0.0073 A, 2.06° and 0.94°,
respectively.
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