yeast. Liquid culture densities were equalized using absorption at 600 nm, and 10 pl of
each dilution was spotted on to histidine minus medium before incubation.

Vesicle analysis

Vesicle analysis was performed on leaf segments stained with DAB to detect H,0, as
described”. Leaves of 7-day-old seedlings were inoculated with B. g. hordei, and 24 h later
they were assessed by differential interference contrast microscopy for vesicles in the short
cells of the adaxial epidermis®. Per genotype, 100 sites were scored from each of three
leaves. Only sites at which penetration had failed were scored.

See Supplementary Information for barley genotype analysis with B. g. hordei, and
PEN1 and ROR2 localization.
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Osteocalcin is the most abundant noncollagenous protein in
bone', and its concentration in serum is closely linked to bone
metabolism and serves as a biological marker for the clinical
assessment of bone disease’. Although its precise mechanism of
action is unclear, osteocalcin influences bone mineralization®*, in
part through its ability to bind with high affinity to the mineral
component of bone, hydroxyapatite®. In addition to binding to
hydroxyapatite, osteocalcin functions in cell signalling and the
recruitment of osteoclasts® and osteoblasts’, which have active
roles in bone resorption and deposition, respectively. Here we
present the X-ray crystal structure of porcine osteocalcin at 2.0 A
resolution, which reveals a negatively charged protein surface
that coordinates five calcium ions in a spatial orientation that is
complementary to calcium ions in a hydroxyapatite crystal
lattice. On the basis of our findings, we propose a model of
osteocalcin binding to hydroxyapatite and draw parallels with
other proteins that engage crystal lattices.

The primary structure of osteocalcin (OC) is highly conserved
among vertebrates and contains three vitamin-K-dependent ~-
carboxylated glutamic acid (Gla) residues at positions 17, 21 and
24 in porcine OC (pOGC; Fig. 1a and Supplementary Fig. 1). Solution
studies have shown that mature OC is largely unstructured in the
absence of calcium and undergoes a transition to a folded state on
the addition of physiological concentrations of calcium®. NMR
analysis has shown that OC is a globular protein consisting of
a-helical secondary structure in its folded state®’, but the detailed
three-dimensional structure of OC has not been forthcoming.

To gain further insight into the structure of OC and its ability to
recognize the hydroxyapatite (HA) mineral component of bone, we
have determined the crystal structure of pOC at 2.0 A using the
Iterative Single Anomalous Scattering method'’. Bijvoet difference
Patterson map analysis detected the presence of three tightly bound
Ca’" ions and two S atoms corresponding to a disulphide bridge
between Cys 23 and Cys 29, which together were used to phase the
pOC structure. An atomic model corresponding to residues Pro 13
to Ala 49 was built into well-defined electron density (Supplemen-
tary Fig. 2) and refined to an R o and Rgee of 25.5% and 28.3%,
respectively. Data collection and structure refinement statistics are
summarized in Supplementary Table 1.

pOC forms a tight globular structure comprising a previously
unknown fold (no matches in the DALI database'") with a topology
consisting, from its amino terminus, of three o-helices (denoted
al-a3) and a short extended strand (denoted Ex1; Fig. 1b). Helix
ol and helix a2 are connected by a type III turn structure from
Asn 26 to Cys 29 and form a V-shaped arrangement that is stabilized
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Figure 1 Structure of pOC. a, Protein sequence with the secondary structure elements
indicated and the conserved residues highlighted (green, red, blue, yellow, orange and
grey indicate conserved, acidic, basic, cysteine, asparagine and glycine residues,
respectively). Positions are identified as conserved if more than 85% of the residues are
identical, or similar if hydrophobic in nature (see Supplementary Information for the full
sequence alignment). 'y’ indicates a Gla residue, open triangles and circles indicate
hydrophobic core and Ca®*-coordinating surface, respectively. b, Ribbon representation
of the crystal structure. The N and C termini are labelled. Side chains of the Ca®*-

by an interhelix disulphide bridge involving Cys 23 and Cys 29.
Helix 3 is connected to helix a2 by a short turn and is aligned to
bisect the V-shape arrangement of helix a1 and helix a2. The three
o-helices together compose a tightly packed core involving con-
served hydrophobic residues Leu 16, Leu 32, Phe 38, Ala 41, Tyr 42,
Phe 45 and Tyr 46. The overall tertiary structure is further stabilized
by a hydrogen bond interaction between two invariant residues,
Asn 26 in the helix «1-o.2 linker and Tyr 46 in helix a3.

Projection of conserved residues onto the molecular surface of
the pOC structure (Fig. 1c, d) shows an extensive negatively charged
surface centring on helix ol (solvent-exposed surface area
586 A%). Notably, all three Gla residues implicated in HA binding
are located on the same surface of helix a1 and, together with the
conserved residue Asp 30 from helix a2, coordinate five Ca** ions
(denoted Cal—Ca5) in an elaborate network of ionic bonds (Fig. 1e).
These five Ca>" ions are sandwiched between two crystallographi-
cally related pOC molecules and show both monodentate and
malonate modes of chelation with extensive bridging.

In the pOC crystal structure, the Ca®* ions coordinated by the
Gla residues have an unexpected periodic order reminiscent of a
crystalline lattice. Because Gla residues are essential for the inter-
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coordinating residues and those involved in tertiary structure stabilization are shown in
stick representation. Broken grey line indicates a hydrogen bond. ¢, d, Molecular surface
representations of pOC with the surface hydrophobic patch (green) and the Ca*-
coordinating surface (red) highlighted. Views in b and ¢ are perpendicular to that in d.
e, Crystallographic dimer interface. Orange and blue distinguish the two molecules.
Purple spheres and the yellow broken lines represent Ca>* ions and ionic bonds,
respectively.

action of OC with bone in vivo'* and for the specific interaction with
HA in vitro’, we investigated whether the specific atomic arrange-
ment of bound Ca*" ions in the pOC crystal structure mimics the
spatial arrangement of Ca>* ions in HA. To do so, we carried out
a comprehensive real-space search for a spatial match between
the pOC-bound Ca®" ions and the Ca®' ions in crystalline HA
(Cas(PO,);OH, space group P6s/m, unit-cell dimensions
a=b=09432A, c = 6.881 10\)‘3. Search solutions were ranked by
root mean square (r.m.s.) deviations of distances between OC-
bound and HA Ca*" ions.

Unique solutions within 1s.d. (0.29 A) of the best solution were
chosen for graphical analysis. Molecular surfaces of HA defined by
the Ca®" ions of our best search solutions were constructed for
docking analysis (Fig. 2 and Supplementary Fig. 3). The best (r.m.s.
deviation 0.44 A) and fourth best (r.m.s. deviation 0.62 ;\) solutions
in our search correspond to the prism face (100) of HA, whereas the
second (r.m.s. deviation 0.47 A) and third (r.m.s. deviation 0.61 A)
best solutions correspond to the secondary prism face (110).
Notably, the prism face is the predominant crystal face expressed
in geological' and synthetic HA'® and, although the predominant
crystal face of HA expressed in bone has not been unambiguously
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Figure 2 Model of pOC engaging an HA crystal based on a Ca®*

ion lattice match. Only
the best search solution is shown (see Supplementary Information for a comparison of the
four best solutions). a, Alignment of pOC-bound (purple) and HA (green) Ca>* ions.

b, ¢, Orientation of pOC-bound Ca®* ions in a sphere of HA—Ca lattice (b) and on the HA
surface (c). In b, the parallelogram indicates a unit cell; the box approximates the

determined, atomic force microscopy'® and diffraction analysis'”
indicate that the expressed face lies parallel to the crystal ¢ axis. The
best solution identified in our search also corresponds to a crystal
face that lies parallel to the crystal ¢ axis.

Although the best and second best solutions both show good
lattice match statistics, only the best solution gives rise to a docking
mode of pOC to HA that is free of steric clash. Using our best search
solution, we generated a more detailed binding model. The coordi-
nation network of Ca—O atoms at the OC-HA interface closely
mimics that in the HA crystal lattice (r.m.s. deviation Ca—O bond
distance, 0.19 A; r.m.s. deviation Ca—O—Ca bond angle, 9.63%
Fig. 2e).

The HA lattice binding mode represented by our best solution
presupposes that OC engages HA with the acidic Ca**-coordinating
surface as a monomer. In the crystal structure of pOC, however, the
five Ca®" ions are sandwiched between two crystallographically
related protein molecules. If overly stable, this dimeric state could
present an impediment to HA binding. To investigate whether pOC
exists as a monomer or dimer in solution, we carried out sedimen-
tation equilibrium analysis in the presence and absence of 10 mM
CaCl,. In both cases, the sedimentation equilibrium data were best
fitted to a monomer—dimer equilibrium model (Supplementary
Fig. 4). The extrapolated dissociation constants (K4) for the OC
dimer were 8 X 10" *Mand 2 X 10~* M in the absence and presence
of 10mM CaCl,, respectively. Theses K4 values are 2-3 orders of
magnitude higher than the concentration of OC in human serum
(0.9X 107° to 7 X 107 '°*M)?, suggesting that OC exists as a
monomer in vivo.

The crystal structure of pOC provides a first glimpse of the
underlying interactions that may constitute biomineral recognition.
The recognition of crystal lattices by proteins is important in many
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boundary of the slab shown in ¢ and d. d, Docking of pOC (orange backbone with grey
semitransparent surface) on HA. e, Detailed view of d showing the Ca—0 coordination
network at the pOC—HA interface. Yellow broken lines denote ionic bonds. Isolated red
spheres and the tetrahedral clusters of magenta and red spheres represent OH™ and
P03~ ions, respectively.

biological processes, including the inhibition of ice crystal growth
and the development of teeth, bone and shells. The best-character-
ized protein—crystal recognition system studied so far corresponds
to the interaction of antifreeze proteins (AFP) with ice'®'”. AFPs
bind to the surface of ice to modify crystal morphology and to
inhibit ice growth. AFPs with different three-dimensional structures
bind to different planes of ice, and the shape complementarity
between the ice-binding surface of AFP and the ice crystal surface to
which it binds is the primary determinant for binding specificity.
The excellent surface complementarity between the Ca®'-
coordinating surface of pOC and the prism face of HA suggests
that pOC may also show selective binding characteristics to HA. By
analogy to the antifreeze proteins, the binding of OC to HA could
directly modulate HA crystal morphology and growth. In addition,
when OC is bound to the surface of HA, other regions, including the
carboxy terminus of the protein, which possesses chemotactic
activity®®, would be well orientated to carry out recruitment and
signal transduction functions through binding to cell surface
receptors on osteoclasts® and osteoblasts’. The structure of pOC
provides a model for further functional analyses. O

Methods

Protein purification and crystallization
‘We purchased fresh porcine bone from the local market. Preparation of bone powder and
extraction of acid-soluble proteins were done as described*'. OC was purified to
homogeneity from the acid extract by using Sep-Pak C,4 cartridges (No. WAT043345,
Waters), followed by reverse-phase HPLC using a Delta Pak C;5 column (No. WAT011799,
Waters). Protein purity was assessed by SDS—PAGE and analytical reverse-phase HPLC
with a Delta Pak C,3 column (No. 011797, Waters). Protein authenticity was determined
by mass spectrometry (relative molecular mass 5,737) and amino acid composition. We
obtained protein yields of 10 mg of pure OC from 30 g of bone powder.

Lyophilized OC was dissolved in 100mM HEPES (pH 7.4) to a concentration of
10mgml ™" (estimated by absorbance at 280 nm). We grew crystals at room temperature
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by vapour diffusion from hanging drops made of equal volumes (2.5 pl) of protein and a
reservoir solution of 0.1 M HEPES, 10 mM CaCl, and 10% (w/v) PEG 4000, pH 7.4.
Crystals of the space group P3,21 with a unit-cell dimension of a = 51.5 A, b = 51.5 A and
c=1354A grew overnight.

Crystallographic data collection and structure determination

All data were collected at beamline 17-ID of the Advanced Photon Source at Argonne
National Laboratory. The X-ray wavelength was set at 1.7 A. We cryo-cooled OC crystals in
a nitrogen cold stream after transferring them to a cryo-protectant containing 30% PEG
4000, 10 mM CaCl, and 0.1 HEPES, pH 7.4. Diffraction data were collected at 100 K on an
Mar165 CCD detector (MarUSA) and processed with the program HKL*. Two data sets,
each covering 180° rotation, were merged to increase data redundancy. Three Ca®* ions
and two S atoms were located and used for phase determination with the program
SOLVE?. We improved phases by solvent flattening with the program RESOLVE*. The
program O was used for model building. Refinement was done with CNS* using
maximum-likelihood targets. The N-terminal 12 residues are disordered and so excluded
from the final model.

Modelling of OC binding to HA
To determine the HA crystal surface to which OC might bind, we wrote a Fortran program
that constructs a HA lattice and carries out real-space searches. The Ca** ions at the pOC
dimer interface were used as a search model as follows. First, each atom of the search
model was systematically placed onto each of the two unique Ca*" ions of the HA crystal
lattice. Each placement then served as a pivot point on which the search model was rotated
(as a rigid body to preserve the atomic arrangement) about three eulerian axes (61, 65, 05)
at increments of 5° over the ranges 0° < 6, < 360°, 0° < 6, < 360° and 0° < 5 < 360°.
After each rotational increment, the search model was refined by least squares to the closest
HA Ca®* ions and the r.m.s. deviation in distance between the search model and HA Ca**
ions was calculated. We sorted the unique solutions according to their r.m.s. deviation
values and selected solutions within 1 s.d. of the best solution for graphical analysis. Slabs
of the HA lattice corresponding to putative binding planes defined by the search solutions
were constructed and pOC was docked by using the program LSQKAB? of the CCP4
(ref. 28) package.

For graphical drawing and analysis, the programs O* and Pymol** were used
throughout.

Sedimentation equilibrium analysis

Sedimentation equilibrium experiments of OC in the presence and absence of Ca*" at
loading concentrations of 0.17, 0.23 and 0.52 mg ml ™' were done at 20 °C on a Optima XL-
T analytical ultracentrifuge with AN60TI rotor (Beckman). Samples were prepared by
dissolving freeze-dried protein into buffer (0.1 M HEPES and 0.2 M NaCl, with or without
10 mM CaCl,) that had been pretreated with Chelex 100. Data were acquired as an average
of ten absorbance measurements at a nominal wavelength of 280 nm and a radial spacing
of 0.002 cm at rotor speeds of 45,000, 50,000 and 55,000 r.p.m. Equilibrium was achieved
within 16 h. We analysed data in terms of reversible monomer—dimer formation to obtain
an estimate of K4. The partial specific volume of pOC and the solvent density were
calculated by the program SedNterp™. Global data fits were obtained by simultaneously
fitting nine sets of data to a monomer—dimer equilibrium using Origin 6.0 software
(Microcal).
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Proteins contain thiol-bearing cysteine residues that are sensitive
to oxidation, and this may interfere with biological function
either as ‘damage’ or in the context of oxidant-dependent signal
transduction. Cysteine thiols oxidized to sulphenic acid are
generally unstable, either forming a disulphide with a nearby
thiol or being further oxidized to a stable sulphinic acid"’.
Cysteine—sulphenic acids and disulphides are known to be
reduced by glutathione or thioredoxin in biological systems,
but cysteine-sulphinic acid derivatives have been viewed as
irreversible protein modifications. Here we identify a yeast
protein of relative molecular mass M, = 13,000, which we have
named sulphiredoxin (identified by the US spelling ‘sulfiredoxin’,
in the Saccharomyces Genome Database), that is conserved in
higher eukaryotes and reduces cysteine—sulphinic acid in the
yeast peroxiredoxin Tsal. Peroxiredoxins are ubiquitous thiol-
containing antioxidants that reduce hydroperoxides®> and con-
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