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Subtilases are serine proteases found in Archae, Bacteria, yeasts, and
higher eukaryotes. Plants possess many more of these subtilisin-like
endopeptidases than animals, e.g., 56 identified genes in Arabidopsis
compared with only 9 in humans, indicating important roles for
subtilases in plant biology. We report the first structure of a plant
subtilase, SBT3 from tomato, in the active apo form and complexed
with a chloromethylketone (cmk) inhibitor. The domain architec-
ture comprises an N-terminal protease domain displaying a 132 aa
protease-associated (PA) domain insertion and a C-terminal seven-
stranded jelly-roll fibronectin (Fn) III-like domain. We present the first
structural evidence for an explicit function of PA domains in proteases
revealing a vital role in the homo-dimerization of SBT3 and in enzyme
activation. Although Ca2�-binding sites are conserved and critical for
stability in other subtilases, SBT3 was found to be Ca2�-free and its
thermo stability is Ca2�-independent.

calcium � proprotein convertase � protease-associated domain �
subtilisin � thermostability

Subtilases constitute the S8 family in clan SB of serine
proteases (http://merops.sanger.ac.uk). They are character-

ized by a catalytic triad of Asp, His, and Ser residues in an
arrangement shared with subtilisins from Bacillus species (1).
The first eukaryotic subtilase to be identified was kexin. It is
involved in the maturation of �-mating factor and killer toxin
from their respective precursor proteins in yeast (2). Nine
subtilisin-like endopeptidases have since been discovered in
mammals, seven of which are related to kexin and also involved
in the highly specific processing of precursor proteins. Their
substrates include polypeptide hormone precursors, growth fac-
tors, receptors, enzymes, and viral surface glycoproteins, which
are typically cleaved on the carboxyl side of paired basic residues
(3). The remaining two subtilases, PCSK9 and S1P, belong to the
proteinase K and pyrolysin subfamilies of subtilases (3). The
discovery of mammalian proprotein convertases (PCs), charac-
terized by their exquisite substrate specificity compared with
bacterial subtilisins, further stimulated interest in this class of
serine proteases.

Plants appear to lack kexin-related PCs but they possess a
largely expanded pyrolysin family with 56 genes identified in
Arabidopsis thaliana (4). They have been implicated in general
protein turnover (5), the regulation of plant development (6),
biotic and abiotic stress responses (7, 8), and the processing of
precursors of peptide growth factors in plants (9). It therefore
seems that the majority of plant subtilases assumed plant-specific
functions in the course of evolution. With the physiological roles
of plant subtilases beginning to emerge, it will now be interesting
to see whether or not the adoption of specific roles in plant
physiology is reflected in unique structural or biochemical
features that distinguish subtilases in plants from those in other
organisms.

To address this question we recently purified and character-
ized a typical pyrolysin-like subtilase from tomato (Solanum
lycopersicum) plants (SlSBT3 or SBT3). SBT3 is an extracellular

79 kDa glycoprotein that exhibits a remarkable level of stability
at elevated temperatures and alkaline pH (10). Like most other
subtilases, it is synthesized as a prepro-protein and targeted for
secretion by an N-terminal signal peptide (10). Distinguishing
features of SBT3 compared with mammalian PCs include the
C-terminal extension to the catalytic domain and, most notably,
a large insertion between the His and Ser residues of the catalytic
triad. This so-called protease-associated (PA) domain is also
found in most other plant and some of the bacterial subtilases,
and in functionally unrelated proteins, including the mammalian
transferrin and plant vacuolar-sorting receptors. Suggested func-
tions for the PA domain include regulation of substrate access to
the active site, ligand or substrate binding, and protein–protein
interactions (11–14). The PA domain of SBT3 was found to be
required for protease activity and secretion (10). As part of our
efforts to clarify the function of the PA-domain and to identify
the factors governing SBT3 activity and stability, the enzyme was
crystallized and its structure elucidated. We report here the first
structure of a subtilase from plants revealing a role for the PA
domain in homo-dimerization and regulation of protease activ-
ity. Furthermore, we are unaware of another structure of a
subtilase that is Ca2�-free in its native state and independent of
Ca2� with respect to activity and thermo stability.

Results and Discussion
Overall Structure and Domain Architecture. SBT3 was purified from
a tomato cell culture as the active enzyme (Thr-113 to Trp-761)
with the signal peptide and the prodomain cleaved during
zymogen maturation. We determined its structure by MIRAS
procedures and refined it at 2.5 Å (crystallographic statistics
given in Table S1) with details of the procedure described
elsewhere (15). In the final model, density for 639 of 649 residues
is well-defined. The polypeptide is folded into three domains, the
catalytic (subtilisin) domain (Thr-113-Arg-342 and Leu-473-Tyr-
654), an interposed protease-associated (PA) domain (Thr-343-
Tyr-472) and a C-terminal Fn III domain (Pro-655-Trp-761).
Concerning this domain architecture, the most similar protein is
C5� peptidase from Streptococcus pyogenes [PDB entry 3EIF
(14)], which also displays a PA domain interposed in the protease
domain and shows three C-terminal Fn III-like domains the first
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of which is similar to the one in SBT3 (Fig. S1). SBT3 crystallizes
as dimer with dimerization mediated by the PA domains. The PA
domains contact each other directly and bind also to the
subtilisin domain of the second monomer. This interaction is
established via a �-hairpin (S�9-S�10; Fig. S1), which is not
found in bacterial and mammalian subtilases.

Subtilisin Domain and Active Site. The core of the subtilisin fold is
well conserved between SBT3 and other subtilases from pro and
eukaryotes. It consists of a highly twisted �-sheet composed of
eight parallel and one anti-parallel �-strands. This �-sheet
surrounds two central helices and is f lanked by three adjacent
and five peripheral helices (Fig. 1A and Fig. S2). Structurally the
most similar protein is subtilisin BPN� from Bacillus amyloliq-
uefaciens (PDB code 1A2Q). 264 C�s align with an overall rms
deviation (RMSD) of 1.9 Å, resulting in a DALI Z score of 35.9.
In contrast to subtilisins, which display their active sites in a
relatively open and shallow channel on the surface of the
molecule (14), the active site of SBT3 resides in a canyon-like
crevice with the Ser-538-His-215-Asp-144 active site triad ar-
ranged in the center (Fig. 2A). Its accessibility in the homodimer

is restricted by the PA-domain, enforcing a 90° kink in the
putative substrate binding channel (Fig. 1B).

Individual substrate binding pockets in the active site of SBT3
were identified in the structure of peptidyl-chloromethylketone
(Ac-Phe-Glu-Lys-Ala-cmk)-inhibited SBT3. The inhibitor is co-
valently bound to active site residues His-215 and Ser-538 (Fig.
S3A) and occupies the active site cleft in a way similar to other
eukaryotic subtilases, for example kexin inhibited by Ac-Arg-
Glu-Arg-Lys-cmk (16). The S1 pocket of the substrate-binding
site is filled only partially by the P1-Ala side chain of the inhibitor
and provides space for larger residues like asparagine or glu-
tamine, the latter being in agreement with the substrate pref-
erence of SBT3 (10). P2-Lys establishes a salt bridge interaction
with the side-chain carboxylate of Asp-213 in pocket S2 (Fig.
S3A). The P3-Glu side chain points in the direction of Arg-318
but without contacting it directly. A lysine might be more
favorable in this position; in fact oligopeptides with lysine in P2
and P3 were confirmed as preferred substrates of SBT3 in
activity assays (10).

Aside from the highly similar core structures, there are
numerous loops and insertions that discriminate the catalytic
domain of SBT3 from BPN� and other pro- and eukaryotic
subtilases (Fig. 2 A). The most significant insertions are the
PA-domain (Thr-343-Tyr-472), an additional �-hairpin (Pro-
514-Asp-530), and the insertions Val-231-Ala-237 and Phe-191-
Ser-208. The latter two are located in the regions of Ca2� sites
1 and 2, which are conserved in other subtilases but absent from
SBT3. Furthermore, a large C-terminal extension of �50 aa
(Ala-605-Tyr-654) harbors two additional helices (helices S�12
and S�13, Figs. S1 and S2) and connects to the C-terminal Fn
III-like domain.

Fig. 1. Overall structure of SBT3. (A) Stereoview of the ribbon plot of the
SBT3 monomer. The catalytic (subtilisin), protease-associated (PA) and fi-
bronectin (Fn) III-like domains are colored red, orange and blue, respectively.
(B) Two perpendicular views of the solid surface representation of the SBT3
dimer with the subtilisin domains in red, the Fn III domains in blue, and the PA
domains in orange and magenta. Active site residues are displayed as white
surface; N-linked oligosaccharides are displayed as gray sticks. The proposed
substrate binding channel is indicated by a dashed line.

Fig. 2. Superimpositions of individual SBT3 domains with their nearest
structural homolog. (A) Ribbon plot of SBT3�s subtilisin domain (red coil)
superimposed with subtilisin BPN� (blue coil, PDB entry 1A2Q). Residues of the
catalytic triad are shown as sticks colored in blue (BPN�) or for SBT3 in yellow
(carbon), blue (nitrogen), and red (oxygen). Residue numbering of SBT3 is
given as blue labels. Loops bordering the active site are labeled. A calcium ion
bound by BPN� is shown as green sphere. (B) Ribbon plot of SBT3�s PA domain
(orange) superimposed with the apical domain of an aminopeptidase from
Aneurinibacillus (cyan, PDB entry 2EK8). (C) Ribbon plot of the Fn III domain
of SBT3 (blue) superimposed with SSP-19 (sperm-specific protein) from C.
elegans (green, PDB entry 1ROW).
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PA Domain-Mediated Homodimerization and Activation of SBT3. The
PA domain is present in corresponding positions in the majority
of plant subtilases [e.g., 54 of the 56 subtilases in Arabidopsis (4)]
and some multidomain bacterial subtilases (14). It is built from
three anti-parallel and four parallel � strands forming a seven-
stranded �-sheet that is surrounded by three peripheral helices
(Figs. 1 A and 2B). Structurally the most similar protein domains
are found in an aminopeptidase from Aneurinibacillus (PDB
entry 2EK8) where 109 C�s of the apical domain align with an
RMSD of 2.7 Å (DALI Z score: 11.4) and the streptococcal C5�
peptidase [PDB entry 3EIF (14)] whose PA domain aligns over
112 C�s with an RMSD of 3.2 Å, resulting in a DALI Z score
of 9.7.

PA domains are not restricted to subtilases but have been
recruited in several evolutionary independent events to different
classes of proteases and functionally unrelated proteins (11).
This includes metallopeptidases [glutamate carboxypeptidase II
(12), transferrin receptor (13), yeast aminopeptidase Y (17)],
aspartic proteases [presenilin homologues (18)], and vacuolar
sorting receptors (19, 20). Although the PA domain has been
implicated in the interaction of these proteins with their cognate
ligands or substrates (11), such a function has clearly been shown
only for the PA domains of vacuolar sorting receptors in plants,
which interact specifically with targeting signals of their cargo
proteins and are required for trafficking to lytic and protein-
storage vacuoles, respectively (19, 20). We present here the first
structural evidence for the proposed function of the PA domain
as a protein–protein interaction module, which is required in
SBT3 for homodimerization.

The interface between the two protomers of the SBT3 dimer
buries a surface of 2428 Å2. It consists mainly of hydrophobic
interactions between the PA domains and the subtilisin domain
of the binding partner and, to a lesser extent, also between
adjacent subtilisin domains (Figs. 1B and 3A). At the periphery,
several hydrophilic interactions are established. Especially eye-
catching is the only direct contact between the PA domains,
where the terminal � nitrogens of Arg-418 of one PA domain are
hydrogen-bonded to the main chain carbonyls of Thr-415 and
Arg-416 of the other. This conformation is further stabilized by
a contact between the � nitrogen of Arg-418 and the side chain
oxygen of Thr-523 within the same protomer (Fig. 3B).

Another prominent hydrophilic interaction between Arg-365
and Asp-530 contributes to the association of a characteristic
�-hairpin of the SBT3 catalytic domain with the PA domain of
the other protomer (Fig. 3C). This �-hairpin is not conserved in
bacterial and mammalian subtilases (Fig. S4A) and appears to be
of extraordinary importance for homo-dimerization. First, it
provides the only direct contact between the two subtilisin
domains (Ile-521, Ile-525). Second, it appears to position the PA
domain relative to the subtilisin domain. Third, the �-hairpin
forms almost the entire interface between the PA domain of one
monomer and the subtilisin domain of the other. In the latter
interaction, a hydrophobic patch on the surface of the PA
domain consisting of the side chains of Phe-362, Ala-364,
Phe-367, Val-368, P440 and the main chains of Glu-395 and
Lys-420 accommodates the �-hairpin of the neighboring subtili-
sin domain (Fig. S4B). The binding surface is completed by
hydrophilic interactions involving Arg-365, Arg-418 and Asn-
439. Both the PA domain and the �-hairpin are thus essential for
dimerization of SBT3.

Moreover, the interaction between the PA domain and the
�-hairpin appears to be important for the control of SBT3
activity. The �-hairpin is located in vicinity of the active site (Fig.
S4C). Its basis is built from potentially f lexible loop elements. In
the SBT3 dimer, the �-hairpin is forced into a rigid position by
contacting both PA-domains and the �-hairpin of the dimeriza-
tion partner, and movement of the hairpin in the direction of the
active site is strongly restricted. In the hypothetical monomer,

the mobility of the hairpin and the PA domain is expected to be
much higher. It is therefore conceivable that a conformational
change of the flap-like �-hairpin may close the active site cavity,
interfere with substrate binding, resulting in (partial) inactiva-
tion of the protease. PA domain-mediated homo-dimerization
may thus be essential for enzyme activation.

The relevance of critical residues at the dimer interface for
homodimerization of SBT3, and the suggested correlation of
dimerization status and proteolytic activity, were assessed by
site-directed mutagenesis. SBT3 double mutants R418A/F367A
and R418A/R365A were generated, transiently expressed in N.
benthamiana, and extracted from the leaf apoplast. Compared
with the SBT3 wild-type protein, which forms a dimer in solution
(Fig. 4A), the R418A/F367A mutant showed a pronounced
tailing toward lower molecular weights during size exclusion
chromatography indicating a shift in monomer-dimer equilib-
rium toward the monomeric state (Fig. 4B). This mass shift was
more pronounced for the R418A/R365A mutant, for which a
second peak was observed at half the mass of the wild-type
enzyme. Substitution of Arg-418 in combination with either
R365 or F367 with Ala thus reduced the dimerization potential
of SBT3, which correlated with a reduced proteolytic activity
(Fig. 4 A and B).

SBT3 Activity and Stability Are Ca2�-Independent. Metal binding is
one of the factors contributing to thermal stability of proteins
and is common to many thermozymes (21). In subtilases, the
binding of calcium ions is a major factor governing thermal

Fig. 3. PA domain-mediated homodimerization of SBT3. (A) Schematic
representation of the SBT3 homodimer. The subtilisin domains are shown in
red, interposed PA domains in orange and magenta, respectively. Residues
contributing to the extensive hydrophobic interface are shown as yellow-
filled squares. The only direct contact of the subtilisin domains to each other
is observed between Ile-521 and Ile-525 of the two �-hairpins. Hydrophilic
interactions between the PA and the subtilisin domains are indicated as
dotted lines. The PA domains contact each other directly via Arg-418. (B)
Detailed view on the contacts between the PA domains. The Arg-418 side
chain in each PA domain is hydrogen-bonded to the main chain carbonyls of
Thr-415 and Arg-416 of the other. An additional contact is established with
Thr-523 in the subtilisin domain of the same protomer. (C) Detailed view on
the interaction between Arg-365 from the PA domain and Asp-530 from the
subtilisin domain within the same SBT3 molecule.
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stability. Calcium contributes its binding energy to the overall
free energy of folding, stabilizing the native conformation of the
enzyme (22).

Despite the general calcium dependence of subtilases, we did
not detect any calcium in the SBT3 structure. Thermofluor
experiments were performed and melting curves recorded to
confirm that the stability reported for SBT3 at elevated tem-
peratures and alkaline pH (10) is truly calcium-independent
(Fig. 5B). Without EDTA or calcium being added, the median
(three independent experiments) melting point of SBT3 was
71.5 °C. The melting points did not differ significantly in pres-
ence of 100 mM CaCl2 (71.9 °C) or 100 mM EDTA (71.4 °C; Fig.
5B). Moreover, the activity of SBT3 was also found to be largely
unaffected by the addition of CaCl2 or calcium chelators (Fig.
S5), and SBT3 autolysis was undetectable over the tested pH
range (pH 4.0–9.0) in presence of 5 mM EDTA or 5 mM CaCl2.

These findings contrast with those for other eukaryotic sub-
tilases and bacterial subtilisins. The activity and stability of kexin
in yeast and mammalian PCs depend on calcium (2, 23). In
subtilisin BPN�, the rate of thermal inactivation is 1000-fold

higher in the absence of calcium, compared with saturating
calcium concentrations (22). Similarly, the half-life at 70 °C of
the thermophilic subtilisin from Bacillus AK.1 was increased by
four orders of magnitude at 5 mM Ca2� compared with the
EDTA-treated enzyme (24).

SBT3 Stability in the Absence of Ca2�-Binding Sites. Although the
general architecture of Ca2�-binding regions is retained in SBT3,
the apparent lack of Ca2�-binding sites and Ca2�-independent
activity suggest that plants, in the course of evolution, found an
alternative way to solve the stability problem in subtilases. In
other subtilase structures, there are two highly conserved Ca2�-
binding sites (Ca-1, Ca-2) and one less conserved site (Ca-3)
(Fig. 5A) (25). Ca-1 is shared between subtilisins (e.g., BPN�,
PDB entry 1A2Q), thermitases (e.g., PDB entry 1THM) and the
eukaryotic subtilases furin (PDB entry 1P8J) and kexin (PDB
entry 1R64). It is situated in a loop at the end of helix C, which
harbors the active site His-64 in its first turn (26). This helix is
perfectly conserved in SBT3 (helix S�5), including the active site
His-215 (Fig. 2 A and Figs. S1 and S6). Deletion of the Ca-1-
forming loop in BPN� resulted in an active enzyme with,
however, sharply decreased thermo stability (27). The corre-
sponding loop is much larger in SBT3, comprising 19 (Gly-225-
Gly-243) instead of 10 residues (Ala-74-Gly-83 in BPN�). Res-
idues that coordinate Ca2� in BPN� are not conserved in SBT3,
and the C� traces differ significantly (Fig. 5C and Fig. S6). The
stabilizing effect of Ca2�-binding at the Ca-1 site of BPN� and
other subtilases seems to be achieved in SBT3 by contacts of the
extended loop (EL-1) to �-strands C�8 and C�11 and to the basis
of the additional �-hairpin (strands C�9 and C�10) (Fig. 5A).

Ca-2 is a low affinity Ca2�-binding site that is highly conserved
in subtilisins, thermitases, proteinase K (e.g., PDB entry 2PRK),
and eukaryotic PCSK9 (PDB entry 2QTW). It is established in
BPN� by residues from a loop just before �-strand 6 (Fig. 5D and
Fig. S6). Both loop and �-strand are nicely conserved in SBT3.
The structural stabilization evoked in other subtilases by binding
of a positively charged ion at this site is mimicked by the
positively charged side chain of a lysine (Lys-498). This situation
is reminiscent of pancreatic kallikreins that lack the stabilizing
Ca2�-binding site located in a loop between �-strands 4 and 5 of
the related trypsins. Rather than by cation binding, this part of
the protein is stabilized in kallikreins by an arginine (Arg-70)
substituting for glutamate [Glu-70 in trypsin (28)].

Ca-3 is localized in a loop between the second �-strand and the
second �-helix (e.g., in thermitase, PDB entry 1THM) (Fig. 5E).
Again, these two secondary structure elements are conserved in
SBT3 but the connecting loop (EL-2) is considerably larger, intro-
ducing an additional short helix (S�3) (Fig. 5E). Another extended
loop in close proximity (EL-3) harbors an internal disulfide bridge
(Cys-170-Cys-181) that may contribute to the stability of this region
in the absence of a Ca2� binding site (Fig. 5E).

In addition to the substitution of the Ca2� binding sites,
further stabilization in SBT3 seems to be afforded by the
C-terminal Fn III domain, which consists of a sandwich built by
a three-strand and a four-strand anti-parallel �-sheet that is
curved to assume a �-barrel-like shape (Fig. 2C). The closest
structural neighbor is a single-domain sperm-specific protein
(SSP-19) from C. elegans [PDB entry 1ROW (29)], which aligns
over 82 C�s with an RMSD of 1.8 Å (DALI Z score: 9.2).
Structurally related Fn III domains are also found in numerous
other proteases including C5� peptidase [PDB entry 3EIF (14)],
human factor XIII [PDB entry 1GGT (30)], alkaline serine
protease KP-43 from Bacillus sp. [PDB entry 1WMD (31)], and
mammalian PCs, where it was proposed to stabilize the highly
negatively charged active site (23, 32).

In SBT3, the interface of the Fn III domain and the subtilisin
domain is largely hydrophobic. The Fn III domain may thus
stabilize the protein by shielding hydrophobic surface patches

Fig. 4. Quarternary structure and activity of SBT3 and site-directed SBT3
mutants. (A) Analytical gelfiltration. Proteins were separated on a TSK3000
analytical gel filtration column. Wild-type SBT3 (open star) exhibited an
apparent molecular mass of 215 k. Tailing toward lower molecular weights
and an additional peak at 95 k (filled star) were observed for R418A/F367A and
the R418A/R365A double mutants, suggesting a reduced dimerization poten-
tial of the mutant enzymes compared with the wild-type. (B) The SBT3 dimer
and monomer represent active and inactive states of the enzyme. The activity
of SBT3 and its site-directed mutants was assayed in 15-s fractions collected
after gelfiltration. The highest activity was observed in fraction 3 for wild-type
SBT3 and the activity in all other fractions is expressed in percentage thereof.
Data were normalized for slightly different expression levels of the three
proteins.
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from solvent. Interdomain contacts are established between F�1
and parts of the large P�9 - S�7 loop, between F�2 and the
S�11–S�12 loop, and by interactions of F�8 with S�9 and S�10.
Furthermore, the five C-terminal amino acids fold back onto the
subtilisin domain, and the side chain of the ultimate residue,
Trp-761, inserts into a hydrophobic pocket in the vicinity of the
substrate binding channel (Fig. S7). This interaction appears to
stabilize the loop system near the active site. Further stabiliza-
tion is achieved by a ‘‘hydrophobic clamp’’ formed by Trp-761,
Val-760, Ile-758, and Ile-157, which braces the Fn III and
subtilase domains (Fig. S7). Consistent with the proposed sta-
bilizing function, the Fn III domain and the ‘‘hydrophobic
clamp’’ were shown to be required for SBT3 activity. SBT3
deletion mutants lacking the entire Fn III domain or as little as
5 aa from its C terminus were impaired in autocatalytic pro-
cessing activity and accumulated intracellularly as unprocessed
zymogens (10). Dimerization, which has not been observed for
any other subtilase, is likely to be another factor contributing to
SBT3 stability.

Subtilisins as Detergent Additives. The instability of subtilisins
under chelating (water-softening) conditions is a major imped-
iment to their industrial use as additives in laundry and dish-
washing detergents. Following the introduction of subtilisin
Carlsberg from Bacillus licheniformis as the first detergent
additive in the 1960s, considerable efforts have been undertaken
to improve the performance of subtilisins under chelating con-
ditions. Gallagher and coworkers deleted the entire loop har-
boring the high-affinity Ca-1 site of subtilisin BPN� (27). The
folding stability of the resulting calcium-independent mutant
was subsequently enhanced by directed evolution (33). Thermal

inactivation of this subtilisin variant in 10 mM EDTA was 1,000
times slower compared with the wild-type enzyme (33). Directed
evolution was also successfully used to develop a thermostable
variant of subtilisin E. Eight amino acid substitutions were found
to be sufficient to convert the mesophilic enzyme into a func-
tional equivalent of thermitase (34).

There are limitations to this approach, however, because the
incremental improvement of a given protein by the successive
accumulation of single mutations will inevitably result in solu-
tions that are close to the starting structure, and optimal
solutions may not be accessible. The identification of SBT3,
which evolved as a calcium-free but stable subtilase in plants,
may open new avenues for the generation of calcium-
independent subtilisins. As evident from the SBT3 structure,
calcium-binding is not the only approach nature has taken to
solve the stability problem in subtilases. The SBT3 structure may
thus serve as a starting point to guide further efforts in the
improvement of subtilisins for industrial applications.

Materials and Methods
Purification and Crystallization of SBT3. Native SBT3 was expressed in a trans-
genic tomato cell suspension culture and purified to homogeneity from
culture supernatants (15). SBT3 crystals were grown at 4 °C by the hanging
drop vapor diffusion method (15). Ac-Phe-Glu-Lys-Ala-cmk was synthesized by
a combination of solid and solution phase chemistry according to published
procedures (35). For complexation with SBT3, native crystals were soaked in
reservoir solution supplemented with 10 mM inhibitor, transferred to 10 mM
inhibitor in cryoprotective solution, and flash-cooled in liquid nitrogen.

Structure Determination. Crystallization, data collection, and heavy atom
search have been described (15). The initial phases as determined with SOLVE
and RESOLVE (36) were barely good enough to trace the backbone of the

Fig. 5. The structure of SBT3 lacks Ca2�. (A) Superimposed ribbon plots of SBT3 (red), subtilisin BPN� (dark blue, PDB entry 1A2Q) and thermitase (yellow, PDB
entry 1THM). Bound Ca2� ions are shown as green spheres, the binding sites are labeled Ca-1 to Ca-3. The �-strands C�9 and C�10 that are part of the hairpin
insertion in SBT3 are labeled, and extended loops EL-1 to EL-3. (B) SBT3 melting curves in presence and absence of CaCl2 or EDTA. (C) Ca-1, with residues implicated
in Ca2� coordination in subtilisin BPN� shown as blue sticks. (D) Ca-2, with Ca2�-coordinating residues of BPN� shown as blue sticks, and water molecules
represented by red spheres. Lys-498 and its interacting residues in SBT3 are shown as magenta sticks. (E) Ca-3, with Ca2�-coordinating residues of thermitase
shown as yellow sticks. A stabilizing disulfide bridge of the extended loop 3 of SBT3 is shown as red sticks.
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protein but could be used to extract noncrystallographic symmetry (NCS). The
NCS data were fed to RESOLVE, which resulted in electron density maps that
allowed tracing of the protein. The model was iteratively built and refined
with COOT (37) and REFMAC (38).

Site-Directed Mutagenesis and Transient Expression in N. benthamiana. The
R365A, F367A, and R418A single mutants were generated by site-directed
mutagenesis of the SBT3 cDNA using complementary oligonucleotides com-
prising the desired mutations as primers in PCR. Reaction products were
digested with DpnI (Fermentas) and transformed into E. coli XL1 blue (Strat-
agene). A single XhoI restriction site was used to recombine the mutations in
position 418 and positions 357/367 to generate the R418A/R365A and R418A/
F367A double mutants. The mutated cDNAs were cloned into the vector
pART27, transformed into Agrobacterium tumefaciens, and infiltrated into
Nicotiana benthamiana leaves as described in ref. 10. Five days after agroin-
filtration, apoplastic washes were prepared to recover transiently expressed
proteins and reduced to 1/20 volume by ultrafiltration (10).

Size-Exclusion Chromatography and Assay of SBT3 Activity. Analytical gelfil-
tration of SBT3 wild-type and mutant proteins was performed on a TSK-GEL

G3000SWXL column (Tosoh Bioscience) in 50 mM Tris�HCl pH 7.4, 200 mM NaCl
at a flow rate of 0.8 mL/min. Standard proteins for column calibration were
from Sigma–Aldrich. Collected fractions (15 s, 200 �L) were analyzed on
Western blots for the presence of the SBT3 protein (10). A fluorigenic peptide
substrate (Abz-SKRDPPKKQTD(NO2)Y, 20 �M; JPT Peptide Technologies) was
used to assay SBT3 activity in a total volume of 200 �L of 50 mM Tris�HCl pH 7.5.

Thermofluor Analysis. Samples were set up in a 96-well thin-wall PCR plate
(Applied Biosystems) in a total volume of 25 �L per well. SBT3 was used in a
final concentration of 1 �M in 20 mM phosphate buffer pH 7.5, 150 mM NaCl
and CaCl2 or EDTA as indicated. 1 �L of a 25� Sypro Orange solution (Invitro-
gen) was added and the protein was heated from 25 °C to 95 °C in 1 °C steps
of 1 min each in a 7500 Fast RT-PCR system (Applied Biosystems). The VIC filter
was used to monitor the fluorescence increase resulting from binding of Sypro
orange to hydrophobic regions of the unfolding protein.
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