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A distinct class of the biologically important subtilisin family of
serine proteases functions exclusively within the cell and forms
a major component of the bacilli degradome. However, the mode
and mechanism of posttranslational regulation of intracellular
protease activity are unknown. Here we describe the role played
by a short N-terminal extension prosequence novel amongst the
subtilisins that regulates intracellular subtilisin protease (ISP) activ-
ity through two distinct modes: active site blocking and catalytic
triad rearrangement. The full-length proenzyme (prolSP) is inactive
until specific proteolytic processing removes the first 18 amino
acids that comprise the N-terminal extension, with processing
appearing to be performed by ISP itself. A synthetic peptide corre-
sponding to the N-terminal extension behaves as a mixed non-
competitive inhibitor of active ISP with a K; of 1 pM. The structure
of the processed form has been determined at 2.6 A resolution
and compared with that of the full-length protein, in which the
N-terminal extension binds back over the active site. Unique to
ISP, a conserved proline introduces a backbone kink that shifts
the scissile bond beyond reach of the catalytic serine and in addi-
tion the catalytic triad is disrupted. In the processed form, access
to the active site is unblocked by removal of the N-terminal exten-
sion and the catalytic triad rearranges to a functional confor-
mation. These studies provide a new molecular insight concerning
the mechanisms by which subtilisins and protease activity as a
whole, especially within the confines of a cell, can be regulated.

posttranslational modification | protease regulation |
proprotein activation | protease structure

Subtilisins are serine endopeptidases ubiquitous in nature,
spread across the eubacteria, archaebacteria, eukaryotes,
and viruses (1). They play a variety of important biological roles
that include specific posttranslational processing of hormones
(2, 3), virulence and infection factors in various pathogens (4, 5),
and as nonspecific digestive proteases (1). The distinctive primary
structure features common to the majority of subtilisins, and
typified by the bacilli extracellular subtilisins (ESP), comprise a
N-terminal signal sequence with an adjacent prodomain required
for correct folding of the mature, catalytic domain (6-8) (Fig. 14).
Both the signal sequence and the prodomain are posttranslation-
ally removed, the latter autocatalytically. The bacilli ESPs have
a broad substrate specificity that suites their role as scavenging
proteases, and their robustness to harsh environments coupled
with extensive protein engineering has resulted in their exploita-
tion by industry for a variety of applications, in particular as
an active ingredient in laundry detergents (6, 7, 9, 10). The ESPs
have proved excellent paradigms for understanding key molecu-
lar features of proteins, including enzyme catalysis (11) and
protein folding (6-8).

The intracellular subtilisins (ISPs) are a distinctive class found
in many different bacilli and related bacteria (1, 12-17). They
are the main component of the bacilli degradome, believed to
account for approximately 80% of Bacillus subtilis intracellular
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proteinase activity (18, 19). However, little is known regarding
the crucial feature of how their activity is regulated posttransla-
tionally within the cell, where control of protease activity is vital
to prevent the untimely breakdown of crucial cellular protein
components. This is exemplified by the harmful effects of intra-
cellular expression of bacilli ESPs to the host cell (20).

The ISPs are close relatives of the bacilli ESPs, with 40-50%
sequence identity (21). Despite this, their sequences have a num-
ber of distinctive features (Fig. 1 A and B) that translate into
tertiary and quaternary structural features unique amongst the
subtilisins, including being dimeric (Fig. 1C) (21). Whereas a
dimeric structure has also been observed for the multidomain
tomato subtilase (22), dimerization occurs via a separate PA
domain to the catalytic domain. In contrast, the catalytic domain
together with a short C-terminal arm mediate dimerization in
ISP (21). A key feature of the ISPs is the replacement of the
classical “foldase” prodomain with a short (16-25 residue)
N-terminal extension (Fig. 14), which has no sequence homology
with the ESP prodomains (Fig. 1B) and is not involved in the
folding process (20). The LIPY/F sequence motif in the extension
is strictly conserved (Fig. 1B), hinting at a common role. Posttran-
slational removal of the proISP extension has been reported
in a number of organisms (13, 15, 16, 23) but the implications
of this event remained unknown until the structure of the full-
length ISP from Bacillus clausii was determined in our labora-
tories (21). The structure suggests that the extension acts as
an inbuilt inhibitor of activity by binding back over and so block-
ing the active site. The LIPY/F motif plays a key role with the
proline introducing a bulge that shifts the scissile peptide
bond beyond the reach of the catalytic serine, preventing direct
binding to the active site (Fig. 1D).

Here we describe the role of precise proteolytic processing
of the N-terminal extension in regulating the activity of the
B. clausii 1ISP. Comparison of the recently determined struc-
ture of the full-length protein (proISPS?°4) with the processed
form (NA8-ISPS250A) determined here reveals the original, dual
approach by which this extension inhibits protease activity.
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Fig. 1. Sequence and structural features of ESPs and ISPs. (A) General
primary structure of ESP and ISP. SS and Pro refer to the signal sequence
and prodomain region, respectively. Black and gray boxes represent the
N- and C-terminal extensions, respectively, of the ISPs. Arrows indicate
proteolytic cleavage positions. Approximate positions of the catalytic serine
resides are indicated by triangles. (B) Partial sequence alignment of the
N-terminal region of ISPs from various Bacillus species and two representative
ESPs (BPN’ from Bacillus amyloliquifaciens and Savinase from Bacillus lentus).
A full sequence alignment has been published previously (21). Residues
highlighted in black and gray are conserved and semiconserved, respectively.
Residues underlined form part of the ESP prodomain sequence. Standard
residue numbering based on mature BPN’ is used for the ESPs. Arrows indi-
cates the determined proteolytic cleavage position for the ISP from B. clausii
that is part of this study and the two ESPs. (C) Recently determined structure
of the dimeric ISP from B. clausii (ref. 21; PDB code 2WV7). Each monomer
is shown in different shades of gray and the catalytic triad as space fill.
(D) Binding mode of N-terminal extension. Close up of active site, with the
core ISP structure shown in surface representation and the N-terminal exten-
sion shown in stick representation. The positions of residues Pro8, Tyr9,
and Ala250 are indicated. Molecular structure diagrams were generated
using CCP4mg (42).

Results

Proteolytic Processing Regulates ISP Activity. SDS-PAGE revealed
proISP was processed to a smaller product after an initial lag
phase in a time dependent manner (Fig. 2.4 and B). The N-term-
inal sequence of the larger species was (M)-R-K-F-R, identical to
that expected for the full-length proISP with partial processing
of the N-terminal methionine. For the smaller stable product
it was S-E-V-P-M, corresponding to removal of the first 18 resi-
dues from the N-terminus of proISP (Fig. 1C). The measured
molecular weight of the processed ISP (termed NA'S-ISP), as
determined by mass spectrometry, was 31,548 Da. This is close
to the theoretical molecular weight (31,554 Da) after the removal
of the N-terminal extension (residues 1-18) and the unstructured
C-terminal affinity tag (21) together with the lysine (Lys321)
naturally resident at the ISP C-terminus (KLEHHHHHH). The
excised C-terminal section is known to be unstructured and
distant from the active site (21) so its removal is unlikely to
influence the function or structure of the ISP.

Proteolytic processing resulted in activation of ISP (Fig. 2B).
ProISP exhibited no activity toward the chromogenic tetrapeptide
substrate Suc-Phe-Ala-Ala-Phe-pNA but after an initial lag
phase of about 3 hr, activity rapidly increased to a maximum after
5 hr, which mirrored exponential processing of proISP. The final
processed protein was stable with no loss of activity or further
degradation even after 10 hr.

To investigate if ISP itself was responsible for processing, an
inactive variant, prolSPS?A, with the active serine mutated to
alanine (21), was used as substrate for NA!8-ISP. ProISPS2%4
was initially cleaved at a single position (Fig. 2C), with the
N-terminal sequence for the digested form matching that of
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Fig. 2. Role of proteolytic processing in regulating ISP activity. (A) Time
course of prolSP processing. (B) Change in ISP activity (black squares; left y
axis) measured by monitoring the hydrolysis of Suc-Phe-Ala-Ala-Phe-pNA
compared with prolSP processing (gray squares; right y axis) as determined
by densitometry of the bands shown in (A) over time. The rate of prolSP$2>0A
processing by NA'8-ISP (triangle) determined by densitometry of the bands in
(C) is also shown. (C) Time course of prolSP525%A processing in the presence of
active NA'8-ISP. Top panel, SDS-PAGE. (Lower) Western blot. U and P refer to
the unprocessed and processed forms, respectively.

the processed wt ISP (SEVPM). The rate of processing of
proISPS»%4 by NA'S-ISP followed a standard enzyme progres-
sion rate curve compared to the exponential processing charac-
teristics observed for wt ISP alone (Fig. 2B). Western blotting
using a primary antibody against the C-terminal hexahistidine tag
confirmed that the affinity tag was still attached to ISPS>%A dur-
ing initial processing but was removed on prolonged incubation
(Fig. 2C). Mass spectrometry suggested that the N-terminal
extension together with the C-terminal tail sequence KLEHHHH
HH was removed on full processing of proISP$2%4in line with
the observations for wt ISP (theoretical mass of 31,538 Da versus
measured mass of 31,547 Da). In the absence of active NA'8-ISP,
there was no digestion of proISPS?"A indicating that trace
amounts of proteinases native to Escherichia coli were not
responsible for the processing (Fig. S1).

Proteolytic Processing of ISP Has Little Effect on Overall Tertiary and
Quaternary Structure. The circular dichroism (CD) spectra of
proISPS»4 and NA!8-ISP were almost identical (Fig. S24) and
characteristic of proteins with a subtilisin-like fold (20, 21, 24).
This indicates that there is no major change in the overall struc-
ture of ISP on processing.

ISPs have a unique quaternary structure amongst the subtili-
sins in that they form dimers (21). Size exclusion chromatogra-
phy revealed that NA'S-ISP eluted slightly later (0.2 mL) than
prolSPS20A (Fig. S2B), corresponding to an apparent molecular
weight of 50 kDa, closer to that predicted for the dimer (63 kDa)
than the monomer (31.5 kDa). This confirms that the dimeric
quaternary structure observed is maintained in the processed
form in solution.
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Refolding of Denatured NA'™-ISP. NA'S-ISP was unfolded in 8 M
urea, which totally abolished protease activity. On exchange
back into native buffer, 88% of protease activity was restored,
confirming that NA'3-ISP had refolded to an active conformation
(Fig. S3).

N-terminal Extension Peptide Acts as an Inhibitor of ISP Activity. A
synthetic peptide, NA1S8, equivalent to the first 17 amino acids
of ISP (lacking the N-terminal methionine) acted as an inhibitor
in its own right when added to NA'3-ISP, and substantially
reduced proteolytic activity. The IC50 of the peptide was deter-
mined to be ~0.7 pM with Suc-Phe-Ala-Ala-Phe-pNA as the
substrate (Fig. 34). A more detailed kinetic analysis (Fig. 3B)
revealed that the NA18 inhibition data fitted poorly to a simple
competitive inhibition model, but much better to mixed model
with a significant noncompetitive inhibition contribution (see
Materials and Methods). The calculated K; of the NA18 peptide
was 1(£0.2) pM.

Structure of NA8-ISP525% and Comparison with proISPS2°A, To iden-
tify the molecular events that occur on proISP processing
and activation, the structure of NA'-ISPS23°4 was determined.
The final model refined to 2.6 A spacing comprises residues
19-319, plus a sodium, a calcium and a strontium ion (Fig. 44),
with 25 waters. The crystallographic statistics are provided in
Table S1. Ser19 is now the N-terminal residue. The overall fold
of the mature protomer is similar to the core of prolISP, with an
rmsd over 276 Ca atoms of 0.79 A (Fig. 4B). The dimeric struc-
ture is retained (Fig. 44) with the subunit interface largely
conserved, and the two subunits of NA'S-ISPS?A related by a
crystallographic axis. However, there are substantial differences
in three regions on maturation (Fig. 5). i

Firstly, residues 247-251 shift position by ~1.6 A resulting in
the catalytic residue (S250A) moving closer to His86 to form a
catalytic triad with similar geometry to that observed for ESPs
such as BPN’ (Fig. 54). The position of the histidine side chain
varies somewhat, lying further away from the alanine in the
NA'B-ISPS?%%A than in BPN', as might be expected from the loss
of hydrogen bonding potential in the inactive mutant. A number
of rearrangements in and around the S1 pocket are associated
with the triad reordering (Fig. 5B). The binding site nomencla-
ture follows that of Schechter and Berger (25); the peptide sub-
strate are labeled P4, P3, P2, P1, and P1’ with the respective
subsites on the enzyme termed S4, S3, S2, S1, and S1’ and
cleavage occurring between P1 and P1’. The S1 binding pocket
is better defined than in proISP$2%4 with the ordering of loop
residues 183-188 and 216-225, which contribute directly to the
formation of the S1 binding pocket in ESPs. The 216-224 region
is similar in NA!8-ISPS?'A and BPN’, but very different in
prolSP (Fig. 5B). The 180-199 region is also different between
the two forms of ISP. In proISP?°A there is no density for
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Fig. 3. Inhibition of ISP by the NA18 peptide. (A) Determination of 1C50.
(B) Enzyme kinetics in the absence (diamond) and presence of 0.5 (square),
1 (triangle), 2 (x), 3 (+), and 5 uM (circle) of NA18 peptide.
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Fig.4. Structure of NA'8-ISPS250A_(A) Dimeric structure of NA'8-ISPS250A_ One
subunit is shown as a ribbon, the other as an electrostatic surface. The
positions of the N- (Ser19) and C-terminal (Gly319) residues are indicated.
The catalytic Ser-to-Ala residue (colored by atom type), and the sodium
(gray), calcium (orange), and strontium (magenta) ions are shown as spheres.
(B) Superposition, using secondary structure matching (43), of NA'8-|SPS250A
(blue) and prolSP52%9A (red). The N- and C-terminal residues for each form are
indicated and the N-terminal extension present only in prolSP5%5%4 is colored
black. Metal ions colored as in (A).

residues 184-194 (21) whereas this region is defined in
NA'8-ISPS?9A | Within this loop there was an anomalous electron
density peak whose height was half that at the Sr** site described
below, which has been modeled as a calcium ion (Fig. 5B).
No such calcium binding is observed to occur in proISP or
BPN’, with the equivalent region in BPN’ having a substantially
different structure (Fig. 5B).

Secondly, whereas the residues from Val2l onward have
similar conformations in both NA'S-ISPS?0A and proISPS»%4,
the positions of Ser19 and Glu20 change on cleavage of the pep-
tide bond following Leul8. This allows the side chain of Glu20
to rotate by roughly 180° from its position in proISP to act as
the sixth ligand for the high affinity metal site (Fig. 5C). As in
prolSP, the site is occupied by a sodium rather than a calcium
ion, with a coordination sphere very similar to that seen for
calcium in the equivalent high affinity sites of the ESPs (21).
The lack of any density at this site in the anomalous difference
Fourier synthesis confirms that this is not a calcium ion.

Thirdly, the strongest feature in the anomalous difference
Fourier is at a site close to the 2-fold axis, where there was a
PEG molecule in proISP (21). We have modeled this as a stron-
tium ion, consistent with the composition of the crystallization
buffer, again with evidence for adjacent binding of PEG. Its sig-
nificance is unclear, as it does not appear to change the interac-
tions across the subunit interface when compared with proISP.

Gamble et al.
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Fig. 5. Structural changes to ISP on processing. (A) Overlay of the catalytic
triads. The Cp atom of the catalytic serine equivalent residue, Ala250, is in-
dicated for both prolSP52°%4 and NA'8-ISPS250A, The hydrogen bond between
the serine and histidine in the catalytic triad is shown for BPN'. The carbon
atoms and backbone worm depiction of NA'8-ISPS2504  prolSPS250A and the
ESP BPN’ (PDB code 1TO2) are colored green, cyan and coral, respectively.
(B) Structural rearrangements of loops forming the S1 pocket on processing.
Structures colored as in (A). The catalytic Ser-to-Ala is shown as stick repre-
sentation. Lys318 from a separate NA-ISP18 homodimer is colored purple.
Calcium ion is shown as a sphere (yellow). (C) Repositioning of Glu20 on pro-
cessing to form a fully coordinated metal binding site. The carbon atoms of
NA'8-ISPS250A and prolSP52°%4 are colored green and cyan respectively.

In the absence of strontium, it is possible that this site is occupied
by a calcium ion.

Removal of the N-terminal extension in the isolated NA!8-
ISPS2%A dimer can be presumed to expose the catalytic triad
to solvent. However in the crystal, the C-terminus from residue
311 onward rearranges, with residues 313-319 packing against a
symmetry related dimer. Whereas this is clearly a result of crystal
packing and is not likely to have any physiological significance, it
is of interest that these residues act as a substrate mimic, taking
the position of residues P1’-4 in the 3-stranded p-sheet that

Gamble et al.

anchors proteinaceous inhibitors and substrates into the channel
leading to the catalytic site (Fig. 6). The backbone atoms of
residues 315-319 in NA'S-ISPSA overlap closely with those
of the CI2 inhibitor in the BPN’ complex (and indeed with those
in other precursors and inhibitors). The side chains, in spite of
differences in sequence, fit snugly into the four subsites, P1-4,
with the lysines in P1 superposing particularly closely. In addition
sites P2-4 overlap well with those in the proISP N-terminal
extension (21).

Discussion

Their atypical cellular location and unusual sequence features
mark the bacterial ISPs as distinctive members of the subtilisin
family. The work presented here together with the recently
determined structure of proISPS?°4 (21) has enabled us to assign
functional roles to these unique sequence elements so confirming
their physiological relevance, especially in terms of regulating
proteolytic activity. Given that the sequence features are shared
amongst the ISPs (Fig. 1C), our findings for the B. clausii enzyme
are relevant to the ISPs as a whole, and will have an impact
on our molecular understanding of subtilisins in general and
mechanisms by which protease activity within the cell is regulated.
Regulation of proteases active within the cell is of paramount
importance to prevent untimely degradation of vital cellular com-
ponents. The N-terminal extension of the ISPs containing the
conserved LIPY/F motif is a notable deviation from the secreted
subtilisins (Fig. 1), and we have established here that it plays
an important functional role by regulating proteolytic activity
(Figs. 2 and 3).

Analysis of the prolSP structure provides an obvious mechan-
ism by which the N-terminal extension inhibits activity as it
binds back across and blocks the active site (Fig. 1D); cleavage
between Leul8 and Serl9 activates wt ISP (Fig. 2). However,
the manner by which active site blocking is achieved differs com-
pared to other proteases. When the N-terminal extension binds
back over the active site in proISP, a key feature is the deviation of
the main-chain away from the active site induced by the con-
served LIPY/F motif contributing to the formation of the proline
bulge (Fig. 1D). The positioning of Pro8 is critical as it points
away from the body of the protein so moving the scissile peptide
bond out of reach of the catalytic serine. This is in contrast to the
mode of binding of the classical prodomains from ESPs (26-28)
and the subtilisin-like proteins kumamolisin (29, 30) and fervido-
lysin (31) over the active site, which retain the target peptide
bond in a position to allow autocatalytic processing. Interactions
between subtilisins and classical proteinacous inhibitors (32, 33)
such as CI2 (34) are normally restricted to the active site and
substrate binding region whereas the N-terminal extension of
ISP forms distinct interactions with regions of the protein beyond
the substrate binding pocket. The biochemical data (Fig. 2) com-
bined with the structure of NA'8-ISPS°4 (Figs. 4 and 5) reveal
that proteolytic cleavage of the N-terminal extension removes the
physical block to the active and substrate binding site that will
thus allow entry of a potential protein substrate.

The observed change in enzyme kinetics in the presence of
the N-terminal extension peptide NA18 (Fig. 3) unexpectedly
suggested a mixed noncompetitive rather than a competitive
mode of inhibition. Comparison of the structure of prolSP with
that of NAS-ISPS?9A determined here provides an explanation
and reveals that the N-terminal extension regulates protease
activity via an additional mechanism: disruption of the catalytic
triad and S1 binding pocket. Leu6 and Tyr9 within the N-terminal
extension point toward the loop carrying the catalytic serine
mutation resulting in displacement of the main-chain atoms
of the loop containing Ala250 by ~1 A compared to other sub-
tilisins, including those with the active site serine residue mutated
to alanine (26, 30). This results in Ala250 being displaced by
~1.6 A from the position required for the formation of a catalytic
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triad. Removal of the N-terminal extension allows Ala250 to

reposition enabling the native serine residue to make a produc-
tive interaction with His86 and form the catalytic triad (Fig. 54).
The S1 binding pocket also becomes structured and fully formed
on maturation (Fig. 5B), facilitating substrate binding (Fig. 6).
Together with the physical blocking of the active site by the
N-terminal extension, disruption to both the catalytic triad and
S1 substrate binding pocket are likely to give rise to the mixed
inhibition mechanism indicated by the enzyme inhibition kinetics
(Fig. 3).

It appears that the N-terminal extension of the ISPs is not
involved in folding (Fig. S2) or its processing dependent on
conformations accessed during folding (Fig. 2) thus playing a
different role from that of the prodomain of ESPs (6). It does
however allow the folded enzyme to be tightly regulated within
the cell until such a time that its activity is required. This allows
finer control over proteolytic activity compared to the coarser
folding-dependent mechanism of the ESPs that only requires
the protease to be inactive until it is secreted from the cell.
Whereas it has previously been proposed that intracellular
inhibitors of ISPs exist to regulate proteinase activity (35), we
believe that the probable primary mode of regulation is through
the N-terminal extension. This is supported by the observation
that whereas the E. coli genome does not encode a known ISP
homologue, high levels of B. clausii prolSP can be produced
intracellularly in E. coli without detriment to the cell.

Cleavage of the N-terminal extension at similar positions has
been observed for ISPs from other species (13, 15, 16) and
together with conservation of the LIPY/F motif (Fig. 1C) suggests
a common role for the N-terminal extension. However, the
N-terminal cleavage point between Leul8 and Serl9 is on a
separate face of the enzyme distant from the active site (Fig. 4).
As the whole of the extension makes extensive contacts with the
rest of the protein, it is difficult to envisage its autocatalytic
removal comparable to the prodomain processing in ESPs. We
provide clear evidence that ISP itself is likely to be the main agent
for the precise processing of the extension (Fig. 2) but this is likely
to be by an inter—rather intramolecular event. Other structural
families of serine proteases, such as trypsin, may also be activated
through precise intermolecular proteolytic cleavage of their
inactive precursor (e.g., trypsinogen) but the manner in which
cleavage activates the protease is different to that of the ISP
(36, 37). Intermolecular processing requires at the very least
the presence of low levels of active ISP to initiate an activation
cascade. This would explain the exponential activation of ISP in
vitro (Fig. 2) and the lag of several hours between the production
of transcripts and the appearance of proteolytic activity in vivo
(12, 38).

It is not yet clear how the initial, low-level activity of ISP
required to start the processing cascade is attained. Given that
Pro8 introduces a kink at the position where the N-terminal
extension interacts with the active site preventing hydrolysis of
the peptide bond, it is unlikely that there are any intermediate
autocatalytic processing events of the N-terminal extension
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Fig. 6. Substrate binding pocket of NA'8-ISPS250A The
bound section of the C-terminal region (residues 315-319)
of a protomer from a separate dimer unit is colored by atom
type. The BPN’ CI2 complex (PDB 1t02) was superposed on
NA'-ISPS2594 ysing SSM, and the binding of the inhibitor is
shown in black. The mode of binding is closely similar in the
P4-P1 sites.

occurring prior to its full removal. However, a model involving
metal ion binding has been proposed (21). Calcium plays a cen-
tral role in signalling events as part of bacterial stress responses
(39, 40). Changes in cytosolic Ca?>* may activate ISP through
major structural changes that may disrupt interactions between
the N-terminal extension and the rest of the protein leading to
release of the LIPY motif from the active site. It is unlikely to
involve the classical high affinity calcium binding site as both
proISPS?%4 and NA18-ISPS2°%A bind sodium at this site but with
crucial differences. In proISP5**°A| binding of the N-terminal
sequence back over the active site holds Glu20 in a position that
prevents it from occupying the sixth metal ion coordination posi-
tion. Upon processing, Glu20 is no longer constrained and flips
by ~180° to occupy the sixth coordination position (Fig. 5C).
However, the presence of two distinct metal sites that bind cal-
cium and the calcium mimic strontium in NA'8-ISPS250A  suggest
that calcium binding outside of the high affinity site may instigate
the required structural changes. One of these sites is close to and
helps organise the S1 binding pocket and the second is close to
the dimer interface. This “open” conformation may be further
stabilized by Glu20 now being able to occupy the final coordina-
tion position at the conserved metal binding site. Whereas the
alternative open conformation is not observed in the crystal struc-
ture of prolSP, it may represent a minor yet critical component
of the ISP population required to initiate activation. Thus, metal
ion binding may provide an additional mechanism by which ISPs
are regulated.

The C-terminal residues from 311 onward move significantly
from their position in proISP suggesting they are not required
to maintain the dimer interface. In NA!8-ISPS250A  residues
315-319 from one protomer bind within the active P4 to P1’
groove of a symmetry related dimer. This is likely to be the result
of crystal packing on exposure of the active and substrate binding
sites on N-terminal removal. Although this may not represent a
true protease-substrate interaction, this serendipitous event pro-
vides a striking insight into the precision of substrate recognition.
Residues at the C-terminus bind in a similar fashion to that
observed for the CI2-BPN’ complex (Fig. 6), most notably the
P1 lysine residue.

The present study coupled with the recently determined
structure of the full-length, unprocessed proprotein provides a
timely insight into the molecular details encoded by the sequence
features unique to the ISPs. This crucially includes a detailed
description of the mechanism by which ISP proteolytic activity
can be controlled posttranslationally within the cell, which differs
from modes of inhibition observed for other subtilisins, and to
our knowledge, other serine proteinases. Thus, uncovering the
molecular features of ISP provides important insights that extend
our understanding of the structure, function, and folding relation-
ship within the large and important subtilisin family of serine
proteases and the mechanism by which protease activity can
be regulated within the confines of the cell.
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Materials and Methods

Proteolytic Activity and Inhibition of ISP. ISP was produced as outlined in
SI Materials and Methods. To assess the role of N-terminal processing on
activity, full-length prolSP was incubated at 20 °C in buffer A (20 mM TrisHCI
pH 8.0, 0.2 M ammonium sulphate, 1 mM calcium chloride) and aliquots
taken at intervals between 0 and 10 hr and frozen in liquid nitrogen. ISP
processing was analyzed by SDS-PAGE. Enzymatic activity was measured at
405 nm using a Varian Cary Bio UV/vis spectrophotometer with 50 pM of
the chromogenic substrate Suc-Phe-Ala-Ala-Phe-pNA and 0.25 uM ISP. Proces-
sing of prolSP52%0A by activated NA'8-ISP was demonstrated by incubating
40 uM prolSP525°A and 1 uM NA8-ISP in buffer A at 25 °C. Aliquots were taken
at time intervals between 0 and 9 hr and analyzed by SDS-PAGE. The relative
amounts of unprocessed and processed protein were determined by densi-
tometry of SDS-PAGE gels using the Labworks™ image analysis software.
Western blotting, mass spectroscopy and refolding of NA'8-ISP were
performed as described in S/ Materials and Methods.

Inhibition of ISP. To determine the inhibitory effect of the N-terminal exten-
sion on ISP activity, a synthetic peptide, termed NA18, corresponding to the
N-terminal extension of ISP (RKFRLIPYKQVDKVSAL) was synthesized by
Activotec, Comberton. ISP activity was determined as described above over
a NA18 peptide concentration range of 0.01-10 pM with 50 pM Suc-Phe-Ala-
Ala-Phe-pNA and 0.25 uM of processed ISP. The IC50 was determined by cal-
culating the NA18 concentration at which 50% of ISP activity was lost. To
determine the inhibition mechanism, the activity of ISP was measured using
20 nM active ISP and Suc-Phe-Ala-Ala-Phe-pNA over a concentration range
spanning 4-75 pM. The NA18 peptide concentration varied from 0.5 to
5 pM. To determine the mode of inhibition and calculate K;, least squares
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nonlinear regression was used fit the data to the mixed inhibitor equation
V= (Vinax/ (1 + [1/(aK))[S)/ (K (1 4+ [1/K;) /(1 + /(@ K;)) + [8]) using the
GraphPad Prism 5 software (http://www.graphpad.com). The « value reports
on the mechanism of inhibition; large « values are indicative of competitive
inhibition whereas a value of 1 suggests pure noncompetitive inhibition. The
value determined here was 2.7.

Structure Determination of NA'™-ISPS%50A, A detailed description of the
structure determination (including quaternary structure) of NA'8-|SPS250A g
provided in S/ Materials and Methods. Briefly, crystals grown from 20%
PEG 3350, 0.1 M BisTrisPropane pH 6.5 and 0.2 M sodium bromide and soaked
for 5 min in mother liquor supplemented with 0.5 M SrCl, and 23% (v/v)
glycerol as a cryoprotectant, were used for X-ray crystallography. Data were
collected to a resolution of 2.6 A. The structure was solved using the CCP4 (41)
suite of programs with one protomer of prolSP (PDB 2x8j) used as a search
model. The final R and Rf.. values were 19.8 and 28.1% respectively
(Table S1). The X-ray data and the coordinates have been deposited in the
Protein Data Bank (PDB) with the code 2xrm.
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