Active site conformational changes of
prostasin provide a new mechanism of
protease regulation by divalent cations
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Abstract: Prostasin or human channel-activating protease 1 has been reported to play a critical
role in the regulation of extracellular sodium ion transport via its activation of the epithelial cell
sodium channel. Here, the structure of the extracellular portion of the membrane associated serine
protease has been solved to high resolution in complex with a nonselective d-FFR chloromethyl
ketone inhibitor, in an apo form, in a form where the apo crystal has been soaked with the
covalent inhibitor camostat and in complex with the protein inhibitor aprotinin. It was also
crystallized in the presence of the divalent cation Ca*2. Comparison of the structures with each
other and with other members of the trypsin-like serine protease family reveals unique structural
features of prostasin and a large degree of conformational variation within specificity determining
loops. Of particular interest is the S1 subsite loop which opens and closes in response to basic
residues or divalent ions, directly binding Ca*2 cations. This induced fit active site provides a new
possible mode of regulation of trypsin-like proteases adapted in particular to extracellular regions
with variable ionic concentrations such as the outer membrane layer of the epithelial cell.
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feedback regulation

Introduction

Chymotrypsin-like serine proteases are a diverse set of
Si-endoproteases found in all branches of life with the
exception of plants and protists." Currently, excluding
homologous viral proteases, there are sixty seven rep-
resentative structures of trypsin-like proteases in the
protein structure databank and fifteen representative
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viral proteases.” Present largely in extracellular envi-
ronments throughout the body, most are expressed as
zymogens, cleaved at a conserved site to generate an
active molecule via the rearrangement of the active
site. Some such as tissue plasminogen activator (t-PA)
display some activity in the zymogen form.2 Plasma
proteins are typically mosaic proteins who participate
in a number of regulatory networks such as fibrinoly-
sis and blood clotting and the immune system. Regula-
tion of these extracellular networks is carried out by a
complex system of protease inhibitors, activators, and
the variable number of accessory domains positioned
at the N-termini of the proteins. Within the serine
protease domain substrate, specificity is generated by
diversification of the loops distributed between the
secondary structure elements and point mutations
around the active site that define the P1-P4 site or the
P1-P4  substrate binding pockets to induce
specificity.*
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Recently, many novel membrane associated pro-
teases have been discovered, whose exact role either
singly or within a cascade have either yet to be deter-
mined or is not fully understood.?> One such protein is
prostasin or human channel activating protease (h-
CAP), a glycosylphosphatidylinositol-anchored mem-
brane associated serine protease initially found in sem-
inal fluid® and subsequently in kidneys and airway
epithelia where it has been shown to be involved in
the matriptase-prostasin, extracellular cascades,”® a
cell-localized cascade capable of activating the epithe-
lial sodium channel Na* channels. The activation of
epithelial cell sodium channel (ENaC) regulates the
transport of sodium ions across the membrane, and
thus plays an important role for the regulation of
transepithelial fluid movement. ENaC has been dem-
onstrated to control the volume of airway surface lig-
uid in the lungs and to also regulate blood volume
through activity in the kidney.® Although it is clear
that a number of typsin-like proteases are capable of
activating ENaC, prostasin is coexpressed with ENaC
and appears to be primarily responsible for the activa-
tion; relying initially upon matriptase for its own acti-
vation.'®'" Natural protease inhibitors such as aproti-
nin and bikunin have been shown to regulate protasin
and at least one natural protein regulator of prostasin
activity has been characterized, the serpin, protease
nexin 1 (PN1)."”* The primary sequence contains no
recognized accessory domains, as do other type II
membrane serine proteases such as hepsin, matriptase,
and DESC,"**> and merely consists of a signal
sequence at the N-terminal and an ampipathic helix
at the C-terminus which is processed to insert as a
GPI anchor.’® In addition, prostasin does not auto-
activate itself at its zymogen cleavage site (PQAR|-
ITGG)," suggesting that regulation of prostasin is con-
trolled in part by upstream proteases. Recently, the
work of Krem et al. grouped prostasin into a third
class of degradative enzymes'® based on a sequence
alignment of the last 50 amino acids corresponding in
large to the C-terminal exon of the serine protease
domains with a large number of serine protease struc-
tures and is closely related by primary sequence to
acrosins.

Here, we present structures of the extracellular
domain of active prostasin in several forms: inhibited
by an irreversible chloromethyl ketone inhibitor
(dFFKemk), in its apo form, complexed with calcium,
with the synthetic pan trypsin-like serine protease in-
hibitor camostat and the natural nonspecific protease
inhibitor aprotinin. Conformational changes and the
flexibility of specificity pocket loops defining the active
site are apparent from these structures. Of particular
interest is a conformational change of the S1 subsite
relative to other serine protease structures, in its
native form this completely closes the subsite to the
normal P1 residues arginine or lysine. Upon exposure
to substrate via crystal soaking or cocrystallization
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experiments or via the addition of divalent ions, the S1
subsite opens and adopts a more conventional trypsin
S1 conformation. This collapse and opening of the S1
pocket has been observed in an active site mutant of
thrombin (D102N), where absence of a sodium ion at
a site distant from the substrate binding pocket indu-
ces the collapse of the S1 subsite.””*° This inactive
“slow” conformation can be restored via allosteric pep-
tide binding at thrombin exosite 1.°° The closed S1
conformation also exists natively in a1-typtase and has
only been shown to open by mutation of the key As-
partic acid 216 residue to a glycine.**

This induced fit conformational change of native
prostasin in response to ligands or divalent cations at
the P1 binding site has not been observed previously
at the atomic resolution level and provides a possible
explanation for the inhibition of prostasin by divalent
cations'” as well as further insight into the regulation
of membrane associated proteases by physiological
changes specific ion concentrations in areas such as
the Airway Surface Liquid or prostate.

Results

Overall structure
By convention, the structure is numbered according to
the structural alignment with a-chymotrypsin,* a con-
vention that is adopted throughout the article. The no-
menclature of the active site will follow the convention
of Schechter.?® The 32 structurally nonequivalent resi-
dues are assigned the number of the previous topologi-
cally equivalent residue in o-chymotrypsin supple-
mented by letters in alphabetical order. These
correspond to four loops inserted at residues 58, 144,
172, and 184 with lengths of 8, 9, 13, and 5 amino
acids, respectively (Supporting Information 1). Loops
are named according to the convention of Perona and
Craik*** whereby five loops numbered A-E corre-
sponding to residues 34—41, 56—64, 97—103, 143—149,
and 74—80, respectively, specify surface loops. Loops
numbered 1-3, 185—-188, 217—225, and 169—174 spec-
ify the definition of the S1 pocket [Fig. 1(a,b) colored
magenta and cyan]. The structure in its crystalline
form lacks the light chain pro-domain, normally a
twenty two residue section covalently attached to the
heavy chain by a disulfide bond linked to residue 122
which in this construct has been mutated to a serine.
Prostasin thus conforms to the general description
of an activated trypsin-like serine protease®®?” and
consists of an ~25 A radius sphere consisting of two
sub-domains related by a pseudo two-fold axis.2® Each
sub-domain consists of a seven stranded antiparallel
B-barrel arranged in a Greek key motif (see Fig. 1).
The structure occurs as a monomer in the asymmetric
unit within each crystal and as a monomer in the bio-
logical unit and is of the type detailed by Sichler
whereby residue 190 is an alanine in place of a ser-
ine.*® In all crystal structures, the oxianion hole is in a
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a)

Figure 1. Ribbon diagram of prostasin inhibited and Apo forms produced with Pymol.?® (a) Canonical ribbon representation
of dFFR-cmk inhibited structure, ribbon is colored from N and C-terminal via a rainbow representation. Active site residues
and atoms of the dFFR inhibitor are portrayed as sticks and colored according to atom. Loops A-E are labeled and shaded
magenta whilst those designated at Loops 1-3 are shaded cyan.*® Disulfide residues are portrayed as sticks the with sulfur
atoms colored yellow. (b) An alternative view of structure in relation to possible membrane associated structure, coloring is
identical to that in a), (c) Tube representation of superposition of dFFR-cmk and apo structure, dFFR-cmk inhibited structure

in red whilst apo structure in cyan.

canonical conformation with the salt bridge between
Asp194 and the amino terminus of Ile16. As in other
chymotrypsin-like serine proteases, the second sub-do-
main is terminated by an o-helix, in addition a four-
teen residue random-coil region follows the helix
breaking proline 247 in the construct. Of these four-
teen residues, only six could be traced reliably in the
electron density for the inhibited structure and only
two could be traced for the apo structure; the
sequence is clearly flexible as noted by the different
conformations in the structures, which would be in
accord with the tethering of the molecule to the mem-
brane of the cell via an inserted GPI anchor.'® All
other residues could be reliably traced in the electron
density. In each of the structures, >96% of residues
are in preferred regions of the Ramachandran plot
with the exception of one outlier, Asp217 which is in a
strained region due to its role in defining the S1
pocket, (vide infra). One cis-proline is present in the
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structure in the structurally unique Loop D at position
1441.

Comparison with other serine proteases

At the sequence level, prostasin shares ~40% sequence
identity with a number of similar proteases such as
human plasma kallikrein B,3° a1-tryptase,®* matrip-
tase™ B-acrosin,®* hepsin,'* and almost all other tryp-
sin like serine proteases. Comparison of representa-
tives from known serine proteases on the structural
level indicate that the membrane bound hepsin, o1-
tryptase, B-acrosin, and matriptase each have the clos-
est similarity with root mean squared deviations
(RMSD) of 0.96E, 1.06 and 1.09, 0.93 A, respectively,
on 211, 210, 211, 221 aligned Ca atoms, all containing
a structural core of 210-220 residues with loops
decorating the intermittent regions of secondary
structure.®® All structures compared contain four
structurally conserved disulfide bonds, Cys42-Cys58,
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Figure 2. Structure alignment of prostasin with closely related proteases created by MUSTANG,** STAMP,*® and

ALSCRIPT.%® Alignment numbered according to chymotrypsin

numbering scheme using coordinate files from, PROSTASIN

dFFR, MATRIPTASE, (pdb id 1EAX), BTRYPTASE (pdb id 1AOL), ATRYPTASE (pdb_id 1LTO), HEPSIN (pdb id 1P57)
THROMBIN (pdb id 2THF), TRYPSIN (pdb_id 1V2M). Conserved residues are shaded green, conserved hydrophobic residues
yellow, conserved charged residues in bold. Loops A-E and 1-3 defined by*2* are colored magenta and cyan, respectively,
and correspond to the colors in Figure 1(a). Secondary structure, for the various sequences are reproduced below at the
corresponding sequence number with sheets colored red, helices in blue.

Cys136-Cys201, Cys168-Cys182, and Cys191-Cys219.
The wild type of prostasin would also contain an addi-
tional interchain disulfide between Cysi122 and the
light chain Cys8; however, the construct for this struc-
ture has this position mutated to a serine (see Fig. 1).
Figure 2 details the structure alignment of this group
of proteases with the dFFR-cmk-inhibited prostasin
structure. As would be expected, the core differences
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in the structure are highlighted in Loops A-E and
Loops 1-3, highlighted by the lack of topological
equivalent residues between 58A-58E, Loop B, 144A-
144E, Loop D 172A-172M, Loop3 183-18E Loop 1 [Fig.
1(a,b)]. Of particular interest is the structurally con-
served region before Cys219 downstream of the p-
sheet responsible for substrate binding, whereas the
Co’s are conserved within this, the rotamers of the

Active Site Conformational Changes of Prostasin


http://firstglance.jmol.org/fg.htm?mol=1EAX
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disulfide bond are different and the sulfur—sulfur bond
points away from the S1 pocket as opposed to toward
it in the compared structures, resulting in a slightly
large S1 pocket. The ability of this disulfide bond to
flip is probably due to the position of a Gly218, situ-
ated N-terminal of Cys219, reversed in prostasin rela-
tive to other structures (Fig. 2). The region containing
the glycosylation mutant N127Q is located at the
opposing side of the structure relative to the active site
[Fig. 1(a)] and is substituted in all compared structures
by small residues and the backbone structure is topo-
logically conserved in this region in all structures with
the exception of thrombin which contains an inserted
sequence following proline 127. The existence of glyco-
sylation at this site, or the reason for it, is not clear,
prostasin retains full activity with the glutamine muta-
tion at this position.

DFFR-chloromethyl ketone-inhibited structure
As in all trypsin-like serine proteases, the S1 subsite is
formed by the confluence of three regions designated
as Loops 1-3, which collaborate to create a deep
pocket containing the negatively charged Asp189 resi-
due at its base. The prostasin structure is no different
to this and the backbone of secondary structure ele-
ments is largely identical to all homologous structures,
with the exception of the substitution of Gly220 for
the conventional Ala220, within the pocket down-
stream of the disulfide bridge Cys191-Cys219.

The high resolution cocrystal of prostasin and
dFFR reveals an active site interaction forming a tetra-
hedral hemiketal structure mimicking a reaction tran-
sition state as has been previously characterized.?” The
keto-arginine moiety of the inhibitor is covalently
linked to Ser195 Oy via the methyl group and to the
imidazole ring nitrogen of His 57 [Fig. 3(a)]. The
standard salt-bridge interaction is apparent with the
arginine at the base of the P1 pocket and the con-
served Asp 189 with the guanidino group separated
from the carboxylate by 2.88 A. The P2 and P3 resi-
dues phenylalanine and d-phenylalanine pepides form
the canonical anti-parallel B-sheet interaction with
Ser214 and Gly216. As would be expected for a gener-
ally nonspecific inhibitor, the Phenylalanines at the P2
and P3 positions have very little interaction with main
chain or side chains lining their respective pockets.
The P2 phenylalanine tucks under a relatively volumi-
nous pocket created by Loop C, whereas the d-Phenyl-
alanine projects into the solvent between the S3 and
S4 binding cleft formed by Loop D and Loop 3.

At the bottom of this region below the P3 residue
lie two negatively charged residues Asp217 and
Glu172H which are unusually close (2.48 A between
the closest carboxyl oxygens). This interaction is prob-
ably offset by a compensatory Arg224 interacting with
the two residues albeit at a longer distance.

At the base of the S1/S4 pocket, an ordered sul-
fate anion is nestled in a unique pocket formed from
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an eight residue insertion positioned after residue 144,
Loop D, relative to chymotrypsin and the mutation at
position 143 to a histidine. The imidazole ring of
His143 forms an electrostatic interaction with one of
the sulfate oxygens, in concert with a main chain am-
ide interaction with Ser143C and a further interaction
with the main chain nitrogen of Cys219 [Fig. 3(a)].
The presence of this pocket directly adjacent to the P1
and P4 binding site and the uniqueness of the loop
that forms this pocket will have important implications
in the design of prostasin specific inhibitors. In addi-
tion to this, a second sulfate anion decorates the sur-
face of the structure along with three glycerol
molecules.

Structure comparison between uninhibited

and inhibited — form conformational flexibility
in specificity determining regions

Four key conformational changes were apparent in the
apo structure relative to the chloromethyl ketone
inhibited structure. Loops containing residues 95-100,
168-178, 216—220 and 287-291 (Loop C, Loop3,
Loop1 and the C-terminus respectively) all show
marked conformational changes when compared [Fig.
1(c)]. With the exception of the latter, all of these moi-
eties are associated with the active site cleft and occur
in recognized specificity determining loops.*** The S2
subsite loop forms a conformational flexible hood situ-
ated above the P2 position and the catalytic His157,
this loop is unique to Prostasin on a structural level
(see Fig. 2) but in the inhibited form is characterized
by poorly defined electron density relative to the rest
of the structure. Loop 3 containing residues 168—178
forms the bases of the S4 subsite and marks the larg-
est insertion of residues (numbering 13) relative to
chymotrypsin (see Fig. 1). This feature starts at Cys168
forming a helix-turn-sheet motif next to the S2 subsite
loop defining the interface between the P2 and P4
binding sites (see Fig. 2). The two motifs are displaced
relative by a principally,rigid translation accounting
for the large deviations from each other [Fig. 1(c)].
However, both of these loops are bounded by symme-
try related molecules, suggesting that the reason for
this deviation may be a result of crystal contacts, but
does illustrate the flexibility of the region. The Loop
216—219 directly downstream of the B-strand 214—-216
that defines the main chain hydrogen bond substrate
binding is starkly different to that of the chloromethyl
ketone-inhibited form, centered around Asp217. The
apo structure shows an S1 pocket that is entirely
closed to the solvent relative to the inhibited pocket.
This conformational change removes the unfavorable
charge—charge interaction between Asp217 and
Glu172H and places the residue in the allowed region
of the Ramachandran plot relative to the disallowed
region of the chloromethyl ketone, suggesting that in
the absence of substrate this form is a lower energy
conformation. The movement of the loop also

PROTEIN SCIENCE ‘ VOL 18:1061-1084 1083



Figure 3. Comparisons of Inhibited and Apo structures, produced with Pymol.2® (a) Stick representation of the active site of
the co-crystal of prostasin with dFFR-cmk compound carbon atoms in the protein are colored brown whilst those in the
inhibitor are colored green, hydrogen bonds are shown as dashed lines. (b) Stick representation of the region around the S1
pocket in the apo-crystal form soaked with camostat. Carbon atoms in the protein are colored brown while those in the
inhibitor are colored green; hydrogen bonds are shown as dashed lines. (c) Representation of the conformational differences
of the active site Loop 2 in the apo and camostat inhibited crystal form. Carbon atoms are colored cyan and cyan in the two
formes, respectively.
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configures the rotamer of Asp189 to be in a different
nonstandard conformation [Fig. 3(c)]. The final region
of diversity is the sequence C-terminal of the final o-
helix, the dFFR form terminates its helix one turn
early at Thr243. The remaining eight residues then
curl back in a kinked B-strand region against the out-
side of the protein defined by Leu123-Pro131. The he-
lix in the apo region extends to Gln246 before con-
tinuing in a completely different direction for a couple
of residues. This conformational difference between
both crystal forms indicates that this region is flexible
as would be expected for a region connecting the GPI
anchor to the membrane.

Soaking of crystals with pan specific trypsin
inhibitor camostat

The apo structure clearly shows a closed conform of
the S1 subsite initiated by the rotation of the Asp217
loop to a lower energy conformation in the absence of
substrate. To test whether it was possible to open this
site and rescue the active site conformation, the cova-
lent inhibitor camostat was soaked into an apo-crystal
for twelve hours before harvesting of the crystal for
data collection. Camostat, is a known trypsin inhibitor
used in the treatment of pancreatitis®® and a pseudo-
irreversible inhibitor. The mechanism-based inhibition
is initiated via the nucleophilic attack of Ser195 Oy on
the carbonyl atom of the inhibitor causing the release
of a 1-methyl-3-phenyl-pyrazole-50l group, trapping
the residual acyl guanidine-benzoate in the S1 subsite.
The crystal structure for trypsin-camostat and throm-
bin-camostat complexes have been reported,®® but
structures to date are not available in public databases.
Initial data analysis of the 1.7 A structure difference
Fourier clearly reveals the presence of the covalent in-
termediate camostat bound to Ser Oy via the carbonyl
atom [Fig. 3(b)]. It also illustrates that the S1 subsite
of the structure is completely open to the solvent via
the movement of the P1 loop and in an identical con-
formation to that of the inhibited cocrystal form [Fig.
3(a)]. As the apo and camostat soaked crystals were
isomorphous, this indicates that the P1 flexible loop
has moved in response to an appropriate P1 substrate
thus forming the appropriate S1 subsite via a confor-
mational change and restoring the canonical rotamer
of Asp189. The p-guanidino-benzoate nestles in the S1
subsite forming a typical salt bridge interaction
between the guanidino and carboxylate groups with a
distance of 2.88 A between opposing nitrogen—oxygen
pairs.

Structural explanation for the effect of divalent
cations

It has been noted that the addition of cations are
inhibitory to prostasin, particularly divalent cations,"”
this would insinuate that cations may have an effect
on the active site or influence on a distal part of the
protein that affects the active site. To test this hypoth-
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esis, datasets were collected on crystals that crystal-
lized in the presence of excess calcium and potassium.
The calcium-containing form crystallized in an identi-
cal crystal form to the apo structure and was indistin-
guishable to the molecule with the exception of the
conformation of the 215-219 loop which contained a
Ca™ ion at the bottom of the S1 site forming an elec-
trostatic interaction with Asp189. The Ca®® ion is
coordinated via 3 waters, Asp 189 and the carbonyl
oxygens of Alanine 218 and Alanine 190 making a total
coordination number of seven, typical of a Ca*® ion.
The coordination is arranged in a format that the oxy-
gens are arranged in a typical pentagonal bipyrimid
around the Ca* positions around 2.4 A giving a typi-
cal calcium binding arrangement*® [Fig. 4(a)].

Although the carboxyl group and carbonyl oxygens
necessary for calcium coordination are present in all
typsin-like serine proteases, this Ca** binding has not
previously been observed and may be inhibitory for
plasma proteases where the plasma concentration of
1.2 mM for Ca"? ions is significant and of the same
order of magnitude as the binding constant for Ca™
observed by Shipway'” (Ki of 1.15 mM). The ability to
bind calcium appears to arise from the two substitu-
tions around Cys219 relative other serine proteases,
the first, the substitution of Ala220 for a glycine and
the second the substitution of Gly218 for an alanine
(see Fig. 2). This swapping provides some flexibility to
the Cys191-Cys219 disulfide bond allowing it to flip to
a different rotomer, the alanine insertion at position
218 which is topologically conserved as a glycine in all
other trypsin-like serine proteases rigidifies the posi-
tion allowing the carbonyl oxygen of 218 to be at a
convienient bonding distance to the Ca™.

In comparison to the isomorphous closed and
camostat-bound structure (Table I), the position of
Loop 2 is in an intermediate position between that of
the inhibited and noninhibited form [Fig. 4(b)]. Cen-
tering on Asp217 the Ca is 3.75E from the inhibited
and 3.25 A from the apo closed form. The main chain
of the high resolution construct is in an intermediate
position between the open and closed form of the
structure and the density of the high resolution Ca™>
structure revealing the carbonyl oxygen of Ala218 to
be in alternate positions, both with and without a
bond to the calcium [Fig. 3(c)]. Other work with Kal-
likrein 4* have shown distinct catalytic effects with
zine, nickel, and cobalt on the protease at sites distal
to the active sites, these sites are not conserved within
prostasin and we have so far shown no evidence of
similar binding in prostasin. An identical experiment
carried out with monovalent potassium ion (0.2M)
produced a 1.5 A structure identical to the prostasin
closed form, with the exception that residues 219—216
were partially disordered as evident by diffuse electron
density indicative of multiple conformations for the
loop. As prostasin is of the Pro225 form not the
Tyr225, as are the Na™ activated serine proteases, no

PROTEIN SCIENCE ‘ VOL 18:1061-1084 1087
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Figure 4. Conformational variability of the P1 binding loop figures produced with Pymol.2® (a) P1 binding site of crystal form
of with Ca™ ion present, detailing the opening of the loop and the coordination of the Calcium ion with Alanines 218 and 190,
Aspartic Acid 189 and four water molecules, the seven coordination interactions are represented by dashed lines. (b) The
three conformations of the P1 loop. The Apo “closed form” is shaded red, the Ca*2-bound form Amber, and the substrate
bound site “open” for green. The blue line represents the position of the residues along the conformationally variant Loop 2.
(c) Graph of the deviation of Ca coordinates by residue number for the four representative prostasin structures, numbers

relate to the chymotrypsin numbering scheme described in the text.
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Table I. Data and Refinement Statistics

Protein complexed Prostasin Prostasin Prostasin Prostasin Prostasin
with dFFKemk Ca*® none camostat aprotinin

Spaoce group P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2,2,2,
a(4) 37.68 54.09 53.56 53.30 42.48
b (A) . 75.88 54.07 54.07 53.80 126.93
c (22 A) 79.18 82.60 82.68 82.30 134.56
Wavelength (A) 1.0 1.0 1.0 1.0 1.0
Resolution (A) 1.7 1.3 1.8 1.6 2.8
Rierge (%) 0.088 0.061 0.063 0.063 0.152
Unique refs. (observed) 29,540 (419,031) 69,317 (337,768) 29,400 (97,784) 33,631 (195,979) 17,082 (108,533)
Completeness (%) 95.8 90.6 97.5 97.6 91.2
Reiactor Rpree) %P 0.16 (0.202) 0.1531 (0.1776) 0.228 (0.262) 0.158 (0.192) 0.225 (0.271)
No. protein atoms 3754 3604 3670 3720 4514
No. water atoms 290 367 199 247 -
No. hetero atoms 98 13 0 19 -
RMSD bonds (10&) 0.013 0.017 0.018 0.017 0.007
RMSD angles (°) 1.475 1.854 1.755 1.77 1.020
Mean B factor (A?) 16.4 8.8 21.0 16.9 46.8

? Rree = a8 for Rpycror, but for 5.0% of the total reflections chosen at random and omitted from refinement.
Y Reactor = S50 — (I)|1/S2|I;) where I is the scaled intensity of the ith measurement, and (I;) is the mean intensity for that

reflection.

monovalent ion was present in this P1 subsite or else-
where in the structure.** This is in agreement with the
observation that the effect of monovalent ions is very
weak, and no sodium ions have thus far been located
despite the fact that the crystallization drop contains
0.15M sodium chloride.

P1 conformational flexibility

The inhibited and uninhibited forms of the S1 subsite
in prostasin exhibits a large difference in the confor-
mation of Loop 2 (215-219), a region following the -
sheet responsible for the main chain hydrogen bond-
ing stability of the substrate. This closed conformation
of the P1 pocket has been previously observed in o1-
tryptase*® but the movement of the motif in response
to substrate or divalent cation has not been previously
recorded, largely because a1-tryptase contains a non-
conserved aspartate residue at position 216 locking the
protein in the closed position. The a1-tryptase open
conformation has only been achieved by the mutation
of the Asp216 by a glycine thus allowing the binding
of substrate.®" This ability appears to be available in
the wild type of prostasin. In relation to wild type o1-
tryptase, the P1 loop before Cys 220 is in essentially
identical zig-zag conformation with the exception that
the indole ring of Trp215 is situated closer to the con-
ventional conformation in prostasin [Fig. 4(b)]. In its
open form, the S1 subsite is essentially canonical and
forms the identical Arg/Lys specific site recognized in
the rest of the serine proteases. The conformation of
Asp189 is also very flexible and occurs in a noncanoni-
cal position in the apo form and in multiple conforma-
tions as in the Ca*> bound form. Other proteases such
as Factor D achieve activation zymogenicity via an
induced fit of selectivity of a specific substrate
C3bB**+*5 via a closing of the site Ser215 and Arg218.
A similar effect has been observed recently for throm-
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bin'**° where absence of a sodium ion usually bound
at a site distal to the active site causes the collapse of
Trp215 into the P1 pocket generating a so-called
“slow” self inhibited thrombin form. The conformation
of which can be restored by binding of a fragment of
the protease activated receptor PAR1 to exosite 1*°

Prostasin/aprotinin complex

As expected, the lower resolution (2.8 f&) prostasin
aprotinin complex forms a canonical complex in
accord with other well studied aprotinin complex such
as that with trypsin and matriptase.’®4® In general,
the structure of the aprotinin inhibited prostasin has
identical conformation to those of the other two small
molecule inhibited structures with the exception of the
mobile S2 subsite loop (Loop C 95-100), and the S3
subsite loop 168-178 (Loop 3) which is topologically
more similar to the chloromethylketone-inhibited
form. The reactive site loop of aprotinin forms the
expected anti-parallel B-sheet on the scissile bond side
214—217 of prostasin forming carboxyl oxygen to am-
ide nitrogen hydrogen bond from prostasin to aproti-
nin with Lys215-Ser14, Gly216-Pro13, respectively. The
prostasin S2 hood (Loop C, 97—103) adopts an entirely
different conformation to each of the other crystal
forms and folds back in response to the insertion of
aprotinin residues 4—38 to reveal a completely open
S2 subsite (see Fig. 5). The S4 subsite containing apro-
tinin Pro13 in the P4 pocket again adopts a different
shape with respect to the other structures, this time
His172J forms an interaction with the slightly dis-
placed Glui72H in the apo conformation. The loop
58A—58G inserted after Cys58 does not change confor-
mation as in the Matriptase-Aprotin structure® but
the extended loop does provide additional interactions
with the Kunitz domain in the form of an electrostatic
interaction of Glus8D with aprotinin Arg2o and
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Aprotinin

Prostasin

Figure 5. Binding of prostasin to aprotinin, figures produced with Pymol.?® (a) Ribbon representation of the binding of
prostasin to aprotinin, prostasin is shaded red whilst aprotinin is colored green. Disulfide bonds are shown in a stick format
with sulfur atoms shaded yellow. The movement of Loop C is embodied by a green arrow. (b) Stick representation of the
aprotinin/prostasin binding site colored according to Figure 5a. Hydrogen bonds are shown as black dotted line.

Lys46. The S1 subsite of prostasin contains the
expected contact with Lysi5 of aprotin, but the water-
mediated interaction of the e-amino group with
Asp189 was not observed, probably due to the low re-
solution of the data.

Substrate specificity of prostasin

The overall fold of the prostasin catalytic domain is
extremely similar to other trypsin-like serine protease,
diversity in function/substrate specificity is provided
by insertions and substitutions within variable regions
of the structure, contained between secondary struc-
ture elements.®® Little is known about the natural sub-
strate sequences of prostasin, with the exception that
prostasin does not auto-activate itself via cleavage of
the Argis-lle1i6 bond. The work by Shipway et al.'”
gives a detailed analysis of prostasin substrate specific-
ity based on the release of a coumarin substrate from
a synthetic tetrapeptide library.*” This reveals a fairly
broad specificity for the substrate binding site with the
exception of the P1 being exclusive to basic residues,
P2 not favorable to aspartate, glutamine, and glycine
residues and, a preference for histidine, arginine, and
lysine at the P3 site and P4 preferential to arginine
and lysine residues. The unfavorable nature of the
acidic P2 residues can easily be accounted for by the
presence of acidic residues Glugy situated directly
above the S2 pocket and Asp102, inside the S2 pocket,
forming adverse charge—charge interactions.

Although the long broad envaginated and flexible
pockets of the S3 and S4 subsite make the positioning
of long basic residues within the pocket easy, it seems
likely that the positively charge residues are attracted
to the pivotal residue Asp217 and Glu1y2H at the base
of the S3 site, whereas the long S4 allows for many
water-mediated interactions.
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The prime side is a broad pocket with less confor-
mational flexibility than its counterpart on the non-
prime side. The structural basis for the P1’ specificity
may be partially aided by the aprotinin/prostasin com-
plex structure although interactions within the S2’-S4’
likely do not reflect the natural substrate given that
the rigid Kunitz domain quickly veers into the solvent
away from the prime pockets and is expected to be dif-
ferent relative to the more flexible native substrate
sequences. Shipway'” describes the P1’ specificity to be
broad having only major restrictions on isoleucine in
this position, consistent with the inability of prostasin
to auto-activate itself. From the aprotinin/prostasin
structure, it was observed that all standard rotomers
of isoleucine would clash with either the disulfide
bridge Cys42-Cys58 or the catalytic Histidine 57. The
explanation for the isoleucine intolerance of the S2’,
S3/, or S4' subsites observed by Shipway is less appa-
rent from the structure, as are restrictions on the P3’
subsite, which is glutamine, and threonine or the pref-
erence at the P4’ for small aliphatic residues. The
structures, however, show no contradiction to the pre-
viously postulated cleavage sites of prostasin’s biologi-
cal substrate ENaC. If these specificity determinants
are applied, then two out of the three subunits (o and
v) contain sequences in the extracellular domains that
fulfill these criteria are ®201-209 RRARSVAS and
v178-185 RKRKVGGS, respectively,”” sequences that
are very likely to be conformationally flexible and eas-
ily accommodated within the substrate binding site.

Discussion

The high-resolution structures of prostasin complexed
with various inhibitors and ions provides an atomic
level view of the protein, a surface associated protease
which is an important regulator of the extracellular
environment and as such an important therapeutic
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agent for the treatment of conditions regulated by
ENaC such as cystic fibrosis and hypertension. The
combination of structural information, describes a
detailed mosaic of movements associated with specific-
ity determining loops which will undoubtedly be
important in the structure aided design of potential
therapeutic agents,*® which for molecules like serine
protease are often curtailed by problems of cross-
reactivity of compounds with homologous structures.

In all structures, the conformations of the active
site loops defined by Perona and Craig*** are shown
to be structurally unique relative to related serine pro-
teases and variable within different crystal forms (Figs.
1 and 2). Of note is the conformational flexibility of
Loop C, defining a unique portion of the S2 subpocket
which is variant in all three crystal forms described,
from the cocrystal complex with dFFR-cmk which
shadows the S2 subsite to the completely unrolled
aprotinin-prostasin pocket opening the S2 pocket to
the solvent to allow interaction with aprotinin (Figs. 1,
4, and 5). A charged interaction with the acidic residue
Glug7 at the apex of this hood could leverage potency
and specificity within the P2 binding site. Loop 3
located at the confluence of the S3 and S4 pockets also
forms a topologically unique and flexible region which
moves in a rigid motion relative to the anchoring resi-
dues Arg165-Glu178 in response to crystal contacts. It
is possible that the large degree of loop flexibility
within the active site loops contributes to the relative
inactivity of prostasin on substrates in comparision to
more promiscuous proteases such as trypsin or plas-
min, but it is more likely that this inactivity is due to
prostasin being a more specific inhibitor and our
incomplete knowledge of the natural substrate or con-
tributing effects of metals or other proteins. Also of in-
terest is the unique Loop D in the structure which
forms a sulfate binding site which via extension of a
P4 residue or lateral expansion of a P1 inhibitor may
provide a unique specificity determinant.

However, the most remarkable feature is the
movement of Loop 2 in response to external stimuli
such as ligands or divalent ions [Figs. 3(b) and 4(b)].
In the apo crystal form of the protease, Loop 2 is in a
“closed” conformation, and the P1 specificity determin-
ing D189 is not accessible to the solvent. In response
to the soaking of basic substrates or in the presence of
Calcium ions, the loop changes conformation to
accommodate binding of the ligand (see Fig. 4). The
physiological concentrations of divalent cations in the
environments where prostasin is expressed can far
exceed the binding constants for these ions with pros-
tasin particularly in tissues such as the prostate where
calcium concentrations can reach 9 mM. This closure
of the S1 pocket has been observed in the trypsin-like
serine proteases in the closed zig-zag confirmation of
the a1-tryptase structure*® and opening of the pocket
could be induced by a simple mutation of Asp 216 to a
glycine. This has also been recently demonstrated with
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an active site (D102N) mutant of thrombin.’®*° Here,
the collapse of the pocket is observed in the absence of
Na* and is influenced allosterically by substrate bind-
ing in thrombin exosites. Prostasin does not appear to
be activated or inactivated allosterically by interactions
at distal sites, instead the S1 pocket appears to open
and close in direct response to the presence or absence
of ligands or divalent cations, a phenomenon not previ-
ously observed in trypsin like serine proteases. It is
clear that in the inhibited form this loop is in a strained
conformation indicated by the nonconventional ¢-psi
angles of Asp217. It seems likely that this is a molecular
mechanism for negative feedback inhibition and points
the way to a novel and subtle method of protease regu-
lation in response to the surrounding environment.
Although no structural effect are observed in the pres-
ence of sodium or potassium ions, calcium ions have
been implicated as regulators of ENaC#® and are shown
to bind in the S1 pocket of prostasin in an inhibitory
manner unseen in previously solved trypsin-like struc-
tures."”” One plausible scenario consistent with previous
observations®© ™3 is that raising intracellular Na* levels
by inhibition of the Na* pump causes a decrease in
extracellular Ca* ions, whereas Ca™> ions have also
been shown to effect sodium channels directly.>*553
ENaC activation may also be influenced by the increas-
ing activity of Prostasin in a Ca"* depleted environ-
ment, suggesting that in an environment with con-
stantly changing ionic concentrations a subtle feedback
mechanism is available to regulate the control of the
sodium channel in response to the negative feedback
provided by the concentration of calcium ions.

Experimental Procedures

Construct and cloning

A construct was designed on the basis of other active
chymotrypsin-like serine proteases lacking the N-ter-
minal light chain sequence and with the heavy chain
disulfide 122 mutated to a serine to prevent miscella-
neous disulfide bonding due to the lack of the light
chain. In addition a “spare” cysteine residue 170 was
mutated to a Ser to prevent intermolecular disulfide
formation as well as a putative glycosylation site
mutate N127Q. The hydrophobic C-terminal sequence
was also truncated by 38 residues ending at residue
262 (chymotrypsin numbering).

Expression, purification crystallization

and soaking

Prostasin was expressed in the baculovirus system in
SFg cells using a honey-bee melittin signal sequence
and C-terminal 10 Histidine tag, expression was low
(~800 pg/L) so large volumes of cells were needed to
produce enough material for crystallization (~50 L).
Primary purification was performed with a Fast Flow
Sepharose IMAC column (Pharmacia). Secondary puri-
fication was carried out with a Resource Q followed by
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buffer exchange into 20 mM Tris pH 8.0, 150 mM so-
dium chloride, and 1 mM tris(2-carboxyethyl)
phosphine (TCEP) before concentrating to 20 mg/mL.

All crystallization experiments were carried out in
96 well low profile Greiner crystallization plates in a
sitting drop vapor diffusion format with 480 condi-
tions screens performed at both 4 and 20°C.>* Equal
volumes of protein concentrated at 20 mg/mL were
added to the reservoir solutions to create a total drop
volume of 500 nL. Crystals of the dFFRemk (soaked
for 8 h with 1:3 molar excess of chloromethyl ketone)
compound were produced from a crystallization solu-
tion containing 1.8 ammonium sulfate buffered with
a 0.1M solution of Phosphate/Citrate at pH 4.7,
whereas those of the apo form were produced from
30% PEG-6000 buffered with a 0.1M Mes buffer at
pH 6.0, those with Ca™ at 0.2M Calcium Acetate,
20% Peg-3000 buffered with 0.1M Tris at pH 7.0, po-
tassium crystals 0.2M potassium dihydrogen phos-
phate with 20% Peg-3350.

Screening for the aprotin/prostasin was carried
out in an identical manner after mixing purified apro-
tinin with prostasin in a 1:1 molar ratio of aprotinin
the crystallized in 1.6M potassium hydrogen phos-
phate, 0.4M sodium dihydrogen phosphate, 0.2M so-
dium chloride in an imidazole buffer at pH 8.0.

All crystals were mounted using 20% glycerol as a
cryoprotectant before cooling to 100 degrees K. Soak-
ing of camostat was carried out by adding camostat
dissolved at a concentration of 1 mM to the crystal
drop before a final concentration of 1 mM in the crys-
tal drop for 12 h before mounting.

Data collection and structure solution

All data were collected at beamline 5.0.3 of the ALS and
were processed with the HKL2000 package.”® Refine-
ment and building was performed with Refmacs and
Phenix®®57 and coot®® all other crystallographic manipu-
lations were carried out with the CCP4 package.>®

The structure was solved with Molrep®® using the
structure of B-tryptase (PDB code 1A0L)3' as a search
probe. All data between 50.0 and 4.0 A resolution were
used for the rotation and translation search the final
correlation coefficient and R-factor after placement of
the one molecule were 0.321 and 0.521, respectively.
After this, the model a model constructed from the core
of the probe model clearly revealed the dFFKchloro-
methyl inhibitor in a Sigmaa® weighted electron den-
sity map. After which iterative cycles of manual rebuild-
ing with Coot, Refmacs, and Phenix5®5® were used to
complete the structure. The geometry of the structures
is excellent and all residues are in allowed regions of
the Ramachandran plot with the exception of one resi-
due, Asp217 in the inhibited structures.

All other nonisomorphous forms were solved and
refined using identical procedures with the exception
that the inhibited prostasin structure was used as the
molecular replacement search probe (Table I).
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