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ABSTRACT: This paper reports the first structure of a member of the Kex2/furin family of eukaryotic pro-
protein processing proteases, which cleave sites consisting of pairs or clusters of basic residues. Reported
is the 2.4 Å resolution crystal structure of the two-domain protein ssKex2 in complex with an Ac-Ala-
Lys-boroArg inhibitor (R ) 20.9%,Rfree ) 24.5%). The Kex2 proteolytic domain is similar in its global
fold to the subtilisin-like superfamily of degradative proteases. Analysis of the complex provides a structural
basis for the extreme selectivity of this enzyme family that has evolved from a nonspecific subtilisin-like
ancestor. The P-domain of ssKex2 has a novel jelly roll like fold consisting of nineâ strands and may
potentially be involved, along with the buried Ca2+ ion, in creating the highly determined binding site for
P1 arginine.

Kex2 (kexin; E. C. 3.4.21.61) is a Ca2+-dependent trans-
membrane protease found in the yeastSaccharomyces
cereVisiae whose name derives from the killer expression
phenotype of Kex2 mutant cells (1-3). In S. cereVisiae,Kex2
is necessary for production and secretion of matureR-factor
and killer toxin by proteolysis at paired dibasic sites (4).
Pleiotropic effects of deleting theKEX2 gene suggest the
existence of additional targets (5, 6) that likely include cell
wall proteins and enzymes (7, 8). The Kex2 homologues in
pathogenic fungiCandida albicansand Candida glabrata
are virulence factors (9, 10) with the albicans molecule
implicated in the processing of at least 33 additional proteins
(9). Kex2 is the prototype of a large family of eukaryotic
pro-protein processing proteases that includes furin, PC2,
PC3/PC1, PC4, PACE4, PC5/6, and PC7/LPC in mammals
(11). This family of proteases is responsible for the process-
ing of virtually all neuropeptides and peptide hormones as
well as proinsulin, coagulation factors, and many growth
factors and their receptors (12). These serine proteases
comprise a discrete branch of the subtilisin superfamily
spanning eukaryotes from yeast to humans (13). What
distinguishes the Kex2 family of pro-protein convertases
from subtilisin and its homologues is a high specificity for
cleavage C-terminal to paired basic sites, most often KR or
RR.

Previous biochemical investigations have characterized the
specificity and enzymatic mechanism of Kex2 and furin (see
ref 14 for a comprehensive review). These enzymes follow
the classic serine protease mechanism, possessing the
archetypal catalytic triad of serine, histidine, and aspartate
residues. Consistent with the classical mechanism, Kex2 has
been demonstrated to utilize a conserved asparagine residue
located in the putative oxyanion hole, thereby stabilizing the
negative charge that develops on the scissile carbonyl bond
during the transition state (13, 15, 16).

Although considerable insight has been gained into the
specificity of Kex2 and furin, little is known about the
structural basis for the selectivity of these enzymes. Bio-
chemical characterization of Kex2 suggests that the P1

position is the primary specificity determinant while P2 and
P4 are important energetically but to a lesser degree (14, 17).
(Substrate residues are designated in accordance with the
naming convention of Schechter and Berger, with the
hydrolyzed bond lying between P1 and P1′ (18).) Furin,
however, seems to generate most of its selectivity through
interactions with both P1 and P4 (14, 19, 20). This difference
between Kex2 and furin specificity determinants seems to
represent two discrete subsets within the eukaryotic family
of pro-protein processing proteases. Residues C-terminal to
the cleavage site seem to be unimportant for substrate
recognition; however, it has been suggested that Kex2 may
disfavor large residues at P1′ (21). Kex2 and the family of
protein convertases also show an absolute dependence on
Ca2+ for activity (3). Subtilisin and other degradative
subtilases (i.e., thermitase and proteinase K) also bind Ca2+;
however, Ca2+ is not necessary for subtilisin activity and
has been suggested to act purely as a stabilizer of tertiary
structure, thereby enhancing thermostability (22). The role
of calcium in the mechanism of Kex2 and the related family
members is therefore unknown.
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Kex2 is a multidomain protein containing an N-terminal
signal peptide that is responsible for directing the protein
into the endoplasmic reticulum, with its ultimate destination
being the trans-Golgi network (23). Immediately following
the signal peptide is the pro-domain. This domain has been
shown in subtilisins to be important in protein folding, and
its removal is necessary for enzyme activation (24, 25). In
Kex2, the pro-domain is cleaved from the remainder of the
enzyme through an intramolecular self-mediated cleavage
event carboxyl to R109 (26, 27). This is followed by further
processing in the Golgi by Ste13 dipeptidyl aminopeptidase
that removes two N-terminal dipeptides (L110-P111 and
V112-P113) generating the mature N-terminus beginning at
A114 (28). The subtilisin-like domain follows the pro-domain
and has approximately 30% identity with subtilisin BPN′.
Following the subtilisin domain is the ubiquitous P (Homo
B)-domain, an element in all members of the pro-protein
convertase family of enzymes characterized to date but in
none of the degradative subtilisins. The function of this
domain is unknown; however, it has been suggested to be
necessary for catalytic function in vivo (29). In Kex2, the
P-domain is followed by a serine/threonine rich region that
is hyper O-glycosylated. A single trans-membrane spanning
helix and cytosolic tail complete the enzyme architecture.
In mammals and lower animals, there appear to be two
subclasses of the family, those with a transmembrane domain
(furin) and those lacking it (PC1/3, PC2) (14).

The enzyme form utilized in prior biochemical studies and
under study in this report, ssKex21 is a fully active construct
that lacks the serine/threonine rich region and the transmem-

brane domain (28, 30). It is expressed in the yeast strain
ASY1 that lacks theSTE13gene to reduce any potential
microheterogeneity at the N-terminus. This construct is
expressed as a soluble protein that is secreted from the
expressing yeast cell generating a molecule comprising 507
amino acids and N-linked glycans at two of three potential
N-linked glycosylation sites (28).

This paper reports the 2.4 Å resolution crystal structure
of ssKex2 in complex with a peptidyl boronic acid inhibitor,
the first structure of a pro-protein processing protease of the
Kex2/furin family. This structure gives insight into the
structural determinants of the high sequence specificity of
Kex2, which contrasts with the promiscuous nature of the
subtilisin-like proteases from which this family has evolved.
A catalytic role for the essential calcium ion is determined,
as well as a novel jelly roll like fold exhibited by the
P-domain of this enzyme.

MATERIALS AND METHODS

Materials. Bis-Tris buffer was purchased from Research
Organics (Cleveland, OH). The substrate Boc-Gln-Arg-Arg-
AMC was purchased from Bachem (Bachem A., Switzer-
land). The boronic acid inhibitor, Ac-Ala-Lys-boroArg-
pinanediol (1, Figure 2B) was a generous gift of Dr. Charles
Kettner of DuPont Pharmaceuticals, Wilmington, DE whose
synthesis has been described elsewhere (31).

Crystallographic materials and screening kits were pur-
chased from Hampton Research (Laguna Nuguel, CA). Mal-
onic acid was purchased from Sigma (St. Louis, MO), and
a saturated solution at pH 7.2 was prepared as previously
described (32). All other reagents were of the highest purity
available.

Kex2 Expression and Purification.Kex2 protein concen-
tration was determined using a calculated extinction coeffi-
cient ofε280 ) 0.595 mL/mg (Swiss-Prot, http://us.expasy.org/

1 Abbreviations: ASU, asymmetric unit; DTT, dithiothreitol; Glc-
Nac, N-acetyl-glucosamine; Hg-PNP, 2-chloromercuri-4-nitrophenol;
MAD, multiple wavelength anomalous diffraction; NCS, noncrystal-
lographic symmetry; SAD, single wavelength anomalous diffraction;
SIRAS, single isomorphous replacement with anomalous scattering;
ssKex2, secreted soluble Kex2.

FIGURE 1: Ribbon diagram representation of the monomer of ssKex2. (A) The Glc-Nac residues, disulfide bonds, catalytic triad, and
inhibitor are shown as ball-and-stick representations and the strands comprising the P-domain are numbered. (B) A rotation about theYaxis
of 90° from panel A. All figures were generated using POVscript+ (http://www.brandeis.edu/∼fenn/povscript) (56) and rendered using
POVRay (http://www.povray.org).
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sprot/). This value was found to compare favorably with that
determined using the BioRad and Pierce colorimetric meth-
ods.

ss-Kex2 was prepared as previously described (30) with
the following exceptions. The fermentation temperature was
25 and not 30°C, and growth times were extended
approximately 1 day to accommodate the lower temperature.
Cell medium was diluted 4-fold with cold 40 mM Bis-Tris
base and stirred for 1 h with Fast-Flow Q-Sepharose
(Pharmacia, Piscataway, NJ). The resin was harvested by
filtration through a large sintered glass funnel, via vacuum
suction. The resin bed was subsequently washed with 5-10
column volumes of 40 mM Bis-Tris pH 7.2, 10 mM NaCl,
2 mM CaCl2 buffer and loaded into a glass column (5× 25
cm). The enzyme was eluted with a linear gradient (5 column
volumes) of 10-500 mM NaCl in the same buffer. Fractions
exhibiting Kex2 activity were determined by a qualitative
assay developed previously (33). In brief, a 96-well plate is
used into which 100µL of crude protein fraction is pipetted
along with 200µL of reaction mix (200 mM bis-Tris pH
7.2, 1 mM CaCl2, 0.01% v/v Triton X-100, 0.5% v/v DMSO,
200µM Boc-Gln-Arg-Arg-AMC). Those wells that showed
immediate fluorescence under a long wavelength UV light
were pooled and concentrated to 10 mL in an Amicon
nitrogen concentrator utilizing a YM-30 membrane (Milli-
pore Corporation, Bedford, MA). Several rounds of concen-
tration and dilution with 40 mM Bis-Tris, pH 7.2, 10 mM
NaCl, 2 mM CaCl2 were performed to reduce the sodium
chloride concentration and remove a colored contaminant.

The final concentrate was subsequently loaded onto a Bio-
Scale Q20 column (BioRad, Hercules, CA) equilibrated with
40 mM Bis-Tris pH 7.2, 10 mM NaCl, 2 mM CaCl2 buffer.
After loading, the protein was washed with five column
volumes of 40 mM Bis-Tris pH 7.2, 10 mM NaCl, 2 mM
CaCl2 buffer and eluted with a gradient from 10 to 500 mM
NaCl.

Those fractions containing Kex2 activity were pooled and
concentrated in an Amicon concentrator. Kex2 was subse-
quently inactivated using a 4-fold molar excess of Ac-Ala-
Lys-boroArg inhibitor (Figure 2B) dissolved in DMSO. The
inactivation mix was allowed to incubate overnight at 4°C
and was subsequently assayed to ensure no enzyme activity
remained. The protein solution was concentrated further to
a final volume of 1.5-2 mL and loaded onto an S-100 gel
filtration column (Pharmacia, Piscataway, NJ) equilibrated
in 40 mM Bis-Tris pH 7.2, 10 mM NaCl, 2 mM CaCl2 buffer.
Fractions containing protein were run on SDS-PAGE, and
only those fractions containing a band corresponding to full-
length ssKex2 were retained. The fractions were pooled and
concentrated to 25 mg/mL and stored at 4°C.

Crystallization. ssKex2 (25 mg/mL, 40 mM Bis-Tris pH
7.2, 10 mM NaCl, 2mM CaCl2) was crystallized by the
hanging drop method against 2.1 M NH4SO4, 3% DMSO at
25 °C. Crystals were observed to grow over a period of 2-4
weeks from 6µL drops containing 4µL of protein solution
and 2µL of well solution.

Crystal Freezing and DeriVatization.Crystals of ssKex2
were transferred from the growth drop into a depression plate
containing a 10µL drop of 50% saturated sodium malonate,
pH 7.2. The crystals were allowed to equilibrate for a period
of several minutes. Heavy atom derivatized crystals were
obtained by transferring to an identical 20µL drop containing
either 5 mM Hg-PNP or 5 mM K2OsCl6. Crystals were
allowed to incubate overnight by sealing the depression wells
with tape. After incubation, the crystals were back-soaked
by transfer to a 10µL drop of 50% saturated sodium
malonate, pH 7.2 for 15 min and then cryocooled in liquid
nitrogen.

Data Collection.Two heavy atom derivatives (Hg-PNP
and K2OsCl6) and a 2.4 Å resolution native data set were
used to solve the structure of ssKex2. All data were collected
on cryocooled crystals maintained at 100 K throughout data
collection. The native data were collected at 19ID at the
Advanced Photon Source (APS) using a SBC2 3× 3 CCD
detector; the Hg-PNP derivative MAD data sets were
collected at beamline 8.3.1 at the Advanced Light Source
(ALS) using an ADSC CCD detector; and the K2OsCl6
derivative data set was collected at beamline 11-1 at the
Stanford Synchrotron Light Source (SSRL) using an ADSC
Q315 CCD detector. For both the Hg-PNP and the K2OsCl6
derivatives, data were collected in inverse beam mode to
collect Friedel mates as close in time as possible. All data
were integrated and scaled with DENZO and SCALEPACK,
respectively (34). See Table 1 for data statistics.

Structure Determination and Refinement.Initial phases
were obtained from a 3.1 Å resolution two wavelength MAD
data set collected at the Hg LIII edge of Hg-PNP-soaked
ssKex2 crystals. SOLVE (35) was used to locate the Hg
atoms and calculate phases, which produced experimental
electron density maps of relatively poor quality despite the
reasonable figure of merit (0.50). Low occupancy of the Hg
sites and poor data quality (Table 1) are the likely reasons
that these data failed to generate better phases. Density
modification using RESOLVE (35) improved the quality of
the electron density significantly and allowed the automatic
model building feature of RESOLVE to place a partial
polyalanine model into the improved electron density map.
Phases calculated from the partial polyalanine model were

FIGURE 2: Ac-Ala-Lys_boroArg inhibitor of ssKex2. (A) The 2Fo
- Fc and Fo - Fc electron density maps for the bound boronic
acid inhibitor and S385 prior to inclusion of the inhibitor into the
model. Shown in blue is the 2Fo - Fc map rendered at 1σ and in
green theFo - Fc map at 2σ. The carbon atoms of the inhibitor
are shown in black, while the enzyme carbon atoms are rendered
in light gray. (B) Line drawing representation of Ac-Ala-Lys-
boroArg-pinanediol inhibitor1, which upon addition to aqueous
solvent becomes the active boronic acid species2.
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used to locate the five Os sites inFo(Os) - Fo(native)
difference Fourier maps in a higher resolution K2OsCl6
derivative. After SIRAS phasing with SOLVE and density
modification with RESOLVE, a more extensive polyalanine
model was built. A homology model, based upon the X-ray
structures of subtilisin BPN′ and Carlsberg (36), of the
subtilisin domain of Kex2 (M. Levitt and R. S. Fuller,
unpublished data) was superimposed on the partial polyala-
nine model by least squares superposition in O (37). The
model was used as a guide for rebuilding in O and allowed
nearly all of the backbone to be traced, as well as facilitating
putative side chain assignment and modeling in the clearer
portions of the electron density. In addition, the NCS
operators relating the two molecules in the asymmetric unit
could now be determined. Phase probability distributions
were calculated from the improved partial model and were
combined with experimental SIRAS phase probability dis-
tributions in SIGMAA (38). The combined phase information
and the NCS operators were used for a final cycle of density
modification in RESOLVE, which produced a readily
interpretable electron density map and allowed the remainder
of the protein to be built.

The resulting model of ssKex2 was refined against the
2.4 Å resolution native data in CNS. All data were used in
the refinement and a bulk solvent correction, and anisotropic
scale factors were applied to the data. Throughout the
refinement, extremely tight NCS restraints were applied
(excluding residues 363-369, 428, 473, 489-494, 533, 542,
and 596-599), as tests with lower NCS restraint weights
did not result in a significant improvement in theRfree value
(39). Phase information obtained from the final cycle of
density modification was included in the early stages of

refinement via the use of a maximum likelihood target
function that incorporated Hendrickson-Lattman coefficients
(MLHL). Later stages of refinement were performed against
a maximum likelihood target based on amplitudes alone
(MLF). Initial simulated annealing torsion angle refinement
(40) was followed by several alternating cycles of manual
model adjustment in O, coordinate minimization, and
individualB factor refinement. For the initial cycles of model
adjustment and rebuilding, prime and switch density modi-
fication as implemented in RESOLVE was used to minimize
the influence of model bias on the electron density maps. A
total of 492 waters, six Ca2+, and six sugars were added to
the model near the end of refinement, in addition to the
peptide boronic acid inhibitor. The final model refined to
anRof 20.9% (Rfree ) 24.5% for a test set of 5% of randomly
chosen reflections). See Table 1 for final model statistics.

RESULTS AND DISCUSSION

OVerall Structure.The structure of ssKex2 was solved to
2.4 Å resolution by the SIRAS method utilizing a single
osmium derivative. The final model of ssKex2 comprises
residues 123-599, lacking the first 14 N-terminal and last
17 C-terminal residues of ssKex2 (data statistics are sum-
marized in Table 1). While there is no discontinuity in the
electron density, several loop regions display poor electron
density for side chains (181-184, 199-201). This is
consistent with the highB factors exhibited by residues in
these regions. The refined model has good stereochemistry:
84.2, 14.5, and 1.3% of main chainφ/ψ angles are in core,
allowed and generously allowed regions as calculated using
PROCHECK (41). In solution, ssKex2 behaves as a func-
tional monomer based upon its migration on an S-100 gel-

Table 1: Data and Model Statistics for ssKex2 2.4 Å Structure

dataset native K2OsCl6 Hg-PNP Hg-PNP
beam line APS 19-ID SSRL 11-1 ALS 8.3.1 ALS 8.3.1
wavelength (Å) 0.91800 0.95369 1.0050 1.1271
space group P6522 P6522 P6522 P6522
unit cell (Å) a ) b )113.8

c ) 370.2
a ) b )113.6
c ) 363.3

a ) b) 113.5
c ) 369.8

a ) b ) 113.5
c ) 369.8

resolution limits (Å) 50.0-2.4 50.0-2.8 50.0-2.8 50.0-2.8
unique reflections 55 847 71 939 57 748 44 566
completenessa (%; all data) 98.4 (85.2) 99.8 (100) 87.9 (48.3) 67.8 (6.3)
redundancya 14.2 9.7 4.8 3.4
I/σ(I)

a 20.6 (2.0) 14.4 (2.8) 12.5 (1.2) 19.0 (1.2)
Rmerge

a,b 0.09 (0.48) 0.15 (0.73) 0.09 (0.59) 0.06 (0.54)
FOM solve NA 0.27 0.50 0.50
FOM resolve NA 0.53 0.57 0.57
number of sites NA 5 6 6
molecules/ASU 2
solvent content (%) 63
amino acids residues 954
water molecules 492
calcium ions 6
carbohydrate residues (Glc-Nac) 6
Rwork

c (%) 20.9
Rfree

d (%) 24.5
avB factor 34.5
Luzzati coordinate error (Å) 0.30
bond length RMSD (Å) 0.01
bond angle RMSD (deg) 1.30

a Values in parentheses represent statistics for data in the highest resolution shells. The highest resolution shell comprises data in the range of
2.5-2.4 Å for the native data and 2.9-2.8 Å for the osmium and mercury datasets.b Rmerge) ∑hkl∑i|Ihkl

i - 〈Ihkl〉|/∑iIhkl
i wherei is theith observation

of a reflection with indexhkl, and the angle brackets indicate an average over alli observations.c Rwork ) ∑hkl|Fhkl
C - Fhkl

O |/∑hklFhkl
O whereFhkl

C is the
magnitude of the calculated structure factor with indexhkl, andFhkl

O is the magnitude of the observed structure factor with indexhkl. d Rfree was
calculated asRwork, where theFhkl

O were taken from a set of 3033 reflections (5% of the data) that were not included in the refinement (39).
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filtration column (data not shown). Crystals of ssKex2 were
found to contain two molecules in the ASU related by NCS.
Crystal contacts between molecules A and B occlude the
active site of molecule A in the lattice. Because the two
molecules are structurally identical, the remainder of the dis-
cussion will focus solely upon one monomer. As shown in
Figure 1, ssKex2 is comprised of two domains, an N-terminal
subtilisin-like protease domain (residues 123-457) and a
C-terminal P-domain (464-599) that are connected by an
extended tether (458-463). The protease domain is structur-
ally similar to subtilisin and related degradative subtilisin
family members. Threading the primary sequence of Kex2
against all available protein sequences gave highest scores
using thermitase and proteinase K. A superposition of subtil-
isin (PDB: 1AVT (42)) or thermitase (PDB: 3TEC (43))
onto ssKex2 results in an overall CR-RMSD of 1.5 and 1.6
Å, respectively, indicating that the entire family of subtilisin-
like proteases are very similar to the protease domain of Kex2
in their global fold. Nevertheless, none of the available struc-
tures of the degradative subtilisins could be used successfully
as a molecular replacement model (data not shown). Both
thermitase and ssKex2 contain three Ca2+ ion binding sites.
Of these, the two higher affinity thermitase/subtilisin Ca2+

ion binding sites (sites two and three in ssKex2) are
conserved. The third Ca2+ ion binding site in ssKex2 (site
1) is not present in any degradative subtilisin-like structures,
and none of the coordinating ligands to the Ca2+ ion are
conserved between Kex2 and thermitase/subtilisin. In addi-
tion, the loop (275-283) that forms one face of the site 1
Ca2+ ion binding pocket is an insertion conserved in all
members of the pro-protein processing protease family but
is absent in thermitase (Figure 3). Its absence in the degra-
dative protease structures results in a region that is completely
open to solvent. The loop forming the opposite face of the
binding site is present in the degradative protease structures;
however, in Kex2 it appears to be shifted and stabilized by
one of the two disulfide bonds (C322-C352) present in the
enzyme. The second disulfide (C230-C377) seems to pro-
vide similar stabilization to the region forming part of the
binding site of one of the structural Ca2+ ions, with the back-
bone carbonyl of C230 contributing a ligand to the metal.

The classic serine protease catalytic triad (D175, H213,
and S385) is present in ssKex2, while N314 is correctly po-
sitioned to serve as part of the oxyanion hole (Figure 4A).
These observations confirm conclusions based upon muta-
tional and functional analysis (30). Cysteine 217, one of the
three free thiols in ssKex2 conserved in all of the Kex2/fur-
in proteases and also in thermitase and proteinase K but not
in subtilisin BPN′, is located at a distance of 4.4 Å from
both D175 and H213 and may provide a mechanism for the
observed inactivation of Kex2 by cysteine modification (44)
(Figure 4). The exposed disulfide (C322-C352) that stabi-
lizes a portion of the site 1 Ca2+ ion binding site may also
be involved in the observation that ssKex2 is inactivated by
DTT but is resistant to inactivation by 25 mMâ-mercapto-
ethanol (44).

In addition to the aforementioned features, ssKex2 contains
two N-linked glycosylation sites. One site is located in the
protease domain at N163 and one in the P-domain at N480
(Figure 1). The maps were of suitable quality to allow for
the modeling of one Glc-Nac attached to N163, while two
Glc-Nac residues could be modeled at N480. These sites

represent two of the three consensus sequences for N-linked
glycosylation present in Kex2 and are consistent with
mutational analysis that demonstrates these two sites are the
only glycosylated sites in vivo (T. Komiyama, A. Neeaga,
and R. S. Fuller, personal communication).

P-Domain Structure.The P-domain has a novel jelly roll
like fold comprised primarily of two antiparallelâ-sheets
with a single helix, spanning residues 493-501, connecting
strands three and four (Figure 1). While previous theoretical
modeling of this domain correctly identified the secondary
structural elements, it was incorrect in their lengths and
absolute positions in the primary sequence except for strand
5 and failed to identify strand 1 (45). It was predicted that
the helical segment would be slightly longer and shifted in
position in the primary sequence (499-509); however, a
portion of this predicted helix is actuallyâ-strand 4 (502-
516) in the crystal structure. Theâ-strands were also
predicted to be considerably shorter than observed in the
crystal structure. In soluble proteins, strands inâ-sheets
typically fall in the range of 3-8 residues in length (46).
The â-strands of the P-domain are on the long side of this
range (6-9 residues), with the exception of strand 5 (4
residues). Theâ-strands (4 and 9) from residues 502-516
and 579-594 are quite long, consisting of 15 and 16 residues,
respectively. The model structure was also incorrect in the
relative three-dimensional positioning of the strands. It
correctly identified that the domain would consist of two
sheets; however, it suggested one sheet would be formed by
strands 3, 2, 5, and 8 and the other by strands 4, 9, 6, and 7
(Kex2 numbering) (45). The twoâ-sheets in the P-domain
are actually comprised of strands 3, 8, 5, and 6 and 2, 9, 4,

FIGURE 3: Site 1 Ca2+ ion binding site. Backbone (CR) trace of
the superpositioning results of ssKex2 (gray) and thermitase (black)
(PDB: 3TEC) in the region of the site 1 Ca2+ ion binding site
show the absence of the loop (Kex2: 275-283) forming one face
of the binding site in thermitase and the repositioning of the residues
forming the other binding face (Kex2: 312-325).

2.4 Å Crystal Structure of Kex2 Biochemistry, Vol. 42, No. 22, 20036713



and 7. A second smaller sheet domain is formed by strands
1, 9, and 4 (Figure 1).

The structure of the ssKex2 P-domain was compared with
all other unique folds at the Dali server (http://www2.ebi.ac.uk/
dali/; (47)). This comparison fails to find any structures with

significant structural identity to the Kex2 P-domain fold (data
not shown). While manyâ-barrel like structures are identified
by this search (i.e., viral envelope proteins and carbohydrate
binding proteins), none have scores high enough to indicate
more than remote structural similarity. The most similar folds

FIGURE 4: ssKex2 active site and S1-S4 subsites. Those amino acids making contacts with the inhibitor and Ca2+ ion are shown, and their
distances are indicated. The atoms are colored according to atom type, and the boron atom is rendered in gold. (A) Overall view of the
subsite architecture illustrating the arrangement of the subsites. The catalytic triad D175, H213, and S385; the oxy-anion hole N314; the
acyl-enzyme hydrolyzing water molecule; and the reactive C217 are also shown. (B) Close up view of the S1 and (C) S2 binding sites
illustrating with distances those residues important for substrate and calcium ion recognition and binding.
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have RMSD values greater than 3 Å and Dali scores between
6.0 and 6.8. Therefore, the P-domain of Kex2 has little
structural identity to proteins of known structure. It has
previously been demonstrated that the P-domain is essential
for activity of Kex2 in vivo (29). The structure does not rule
out a role for the domain in correct processing of mature
Kex2 in vivo; however, it does suggest that this domain is
not directly involved in catalysis. The possibility that
interactions between the P-domain and the protease domain
stabilize the critical P1 binding site is discussed below. There
does exist a significant cleft between the protease and
P-domains as shown in Figure 5A. This cleft is lined
predominantly with hydrophobic residues and may represent
an extension of the binding pocket from the protease domain
or a discrete binding pocket for a yet unidentified ligand. In
addition, R540 and R542 are situated in close proximity to
the backbone carbonyls of H281 and D278, respectively,
which may imply a role for the P-domain in formation of
the site 1 Ca2+ ion binding site. Further investigation is
needed to clarify the functional role of the P-domain in
substrate recognition in vivo or determine whether it performs
an additional function.

Subtilisin-Like Domain: ActiVe Site Calcium Ion Binding
Site.The electron density of the active site of ssKex2 clearly
shows the presence of the inhibitor, Ac-Ala-Lys-boroArg,
covalently bound to S385 (Figure 2). This complex provides
significant insight into the selectivity of Kex2 and possibly
the entire pro-protein processing protease family. As evi-
denced by the overall CR-RMSD (1.6 Å) for the protease
domain of ssKex2, the active site architecture of ssKex2 is
quite similar to that of thermitase, preserving the locations
of the subsites S1-S3 (Figure 4). However, a Ca2+ ion
binding site is located at the bottom of S1 that is not observed
in the degradative subtilases (Figure 4B). Because of the
presence of this ion binding site, there is a significant
perturbation of the residues in this region relative to
thermitase (Figure 3). This site appears to play a key role in
recognizing arginine at P1 (Figure 4B). Because of the

increase in the number of acidic residues in the primary
sequence of Kex2 when compared to that of the degradative
subtilisins, and the fact that S1 and S2 preferentially bind
substrates with basic residues at P1 and P2, it was predicted
that these sites would have a concentration of acidic residues
and localized net negative charge (48, 49). While this seems
to be the case (Figures 4A,B and 5A), at S1 the large number
of acidic residues present are partially neutralized by the
interaction with the active site Ca2+ ion. Figure 4B shows
that the Ca2+ ion is coordinated by D276, D320, and a
bidentate interaction with the carboxylate of D350 in addition
to three water molecules, forming a seven-coordinate ge-
ometry about the metal. Previous experiments have demon-
strated a strict dependence of Kex2 activity on Ca2+ (3, 44).
Of the metals tested (Ca2+, Mg2+, Mn2+, Co3+, and Fe3+),
only reconstitution with Ca2+ allowed for recovery of any
activity (3). Soaks of Ca2+-Kex2 crystals in the presence of
5 mM Tb3+, Lu3+, Eu3+, Ho3+, Tb3+, or Yb3+ salts for 24 h
failed to achieve crystals with any measurable amount of
the lanthanides bound based upon anomalous difference
Fourier maps (data not shown). This would further argue
that all three calcium sites have very high affinities for
calcium. On the basis of these observations, it would appear
that Kex2 has evolved a very selective site tuned to the
binding of Ca2+ ions, and this selectivity is derived from
both the size of the binding site as well as the nature of the
coordinating ligands, which are exclusively hard oxygen
ligands, as is preferred by Ca2+. This discrete selectivity may
suggest a role for calcium in regulation of Kex2 activity in
vivo.

S1 Binding Site.Previous biochemical studies utilizing
substrates with arginine, lysine, ornithine, and citrulline at
P1 have suggested that Kex2 selects for arginine at this
position based upon the size and shape of the side chain,
the terminal positive charge, and the hydrogen-bonding
characteristics of the extended side chain (14, 19, 28). The
interaction of the boronate inhibitor with ssKex is shown in
Figures 2 and 4. As illustrated, Kex2 interacts with the

FIGURE 5: Electrostatic surface representation of ssKex2. (A) The electrostatic surface was calculated using the GRASP program (57).
Red, blue, and white regions represent negatively charged, positively charged, and neutral regions of the protein, respectively. The arrow
indicates the location of the cleft lying between the proteolytic and the P-domains. The protease binding pocket is shown containing the
covalently bound inhibitor in a ball-and-stick representation and illustrates the open nature of the S2-S4 binding sites. The P1 arginine side
chain is completely occluded from view by the narrow S1 binding pocket. (B) The narrow channel forming the P1 binding site is shown as
viewed from the active site looking along the P1 arginine side chain. Positioned at the bottom of the pocket perpendicular to the plane of
the arginine guanidinium group is the carboxylate of D325. The site 1 calcium ion is situated behind D325 and is not visible from this
orientation.
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arginine side chain at P1 through a complex series of
interactions. The S1 binding site is a deep narrow pocket
(Figure 5B) suggesting that, like S2, large residues would
be excluded (vide infra). The site 1 calcium ion is located at
the bottom of the S1 pocket, which suggests that Ca2+ plays
a role in substrate recognition at P1. An electrostatic
interaction between the terminal positive charge on arginine
occurs with D277 and D325, while the calcium plays an
indirect role in this interaction through direct coordination
of the other caboxylate of D277 (Figure 4B). Therefore, the
calcium ion, while not directly interacting with P1, functions
to position D277 to interact with the P1 arginine side chain.
In addition to the electrostatic interaction mediated by the
calcium ion, a hydrogen bonding interaction exists between
the carboxylate oxygen of D277 and theε-nitrogen of the
P1 arginine (Figure 4B). A third interaction between Kex2
and the P1 arginine is manifest in an additional hydrogen
bond between one of the terminal amines of the arginine
side chain and the backbone carbonyl oxygen of A311.
Again, this interaction seems to indirectly involve the calcium
ion at site 1 through a second sphere coordination of the
backbone carbonyl of S312 via an intervening water mol-
ecule, helping to position this loop (Figure 4B). The aliphatic
portion of the arginine side chain has very little interaction
with the S1 pocket. All of the residues lining the pocket have
their side chains oriented outward with the exception of A311
whose methyl group is 4.1 Å from theδ-methylene of the
P1-arginine. On the basis of these points of interaction, Kex2
has evolved a very stringent method of selecting those
substrates that have arginine at P1. Even with the substitution
of lysine for arginine at P1, two of the three interactions are
lost. The loss of these two interactions could easily account
for the severely hindered ability of Kex2 to proteolyze these
substrates, resulting in the observed 100-10 000-fold drop
in kcat/KM by substituting lysine for arginine at P1 (28, 50).

S2 Binding Site.In contrast to the S1 subsite, the S2 subsite
utilizes a set of much simpler interactions. S2, while selecting
against large amino acids at P2 (19), is a relatively open
pocket (Figures 4 and 5A). The location of H213 (the
catalytic histidine) at the mouth of the site may act as a steric
filter against bulky side chains. The interaction of substrates
with S2 appears to be primarily electrostatic in nature. In
the case of the bound inhibitor, this occurs through direct
interaction between theε-amino group of lysine with the
carboxylate groups of D176 and D210 (Figure 4C). In
addition to these direct interactions, a large negative elec-
trostatic potential is present at S2 (Figure 5A). The surface
of the binding site is lined by D175 and D211 located 4.5-5
Å from the ε-nitrogen of the P2 lysine (Figure 4A). These
observations are again consistent with the kinetic studies that
show very little distinction between lysine and arginine at
P2 (relativekcat/KM ) 0.83), with the positive charge at this
position providing approximately 3 kcal/mol of transition
state stabilization (50).

S3 Binding Site.Substite P3 is an open pocket with no direct
interactions between protein and substrate (Figure 4A). This
is similar to thermitase and subtilisin that show no selectivity
at P3 (51). Kinetic analysis of Kex2 has shown no positive
selectivity exists at P3; however, the enzyme may select
against aspartate at this position (50). On the basis of the
positioning of the alanine side chain of the inhibitor, D276
would lie at a distance of∼4 Å from the carboxylate of a

P3 aspartate, thereby providing weak electrostatic repulsion
that may account for the observed kinetic results. On the
basis of this observation, one would expect substrates with
P3 glutamate substitutions to be even more heavily selected
against.

S4 Binding Site. Even though the boronate inhibitor
contains no P4 residue, the superpositioning results with
thermitase in complex with eglin C (43) allow for the
tentative determination of the location of the S4 subsite in
Kex2. Kinetic evidence suggests that Kex2 has a dual
selectivity for P4 residues, selecting for aliphatic and basic
residues at this position. These same experiments show that
the electrostatic interaction at this position is responsible for
2 kcal/mol of transition state stabilization (52). The structural
data are consistent with this observation. The mouth of the
S4 pocket is comprised of W273 and Y327 with E255
positioned at the bottom of the pocket to provide the
electrostatic interaction with basic residues at P4 (Figure 4A).
While Kex2 is relatively flexible in its selectivity at this
position, substitutions for arginine at P4 essentially abolish
activity in Furin (53). Comparisons of the structural deter-
minants of selectivity of this site would be of great interest
and await the availability of a structure of Furin.

Additional Enzyme/Inhibitor Interactions.The alignment
with thermitase also shows the location of the P1′ binding
site. There appears to be no contacts between ssKex2 and
bound substrate at this site and is an open pocket on the
enzyme surface adjacent to the P2 binding site. Since the P1′
and P2 binding sites are adjacent, very large amino acids at
P1′ may interfere with catalysis through perturbation of the
interactions between P2 and S2 (data not shown). These
observations are consistent with kinetic experiments that have
shown Kex2 has no selectivity at P1′ but may disfavor bulky
amino acids at this position (21).

Backbone interactions between Kex2 and the bound
inhibitor are present between the carboxylate oxygens and
amide nitrogens of the P3 alanine and G274 (Figure 4A).
These interactions should not depend on the side chain
identity at P1-P3 and would provide a general mode of
recognition and binding for all protein substrates.

The interactions described above most likely manifest
themselves in the altered kinetics of nonoptimal P1-P4

substrates by both decreasing the apparent affinity of the
enzyme for these substrates and by perturbing the binding
at S1 and S2, thereby interfering with optimal geometry and
positioning of the scissile carbonyl for nucleophilic attack
by serine 385. The latter conclusion is consistent with the
observation that positive interactions at P4 can compensate
partially for substrates with poor P1 substitutions (52) and
with recent studies on chymotrypsin that suggest extended
substrate interactions enhance catalysis via a mechanism of
distortion (54).

Acyl-Enzyme Hydrolysis.Kinetic evidence has suggested
that enzyme deacylation is rate limiting in Kex2 for substrates
that contain a P1 arginine (17, 28) unlike typical serine
proteases, including the degradative subtilisins, in which the
rate-limiting step has been shown to be acylation (15, 55).
It was also proposed that this mechanistic change with Kex2
provides an additional mechanism for selectivity in an
environment of incorrect physiological substrates by decreas-
ing the pool of free enzyme (17). In the current structure, a
water molecule is positioned in the active site in position to
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catalyze the deacylation of the acyl-enzyme intermediate,
albeit at a rather long distance (H2O-boron, 3.6 Å, Figure
4). This water is in a similar position to a water molecule in
the structure of subtilisin in complex withD-para-chlorophen-
yl-acetamido boronic acid (PDB: 1AVT (42)). However, that
water molecule is closer to the boron of the derivatized serine
(3.3 Å). In the subtilisin structure, the water molecule is
located 4.0 Å from theε-N of the catalytic histidine (H64)
and appears to hydrogen bond with theδ-sulfur of M222
and the backbone carbonyl of N218. In contrast to the
environment of the water molecule in the subtilisin structure,
the water molecule in Kex2 would appear to be involved in
a network of interactions that could lead to a perturbation
of its pKa. The hydrolyzing water molecule appears to be
polarized via interactions with H213 (H2O-Nε2, 3.8 Å, the
catalytic histidine) and H381, the latter interaction occurring
through an intervening water molecule (H2O-H2O ) 3.6
Å; H2O-Nδ1 ) 2.6 Å). H381 is itself polarized by an
interaction with E220 (Nε2-H2O, 2.9 Å). While these
polarizing effects would suggest the active site water could
function as a better nucleophile, they also lock the water
into a position further away from the site of acyl-enzyme
hydrolysis. If this water molecule is responsible for deacyl-
ation of the enzyme intermediate and the ester carbonyl of
the acyl enzyme is positioned where the boron of the inhibitor
is located, this increased water-boron distance may provide
a basis for the decreased rate of deacylation observed in the
kinetic experiments with Kex2.

In conclusion, the reported 2.4 Å resolution crystal
structure of the ssKex2-boronate inhibitor complex provides
insight into the structural basis by which Kex2 and the
dibasic pro-protein processing protease family achieves their
high degree of specificity necessary for their diverse physi-
ological functions. The role of the P-domain remains unclear.
Clearly, the P-domain does not actively participate in
catalysis; however, it may function in substrate recognition
through extended contacts via a deep hydrophobic cleft and
be involved in formation of the P1 binding site.

NOTE ADDED IN PROOF

Lipkind et al. (36) in their modeling of the structure of
PC1 correctly predicted the interaction of D320 (D325 in
Kex2) with the P1 arginine side chain.
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