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ABSTRACT. Human chymase is a protease involved in physiological processes ranging from inflammation
to hypertension. As are all proteases of the trypsin fold, chymase is synthesized as an inactive “zymogen”
with an N-terminal pro region that prevents the transition of the zymogen to an activated conformation.
The 1.8 A structure of pro-chymase, reported here, is the first zymogen with a dipeptide pro region (glycine-
glutamate) to be characterized at atomic resolution. Three segments of the pro-chymase structure differ
from that of the activated enzyme: the N-terminus (GlyBly19), the autolysis loop (Gly142Thr154),

and the 180s loop (Prol85AAsp194). The four N-terminal residues (Gly14-Glul5-lle16-llel7) are
disordered. The autolysis loop occupies a position up to 10 A closer to the active site than is seen in the
activated enzyme, thereby forming a hydrogen bond with the catalytic residue Ser195 and occluding the
S1 binding pocket. Nevertheless, the catalytic triad (Asp102-His57-Ser195) is arrayed in a geometry
close to that seen in activated chymase (all atom rmsd of 0.52 A). The 180s loop of pro-chymase is, on
average4 A removed from its conformation in the activated enzyme. This conformation disconnects the
oxyanion hole (the amides of Gly193 and Ser195) from the active site and positions-85% of the

S1-S3 binding pockets in the active conformation. The backbone of residue Asp194 is rotated 180
when compared to its conformation in the activated enzyme, allowing a hydrogen bond between the main-
chain amide of residue Trpl141 and the carboxylate of Asp194. The side chains of residues Phel191 and
Lys192 of pro-chymase fill the 1le16 binding pocket and the base of the S1 binding pocket, respectively.
The zymogen positioning of both the 180s and autolysis loops are synergistic structural elements that
appear to prevent premature proteolysis by chymase and, quite possibly, by other dipeptide zymogens.

Proteolytic enzymes are translated as inactive precursors A structural mechanism by which pro regions compromise

or “zymogens” to prevent inappropriate proteolysis. Inhibi- the catalytic potency of their cognate proteases is to prevent
tory domains or “pro regions” are cotranslated elements thatthe proper folding of the proteolytic machinery (reviewed
prevent activation of a protease. These molecular self-in ref 7). In the zymogens of trypsin-like proteases, the
inhibitors range in size from fully folded domains rivaling oxyanion hole (the amides of Gly193 and Ser195) ab0%
the size of the activated protease to simple dipeptides. Manyof the substrate binding pockets are not in the catalytically
proteases packaged for secretion, including all chym&3es ( competent conformation seen in the activated enzyme. For
cathepsin G J), and granzymes BF (4), have dipeptide  instance, in chymotrypsinogen components of the S1, S2,
pro regions composed of a glycine/glutamate and a glutamateand S3 binding sites are several angstroms removed from
attached to the N-terminus of the enzymes. Zymogen their conformation in the activated enzyn& 0). Trypsi-
activation proceeds via proteolytic removal of the pro region. nogen presents S1S3 binding sites that are distorted and
Trypsin, for example, is usually activated by enterokinase somewhat disordered with respect to active trypsd {1).
(5), and chymase is activated in trans by dipeptidyl peptidase The zymogen of the protease tissue-type plasminogen acti-
| (DPPIY (6). vator has a substrate binding site and oxyanion hole almost
identical to that of the activated enzyme and a corresponding
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(Asp-His-Ser) of zymogens is arrayed as seen in the activatechanging drop vapor diffusion. Pro-chymase crystallized in
enzyme. Despite possessing a common activated conformadrops composed of a mixture ofid of well buffer and 2
tion constrained by the chemistry they perform, different uL of protease solution. Droplets were equilibrated against
proteases adopt unique, inactive zymogen conformations. 1 mL of crystallization well buffer composed of 20% PEG
In each case, proteolytic processing of trypsin-like en- 4K, 150 mM sodium formate, and 100 mM Tris (pH 8.5).
zymes severs the pro region from the parent enzyme toPlates were set up at*€ in November of 1997, and crystals
liberate a highly conserved N-terminus (I-1/V-G-G). Binding Wwere first noted in drops in February of 1999. The crystal
of the two N-terminal residues of the activated enzyme in belonged to space groug2:2:2; with unit cell dimensions
an “activation pocket” establishes a conserved and buriedof a =50 A, b =56 A, andc = 89 A.
salt bridge between the newly formed amino terminus and Data Collection and Refinemerithe structure was refined
Asp194 (chymotrypsin numbering is used throughout). The against a 1.8 A data set collected at SSRL beam line 9-1
conformational change that accompanies and allows this saltusing a crystal frozen in mother liquor supplemented with
bridge repacks approximately 10% of the molecule and 15% glycerol. A total of 120 frames, each traversing 0.75
ushers the remainder of the protein into the conformation deg about the-axis, were collected. Diffraction data were
required for catalysis5 8—11). An understanding of the integrated, scaled, and merged using the HKL package (
unigue aspects of a zymogen structure can shed light uponThe structure was determined by molecular replacement
the activating transition and the determinants of activity for methods starting with a model of activated human chymase
each enzyme. [LKLT (24)] in which the side chains were all changed to

We present here the 1.8 A structure of the zymogen of Serines as the search model for the program AMdFge ¢f
human chymase. Human chymase is the major non-angio-the CCP4 suite2€). Data from 10 to 3.0 A yielded a post-
tensin converting enzyme (ACE), angiotensin ll-generating "gid-body refinementR factor of 47.5% and correlation
enzyme in human tissued3-15). Multiple studies cite  coefficient of 57.9%. Initial &, — F. andF, — Fc maps,
chymase activity as a contributor to ACE-resistant ventricular Phased using the polyserine model, indicated a movement
hypertrophy 16), vascular restenosid 7, 18), and hyperten-  Of the 30s loop (3542), the autolysis looj(144-155), and
sion (L9—21). The structure of pro-chymase is compared to the 180s loops. No density corresponding to the N-terminus
two previously determined structures of activated chymase Was discernible. Residues 169, 144-155, and 187196
to identify the determinants of inactivity of the zymogen. A Were removed from the polyserine model. This trimmed
model for chymase activation is presented and interpretedmodel was adjusted to match difference density and then
in the context of the structural models for the activating entered into multiple cycles of simulated annealing followed

transition of other trypsin-like zymogens. by sequential positional and temperature factor refinement
using CNS 27). Intervening cycles of manual model
EXPERIMENTAL PROCEDURES rebuilding used the MOLOC2Q) and QUANTA graphical
) . o ) interfaces. With the exception of the N-terminus, residue
Cloning, Protein Purification, and Actity Assay.For Lys188, and residue Ser189, all initially removed loops

studies of human pro-chymase, we generated pro-chymasgyhere reinterpreted as refinement progressed. As refinement
in insect cells as described previousBp). Briefly, human  converged, the model was ported to REFMAQS)(of the
chymase cDNA encoding the full pre-pro-enzyme was CCP4 package to allow simultaneous refinement of indi-
obtained by PCR from human lung cDNA (Clontech, Palo yidual atomic positions and temperature factors and facile
Alto, CA) using primers based on the Caughey laboratory’s introduction of multiple side-chain conformations. The final
previously determined gene sequen@. (The pre-pro-  model was refined to crystallographi factors of 20.3%
chymase cDNA was ligated into the baculovirus transfer and 24.5% (working, free; Table 1). The model contains all
vector pVL1392 (Pharmingen, San Diego, CA), which was residues of pro-chymase with the exception of residues
cotransfected with linearized wild-type baculovirus DNAinto - Gly14, Glu15, lle16, lle17, Lys190, and Ser191. Residues
Sf9 (Spodoptera frugiperdecells (Invitrogen, Carlsbad, CA)  ser3g, Arg51, and Thr67 exhibit multiple side-chain con-
to generate recombinant virus. High FivErichoplusia n) formations. Some atoms for the side chains of residues
cells (Invitrogen) infected with recombinant virus yielded Gju21, Lys43, Lys89, GIn128, Leul49, Lys150, GIn167,
supernatants containing pro-chymase, which was purified by Arg173, Arg187, Lys188, and Lys219 were not visible in
heparin affinity chromatography on a heparin 5PW column the electron density.
(Toso-Haas, Montgomeryville, PA). A linear gradient of  gyctural ComparisorStructure alignments were carried
0.4-2 M NaClin 10 mM Bis-Tris-HCI (pH 6.1) was applied ot py the method of least-squares superposition as imple-
to the column, with pro-chymase eluting at 1.4 M NaCl. mented in LSQMAN of the O suite3(). For alignment to
N-Terminal sequencing and SBEAGE electrophoresis  gjther phenylmethanesulfonyl fluoride treated (PMSF-chy-
were used to confirm the |de.nt|ty qu purity of reqombmant mase) [LKLT @4)] or the chloromethyl ketone, tetrapeptide
pro-chymase.. The proteolytic activity of recombinant pro- (Ala-Ala-Pro-Phe) inhibited (AAPF-CMK-chymase) [1PJP
chy'mase' ggalnst the substrate succmplla-Ala-Pro-Phej. (3D], an invariant core was derived from analysis of
4-nitroanilide was measured under the assay conditionsgjtference distance matrices produced using an in-house
described by Caughey et af): 1 mM (?ucc-AAPF-pNA algorithm; core residues are 498, 100-120, 160-183, and
in 0.45 M Tris, pH 8, 1.8 M NaCl, and 9% DMSO at 26. 198-241. On the basis of this alignment, the substrate
Protein Concentration and Crystal GrowtAfter purifica-
tion, protein was dialyzed against buffer composed of 500 Loop Gly142 to Thr154 is deemed the “autolysis loop” in reference

mM NaCl and 2 mM Bis-Tris (pH 6.1) and then concentrated (g the fact that the corresponding loopfrtrypsin ando-chymotrypsin
to 5.0 mg/mL. Crystals of pro-chymase were grown by is autolytically cleaved.
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Table 1: Statistics on Diffraction Data and Final Model

data reduction resolution range (A) 28.1.75
averagd/o(l) 26.8 (1.7%
no. of observations 222007
unique structure factors 27938
space group P212,2;
unit cell dimensions (A)

a 50.1

b 55.6

c 88.7
Rrerge (%)° 4.(69)
completeness (%) 98.3 (97.5)
mosaicity (deg) 0.61
Wilson B factor (A?) 30.1
solvent content (%) 42
refinement residuals [working/free (%)] 20.3/24.5
no. of residues 222
no. of non-hydrogen atoms

protein 1708

waters 156

sugars (3x NAG) 42
deviation from ideality (rmsd)

bond distances (A) 0.017

angles (deg) 1.8

aValues in parentheses represent the highest resolution bin<1.77
1.75 A).® Ryerge= Y |1 — OOVY |00

present in the AAPF-CMK-chymase structure was superim-

Reiling et al.

Gly133) varies among the activated chymase structures, and
thus its variability may reflect inherent flexibility unrelated
to the inactivity of pro-chymase.

The N-Terminus and the llel6 Binding Pockiet.pro-
chymase, the pro region (Gly14-Glul5) and the N-terminus
of the mature enzyme (lle16-1le17) are not interpretable in
the electron density maps. Residues Gly18 and Gly19 lie
within weak density in this region of theF2 — F. maps
(Figure 3). Definitive electron density begins at residue
Thr20, which is shifted toward solvent and away from the
protein core by 1.5 A as compared to the activated enzyme.
In AAPF-CMK-chymase and PMSF-chymase, the N-termi-
nus (llel6-llel7) interacts with the 180s loop, the autolysis
loop, and a pocket formed by residues Val138-Alal39-
Gly140 and Val158-Glu157-GIn156 of strands 1 and 2 of
the C-terminalg-barrel. The N-terminal amide of residue
llel6 forms hydrogen bonds with the carboxylate group of
residue Aspl194 and the carbonyl of residue Arg143.

In pro-chymase, residue Aspl94 rotates approximately
18C° to form a hydrogen bond with the backbone amide of
residue Trp141 (Figure 3). The zymogen backbone geometry
of residue Aspl194 is strained, having a backbanangle
and a @ chirality (165 and 42, respectively) that area2
from the ideal values. In chymotrypsinogen, residue His40
of the 30s loop forms a hydrogen bond with Asp194 and

posed onto the pro-chymase structure. The interactions ofj) ¢ peen postulated to stabilize the zymogen conformation

AAPF-CMK-chymase with its crystallographically deter-
mined inhibitor and of pro-chymase with the modeled inhib-
itor were annotated utilizing the Web-based Ligand-Pro-
tein Contacts software (http://bioinfo.weizmann.ac.il:8500/
oca-bin/lpccsu). The volumes of surface pockets were cal-
culated utilizing the Web-based program CAST (http://cast.
engr.uic.edu/cast/3@).

RESULTS

Overall Fold. Pro-chymase exhibits the canonical trypsin
fold comprised of two, six-strandedibarrels. Three crossing
strands link the twog-barrels (Figure 1): the N- and
C-termini and the Glul16Gly133 loop. Pro-chymase is

of the 180s loop [1ICHGA)] (33, 34). In pro-chymase, Lys40
is rotated 180 and translated by 5.5 A relative to trypsin-
ogen [1TGN (0), 1TGB (11)] or chymotrypsinogen [1ICHG
(8), 2CGA (9)] and is unavailable to affect the conformation
of Asp194. In pro-chymase, residue Asp194 is not situated
in the conformation that forms a salt bridge with the
N-terminal NH*t of llel6 in the activated enzyme and,
instead, is rotated and is stabilized in the zymogen conforma-
tion by a buried hydrogen bond with Trp141 and not with
residue 40.

The conformational difference beginning at residue Asp194
extends back to residue Pro185A and results in an average
displacementio4 A for the 180s loop from the conformation

glycosylated at residues Asn79 and Asn97, and the attachedeen in the AAPF-CMK-chymase structure (Figure 4). The

sugars are modeled &sacetylp-glucosamine (NAG) moi-
eties (Table 1). In this study, the structure of pro-chymase
is compared to both the PMSF-chymase [1KL24)] and

the AAPF-CMK-chymase [1PJBY)] structures of activated

zymogen conformation of the 180s loop in pro-chymase
occludes the lle16 binding pocket, filling all but 14 Af

the 273 A cavity that forms upon binding of the mature
N-terminus (lle16-1le17). In pro-chymase, the side chain of

chymase. The two, independently determined structures ofresidue Phe191 fills the space where residue lle16 will insert

activated chymase align with each other with @ nsd of
1.0 A and an all-atom rmsd of 1.6 A. Optimal structural
superposition of pro-chymase with AAPF-CMK-chymase
yields a @ rmsd of 0.5 A and an all-atom rmsd of 2.1 A
for the enzyme core (defined in Experimental Procedures)
and a 2.0 A @ rmsd and an all-atom rmsd of 2.3 A for all
residues.

Five regions of pro-chymase diverge from the structure

upon enzyme activation and is related to its conformation
in AAPF-CMK-chymase by a 5.4 A translation and a°90
rotation. Residue Lys192 of pro-chymase is situated within
the S1 binding pocket (Figure 4). Residues Lys188 and
Ser189 are not visible in the electron density maps. In the
activated enzyme, residue Serl89 sits at the base of the S1
binding pocket. The protein chain is again traceable at residue
Thrl87, but strong density for both main- and side-chain

of both activated chymases (Figures 1 and 2). The movementatoms is not evident until residue Pro185A. The backbone

of the autolysis loop (Glyl142Thr154), the 180s loop
(Pro185A-Aspl194), and the N-terminus (Glyt45ly19)
appears to relate directly to the inactivity of pro-chymase.
The 30s loop (Ser36BSer39) is positioned upts A away

conformation for the 180s loop of pro-chymase is in an
extended conformation that is removed from the substrate
binding pockets.

The Incompletely Formed S&1 Binding Pockets of Pro-

from its position in AAPF-CMK-chymase. This difference Chymase.The binding determinants and transition state
appears to result from the placement of the autolysis loop stabilization elements of activated chymase are only partially
and crystal contacts at residues Asn36C and Pro38 in pro-formed in pro-chymase. The catalytic triad of pro-chymase
chymase. Finally, the 12Q%-barrel linker loop (Glul16 (Aspl02-His57-Ser195) aligns with that of the activated



Pro-Chymase Structure Biochemistry, Vol. 42, No. 9, 2002619

Ficure 1. The fold of pro-chymase. Depicted in this figure is a cross-eyed stereo, ribbon representation of the structure of pro-chymase.
The active site residues (Aspl102, His57, and Ser195) along with the N-terminus (Gly18 and Gly19) are rendered as ball and stick. The
regions of pro-chymase that differ from AAPF-CMK- and PMSF-chymase are colored gray and rendered with twice the thickness of all
other loops. The sheets, loops, and helices of the invariant regions of pro-chymase are colored purple, light blue, and red, respectively. The
figure was produced using the programs SwissPDBvied8y §nd POVray.
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Ficure 2: Conformational change upon activation and structural figure of merit of the pro-chymase structure. The upper graph is the C
deviation (A) of the AAPF-CMK-chymase structure from the pro-chymase structure (blue area graph) and of the AAPF-CMK-chymase
structure from the PMSF-chymase (black line). For both comparisons, the structures were aligned as described in the Experimental Procedures.
The lower graph is an overlay of the averdgdactor (pink, lower half, left axis) and of the real space correlation coefficient between
electron density and atom positions (blue, upper half, right axis) for the main-chain atoms of each residue of pro-chymxasgisTise

residue numbers using chymotrypsinogen numbering. The small central graph is a binary indicator of contacts between the protease and the
inhibitor in the AAPF-CMK-chymase structure. Real space correlation coefficients were calculated using the€@Pdgfams SFALL,

FFT, and OVERLAPMAP.

enzyme (AAPF-CMK-chymase) with an all-atom rmsd of fine the StS3 binding pockets. The conformation of the
0.4 A (Figure 3). The position of residue Ser214 and the 180s loop in pro-chymase leaves unformed@s% (647 vs
stabilizing hydrogen bond it makes with residue Asp102 are 155 A?), ~15% (72 vs 63 A&), and~15% (81 vs 70 A) of

also preformed in pro-chymase (2.8 and 2.6 A in pro- the S1, S2, and S3 pockets, respectively (Figure 5). In
chymase and AAPF-CMK-chymase, respectively). The amide contrast, residues Ser216ly216 of pro-chymase form a
of Gly193, a component of the oxyanion hole, is not properly S-strand, which is arrayed as is seen in the activated chy-
arrayed for catalysis due to a 7.6 A translation and°180 mase structures. Residue GIn236, from a symmetry-re-
rotation. In the AAPF-CMK-chymase structure, residues lated molecule, interacts with the P3 pocket (2246) and
Serl89-Serl95, Val213 Ser218, Ala220, and Ala226 de- may stabilize the activated conformation of the loop. The
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Ficure 3: Positioning of the catalytic triad and residue Asp194 in pro-chymase. (Left) In semitransparent yellow are the catalytic triad (top
center of figure, residues Asp102, His57, and Ser195), the 180s loop, the autolysis loop, and the N-terminus of the AAPF-CMK-chymase
structure. The catalytic triad and residues Asp194, Trp141, Gly18, and Gly19 of pro-chymase are shown in solid CPK. Shown in the center
of the image is the activation-induced conformational change of Asp194, which interacts with Trp141 in pro-chymase (solid CPK) and
forms a salt bridge with the mature N-terminus in the activated enzyme (semitransparent yellow). The surface is that of pro-chymase with
the autolysis loop, the 180s loop, and the catalytic triad omitted from the surface calculation. The darker blue section of the surface is the
220s loop, which is unchanged between AAPF-CMK-chymase and pro-chymase. (Stereo box) Rendered in ball and stick and overlaid upon
each other are the catalytic triads of AAPF-CMK-chymase (dark gray) and pro-chymase (CPK coloring). Residue Ser214 of pro-chymase
is shown along with the complement of active site hydrogen bonds for pro-chymase. The A3pp®241 interaction is once again shown.

All residues are depicted inol2F, — F. omit map electron density. The figure was produced using the programs SwissPDBw&er (

and POVray.

Val213—Ala226 loop has a two-residue deletion relative to rotation of residue Phe41 aboyt in pro-chymase (Figure
chymotrypsinogen and containscis-proline (220-221), 6). The side chain of residue Thr144 of pro-chymase occupies
which may rigidify the loop. In other trypsin-like enzymes, the volume in which the backbone atoms of residues Asp194
a disulfide bond between residues Cys191 and Cys220 linksand Gly193 are positioned in the activated chymase structures
the two substrate binding pocket-forming loops. In the (Figure 4). From this position, the hydroxyl of residue Thri44
context of the pro-chymase structure, this loss of connectivity makes a 2.7 A hydrogen bond with the hydroxyl of residue
decouples, to some extent, the conformation of the Vat213 Ser195. To confirm the unique position of the autolysis loop
Ala226 loop from that of the 180s loop. In pro-chymase, in pro-chymase, aR, — F. omit map was examined. In this
the S1-S3 binding pockets and the transition state stabilizing map, the autolysis loop backbone atoms exhibit contiguous
elements are not in a catalytically competent conformation. density for all residues except Gly142 (Figure 6). It must be
The Autolysis Loopl'he autolysis loop (Gly142Thr154) noted that residue Vall46 of pro-chymase is involved in a
of pro-chymase binds across the S1 andsBbstrate binding  crystal contact, which may partially stabilize the loop in its
pockets and forms a hydrogen bond with the catalytic triad occlusive conformation. In addition to blocking the'S1
member Ser195. In both the activated and the zymogenpocket and filling the space to be occupied by the oxyanion
conformations, the conserved stacking pair Trp141-Leul55 hole in the activated enzyme, the zymogen conformation of

is similarly positioned at the base of the autolysis loop. In the autolysis loop enlarges the lle16 pocket, which accom-
the activated enzyme, residue Vall46 extends across themodates the placement of residue Phe191.

N-terminus to interact with the backbone of residue Asp219,

closing the autolysis loop down on top of the mature DISCUSSION

N-terminus. The remainder of the autolysis loop protrudes

into solvent. This is not the case in pro-chymase, where the Interactions among the loops bordering and defining the
autolysis loop is positioned in the active site of the enzyme active site appear to influence both the zymogen and the
up to 10 A away from the activated conformation. In pro- activated conformations of chymase. These structural dif-
chymase, the side chain of residue Arg143 is situated in theferences between activated and pro-chymase translate into
S1’ pocket and related to the activated conformation by a a ~7000-fold increase in activity upon activation: the
120 rotation and a 5.8 A translation. This placement of specific activity of pro-chymase is 1.4 1072 yumol mint
residue Arg143 would clash with the side chain of residue (mg of enzyme)* (reported here) vs 7#&mol min~* mg
Phe41, as seen in AAPF-CMK-chymase, if not for a°1L32 for the activated enzyme?).
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Ficure 4: Occlusion of the llel6 pocket. The 180s loop, substrate, and N-terminus as arrayed in AAPF-CMK-chymase are depicted
semitransparently in yellow. Depicted in gray are the 180s loop, the N-terminus, and select residues of the autolysis loop of pro-chymase.
The conformations of the autolysis loop in both pro-chymase (dark magenta) and AAPF-CMK-chymase (lighter magenta and closer) are
also shown. The surface is of pro-chymase with the 180s loop, the autolysis loop, and the N-terminus omitted from the surface calculation.
The darker blue section of the surface is attributable to the 220s loop, which is unchanged between AAPF-CMK-chymase and pro-chymase.
Depicted in the figure is residue Phel92 of pro-chymase in the pocket into which the mature N-terminus of the activated enzyme will bind.
The placement of residues Lys192 and Thr144 of pro-chymase within the S1 binding pocket or occupying the space in which the oxyanion
hole will move upon activation is shown. The figure was produced using the programs SwissPDBMigard POVray. Two movies
illustrating the conformational change from pro-chymase to activated chymase are available at the following webpage: www.msg.ucsf.edu/
stroud/index.html. These movies were made by structural interpellation between the AAPF-CMK-chymase and pro-chymase structures
utilizing the programs rigimol and PyMOL (DelLano Scientific) and not experimentally derived structural intermediates. PDB files and a
PyMOL script are also available for interactive exploration of the activation of pro-chymase.

Ficure 5: Approximately one-half of the S3S1 binding pockets are not formed in pro-chymase-P2% of the substrate from AAPF-
CMK-chymase is shown in ball and stick superimposed on the catalytic triad of pro-chymase. In gray are the substrate binding pockets of
pro-chymase, which are formed by the 220s and 180s loops. In light blue and rendered semitransparently is the surface for the same loops
of AAPF-CMK-chymase. A ribbon backbone for the AAPF-CMK-chymase 180s loop is shown beneath the light blue surface. The figure
was produced using the programs SwissPDBview&y &nd POVray.

180s Loop.The positioning of the 180s loop in pro- substitute for residue lle16 in the N-terminal binding pocket
chymase situates residue Lys192 within the S1 substrateas seen in pro-chymase. Among the dipeptide zymogens,
binding pocket and residue Phe191 within the hydrophobic residue 192 is most often a lysine but is also seen as other
cleft that will accept the mature N-terminus (lle16 binding amino acids. Also positioned at the base of the S1 pocket,
pocket; Figure 4). In chymotrypsinogen, residue Met192 fills residue 226, an alanine in chymase, is the primary specificity
the 1le16 binding pocket and residue 191 is a cysteine, which determinant of some granule proteases. Granzyme B [1IAU
forms a disulfide bond with Cys220 [LCH®)( 2CGA (9)]. (36) and 1FI8 87)] and cathepsin G [LCGH3B)] have an
Absence of this disulfide, concurrent with a shortening of arginine or glutamate at residue 226, respectively. Although
the 220s loop, is a sequence hallmark of the granule- each enzyme still exhibits a large, charged residue at 192
associated protease, such as chymadSg Ip these dipeptide  (arginine for granzyme B and lysine for cathepsin G), a posi-
zymogens, residue 191 tends to be a large hydrophobic:tioning of residue 192 at the base of the S1 pocket in the
phenylalanine or tyrosine. Either of these amino acids could zymogens of granzyme B and cathepsin G would be
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FIGURE 6: The autolysis loop occludes the S1 and dckets of pro-chymase. The autolysis loop of pro-chymase is up to 10 A closer to

the active site than it is in AAPF-CMK-chymase. The activated and zymogen conformations for residues Arg143, Phe4l, and Asp153 are
shown. The catalytic triad of pro-chymase hydrogen bonding to Thrl44 is represented in ball and stick and colored according to CPK.
Regions of pro-chymase surrounding the autolysis loop are depicted in purple ribbons and thin blue tubes. The autolysis loop and substrate
of the AAPF-CMK-chymase structure are depicted in gray (either CPK, as a thick tube for the autolysis loop, or as a sheet for the substrate).
Electron density encasing the figure is&,2- F. omit map contoured atdl The figure was produced using the programs SwissPDBviewer

(45) and POVray.

incompatible with the conformation of residue 226 as seen the inactivity of pro-chymase by blocking the S1 and S1
in the activated enzymes. Sequence conservation among théinding pockets. Comparison to other trypsin-like proteases
dipeptide zymogens suggests that a positioning of residuesuggests that this dual role for the autolysis loop may not
192 within the S1 binding pocket and a substitution of residue be unique to chymase.
191 for the N-terminus in the lle16 binding pocket may be  The N-Terminus in Pro-Chymasé two-residue pro
common but not universal contributors to the inactivation region prevents the activation of pro-chymase. To ask
of dipeptide zymogens. whether this pro region could bind to the llel6 pocket and
The Autolysis LoopThe autolysis loop appears to con- form a salt bridge to Asp194, residues llel6 and llel7 of
tribute to the active site conformation of both the active and the PMSF-chymase structure were modeled as a glycine and
inactive forms of chymase. In the activated enzyme, the a glutamate, respectively. By analogy to studies of trypsi-
autolysis loop (Gly142Thr154) extends over the N-terminus nogen in which lle16 is mutated to a glycindlj, the
to interact with the two activation domain loops (residues N-terminal glycine of pro-chymase would derive-8 kcal/
191-194 and 218221) that define the SiS4 binding mol less binding affinity than would residue lle16 with its
pockets. In pro-chymase, the autolysis loop interacts with pocket. When residue llel7 is modeled as a glutamic acid,
the 180s loop and the prime-side substrate binding pockets.the two most common glutamate rotamers do not clash with
Thr144 of the autolysis loop forms a hydrogen bond with the surrounding residues. Two glycines follow residues lle16
Oy of residue Ser195 and occupies the space into which theand lle17 and make a tight turn, allowing residue Thr20 and
oxyanion hole will move upon chymase activation. Structural subsequent residues to fornpesheet with strand 2 of the
investigation of either trypsinogen [4TPB9)] or chymo- C-terminalp-barrel. In the context of pro-chymase, binding
trypsinogen [1CGI40)] bound to a macromolecular inhibitor ~ of residues Gly14 and Glul5 to the N-terminal pocket and
indicates that the interactions among the three active sitethe subsequent positioning of llel6, llel17, Gly18, and Gly19
loops are not dependent solely upon the binding of the may not accommodate the interactions of Thr20 and subse-
N-terminus. The autolysis loops in the trypsinogen and quent residues with the-barrel as seen in activated chymase.
chymotrypsinogen structures adopt the activated conforma-This possible movement of Thr20 derives circumstantial
tion with minimal contact to the inhibitor (Tyrl51 of support from the observation that in pro-chymase Thr20 is
trypsinogen with Argl7 and Val34 of bovine pancreatic 1.5 A removed from its position in PMSF-chymase, due
trypsin inhibitor). Tissue-type plasminogen activator (sc-tPa) possibly to the altered position of Gly19 and other N-terminal
is another enzyme in which the autolysis loop is thought to residues in the zymogen. The N-terminus of pro-chymase
influence the conformation of a zymoged?2). Residue may be unable to affect the transition to an active conforma-
His144 of sc-tPa is thought to form a hydrophobic “lid”, tion due to the loss of hydrophobic interactions for Gly14
which shields the lle16 pocket from solvent and stabilizes a versus lle16 and the disruption of interactions between Thr20
salt bridge between Asp194 and Lys13@)( The autolysis and subsequent residues with fharrel.
loop appears to both stabilize activated chymase, through Activation of Chymase by DPPIn vivo, in vitro, and
interactions with the activation domain, and contribute to genetic studies indicate that removal of the pro region by
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DPPI is necessary and sufficient for human chymase activa-
tion (6). Initial, in vivo studies with recombinant human
chymase indicated that the presence of heparin potentiates
the activation of chymase by DPRI3). High salt concentra-
tions could not substitute for this heparin effect. The
activation-enhancing effect of heparin was abrogated by
mutation of the second residue of the pro region (Glul5) to
either an alanine or a lysine. On the basis of these data,
Murakami et al. proposed a model for the activation of pro-
chymase in which the negatively charged N-terminus (Glul5)
is sequestered in the zymogen, possibly by the concentration
of positively charged residues in the 180s loop (Arg185B, o - ;
Lys186, Lys188, and Lys192%®). Binding of heparin to ! e PRGN Torminus
specific binding sites would then liberate the N-terminus and ;
grant DPPI access for cleavage. The pro region of pro-
chymase, in fact, has no net charge, with the negative charge
of Glul5 counterbalanced by the positive charge of the
N-terminus. Therefore, there is no reason a priori for the
N-terminal pro region to be directed to the concentration of
positive residues in the 180s loop. Contrary to the findings
of Murakami et al., McEuen et al. found that both heparin
and high salt inhibited the activation of pro-chymase by DPPI
with equal potency, when adjusted for ionic strengiB)(

In both studies, salt concentrations of greatentha/ were
required to modulate the activation of pro-chymase by DPPI.
It is unlikely then that the 150 mM sodium formate in our
crystallization buffer would affect the position of the
N-terminus in our structure of pro-chymase. The disordered
N-terminus in our structure does not support the sequestering
model of Murakami et al.

Since activated chymase binds to heparin with greater
affinity than pro-chymase2@, 44) and the conformational
change in the zymogen is concentrated at the active site, there
may exist a heparin binding site proximal to the 180s loop
for which the activated conformation of chymase has higher
affinity for heparin than the zymogen conformation. The
disordered nature of Pro185/5er189 in pro-chymase could
account for this difference in binding by presenting a poorly
ordered site in the zymogen. Analysis of the human DPPI DPPI
structure reveals that the substrate binding surface is highlyggre 7. Electrostatic complementation of chymase with DPPI.
electronegative. This charge would complement the electro- Molecular surfaces for DPPI [1K3BI6)], pro-chymase, and AAPF-
positive character of chymase (Figure 7). That high ionic CMK-chymase are colored by mapping each protein’s electrostatic
strength (salt or heparin) inhibits or screens activatié®) ( potential to the surface. The electrostatic potentials for the two
is consistent with an electrostatic complementation betweenSUfaces arSe on tggga_me icale. Ehsof'\%“re was produced using the
DPPI and chymase. Together, these results suggest a physf3Irogralms wissPDBviewed$) an ey
ological model for chymase activation in which, after of the activation domain differs among trypsin-like zy-
activation, heparin would promote the dissociation of chy- mogens, but common themes exist; the—S3 binding
mase from DPPI. Further, the higher affinity of activated pockets are incompletely formed, and the oxyanion stabiliza-
chymase for heparin proteoglycans may contribute to the tion elements are removed from the active site.
preferential packaging of activated chymase into heparin- Pro-chymase exhibits many of these features and in
rich granules in vivo. addition exhibits a unique positioning of the autolysis loop.

The 180s loop is in a conformation that occludes the lle16
CONCLUSION binding pocket and leaves unformed0% of the S+S3

The zymogens of proteolytic enzymes must be stabilized binding pockets. The conformation of the 180s loop in
against inappropriate proteolytic activity. As zymogens chymase positions residue Lys192 within the S1 binding
initially fold, they form only a portion of the catalytic ma- pocket. The 220s loop is in an activated conformation due
chinery. The activation domain (Gly142ro152, Gly184A- possibly to the absence of a disulfide bridge connecting it
Gly193, and Gly216Asn223) of the enzymes is stalled en to the 180s loop, the shortening of the 220s loop as compared
route to proteolytic competence by the absence of the freeto chymotrypsinogen, and the presence ofssamide bond
N-terminus of residue llel6. Formed by an activating between residues Pro224 and Pro225. The autolysis loop
cleavage, the mature N-terminus binds and thus promotesoccupies the position of the oxyanion hole in the activated
the activated conformation of the enzymes. The conformation enzyme and occludes the S1 and Bibding pockets. The




2624 Biochemistry, Vol. 42, No. 9, 2003

two-residue pro region appears not to bind to the lle16 pocket 20
due to loss of favorable hydrophobic interactions between
Gly14 and the lle16 binding pocket. Further, any binding of
the pro region to the activation pocket might result in the 5,

21
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loss of interactions between residues Thr20 and Glu21 and

the C-terminals-barrel. Within the conserved fold of trypsin-  23.

like zymogens, pro-chymase exhibits a zymogen conforma-
tion distinct from that of previously studied enzymes.
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