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Abstract: Mesotrypsin displays unusual resistance to inhibition by polypeptide trypsin inhibitors
and cleaves some such inhibitors as substrates, despite a high degree of conservation with other
mammalian trypsins. Substitution of Arg for the generally conserved Gly-193 has been implicated
as a critical determinant of the unusual behavior of mesotrypsin toward protein protease inhibitors.
Another relatively conserved residue near the trypsin active site, Tyr-39, is substituted by Ser-39 in
mesotrypsin. Tyr-39, but not Ser-39, forms a hydrogen bond with the main chain amide nitrogen of
the P, residue of a bound protease inhibitor. To investigate the role of the Tyr-39 H-bond in
trypsin-inhibitor interactions, we reciprocally mutated position 39 in mesotrypsin and human
cationic trypsin to Tyr-39 and Ser-39, respectively. We assessed inhibition constants and cleavage
rates of canonical protease inhibitors bovine pancreatic trypsin inhibitor (BPTI) and the amyloid
precursor protein Kunitz protease inhibitor domain by mesotrypsin and cationic trypsin variants,
finding that the presence of Ser-39 relative to Tyr-39 results in a 4- to 13-fold poorer binding
affinity and a 2- to 18-fold increase in cleavage rate. We also report the crystal structure of the
mesotrypsin-S39YeBPTI complex, in which we observe an H-bond between Tyr-39 OH and BPTI
lle-19 N. Our results indicate that the presence of Ser-39 in mesotrypsin, and corresponding
absence of a single H-bond to the inhibitor backbone, makes a small but significant functional
contribution to the resistance of mesotrypsin to inhibition and the ability of mesotrypsin to
proteolyze inhibitors.

Keywords: peptidase; serine protease; proteolysis; protein protease inhibitor; Kunitz protease
inhibitor domain; protein-protein binding interactions

Abbreviations: APPI, amyloid precursor protein Kunitz protease inhibitor domain; APPI*, APPI that has been cleaved at the Arg-15-
Ala-16 (P;—P;') reactive site bond. Inhibitor residues are designated by the nomenclature of Schechter and Berger'*: starting from
the reactive site bond, residues are numbered P4, P,, Ps, etc. in the direction of the N terminus (collectively the “non-primed side”
residues) and P4/, P/, P3, etc. in the direction of the C terminus (collectively the “primed side” residues); BPTI, bovine pancreatic
trypsin inhibitor; BPTI*, BPTI that has been cleaved at the Lys-15 — Ala-16 (P1—P4’) reactive site bond; H-bond, hydrogen bond;
LBTI, lima bean trypsin inhibitor; SBTI, soybean trypsin inhibitor; SPINK1, pancreatic secretory trypsin inhibitor; zGPR-pNA, carboxy-
benzyl-Gly-Pro-Arg-p-nitroanilide.

Structure deposition: The atomic coordinates and structure factors (PDBID 4DG4) have been deposited in the Protein Data Bank,
Research Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ.

Grant sponsor: Florida Department of Health; Grant number: 07BN-07; Grant sponsor: US Department of Defense; Grant number:
PC094054; Grant sponsor: US National Cancer Institute; Grant number: CA091956.

*Correspondence to: Evette S. Radisky, 310 Griffin Building, 4500 San Pablo Road, Jacksonville, FL 32224. E-mail: radisky.evette@
mayo.edu

Published by Wiley-Blackwell. © 2012 The Protein Society PROTEIN SCIENCE 2012 ‘ VOL 21:1103-1112 1103


http://firstglance.jmol.org/fg.htm?mol=4DG4

Introduction

Mesotrypsin was first isolated and characterized by
Rinderknecht et al. in the early 1980s.22 It is one of
three human trypsins encoded by different genes; the
genes for cationic trypsinogen (PRSSI1) and anionic
trypsinogen (PRSS2) are located on chromosome
7q35, while the gene for mesotrypsinogen (PRSS3) is
found on chromosome 9p13.% The three pretrypsino-
gen isoforms are synthesized in pancreatic acinar
cells, where the signal peptides are removed cotrans-
lationally. The resulting trypsinogens are secreted
into the pancreatic duct and finally discharged into
the duodenal lumen where they are activated by
enteropeptidase.* Cationic trypsinogen is the most
abundant isoform in pancreatic juice constituting
~60% of total trypsin activity, followed by anionic
trypsinogen constituting ~30% of total trypsin activ-
ity, while mesotrypinogen is a minor isoform, repre-
senting ~10% of the total trypsin activity.?®

Trypsins are regulated in vivo by protein prote-
ase inhibitors. Canonical trypsin inhibitors feature
binding loops of characteristic backbone conformation
that bind to the trypsin active site extremely tightly,
mimicking a substrate, but are cleaved extremely
slowly.6® Although mesotrypsin shows high sequence
homology with other trypsins, its interactions with
protein protease inhibitors are very different. In
sharp contrast to cationic and anionic trypsins,
mesotrypsin shows almost total resistance to polypep-
tide trypsin inhibitors including pancreatic secretory
trypsin inhibitor (SPINK1), soybean trypsin inhibitor
(SBTI), amyloid precursor protein Kunitz protease
inhibitor domain (APPI), bovine pancreatic trypsin
inhibitor (BPTI), lima bean trypsin inhibitor (LBTI),
and ovomucoid inhibitor, as well as the serpin o;-anti-
trypsin inhibitor.2°71! Although mesotrypsin does
bind to canonical trypsin inhibitors, it does so orders
of magnitude more weakly than other trypsins.!®
Furthermore, it displays unusual catalytic activity in
the accelerated cleavage of canonical inhibitors
including SPINK1, SBTI, APPI, and BPTIL.>"'! In pre-
vious work, we have found that mesotrypsin specifi-
cally targets polypeptide substrates constrained in a
canonical conformation,’* which represents a distinc-
tive element of specificity that differs fundamentally
from that of other trypsins.

Mutagenesis studies have revealed that the
resistance of mesotrypsin to polypeptide inhibitors is
in large part attributable to the presence of active
site Arg-193, which replaces the highly conserved
Gly-193 of other trypsins.>''® Structural studies
have revealed that Arg-193 influences the shape and
electrostatic potential of the “primed-side”'* subsites
that interact with the C-terminal amino acids of the
substrate on the leaving group side of the scissile
bond.'? Our crystal structures of mesotrypsin bound
to canonical inhibitors BPTI and APPI have revealed
how steric conflict between Arg-193 and the Py’ resi-
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due of a bound inhibitor diminishes affinity by dis-
rupting favorable primed-side interactions.'®15-16
Ser-39 is another atypical residue of mesotrypsin,
located within loop A of the trypsin fold, a surface
loop that borders the substrate binding cleft and con-
tributes to primed-side substrate specificity.!” Resi-
due 39 of mammalian trypsins is most frequently Tyr,
but substitutions are observed in a small subset of
trypsins [Fig. 1(A)]. The hydroxyl oxygen of Tyr-39,
but not Ser-39, donates a hydrogen bond to the
backbone of a bound inhibitor [Fig. 1(B)], and we
hypothesized that this H-bond stabilizes the inhibi-
tory interaction between classic trypsins and their
canonical inhibitors, slowing inhibitor proteolysis. In
the present study, we probe the functional signifi-
cance of the loss of this H-bond in mesotrypsin as a
potential contributing factor to the weakened binding
and accelerated cleavage of canonical inhibitors by
mesotrypsin.

Results

The impact of trypsin residue 39 on inhibition
by canonical inhibitors

Because residue 39 forms an H-bond with the primed
side of a bound canonical inhibitor in trypsins pos-
sessing Tyr-39, but not in mesotrypsin that possesses
Ser-39, we anticipated that this position may play a
significant role in the weakened binding of inhibitors
to mesotrypsin and/or in the accelerated cleavage of
inhibitors by mesotrypsin. To dissect the contribution
of this residue, we reciprocally mutated residue 39
in mesotrypsin and cationic trypsin to generate
mesotrypsin-S39Y and cationic trypsin-Y39S, and
measured the impact of these mutations on trypsin
interactions with the canonical inhibitors BPTI and
APPIL.

To assess binding of mesotrypsin-S39Y to BPTI
and APPI, we obtained equilibrium inhibition con-
stants (K;) wusing classic competitive inhibition
experiments as we have described for WT mesotryp-
sin.1%1516 We monitored cleavage of different con-
centrations of the chromogenic substrate carboxy-
benzyl-Gly-Pro-Arg-p-nitroanilide (zGPR-pNA) in
the presence of varying concentrations of inhibitor
and fit our data to the competitive inhibition model,
an example is shown for the inhibition of mesotryp-
sin-S39Y by APPI [Fig. 2(A,B)]. Equilibrium inhibi-
tion constants of cationic trypsin-Y39S toward BPTI
and APPI, which fit a slow, tight binding model of
inhibition, were measured as described previously
for WT cationic trypsin.!®™ We monitored cleavage
of zGPR-pNA in the presence of different concentra-
tions of inhibitor for an extended reaction period to
allow equilibrium rates to be achieved, and then an-
alyzed data as described in the Materials and
Methods section; an example is shown for inhibition
of cationic trypsin-Y39S by BPTI [Fig. 2(C,D)].
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Human mesotrypsin QVSLNSGSHFCGGSLI
Human cationic trypsin QVSLNSGYHFCGGSLI
Pig cationic trypsin QVSLNSGSHFCGGSLI
Bovine cationic trypsin QVSLNSGYHFCGGSLI
Panda cationic trypsin QVSLNSGYHFCGGSLI

Guinea pig cationic trypsin QVSLNSGYHFCGGSLI

Dog cationic trypsin QVSLNSGYHFCGGSLI
Horse cationic trypsin QVSLNVGYHICGGSLI
Mouse cationic trypsin QVSLNSGYHFCGGSLI
Rat cationic trypsin QVSLNAGYHFCGGSLI
Human anionic trypsin QVSLNSGYHFCGGSLI
Rat anionic trypsin QVSLNSGYHFCGGSLI
Monkey anionic trypsin QVSLNSGYHFCGGSLI
Bovine anionic trypsin QVSLNAGYHFCGGSLI
Dog anionic trypsin QVSLNAGYHFCGGSLI
Pig anionic trypsin QVSLNSGYHFCGGSLI

Hedgehog anionic trypsin QVSLNSGYHFCGGSLI

Opossum anionic trypsin  QVSLNAGYHFCGGSLI
Bat anionic trypsin QVSLNAGKHLCGGSLI
Rabbit anionic trypsin QVSLNSGYHFCGGSLI
Shrew anionic trypsin (a) QVSLNSGYHFCGGALN
Shrew anionic trypsin (b) QVSLNAGYHFCGGSLI

Figure 1. Sequence and structural variation among trypsins
at residue 39. (A) A sequence alignment of mesotrypsin with
mammalian cationic and anionic trypsins, spanning
B-strands 1 and 2 and the intervening A-loop, reveals Ser

at mesotrypsin residue 39 where a majority of trypsins
possess Tyr. Sequences were obtained from MEROPS: the
peptidase database for mesotrypsin (S01.119), cationic
trypsins (S01.127, S01.151 and orthologs) and anionic
trypsins (S01.119, S01.120, S01.258, and orthologs). (B)
Cationic trypsin and mesotrypsin differ at residues 193 (Gly
vs. Arg, respectively) and 39 (Tyr vs. Ser, respectively).
Positions of these residues relative to a bound BPTI
molecule are shown for human cationic trypsin-BPTI (gray/
white; PDBID 2RA3) and mesotrypsin-BPTI (pink/light blue;
PDBID 2RP9) structures. Tyr-39 in cationic trypsin forms an
H-bond (maroon arrow) to the amide nitrogen of BPTI lle-19,
whereas Ser-39 in mesotrypsin does not. Only the main
chain of BPTI residues 18 and 19 is shown so as not to

obscure this interaction.

Values of K; for inhibition of both enzymes and
their mutants by BPTI and APPI are summarized in
Table I. The presence of Tyr-39 strengthened the in-
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hibition of both mesotrypsin and cationic trypsin by
BPTI by ~5-fold (relative to the analogous Ser-39
enzymes). Similar trends were observed with APPI,
where mesotrypsin-S39Y was inhibited 12.5-fold
more potently than WT mesotrypsin and WT cationic
trypsin was inhibited 4-fold more potently than cati-
onic trypsin-Y39S. Thus, we find that the identity of
residue 39 (Tyr vs. Ser) has a significant and
roughly similar impact on the inhibition of both
enzymes.

Because K; approximates the reciprocal of the
equilibrium association constant K,, we can use our
data to calculate the changes in the free-energy of
association (AAG,°) to an inhibitor between pairs of
trypsin variants, revealing the thermodynamic stabi-
lization or destabilization conferred on the enzyme-
inhibitor complex by mutation of residue 39. From
these calculations we estimate that the presence of
Tyr-39 (relative to Ser-39) stabilizes trypsin com-
plexes with APPI or BPTI by 0.9-1.6 kcal/mol
(Table I).
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Figure 2. Inhibition of trypsin variants by BPTI and APPI.
(A) Competitive inhibition of mesotrypsin-S39Y by APPI.
Substrate concentration ranged from 10 to 250 uM and
enzyme concentration was 0.25 nM; APPI concentrations
were 0 (open squares), 7.5 nM (filled triangles), 20 nM
(open circles), 75 nm (diamonds), and 120 nM (open
triangles). Data were fit globally to the competitive inhibition
equation as described in the Materials and Methods. (B)
The Lineweaver-Burk double reciprocal transform displays
convergence on the y-axis as is characteristic of the
competitive model. (C) Slow, tight binding inhibition of
cationic trypsin-Y39S by BPTI. A 16-h time course shows
attainment of binding equilibrium by a series of parallel
reactions with varying [BPTI] as indicated on the figure;
substrate concentration was 150 pM and enzyme
concentration was 0.1 nM. (D) K; was determined from the
slope of the replot of (vo — vj)/v; versus [BPTI], where vq

is the uninhibited initial rate and v; corresponds to
steady-state rates after attainment of enzyme-inhibitor binding
equilibrium, as described in the Materials and Methods.
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Table I. Impact of Trypsin Residue 39 on Inhibition by BPTI and APPI

Enzymes compared Inhibitor K; (M) (Ss9) K; (M) (Y39) Fold diff. AAG,° (kcal/mol)
Cationic-Y39S/Cationic-wt BPTI 1.1+0.3x 1071 2.0 +03x101t® 5.5 -1.04
Mesotrypsin-wt/Mesotrypsin-S39Y BPTI 14+03x107°% 27 +04x10° 5.1 -1.00
Cationic-Y39S/Cationic-wt APPI 75+13x107°  1.7+03x1071°P 4.4 -0.91
Mesotrypsin-wt/Mesotrypsin-S39Y APPI 14+02x107" 1.1+03x10°° 12.5 -1.55

2 Values previously reported in Ref. 10.
b Values previously reported in Ref. 11.

The impact of trypsin residue 39 on cleavage of
canonical inhibitors

We next used HPLC assays to monitor inhibitor
cleavage in time course incubations with trypsins
and to calculate rates of catalysis (k...), as we have
described previously.'®'® For samples collected at
different time points, intact BPTI was chromato-
graphically resolved from cleavage products as
shown in Figure 3(A); plots of residual intact BPTI
(calculated from peak area) versus time allowed cal-
culation of hydrolysis rates as shown in Figure 3(B).
Similarly, chromatographic resolution of intact APPI
from cleaved APPI* [Fig. 3(C)] enabled determina-
tion of APPI hydrolysis rates [Fig. 3(D)]. Because
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Figure 3. Hydrolysis of BPTI and APPI by
mesotrypsin-S39Y. (A) HPLC chromatograms for samples
taken at time zero and 32 h show resolution of intact BPTI
(peak 1) from reduced cleavage products (peaks 2 and 3);
the x-axis shows retention time in minutes and the y
dimension represents absorbance at 210 nm. Reaction
contained 60 pM BPTI and 2 pM mesotrypsin-S39Y. (B)
Depletion of intact BPTI over time was quantified by peak
integration, plotted versus reaction time, and fitted by linear
regression to calculate hydrolysis rates. (C) HPLC traces
from time zero and 4 h show resolution of intact APPI (peak
4) from nonreduced cleaved APPI* (peak 5). Reaction
contained 25 pM APPI and 0.5 pM mesotrypsin-S39Y. (D)
Depletion of intact APPI over time was quantified by peak
integration, plotted vs. time, and fitted by linear regression
to calculate hydrolysis rates.
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time courses were carried out at BPTI or APPI con-
centrations sufficient to saturate the enzyme, these
hydrolysis rates can be considered approximations of
Fear. 191 Hydrolysis rates are compiled in Table II.

Differences between WT and cationic trypsin-
Y39S in cleavage of BPTI and APPI are small (~
1.8-fold), suggesting that mutating residue 39 to Ser
is insufficient to confer upon this enzyme signifi-
cantly enhanced function for cleavage of canonical
inhibitors (Table II). By contrast, mesotrypsin-S39Y
revealed much more significant reductions in cleav-
age rates of both BPTI and APPI relative to WT
mesotrypsin (6- and 18-fold, respectively). Thus,
while cationic trypsin possesses minimal activity for
inhibitor cleavage irrespective of the identity of resi-
due 39, this residue does make a significant contri-
bution to the ability of mesotrypsin to hydrolyze ca-
nonical inhibitors as substrates.

The impact of trypsin residue 39 on inhibition

by modified canonical inhibitors

Canonical inhibitors inhibit their cognate proteases
via a common “‘standard mechanism” or “Laskowski
mechanism,” in which inhibitors bind to proteases
extremely tightly in a substrate-like manner but are
cleaved extremely slowly.®®8 An additional charac-
teristic of the Laskowski mechanism is that inhibitor
hydrolysis is reversible; a ‘modified’ inhibitor, singly-
cleaved at the reactive site, can bind to the cognate
protease and can undergo religation to produce a
thermodynamic equilibrium mixture of intact and
cleaved inhibitor.%®18 Although the intact and
cleaved inhibitors, being reversibly interconvertible,
are equivalent thermodynamic inhibitors, a cleaved
inhibitor often binds much more slowly,'*2° and
shows a poorer apparent K; on the typical experi-
mental time scale.

Having found that the presence of Tyr-39 versus
Ser-39 has a substantial impact on the affinity of
trypsin toward APPI and BPTI, we next sought to
determine whether this residue is similarly impor-
tant for affinity toward the modified canonical inhib-
itors BPTI* and APPI*. We purified mesotrypsin-
cleaved BPTI* and APPI* by HPLC and compared
the ability of these modified inhibitors to inhibit
human cationic trypsin, mesotrypsin, and their var-
iants. All kinetic data are summarized in Table III.
Similar to our results with the intact inhibitors, we

The Tyr-39 H-Bond in Trypsin Inhibition



Table II. Impact of Trypsin Residue 39 on Cleavage of Inhibitors BPTI and APPI

Enzymes compared Inhibitor Foar (s71) (Ss9) Fear (871 (Yso) Fold diff.
Cationic-Y39S/Cationic-wt BPTI 6.3*06x 1077 3.7+04x10772 1.7
Mesotrypsin-wt/Mesotrypsin-S39Y BPTI 1.9 02 x 10742 31+03x10° 5.9
Cationic-Y39S/Cationic-wt APPI 3.3+ 11x107° 1.8 +0.3x10°P 1.9
Mesotrypsin-wt/Mesotrypsin-S39Y APPI 4.2+ 0.3 x 1072P 24 +02x 1073 17.6

2 Values previously reported in Ref. 10.
b Values previously reported in Ref. 11.

found that cationic trypsin was inhibited ~5-fold
more strongly by BPTI* and APPI* than was cati-
onic trypsin-Y39S. This result suggests that cationic
trypsin complexes with BPTI* and APPI* feature
the H-bond between Tyr-39 and the inhibitor back-
bone, that this H-bond is eliminated upon mutation
of Tyr-39 to Ser, and that this H-bond confers a simi-
lar degree of stabilization to these complexes as to
the analogs complexes with intact inhibitors. By con-
trast, the S39Y mutation had little impact on the
inhibition of mesotrypsin by BPTI* or APPI*, sug-
gesting that either the H-bond does not form
between mesotrypsin-S39Y and the modified inhibi-
tors, or that if it does form it does so only weakly or
transiently, and does not confer significant stabiliza-
tion to the complex.

Insights from crystal structure of

mesotrypsin-S39YeBPTI complex

To gain insights into the interaction of Tyr-39, intro-
duced by mutagenesis into mesotrypsin, with a bound
canonical inhibitor, we solved the crystal structure of
the mesotrypsin-S39Y-BPTI complex. To avoid heter-
ogeneity associated with proteolysis of BPTI and/or
trypsin autoproteolysis, we used an inactive double
mutant of mesotrypsin featuring a Ser-195 to Ala
mutation in the active site in addition to the S39Y
mutation. The structure was solved by molecular
replacement and refined against data extending to
14 A resolution; Table IV summarizes the crystal,
data collection, and refinement statistics. As dis-
cussed under Materials and Methods, the mesotryp-
sin-S39Y/S195A-BPTI structure was obtained from a
pseudo-merohedrally twinned crystal, requiring the
use of twin-specific refinement procedures. The model
contains four highly similar complexes in the asym-
metric unit, each featuring a molecule of BPTI bound
in the canonical fashion at the mesotrypsin active
site. All four of the complexes are well-defined and
near identical, with only small differences in the posi-

tioning of a number of flexible side chains on the pe-
riphery of the complex, distant from the enzyme-in-
hibitor interface. Aside from the presence of the
mutated Tyr-39 side chain, the main structural
change in the mesotrypsin-S39Y/S195A-BPTI com-
plex compared to the mesotrypsin-S195A-BPTI struc-
ture is a series of backbone adjustments in mesotryp-
sin residues 37-39, including a flipped peptide bond
between Ser-37 and Gly-38.

At the enzyme-inhibitor interface in the vicinity
of Tyr-39, we observe spacing and geometry that sat-
isfy the standard criteria for H-bond formation
between Tyr-39 OH and the backbone nitrogen of
BPTI Ile-19 [Fig. 4(A)]. The distance between hydro-
gen donor and acceptor atoms ranges from 2.99 to
3.11 A in the four copies of the mesotrypsin-S39Y/
S195A-BPTI complex, slightly longer than the ana-
logs 2.88 A H-bond formed in the cationic tryp-
sin-BPTI structure (PDBID 2RA3),'° the 2.89 A
H-bond formed in the bovine trypsin-BPTI structure
(PDBID 2FTL),?! or the 2.96 A H-bond formed in the
rat anionic trypsin-BPTI structure (PDBID 3FP6),%2
all of which were refined at similarly high resolution.
The mesotrypsin-S39Y/S195A-BPTI structure sup-
ports the attribution of observed changes in free-
energy of complex association to the energetic
contribution of this single hydrogen bond, since we
note no other compensatory changes in structure or
intermolecular interactions that would complicate
interpretation [Fig. 4(B)].

Discussion

Since its discovery, mesotrypsin has been regarded as
a biochemical curiosity because of its resistance to pro-
tein inhibitors,%23 but beyond representing a point of
novelty, this characteristic may be central to the func-
tion of mesotrypsin. The catalytic resiliency of meso-
trypsin may enable robust signaling activities impervi-
ous to the presence of endogenous trypsin
inhibitors.242® Additionally, the facility with which

Table III. Kinetic Constants of Cationic Trypsin and Mesotrypsin with BPTI* and APPI*

Enzymes compared Inhibitor K; (M) (S39) K; (M) (Ys9) Fold diff. AAG,° (kcal/mol)
Cationic-Y39S/Cationic-wt BPTI* 12+03x10°% 18*04x10"° 6.5 ~1.15
Mesotrypsin-wt/Mesotrypsin-S39Y BPTT* 98+12x10* 7.0=*06x107* 1.4 —0.21
Cationic-Y39S/Cationic-wt APPT* 11+01x107 22x03x10°%® 5.0 —~1.00
Mesotrypsin-wt/Mesotrypsin-S39Y APPT* 14+01x107° 1.3%01x107° 1.1 —-0.03

@ Value previously reported in Ref. 12.
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Table IV. Data Collection and Refinement Statistics
for Mesotrypsin-S39Y-BPTI Complex

PDB ID 4DG4
Complexes per ASU 4
Space group P12;1

Unit cell (A) 73.5, 109.9, 81.1

90°, 116.8°, 90°

Resolution range A) 30.2-1.4
Unique reflections 180,220
Completeness (%) 80.0 (29.9%)
Multiplicity 45 (2.7)
1/S.D. 14.4 (3.7)
Ryym 0.115 (0.483)
Rryst/Riree 16.63/21.14
RMSD bonds (A) 0.003
RMSD angles (°) 0.557

# Completeness at 1.76 A is 95.5%.

mesotrypsin can digest protein inhibitors in the diet,
including soy bean trypsin inhibitor,” and endogenous
protein inhibitors involved in physiological regulatory
mechanisms, including SPINK1 and protease nexin 2
(a soluble form of APP possessing the APPI do-
main),>™ suggests that this function may be a pur-
poseful evolutionary adaptation. The Arg-193 residue
in the substrate-binding cleft is essential for inhibitor
resistance;>'%13 we hypothesize that mesotrypsin may
possess additional sequence and structural features
that play supporting roles in its optimization for inhib-
itor resistance and inhibitor cleavage. Here, we eval-
uated the significance of Ser-39, finding that incorpo-
ration of this residue, and consequent loss of a single
intermolecular H-bond relative to other trypsin com-
plexes, modestly but significantly weakens inhibitor
binding and accelerates inhibitor cleavage.

In our mutagenesis studies with mesotrypsin
and cationic trypsin, the presence of Ser-39 rather
than Tyr-39 reduced enzyme-inhibitor affinity by a
factor of 4-13, corresponding to an increase of 0.9—
1.6 kcal/mol in the free-energies of association for
the complexes (Table I). Because we solved the
structure of the mesotrypsin-S39Y-BPTI complex
and found no other intermolecular contacts signifi-
cantly altered by the mutation, we suggest that this
free-energy difference can be attributed to the loss of
the H-bond between Tyr-39 OH and the P, residue
backbone nitrogen of the bound protease inhibitor
(Fig. 4). This value is highly consistent with previ-
ous reports that place the energetic value of an
uncharged hydrogen bond in macromolecular bind-
ing in the range of 0.5-1.8 kcal/mol.2%:3°

Trypsin inhibition by canonical
requires not only strong protein—protein association,
but also that the bound inhibitor resist degradation.
Trypsin catalysis follows a two-step mechanism in
which the catalytic Ser first attacks the scissile pep-
tide bond to generate an acyl-enzyme intermediate,
and then subsequent attack of water hydrolyzes the
acyl-enzyme. High resolution structures of trypsin

inhibitors
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catalytic intermediates demonstrate that the trajec-
tory of this hydrolytic water requires first that the
primed-side leaving group residues of the substrate
depart from the active site.>! We have presented evi-
dence previously that the rate-determining step in
proteolysis of canonical inhibitors involves dissocia-
tion of the primed-side leaving group residues and
hydrolytic attack on the acyl-enzyme.?? Multiple sta-
bilizing contacts between the primed-side inhibitor
residues, the primed-side subsites of the enzyme, and
the inhibitor scaffold, including multiple H-bonds
essentially lacing the leaving group peptide into
place, counteract leaving group dissociation (Fig. 5).
Mesotrypsin accelerates leaving group dissocia-
tion via steric repulsion between Arg-193 and the Py’
residue of the leaving group peptide, and via propaga-
tion of increased mobility to the primed-side residues

Figure 4. Tyr-39 H-bond formation in the
mesotrypsin-Y39S-BPTI complex. (A) A close view of the
Tyr-39 side chain with 2Fo-Fc map contoured at 2 sigma
shows very clearly defined electron density supporting
H-bond formation between Tyr-39 OH and lle-19 N, with an
interatomic spacing of 3.1 A. (B) The
mesotrypsin-S39Y-BPTI complex (hot pink/purple) superposed
with the mesotrypsin-BPTI complex (light pink/light blue;
PDBID 2RP9) show no observable structural change other
than a small adjustment in residues 37-39 (blue arrow). Only
the main chain of BPTI residues 18 and 19 is shown for clarity.

The Tyr-39 H-Bond in Trypsin Inhibition
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Figure 5. Primed-side H-bonds stabilize trypsin-inhibitor
interactions and slow inhibitor hydrolysis. (A) In the
mesotrypsin-BPTI structure (PDBID 2RP9), H-bonds (a and
b) represent the “oxyanion hole” that will stabilize negative
charge on the carbonyl oxygen during the cleavage of the
scissile bond (red arrow). H-bonds (c—€) to the inhibitor
scaffold and (f) to the enzyme counteract leaving group
dissociation, but the absence of Tyr-39 leaves a large gap
that may facilitate leaving group dissociation. (B) Mutation
of mesotrypsin Ser-39 to Tyr restores H-bond g that is
present in other trypsins, stabilizing the P3' and P4’ residues
between the enzyme and the inhibitor scaffold. (C) The
structure of rat anionic trypsin bound to cleaved BPTI*
(green/periwinkle; PDBID 3FP7) illustrates how H-bonds
(c—g) may function cooperatively in retention of the
primed-side leaving group after scissile bond cleavage. The
opening of Tyr-39 seen in the alternate conformational
rotamer in this structure may reflect the movement required
of this residue prior to leaving group dissociation.

Salameh et al.

of an inhibitor, destabilizing primed-side enzyme-in-
hibitor interactions.'®'®'® We found that mesotryp-
sin-S39Y cleaved canonical inhibitors about an order
of magnitude more slowly than WT mesotrypsin (Ta-
ble II), and thus our results indicate that the acquisi-
tion of Ser-39 contributes to the functional adaptation
of mesotrypsin for digestion of protease inhibitors.
These data suggest that an additional means by which
mesotrypsin favors reaction progress is through elimi-
nating the key Tyr-39 H-bond that helps to lace the
leaving group in place [Fig. 5(A)], while the mesotryp-
sin-S39Y mutant restores this H-bond and thus
diminishes mesotrypsin capacity for inhibitor hydroly-
sis [Fig. 5(B)]. We note that the reciprocal Y39S muta-
tion of cationic trypsin does not similarly enhance
cleavage of BPTI or APPI (Table II), suggesting Ser-39
(or rather the absence of Tyr-39) plays a supporting
role to Arg-193 in destablizing the primed-side inter-
face, and that in the context of Gly-193, the identity of
trypsin residue 39 is far less important.

Another difference between cationic trypsin and
mesotrypsin is that while for cationic trypsin muta-
tion of residue 39 had a substantial impact on affinity
toward cleaved inhibitors BPTI* and APPI*, the
impact for mesotrypsin was minimal (Table III). We
interpret this as an indication that the Tyr-39 H-bond
forms readily and offers similar energetic stabiliza-
tion to the cationic trypsin-cleaved inhibitor com-
plexes as to the complexes with intact inhibitors
whereas for mesotrypsin complexes with cleaved
inhibitors this bond does not form readily or offers
little stabilization. A structure of rat anionic trypsin
bound to cleaved BPTT* has been reported,?? in which
Tyr-39 is present in two rotameric conformations, one
in which the H-bond to the backbone nitrogen of
BPTI Ile-19 is formed with a distance of 3.07 A, and
the other in which the Tyr side chain has swung out-
ward eliminating contact with the inhibitor [Fig.
5(C)]. We speculate that the primed-side contacts in
an acyl-enzyme are similar to those observed in the
anionic trypsin-cleaved BPTI* complex, and that the
“opening” of Tyr-39 evidenced in this structure is an
obligate first step in dissociation of the primed-side
leaving group of an inhibitor. In mesotrypsin, the
presence of Ser at residue 39 creates a more open
channel enabling leaving group disengagement [Fig.
5(A)], while the presence of Arg-193 provides the
major impetus promoting leaving group dissociation
and reaction progression. In tandem, these adapta-
tions optimize mesotrypsin for resistance to inhibi-
tion and for directed cleavage of trypsin inhibitors.

Materials and Methods

Production of recombinant proteins

Expression plasmids for human cationic trypsinogen
and mesotrypsinogen have been described previ-
ously.®®3 Mutations were introduced using the
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QuikChange kit (Stratagene) and verified by sequenc-
ing. Recombinant mesotrypsinogen, mesotrypsinogen-
S39Y, human cationic trypsinogen, trypsinogen-Y39S,
and a catalytically inactive mesotrypsinogen-S39Y/
S195A double mutant were expressed in E. coli, iso-
lated from inclusion bodies, refolded, purified, and
activated with bovine enteropeptidase as previously
described.’® Recombinant APPI was expressed in
Pichia pastoris as a soluble secreted protein and puri-
fied essentially as described previously.'®>3* Modified
BPTT* and APPI* singly cleaved at the reactive site
bond were produced by preparative enzymatic cleav-
age using mesotrypsin and purified by HPLC essen-
tially as described previously for APPI* 1!

Inhibition studies

All active trypsin concentrations were quantified by
active-site titration using 4-nitrophenyl 4-guanidino-
benzoate (Sigma). BPTI (Aprotinin, Sigma) and
APPI concentrations were determined by titration
with a titrated bovine trypsin (Sigma) as described
previously.}®®® Concentrations of the chromogenic
substrate zGPR-pNA (Sigma) were determined by
end point assay. For determination of mesotrypsin
and mesotrypsin-S39Y inhibition constants, enzyme
assays performed at 37°C in the presence of varying
concentrations of substrate and inhibitor were fol-
lowed spectroscopically for 3—5 min, and initial rates
were determined from the absorbance increase
caused by the release of p-nitroaniline (g410 = 8480
M~ ! em™Y), as previously described.!®® Data were
globally fitted by multiple regression to the classic
competitive inhibition equation [Eq. (1)], using Prism
(GraphPad Software, San Diego, CA). Reported inhi-
bition constants are average values obtained from
three or more independent experiments.

 RelELS)
V= KoL+ U/K) + 5] W

For measurement of inhibition constants with
cationic trypsin and trypsin-Y39S, the observation of
slow, tight-binding behavior required an alternative
kinetic treatment, using methods that we have
described previously.!’3¢ Reactions were run at
25°C, and were followed spectroscopically for 16 h so
that reliable steady-state rates could be obtained. In-
hibition constants were calculated using Eq. (2) as
previously described,'®3¢ where v; and v, are the
steady-state rates in the presence and absence of in-
hibitor, Ky; is the Michaelis constant for substrate
cleavage, and [So] and [Iy] are the initial concentra-
tions of substrate and inhibitor. Equation (2) pre-
dicts that a plot of (vg — vy)/v; versus [Iy] will yield a
straight line passing through the origin, with a slope
of 1/K; (1 + [SoV/K,,), allowing calculation of K;.1%3¢
Calculations were performed using K, values of 36.5
uM for cationic trypsin and 43.3 puM for cationic
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trypsin-Y39S, determined from Michaelis—Menten
kinetic studies performed in triplicate (not shown).

(vo = vi)/vi = [Io]/Ki(1 + [So]/Km) 2)

For inhibition of cationic trypsin and trypsin-
Y39S by cleaved inhibitors BPTT* and APPI*, K; val-
ues were found to be in the low nanomolar range
where we have transitioned between the classic com-
petitive and slow, tight binding kinetic models.
These values were measured via both methods,
which gave generally consistent results; the values
reported here are fit from the classic competitive in-
hibition model, which gave smaller error margins
between replicate experiments.

Changes in the ground state free-energy of asso-
ciation (AAG,.°) to each inhibitor upon alteration of
residue 39 of mesotrypsin or cationic trypsin were
calculated according to Eq. (3), where R is the gas
constant, T is the absolute temperature, and the equi-
librium association constant K, is the reciprocal of
our measured equilibrium inhibition constant (1/Kj).

AAG, = _Rnnm (3)

a/S39variant

Inhibitor hydrolysis studies

To quantitatively determine the catalysis rates (kcat)
for cleavage of inhibitors BPTI or APPI by trypsin
variants, we measured the depletion of intact APPI
or BPTI in time course incubations with mesotrypsin-
S39Y or cationic trypsin-Y39S as previously
described.1®1% Incubations of mesotrypsin-S39Y (2
uM) or cationic trypsin-Y39S (6 pM) with BPTI (60
uM) were carried out in 0.1M Tris-HCI pH 8.0 and 1
mM CaCly at 37°C, and aliquots were withdrawn at
periodic intervals and prepared for HPLC analysis as
previously reported.’® Incubations with APPI (25 pM)
were carried out similarly except that mesotrypsin-
S39Y and cationic trypsin-Y39S concentrations were
0.5 and 2 uM, respectively, and the time point sam-
ples were prepared for HPLC analysis as previously
described.'*® Enzyme, inhibitors, and hydrolysis
products were resolved by HPLC and the disappear-
ance of intact inhibitors over time was quantified by
peak integration as described previously;'®® initial
rates were obtained by linear regression using a min-
imum of five data points within the initial linear
phase of the reaction, and not exceeding 50% conver-
sion of intact inhibitor to hydrolysis products. Hydro-
lysis rates reported for each inhibitor represent the
average of three independent experiments.

Crystallization of mesotrypsin S39Y-BPTI
complex

Mesotrypsin-S39Y/S195A dissolved in 1 mM HCI
and BPTI dissolved in 10 mM NaOAc, pH 6.5, were
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mixed in a 1:1 stoichiometric molar ratio. The heterodi-
meric complex was further purified by HilLoad Super-
dex 75 gel filtration chromatography (GE Healthcare),
exchanged into 10 mM NaOAc, pH 6.5, and concen-
trated to ~ 5 mg/mL. The complex was crystallized at
room temperature in hanging drops, over a reservoir of
1.6M (NH4)2SOy; drops (4 puL) were prepared by mixing
equal volumes of protein and reservoir solutions. Crys-
tals (0.2 x 0.3 x 0.2 mm?®) appeared within 3 days and
grew over the course of 6 days. Crystals were har-
vested, soaked in a 1.6M (NH4)»SO, and 20% glycerol
and cryo-cooled in liquid Ns.

X-ray data collection, structure solution, and
model refinement

Synchrotron X-ray data were collected from crystals
at 100 K using an ADSC CCD detector at beam line
X12-B at the National Synchrotron Light Source,
Brookhaven National Laboratory. The software pack-
age HKL2000%” was used for integrating, scaling,
and merging the reflection data. The structure was
solved by molecular replacement using the program
Phaser®® operated by PHENIX,®® using the mesotryp-
sin-BPTI complex structure (PDBID 2R9P)!° as the
search model. Crystals were pseudo-merohedrally
twinned as estimated by the program Xtriage;*® a
crystal with minimal twinning of twin fraction 0.08
was selected for structure solution. The successful so-
lution contained four copies of the heterodimeric com-
plex in the asymmetric unit. COOT*' and PHENIX*2
were used for manual rebuilding and automated
refinement, respectively. Using PHENIX, the struc-
ture was refined using a twin-specific target function
based on the twin law “h, -k, and h+1”. TLS refine-
ment was employed, with each protein chain
assigned to a separate TLS group. Waters, ions, and
alternative conformations of protein residues were
added using COOT. A test set comprised of 10% of
the total reflections was excluded from refinement to
allow calculation of the free R factor. All superposi-
tions and structure figures were created using the
graphics software Pymol.
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