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ABSTRACT: Serpins trap their target proteases in the form of an acyl-enzyme complex. The trap is kinetic,
however, and thus serpin-protease complexes ultimately break down, releasing a cleaved inactive serpin
and an active protease. The rates of this deacylation process vary greatly depending on the serpin-
protease pair with half-lives ranging from minutes to months. The reasons for the diversity in breakdown
rates are not clearly understood. In the current study, pH and solvent isotope effects were utilized to
probe the mechanism of breakdown for an extremely stable complex and several unstable complexes.
Two different patterns for the pH dependence ofkbkdn, the first-order rate constant of breakdown, were
found. The stable complex, which breaks down at neutral pH with a half-life of approximately 2 weeks,
exhibited a pH-kbkdn profile consistent with solvent-hydroxide ion mediated ester hydrolysis. There was
no evidence for the participation of the catalytic machinery in the breakdown of this complex, suggesting
extensive distortion of the active site. The unstable complexes, which break down with half-lives ranging
from minutes to hours, exhibited a bell-shaped pH profile forkbkdn, typical of the pH-rate profiles of free
serine proteases. In the low to neutral pH rangekbkdn increased with increasing pH in a manner characteristic
of His57-mediated catalysis. In the alkaline pH range a decrease inkbkdn was observed, consistent with
the titration of the Ile16-Asp194 salt bridge (chymotrypsinogen numbering). The alkaline pH dependence
was not exhibited in pH-rate profiles of free or substrate-bound HNE, indicating that the salt bridge was
significantly destabilized in the complexed protease. These results indicate that breakdown is catalytically
mediated in the unstable complexes although, most likely, the protease is not in its native conformation
and the catalytic machinery functions inefficiently. However, a mechanism in which breakdown is
determined by the equilibrium between distorted and undistorted forms of the complexed protease cannot
be completely dismissed. Overall, the results of this study suggest that the protease structure in unstable
complexes is distorted to a lesser extent than in stable complexes.

Serpins are a superfamily of glycoproteins, the primary
physiological role of which is the inhibition of serine
proteases. The study of serpin structure and inhibitory
mechanism has not only provided significant insights into a
number of disease processes but has also forced a reexami-
nation of many notions regarding serine protease inhibition
and protein-protein interactions. Instead of the high-affinity,
noncovalent binding common to many protease-antiprotease
interactions, serpins capture their target proteases as covalent,
acyl-enzyme-type complexes, which represent an intermedi-
ate of catalysis (2-5). The current model of the serpin
mechanism postulates that cleavage of the reactive site P1-
P1′ 1 bond of the serpin triggers a large conformational
change, which in turn results in the forceful apposition of
the protease with the serpin body. Nonspecific steric and

charge clashes between surface residues of the serpin and
protease lead to a structural rearrangement of the protease
and a marked decrease and/or complete abrogation of its
catalytic activity (6-14). The protease therefore remains
covalently bound to the P1 residue of the serpin because
rapid deacylation cannot be achieved. The recently solved
X-ray crystal structure of the complex betweenR-1-protease
inhibitor (PI)2 and trypsin underscored the extent to which
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1 By convention, serpin reactive loop residues are numbered on the
basis of the nomenclature of Schechter and Berger (1) for substrates
and proteases. Serpin P1-P1′ residues are the residues that border the
scissile bond. Residues extending toward the N-terminus of the serpin
are numbered P1, P2, P3, ..., Pn, and residues extending toward the
C-terminus are numbered P1′, P2′, P3′, ..., Pn′. The corresponding
binding sites on the protease are numbered Sn, ..., S3, S2, S1, S1′, S2′,
..., Sn′. The S1 subsite of the protease is the major determinant of
specificity.

2 Abbreviations: ACT,R-1-antichymotrypsin; rACT, recombinant
R-1-antichymotrypsin; PI,R-1-protease inhibitor; HNE, human neu-
trophil elastase; CMK, chloromethyl ketone; SDS-PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; DTT, dithiothreitol;
MeOSucAAPV-NA, N-methoxysuccinyl-Ala-Ala-Pro-Val-p-nitro-
aniline; SucAAPV-NA, succinyl-Ala-Ala-Pro-Val-p-nitroaniline; Su-
cAAPF-NA, succinyl-Ala-Ala-Pro-Phe-p-nitroaniline; TLCK, tosyl-Lys
chloromethyl ketone.
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the protease structure can be distorted (12). The active site
structure was grossly altered, and overall approximately 40%
of the structure of trypsin was so disordered (or flexible)
that it could not be resolved.

Gross changes in the conformation of the protease, such
as those demonstrated by the PI-trypsin complex, clearly
would be expected to abrogate any catalytic activity of the
protease and might even be expected to result in irreversible
loss of enzyme activity. However, it has long been appreci-
ated that many serpin-protease complexes spontaneously
break down over time, releasing active enzyme and inactive
reactive loop cleaved serpin (15). The rates of complex
breakdown vary enormously, and depending on the serpin-
protease complex and buffer conditions half-lives can range
from minutes to weeks or even longer (12, 16-20). We
previously described a series of serpin-human neutrophil
elastase (HNE) complexes that demonstrated a broad range
of breakdown behaviors. Complexes between recombinant
R-1-antichymotrypsin, rACT and its variants, and HNE
demonstrated half-lives for complex breakdown that ranged
from 30 min to 24 h at pH 8.0, depending on the serpin and
salt concentrations. Complexes between HNE and PI formed
considerably more “stable” complexes and demonstrated no
significant spontaneous complex breakdown after 24 h. While
the essentially irreversible inhibition of HNE by PI can be
rationalized by a disruption of the catalytic machinery, the
considerably more short-lived inhibition of HNE by the rACT
variants suggests the possibility of complexes with less
extensive distortion of the protease structure and thus residual
catalytic activity.

In the experiments described in the current report we
determined the effects of pH and D2O on a series of rACT-
HNE complexes in order to investigate the role of the
catalytic machinery in the breakdown process. The pH
dependence of the PI-HNE complex was evaluated to
contrast the behavior of stable and unstable complexes. The
effect of salt on complex breakdown was also studied
because of earlier observations that breakdown rates for some
serpin-HNE complexes increase with increased salt con-
centrations (18, 20). The results of these studies suggest that
the spontaneous breakdown observed for rACT-HNE
complexes is due to the inefficient catalytic activity of a
distorted although not completely disrupted active site. In
contrast, HNE appears to be devoid of catalytic activity when
in complex with PI, and breakdown is largely dependent
upon a solvent-hydroxide ion mediated process.

EXPERIMENTAL PROCEDURES

Materials.HNE was obtained from Athens Research and
Technology (purified from blood neutrophil) and Elastin
Products (purified from sputum). TLCK-treated bovine
pancreaticR-chymotrypsin (chymotrypsin) was from Wor-
thington. Human plasma PI was from Miles (Prolastin).
Substrates and MeOSucAAPV-CMK were from Bachem.
N-Dodecyl â-D-maltoside (dodecyl maltoside) was from
Anatrace. 99.9% D2O was purchased from Aldrich.

Construction, Expression, and Purification of rACT Vari-
ants.The construction of the ACT expression vector pACT,
expression, and the purification of recombinant ACT have
been described previously (18, 21). Recombinant ACT is
expressed in Escherichia colistrain N4801 and does not
require refolding.

Expression, Refolding, and Purification of rPI.The cDNA
for PI was purchased from ATCC and subcloned into the
NheI site of the PET11A expression vector (Novagen). rPI
was expressed inE. coli strain BL21(DE3) at 37°C and
was induced by the addition of 0.5 mM IPTG. The vast
majority of the recombinant protein is found with the cell
pellet so rPI was refolded using the Gdn-HCl denaturation
and continuous dilution method described by Bottomley and
Stone (22). Refolded protein was purified on a Fast Q anion-
exchange column and eluted with a 50-400 mM NaCl
gradient in 10 mM Tris, pH 8.0, buffer. Approximately 1-2
mg of >90% pure rPI (by Coomasie stained gel) was
obtained from a 1 L expression.

Determination of Protease Concentrations.Chymotrypsin
concentration was determined assuming a specific activity
of 3.0 µmol of product (nmol of chymotrypsin)-1 min-1

measured under standard chymotrypsin assay conditions: 0.4
M Tris, pH 8.0, 1.8 M NaCl, 1 mM SucAAPF-NA
(substrate), and 9% DMSO (23). This value represents the
mean of multiple chymotrypsin solutions which underwent
active site titration withN-trans-cinnamoylimidazole (24).
HNE concentrations were determined assuming a specific
activity of 0.6 µmol of product (nmol of HNE)-1 min-1

measured under standard HNE assay conditions: 0.1 M
Hepes, pH 7.5, 0.5 M NaCl, 1 mM MeOSucAAPV-NA
(substrate), and 9% DMSO. The specific activity was
determined by active site titration of HNE with PI (20). The
concentration ofp-nitroaniline formed was determined using
a molar extinction coefficient at 410 nm of 8800 cm-1 M-1.

Determination of Inhibitor Concentrations/Inhibitor ActiV-
ity. The concentrations of active plasma PI, rPI, and rACT
variants in stock solutions were estimated by titration of a
solution with a known chymotrypsin concentration, assuming
a stoichiometry of inhibition of 1 (20). SDS-PAGE analysis
of titrations with chymotrypsin indicated that serpins were
>90% active since essentially all of the serpin formed the
high molecular weight complex at [E]0‚[I] 0 >1.

SDS-PAGE Analysis of Complex Breakdown.The time
course of breakdown of complexes between rACT-P3P3′, a
variant of rACT, and HNE was followed by SDS-PAGE
as previously described (20). Complexes were formed using
2.5 µM HNE and a stoichiometric excess of serpin in 0.05
M Hepes, pH 7.5, 0.4 M NaCl, and 0.01% dodecyl maltoside.
The excess serpin was utilized in forming the complex to
minimize the generation of cleaved forms of complex. Free
HNE is able to cleave the complexed serpin (unpublished
data). After a 10 min incubation at room temperature, 0.1
mM MeOSucAAPV-CMK (final) was added to inhibit HNE
as it was released from the complex. The CMK stock solution
was prepared in 90% DMSO, and the final DMSO in the
reaction was 9%. The CMK inhibitor was added to prevent
cleavage of the complex by HNE released during breakdown
as well as to prevent re-formation of the complex with excess
serpin. CMK inhibitor at the concentrations used inhibited
HNE at a much greater rate than the serpin. Aliquots were
withdrawn at selected times, placed in 600µL Eppendorf
tubes, and immediately frozen with liquid nitrogen and stored
at -70 °C until all time points were collected. All of the
time points were then processed at the same time by the
addition of 5× Laemmli buffer followed by boiling samples
for 5 min. Complexes were run on a 10% SDS-PAGE gel
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as per Bio-Rad protocol. The Bio-Rad Minigel II apparatus
was used.

The first-order rate constant for complex breakdown was
determined by densitometric analysis of the uncleaved
complex bands after being stained with GelCode Blue
(Pierce). Changes in the intensity of HNE bands could not
be used for analysis because they were too light to obtain
reliable densitometric data. The HNE band is diffuse due to
multiple glycosylated forms. The average pixel density of
the complex band at each time point was measured using
NIH Image 1.6. The average pixel density of a 15 min
complex served as the reference corresponding to 100%
intact complex. The fractional residual complex was then
calculated for each time point relative to the 15 min complex.
The first-order rate constant for complex breakdown was then
obtained by fitting of the fractional residual complex data
to a single exponential equation using nonlinear least squares
regression.

Determination of Kinetic Constants kcat/Km, kcat, and Km

for the Hydrolysis of SucAAPV-NA by HNE.The hydrolysis
of the substrate was measured spectrophotometrically by
monitoring the release ofp-nitroaniline at 410 nm at room
temperature. Values ofkcat and Km were determined from
initial velocity vs [S]0 plots, by nonlinear least squares fit
of the data to the Michaelis-Menten rate equation. [S]0 of
10 µM to 4 mM were typically used in this analysis.kcat/Km

values were determined by following progress curves for
substrate hydrolysis and fitting the data to a single expo-
nential function to obtainkobs. kcat/Km was then calculated
from kobs/[E]0. [S]0 of 5 µM to 40 µM concentrations, 10-
20-fold lower thanKm, were typically employed in this
analysis.

Determination of the Rate Constant for Complex Break-
down, kbkdn. The breakdown of the serpin-protease complex
was measured by monitoring the return of HNE hydrolytic
activity over time. Hydrolysis of SucAAPV-NA was mea-
sured spectrophotometrically as described above. In a typical
experiment, the preformed serpin-HNE complex was diluted
approximately 100-fold into the assay buffer: 0.05 M buffer,
0.4 M NaCl (or 2 M NaCl), 1.0 mM substrate, 9% DMSO,
and 0.01% dodecyl maltoside. Experiments were performed
in 0.4 M NaCl or higher since initial experiments in 0.1 M
salt suggested loss of HNE with time. Furthermore, the ionic
strength of the various pH buffers varied by less than 10%
when higher NaCl concentrations were used.

Progress curves were obtained by measuring absorbance
at 410 nm at specific time intervals which ranged from 10
to 60 s for 60-120 min total time. Progress curve data were
differentiated using IGOR data analysis software. The first-
order rate constant for complex breakdown,kbkdn, was then
determined using a nonlinear least squares fit of the velocity
(V) vs time plots to the exponential equation:

where Vc is rate of substrate hydrolysis by HNE in the
absence of inhibitor determined in a control experiment and
Vi is the initial hydrolytic rate of the serpin-HNE reaction
mixture; i.e., the residual HNE.

Formation of Serpin-Protease Complexes.Complexes
were preformed prior to dilution in the appropriate buffer

for the measurement of breakdown rates. Titrations of HNE
with each serpin were performed as previously described (20)
in order to determine the volume of serpin stock solution
required to fully inhibit HNE in the complex-forming
reaction. Complexes were then prepared using sufficient
serpin to inhibit HNE activity approximately 95%. Initial
concentrations of 1.0-1.2 µM HNE were used. Complexes
were prepared in 0.1 M MOPS or Hepes, pH 7.5, 0.4 M
NaCl, and 0.01% dodecyl maltoside buffer. Typically,
enough complex was prepared for four breakdown assays
to be performed concurrently.

Determination of pKa Values.pKa values were determined
for kcat andkcat/Km for the hydrolysis of SucAAPV-NA by
HNE as well as forkbkdn of serpin-HNE complexes. pH-
rate data were evaluated using nonlinear least squares fits
of the data to eq 2 or 3 below (23). Logarithmic transformed
data were used in the fits as recommended by Cleland (25).
Equation 2 was used when pH-rate profiles appeared to be
consistent with a model in which deprotonation of a single
ionizable group controlled enzyme activity. Equation 3 was
used for bell-shaped profiles, consistent with a model in
which there are two ionizable groups on the enzyme but only
one active form.kpH is the pH-sensitive rate constant being
measured, andklim is the magnitude of this rate constant if
100% of the enzyme were in the active ionized form. Buffers

used for the various pHs were as follows: Mes (5.5-6.0),
MOPS (6.5-7.0), Hepes (7.0-7.5), Tris (8.0-8.5), CHES
(9.0-9.5), and CAPS (10.0-11).

SolVent Isotope Effects.These experiments were performed
using essentially the same methodology as the experiments
in water. pD was measured using the empiric relation: pD
) meter reading+ 0.4 (26). Assay buffer solutions utilized
the same set of buffers as described for the various pH
ranges. The final atom fraction of deuterium wasg0.9.
Complexes were produced in water and diluted 50-100-
fold into assay buffer.

Data Analysis.The program Igor from Wavemetrics was
used for the above analyses.

RESULTS

Serpin-HNE Complexes.The serpins utilized in this study
and the reactive loop sequences are shown in Table 1. The

V(t) ) (Vc - Vi)e
-kbkdnt (1)

Table 1: Reactive Loop Sequences for ACT, rACT Variants, and PI

log kpH ) log( klim

1 + 10pK1-pH) (2)

log kpH ) log( klim

1 + 10pK1-pH + 10pH-pK2) (3)
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three recombinant ACT variants are all ACT-PI chimeras
in which one to seven residues in the region of the P1 site
of ACT was replaced by the corresponding residues from
PI. The inhibitory characteristics with HNE, (i) second-order
inhibition rate constant, (ii) stoichiometry of inhibition, and
(iii) breakdown rates at pH 8.0, 0.1 M NaCl buffer, have
been described previously (20).

SDS-PAGE Analysis of Breakdown of rACT-P3P3′-HNE
Complexes.SDS-PAGE analysis of the breakdown of
rACT-P3P3′-HNE complex was performed in order to
determine the relationship between the return of HNE activity
and hydrolysis of the covalent bond between the serpin and
protease. Hydrolysis of the acyl-enzyme may not be the rate-
determining step in the return of HNE activity if tight
noncovalent interactions exist between the serpin and pro-
tease and/or if the protease regains activity slowly following
complex breakdown. A gel of the rACT-P3P3-HNE com-
plex time course is shown at the top of Figure 1. At the
bottom of Figure 1 is a plot of the densitometric data fit to
a simple exponential curve. The first-order rate constant of
complex breakdown,kbkdn, determined from the disappear-
ance of complex was (2.3( 0.2) × 10-3 min-1, which is
the essentially the same rate constant obtained by following
return of HNE activity (20). Thus, the return of HNE activity
parallels hydrolysis of the covalent serpin-protease bond.

pH Profile for Complex Breakdown of rACT-HNE
Complexes.pH-breakdown rate profiles were obtained for
three rACT-HNE complexes, all of which demonstrate
spontaneous breakdown, to examine the mechanism(s)

for cleavage of the acyl-enzyme. NaCl concentrations of
0.4 M were used because loss of HNE activity in control
experiments was observed with lower concentrations of
salt.

The results of pH-breakdown rate studies for the three
rACT-HNE complexes are shown in Figure 2, panels A-C.
A bell-shaped profile was observed for rACT-P4P3′-HNE
and rACT-L358M-HNE complexes. Log transformed pH-
kbkdn data for these complexes were well fit by eq 3 (see
Experimental Procedures) and provided values forklim, pKa1,
and pKa2. The pattern exhibited by the rACT-P3P3′-HNE
complex was more complicated: a bell-shaped relationship
followed by a second increase inkbkdn that becomes apparent
at approximately pH 10. This third process was postulated
to represent the contribution of hydroxyl ion mediated
breakdown that was apparent on the rACT-P3P3′-HNE
profiles because of the significantly lowerkbkdn rates. Thus,
eq 3 was altered to take into account the contribution of
hydroxide ion mediated deacylation. The log transformed

FIGURE 1: SDS-PAGE analysis of rACT-P3P3′-HNE breakdown.
Top panel: SDS-PAGE of the time course for the breakdown of
rACT-P3P3′-HNE complex in 0.05 M Hepes, pH 7.5, 0.4 M NaCl,
and 0.01% dodecyl maltoside buffer. Bands are labeled as fol-
lows: C, complex; I, native inhibitor; Ic, reactive loop cleaved
inhibitor. An excess of inhibitor was used to form the complex to
minimize degradation of the complex by HNE (the serpin compo-
nent of the complex is degraded). The cleaved inhibitor observed
in the first lane is a consequence of the stoichiometry of inhibition
of 1.4 for this reaction. MeOSucAAPV-CMK was used to inhibit
HNE released from the complex and prevent formation of a new
complex. The HNE band on SDS-PAGE is diffuse and difficult
to resolve because of a variable extent of glycosylation. It is not
shown in this figure. Bottom panel: Plot of the fractional residual
complex vs time. The fractional residual complex was determined
by densitometry as described in Experimental Procedures. The solid
line represents a fit of the data to a single exponential.

FIGURE 2: pH-kbkdn profiles for the breakdown of rACT-HNE
complexes in 0.4 M NaCl and PI-HNE complexes at 0.4 and 2 M
NaCl.kbkdnwere measured as described in Experimental Procedures.
Panels A-C represent data obtained on the breakdown of preformed
rACT-HNE complexes in 50 mM buffer containing 0.4 M NaCl
and 0.01% dodecyl maltoside. Panels: A, rACT-L358M-HNE;
B, rACT-P3P3′-HNE; C, rACT-P4P3′-HNE. Each open circle
corresponds to a single data point. Solid lines represent curves
generated with parameters obtained from nonlinear fits to eq 3
(panels A and C) and eq 4 (panel B) as described in Experimental
Procedures and Results. Logkbkdn vs pH data were actually used
for the fits. Panel D: PI-HNE complexes with plasma-purified PI
in 0.4 M NaCl, open circles; PI in 2 M NaCl, open triangles; and
rPI in 2 M salt, open squares. The solid line was generated using
fit parameters from eq 5 as described in Results.
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pH-rate profile for the rACT-P3P3′-HNE complex was
well fit by the equation:

kOH- represents the second-order rate constant for hydroxide
ion mediated complex breakdown.

The results of the fit parametersklim, pKa1, and pKa2 are
shown in Table 2.klim was slowest for rACT-P3P3′-HNE
and fastest for rACT-P4P3′-HNE complexes, with at least
an order of magnitude difference between the two. The same
relationship in complex breakdown rates between the three
chimeras was observed usingkbkdn values at pH 8.0 and 0.1
M NaCl determined without dilution of the complex and
utilizing a discontinuous assay method (20).

The pKa1 values ranged from 6.4 to 7.55 (Table 2) for
the three complexes. These values are consistent with the
ionization constant attributed to His57 of the active site of
chymotrypsin-trypsin family proteases. The increase inkbkdn

(see Figure 2A-C) as pH is increased from the acidic to
slightly alkaline range is also characteristic of serine protease
activity and reflects the function of His57 as a general base
catalyst. In Figure 3 the pH-rate profiles for the hydrolysis
of the model substrate SucAAPV-NA by HNE are demon-

strated. pKas of 7.4 and 6.2 were obtained from the analysis
underkcat/Km and kcat conditions, respectively. Stein et al.
(27) have reported similar pKas of 7.2 and 6.1 for thekcat/
Km andkcat for the hydrolysis of the closely related substrate
MeOSucAAPV-NA by HNE.

The apparent pKa values for the high-pH process, pKa2,
were 9.7 for rACT-P4P3′-HNE, 8.3 for rACT-L358M-
HNE, and 8.4 for rACT-P3P3′-HNE. A bell-shaped curve
was not observed in pH-rate profiles for the hydrolysis of
SucAAPV-NA or MeOSucAAPV-NA (27) by HNE but is
exhibited by chymotrypsin A, in which pKa2 for R-chymo-
trypsin is 8.8 and forδ-chymotrypsin is 9.1 (28). The high-
pH effect has been shown to correspond to the titration of
the R-amino group of Ile16 which forms a salt bridge with
Asp194, a critical structure in all serine proteases of the
chymotrypsin-trypsin family.

SolVent-Isotope Effects on the Kinetics of Complex
Breakdown.Solvent isotope effects on breakdown rates of
serpin complexes were studied to further characterize the
rate-determining step(s) of complex breakdown. The effects
of D2O on the hydrolysis of substrates by serine proteases,
including HNE, have been extensively studied (27, 29, 30).
A 2-4-fold decrease inkbkdn is expected if His57-mediated
general base catalysis is the rate-limiting step. Plots ofkbkdn

versus pD are shown in Figure 4. The complexes continued
to demonstrate a bell-shaped relationship and, as expected,
are shifted rightward toward a higher pD. The kinetic
parametersklim, pKa1, and pKa2 were determined by fitting
log transformed data for rACT-P4P3′-HNE and rACT-
L358M-HNE complexes to eq 3. The rACT-P3P3′-HNE
complex was again fit to eq 4 (using the pKw for D2O). The
klim, pKa1, pKa2, andklim,H20/klim,D2O are shown in Table 3.

Table 2: Fit Parameters forklim, pKa1, and pKa2

serpin
klim × 103

(min-1) pKa1 pKa2

0.4 M NaCl
rACT-L358M 17( 2 6.7( 0.1 8.3( 0.1
rACT-P3P3′ a 3.4( 0.3 6.4( 0.1 8.4( 0.1
rACT-P4P3′ 46 ( 4 7.55( 0.1 9.7( 0.1

2.0 M NaCl
rACT-L358M 40( 6 6.9( 0.15 8.6( 0.1
rACT-P3P3′ 23 ( 4 7.3( 0.1 8.5( 0.1
rACT-P4P3′ 37 ( 4 7.3( 0.1 10.1( 0.1
a kOH- ) 13 ( 2 M-1 min-1 was also obtained from the fit of the

rACT-P3P3′-HNE complex to eq 4.

FIGURE 3: pH-rate profiles for HNE hydrolysis of SucAAPV-
NA in 0.4 M NaCl containing buffer. Top panel:kcat/Km. Bottom
panel: kcat. Solid lines represent curves generated using parameters
from a fit of the data to eq 2.

log kpH )

log( klim

1 + 10pK1-pH + 10pH-pK2
+ kOH- × 10pH-pKw) (4)

FIGURE 4: pH- or pD-kbkdn profiles for the breakdown of serpin-
protease complexes in D2O buffers. Panels: A, rACT-L358M-
HNE in 0.4 M NaCl; B, rACT-P3P3′-HNE in 0.4 M NaCl; C,
rACT-P4P3′-HNE in 0.4 M NaCl; D, rACT-P3P3′-HNE in 2 M
NaCl. The solid lines represent curves generated from fits of the
data to eqs 3 and 4 as described in Results. The hatched lines
represent the fits of the corresponding complexes in H2O.
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Solvent isotope effects of>2 were observed for the rACT-
P4P3′-HNE and rACT-L358M-HNE complexes, but the
solvent isotope effect was 1.4 for rACT-P3P3′-HNE in 0.4
M NaCl buffer. The smaller solvent isotope effect suggests
that His57-mediated hydrolysis is partially rate determining
for this complex. Alternatively,klim,H2O/klim,D2O might be
underestimated due to effects of the D2O on solvent or
protein structure.

Effects of High Salt on the pH-Rate Profiles of Complex
Breakdown.pH-rate profiles for the rACT-HNE complexes
with HNE were determined in 2 M NaCl in order to further
characterize the NaCl-induced acceleration of breakdown
previously described for the rACT-P3P3′-HNE and rACT-
L358M-HNE complexes (18, 20). All three complexes again
demonstrated bell-shaped profiles as shown in Figure 5.klim,
pKa1, and pKa2 values are shown in the bottom of Table 2.
High salt concentrations increasedklim almost 7-fold for
rACT-P3P3′-HNE complexes. The effect of salt on rACT-
P3P3′-HNE complexes was reversible since production of
the complex at pH 8 and 2 M salt did not significantly change
kbkdn determined in 0.4 M salt buffer. A 2-fold increase was
noted for rACT-L358M-HNE, while the magnitude ofklim

for the rACT-P4P3′-HNE complex was essentially un-
changed. Overall,klim values are remarkably similar for all
three rACT-HNE complexes in high salt.

The effects of high salt on pKa1 were variable. pKa1 for
rACT-P3P3′-HNE increased from 6.4 to 7.3. In contrast,
the pKa1 for rACT-L358M-HNE and rACT-P4P3′-HNE
did not change significantly. Minimal change was also
observed in pKa2 for the three complexes between 0.4 and
2.0 M salt. The difference of 1.5 pKa units between rACT-
P4P3′-HNE and the other two complexes persisted.

High salt also affectedklim,H2O/klim,D2O for rACT-P3P3′-
HNE, increasing the solvent isotope effect to 2.0 (see Figure
4D and Table 3). His57-mediated catalysis therefore appears
to be the predominant rate-limiting step for breakdown of
this complex under high salt concentrations.

Studies on SucAAPV-NA hydrolysis by HNE in buffer
containing 2 M NaCl (data not shown) demonstrated es-
sentially the same pKa profiles for kcat andkcat/Km as in 0.4
M NaCl containing buffer.Km values were lower in 2 M
NaCl buffer.

pH Effect on the Breakdown of PI-HNE Complexes.The
pH-breakdown rate profiles were determined for PI-HNE
complexes in order to compare the breakdown process of
the relatively unstable complex with a complex that we
previously found did not demonstrate appreciable return of
HNE activity after 24 h in 0.8 M NaCl. However, all of the
HNE activity was recovered by treating the PI-HNE
complexes with hydroxylamine. HNE activity returned with
a half-life of approximately 5 h and is essentially complete
24 h after the addition of 1 M hydroxylamine at pH 8.0 (data
not shown). The ability to recover 100% of active HNE
indicates that HNE is not irreversibly modified in the
complex with PI.

The breakdown assay used in the current study for PI-
HNE complexes was designed to detect breakdown of<1%
of the complex. The pH-kbkdn plot for the PI-HNE complex
is shown in Figure 2, panel D. A significantly different
relationship was observed from the bell-shaped curves.
Breakdown rates for the PI-HNE complex were flat in the
neutral pH range and then increased rapidly with increasing
pH. No evidence of a plateau at high pH was observed. The
breakdown rate constants were considerably smaller than
those for the rACT-HNE complexes; only at approximately
pH 10.5 do breakdown rates approach that of the rACT-
P3P3′-HNE complex in low salt. Similar behavior was
demonstrated by recombinant and plasma-derived PI in both
0.4 and 2 M salt conditions. This behavior was suggestive
of a hydroxide ion dependent mechanism, and a logkbkdn vs
pH plot was well fit by the relationship described in the
equation:

kHOH is the pseudo-first-order rate constant of complex
breakdown by water andkOH- is the second-order rate
constant for hydroxide ion mediated complex breakdown.

Values forkHOH and kOH- of (2.9 ( 0.4) × 10-5 min-1

and 0.92( 0.01 M-1 min-1 were obtained.

DISCUSSION

The serpin mechanism of inhibition may be best described
as a kinetic trap (15). The serpin-protease interaction
initially results in the formation of an acyl-enzyme-type
complex, but ultimately, hydrolysis of the reactive site bond
is completed and an active protease molecule is released.

Table 3: Solvent Isotope Effects onkbkdn

serpin
[NaCl]

(M)
klim × 103

(min-1) pKa1 pKa2 kH2O/kD2O

rACT-Met 0.4 6.1( 0.1 7.0( 0.1 8.9( 0.1 2.8( 0.1
rACT-P3P3′ 0.4 2.8( 0.5 7.1( 0.15 8.7( 0.15 1.4( 0.2

2.0 11.0( 1.0 7.7( 0.2 9.0( 0.2 2.0( 0.2
rACT-P4P3′ 0.4 20.0( 2.0 7.85( 0.1 10.4( 0.1 2.3( 0.1

FIGURE 5: pH-kbkdn profiles for the breakdown of rACT-HNE
complexes in 2 M salt. Panels: A, rACT-L358M-HNE; B, rACT-
P3P3′-HNE; C, rACT-P4P3′-HNE. The hatched lines are the
same curves shown in Figure 1 for the corresponding complexes.

log kbkdn ) log(kHOH + kOH- × 10pH-pKw) (5)
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Breakdown of the covalent complex therefore is analogous
to the deacylation step of a substrate reaction but occurs at
markedly diminished rates. Complexes that break down with
half-lives that exceed weeks have been reported. PI-HNE
appears to be such a complex. However, complexes that are
considerably shorter lived, with half-lives of minutes to
hours, have been described as well. Rapid breakdown rates
have generally been observed for complexes formed by wild-
type serpins and proteases that are not their true physiological
target, such as ACT and chymotrypsin, or for some com-
plexes formed by recombinant serpin variants (17, 18, 20,
31). The complexes formed by the rACT variants with HNE
represent the more unstable type of complex. These serpins
were originally produced in an attempt to convert ACT from
a substrate to an inhibitor of HNE (18, 20) using the reactive
loop sequence of PI. None of the rACT-HNE complexes
demonstrated the extreme stability of the PI-HNE complex,
although all were SDS stable, indicating that the return of
HNE activity represented the breakdown of an acyl-enzyme
complex. In the current study we have investigated pH and
solvent effects on the breakdown of rACT-HNE and PI-
HNE complexes in order to better understand the mechanism
of complex breakdown and the reasons for the apparent
divergent behavior of the stable and unstable complexes.

The breakdown of the PI-HNE complex demonstrated a
pH dependence consistent with solvent-mediated ester hy-
drolysis. The half-life of the PI-HNE complex breakdown
was approximately 16 days in the neutral pH range, a rate
that is approximately 6-8 orders of magnitude slower than
the deacylation rates of model peptide substrates by HNE
(32, 33). In the high-pH rangekbkdn increased in a manner
consistent with alkaline-catalyzed hydrolysis. Calugaru et al.
(34) recently reported a similar pH dependence for a number
of long-lived serpin-trypsin complexes, including the PI-
trypsin complex. A complete lack of catalytic activity in the
serpin-bound protease is not unexpected, considering the
degree of conformational rearrangement of the active site
observed for trypsin in the X-ray crystal structure of PI-
trypsin (12). In this complex the reactive loop is fully
inserted, and the P1-Met residue has been pulled away from
the active site of the protease. As a result, the covalently
linked Ser195 of trypsin is displaced 3.5 Å from its position
near His57, and the conformation of the peptide backbone
of adjacent residues is altered, leading to the disruption of
the salt bridge, oxyanion hole, and S1 pocket.

In contrast to the pH dependence of the PI-HNE complex,
the three unstable complexes exhibited a bell-shaped pH-
rate profile more typical of serine protease activity. The
increase inkbkdn over the low to neutral pH range is
characteristic of the titration of His57 and indicates that
breakdown is catalytically mediated in these complexes.
Solvent isotope effects observed for the unstable complexes
provide further evidence for His57-mediated general base
catalysis (26). In the alkaline pH range a decrease inkbkdn

was observed with increasing pH. This high pH dependence
is a second classical feature of the pH-rate profiles of serine
proteases that has been attributed to the titration of a basic
structural element, the Ile16-Asp194 salt bridge (35-37).
pKa2 is an apparent pKa determined both by the ionization
constant of the freeR-amino group (7.9 in the case of
isoleucine) and by the conformational equilibrium between

active (salt bridge formed) and inactive (salt bridge dissoci-
ated) forms of the protease (28, 38). The apparent absence
of the high-pH effect in the pH-rate profiles of free and
substrate-bound HNE is therefore an indication of a consid-
erable degree of conformational stability. Conversely, the
presence of the high-pH dependence in the breakdown of
the unstable complexes is an indication of a marked decrease
in the conformational stability of HNE when complexed with
the rACT variants. Since pKa2 of free HNE must significantly
exceed pH 11, this apparent ionization constant has been
shifted at least 2-3 pH units for the various complexes.

An alternative interpretation of the high-pH effect on
rACT-HNE complex breakdown is that Ile16-Asp194 is
already disrupted, and titration of a group other than Ile16
is responsible for the apparent loss of catalytic activity in
the complexed protease. However, no clear alternative
candidate is easily identified. There are no lysine or unpaired
cysteines in HNE. Two tyrosine residues are present although
they are not in the active site region.

While the presence of the alkaline pH effect onkbkdn

suggests a significant destabilization of the Ile16-Asp194 salt
bridge, the fact that pKa2 values for the rACT-HNE
complexes remain greater than 7.9 indicates that the salt
bridge is formed in a majority of complexes at neutral pH.
The overall structural implications of the pH dependence of
kbkdn exhibited by the unstable complexes is that HNE
maintains a significant degree of native character in the low
to neutral pH range although it is not structurally equivalent
to the native enzyme. Thus, the structure of HNE in the
unstable complexes is not nearly as distorted as the trypsin-
PI complex; however, the fundamental mechanism underly-
ing the distortion of the active site is likely the same. That
is, strain is applied to Ser195 through the covalently linked
P1 residue. Even relatively limited displacement of Ser195
would be expected to decrease the efficiency of His57-
mediated catalysis, alter the structure of the oxyanion hole
which is composed of the peptide backbones of Ser195 and
Gly193, and alter the geometry of the Ile16-Asp194 salt
bridge. The positioning of the P1 residue within the active
site would also be affected. Deprotonation of Ile16 by high
pH would be expected to drive the protease to adopt more
distorted structures with a dissociated salt bridge. Whether
the high-pH conformation involves global distortion of HNE
similar to trypsin in complex with PI or more limited changes
is not clear.

The above interpretation of the alkaline pH dependence
of kbkdn for the unstable ACT-HNE complexes suggests a
mechanism such as that shown in Scheme 1. This minimal
scheme focuses on the covalent complex in the alkaline pH
range. Complex formation is represented as a simplified
single irreversible step. E′-I′ represents a complex form in
which the salt bridge is present but the active site geometry
is distorted sufficiently to impair catalytic activity. E′′-I′′

Scheme 1
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represents forms in which the salt bridge is dissociated and
catalytic activity is completely abrogated. Icleaved is the
reactive loop cleaved form of the inhibitor that is released
upon complex breakdown. In such a mechanism, breakdown
rates are 3-5 orders of magnitude less than substrate
deacylation rates because the catalytic machinery operates
inefficiently. Furthermore, variations inkbkdn between the
rACT-HNE complexes represent differences in the residual
catalytic activity of the complexed protease as well as
differences in the equilibrium between partially active and
completely inactive conformations.

An alternative mechanism, in which E′-I′ is devoid of
catalytic activity, is shown in Scheme 2. Breakdown rates
in this mechanism are determined by a complex form, E-I*,
in which HNE retains essentially a native conformation and
normal catalytic activity. Although breakdown of the E-I*
complex is rapid, overall breakdown is slow because E-I*
constitutes only a minute fraction of the total complex. In
both Schemes 1 and 2, E′-I′ is a major form when pH is
less than pKa2, and high pH drives the equilibrium toward
forms with a dissociated salt bridge. The results of the current
study do not unambiguously differentiate between the two
schemes. It should be noted that the various conformations
of HNE in complex are most likely associated with differ-
ences in the extent of insertion of the reactive loop and/or
positioning of the protease against the serpin body. The
precise structural basis for how differences in reactive loop
sequence between the three rACT variants lead to differences
in complex stability remains unclear.

The effect of 2 M NaCl on the pH dependence of rACT-
HNE complex breakdown was investigated because of an
earlier observation that increasing salt concentrations ac-
celeratedkbkdn for some of these complexes. Increased
breakdown rates and decreased proteolytic sensitivity in high
salt have been observed for ACT-chymotrypsin complexes
as well (7, 17). These findings suggested that the presence
of high salt decreases the extent of distortion of the protease.
High salt concentrations favor more compact protein struc-
tures (39) and could decrease the effect of repulsive charge-
charge interactions between the serpin and protease bodies
that tend to destabilize the protease structure. However, the
results of pH-kbkn studies in 2 M NaCl did not provide clear
evidence for a stabilizing effect of high salt on the structure
of complexed HNE. pKa2 increased only minimally for all
of the rACT-HNE complexes and did not correlate with
changes inklim. The changes inklim, pKa1, and the solvent
isotope effect observed for the rACT-P3P3′-HNE complex
suggested that HNE may be adopting a less distorted
conformation in high salt; however, it is impossible to
attribute the changes in these parameters to any particular
structural features. The PI-HNE complex did not exhibit
any significant effect of high salt on breakdown. In contrast,
Calugaru and co-workers (34) demonstrated a dramatic effect
of calcium on the conformation of trypsin in complex. High
concentrations of calcium (10-100 mM) converted the

serpin-trypsin complexes mentioned previously in the
Discussion from stable to unstable type complexes that
exhibited breakdown rates similar to those of the rACT-
HNE complexes. Native trypsin contains a high-affinity
binding site for calcium (10-100 µM). Thus, the high
concentrations of calcium employed in this study provide a
substantial thermodynamic driving force for the active
conformation.

In conclusion, the relatively rapid breakdown of some
serpin-protease complexes appears to result from the
inability of the serpin to sufficiently distort the target
protease, thereby leaving residual catalytic activity. However,
the rACT variants are not defective serpins. On the contrary,
these serpins form complexes with human mast cell chymase
that are at least as stable as the PI-HNE complex (20). Thus,
the formation of a stable complex and the maximal distortion
of the active site of the complexed protease require more
than a nominally functional serpin and translocation of the
protease to the bottom of the serpin. The specific structural
differences between PI, the physiological inhibitor of HNE,
and ACT that allow the former to be so much more effective
at distorting the structure of HNE are unclear. Elements in
the region of contact between the serpin and protease and/
or elements involved in maintaining full insertion of the
reactive loop are almost certainly involved. Thus, serpins
appear to have evolved not only to rapidly inhibit their
physiological target proteases but also to form complexes
that can be cleared from tissues or plasma (40) and degraded
long before any significant breakdown occurs.
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