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ABSTRACT. Serpins have a large external peptide loop known as the reactive loop. Part of the reactive
loop functions as the primary recognition site for target proteases; however, the complete role of the
reactive loop in determining serpin specificity is unclear. In the current study, we investigated the reactive
loop region that could potentially interact with the extended binding site of target proteases:tR8 P6
region. We utilized a reactive loop switching strategy to determine the extent to which the inhibitory
activity of a-1-protease inhibitor (PIl) against human neutrophil elastase (HNE) could be transferred to
a-1-antichymotrypsin (ACT), a serpin that does not inhibit HNE. A series of AT chimeras were
constructed in which segments of increasing length taken from thePB6éregion of Pl replaced the
corresponding residues of ACT. The effectiveness of each chimera as an inhibitor of HNE was assessed
by measuring (1) the rate of inhibitory complex formation and (2) the rate of complex breakdown (complex
stability). Although all the ACTPI chimeras were fully functional against chymotrypsin-like proteases,

the series of chimeras showed no consistent progress toward the production of an inhibitor with the
inhibitory properties of PI. The most rapid complex formation and most stable complexes were observed
for chimeras with the P3P1 residues of PI, whereas extending the replacement region to the P6 residue
resulted in a considerable decrease in both inhibitory parameters. In order to study two additional features
of the PI reactive loop that may play a role in the presentation of thePB&egion to HNE, we constructed
variants that contained a Bgroline and deleted the P6P9 residues. Changes on the prime side appeared

to have little effect on rates of inhibition or complex stability. Overall, even the most effective chimeras
demonstrated an inhibition rate constant at least 60-fold less than that observed for PI inhibition of HNE
and the most long lived chimerddNE complexes broke down more rapidly than-PINE complexes.

These results indicate that residues in the reactive loop region predicted to contact a specific target protease
cannot fully transfer inhibitory activity from one serpin to another, suggesting that specific reactive loop
serpin body and serpin bodprotease body interactions play a significant role in determining serpin
inhibitory activity against target proteases.

The wide variety of human serine proteases are regulatedthe active site of the protease, which prevents the rapid
by proteins belonging to the serine protease inhibitor (serpin) completion of the catalysi®9( 10. The resulting serpin
family of proteins @). Present understanding of the serpin protease complex is stable to dissociation by heat and? SDS
mechanism of inhibition suggests that the serfprotease  and therefore is thought to contain a covalent bond between
complex is a covalent complex formed during the attempted the Oy of the active site serine of the protease and the
substratelike hydrolysis of an exposed peptide loop at a carbonyl carbon of the P1 residue of the serpin. Evidence
specific site. This peptide loop, known as the reactive loop, for P1-P1 bond cleavage suggests that the serjprotease
ranges in size from approximately 20 to 25 residues in length, complex exists as an acyl enzyme foriri(19. Although,
depending on the serpin, and generally presents a specifiche serpin-protease complex may appear stable for days,
peptide bond (PEP1 bond) to the target protease for the protease slowly completes the hydrolysis of the serpin
hydrolysis. Multiple lines of evidence indicate that, for reactive loop, leading to an irreversibly inactivated serpin
inhibition to occur, interaction of the P1 residue with the and active protease. The ultimate inactivation of the serpin
active site of a target protease must trigger a conformational defines the serpin mechanism of inhibition as a kinetic rather
change in the serpin. This conformational change involves
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than a thermodynamic process and differentiates serpins froma vector with aKpnl restriction site created at the position

the standard mechanism inhibitors. The serpin inhibitory

corresponding to P10P9 and aMlul restriction site created

reaction can therefore be viewed as proceeding in two at P10—P1Z1. Introduction of these restriction sites changed

stages: the rapid formation of the inhibitory complex and
the slow breakdown of the complex to inactive serpin and
active protease.

The role of reactive loop residues in determining the rate
of complex formation and complex breakdown is not entirely

the reactive loop sequence at PIO from Ala—Ala to
Gly—Thr and changed P16Val to Thr. In our experience,
there are no major differences in the inhibitory properties
of ACT variants prepared with the cassette and pACT vectors
(13). Oligonucleotides were produced by the Oligonucle-

clear. We previously demonstrated that replacing the P1 or otide Synthesis facility at the Wistar Institute, Philadelphia,

the P3-P3 residues of recombinant ACT with the corre-
sponding residues of HNE inhibiting serpin, PI, converted
ACT from a substrate to an inhibitor of HNE3J). The P3-

P3 region variant, rACTP3P3, inhibited HNE with a
greater second-order inhibition constakt,, than the P1
variant, rACT-L358M. In addition, rACTF-P3P3—HNE
complexes broke down more slowly than rA€T358M—
HNE complexes; i.e., HNE formed more stable complexes
with rACT—P3P3than rACT-L358M. These results sug-
gested that reactive loop residues other than-PI1L may

be important in complex formation and stabilization by virtue
of their interaction with the extended substrate binding site
of HNE. However kinn of rACT—P3P3 for HNE remained
almost 2 orders of magnitude less thankheof PI for HNE,

and rACT-P3P3—HNE complexes did not obtain the
stability of PHHNE complexes. Therefore, this work also
demonstrated that the P®3 region of the reactive loop of

Pl contained some but not all of the structural determinants

for inhibitory activity against HNE.

In the following report, we describe our continued
investigation on the role of the Pl reactive loop in determin-
ing inhibitory activity against HNE. Evidence that the
substrate binding surface of HNE may make contact with
residues extending from P6 to'R34—16) suggests that the
P3—P3 residues studied previously may only represent a

PA.

Determination of Protease Concentration€hymotrypsin
concentration was determined assuming a specific activity
of 3.0 umol of product (nmol of chymotrypsin} min=t
measured under standard chymotrypsin assay conditions: 0.4
M Tris, pH 8.0, 1.8 M NaCl, 1 mM Suc-AAP-nitroanilide
(substrate), and 9% DMSO. This value represents the mean
of multiple chymotrypsin solutions that underwent active site
titration with N-transcinnamoylimidazole18). HNE con-
centrations were determined by assuming a specific activity
of 0.6 umol of product (nmol of HNE)* min—! measured
under standard HNE assay conditions: 0.1 M HEPES, pH
7.5, 0.5 M NaCl, 1 mM MeO-Suc-AAP\p-nitroanilide
(substrate), and 9% DMSO. The specific activity was
determined by active site titration of HNE with PI3). The
concentration op-nitroaniline formed was determined using
a molar extinction coefficient at 410 nm of 8800 chiM .

Determination of Inhibitor Concentrations/Inhibitor Agti
ity. The concentration of active PI in stock solutions was
estimated by titration of a known solution of chymotrypsin,
assuming an Sl of 11Q). The concentration of ACFPI
chimera preparations was also determined using chymo-
trypsin. All exhibited an Sl of 1 using aA** at 280 nm of
10 cnT! to estimate ACT concentration in titrations. The
A% at 280 nm was established for wild-type rACT prepara-

subset of the reactive loop residues that constitute the contactions that were characterized as completely active by-SDS
region between Pl and HNE. Therefore, we investigated the PAGE analysis; i.e., preparations that demonstrated stoichi-

HNE inhibitory activity of ACT—PI chimeras with the P6

P3 region of PI replacing the corresponding residues of ACT.
We also studied the effect on HNE inhibitory activity of two
features of the PI reactive loop which may play a role in the

ometric formation of the high molecular weight complex with
chymotrypsin. Thus, the Sl of 1 determined for all the
chimeras indicated that the recombinants were close to 100%
active.

presentation of the contact residues to HNE. These features Titrations Studies. Determination of the Stoichiometry of

include (1) the presence of a proline residue dtd (2)
the absence of four residues that correspond to the P%

of ACT (i.e., the PI reactive loop is four residues shorter
than ACT on the prime side).

MATERIALS AND METHODS

Materials. HNE was obtained from CalBiochem and
TLCK-treated bovine pancreatie-chymotrypsin (chymo-
trypsin) was from Worthington. PI was from Miles (Pro-
lastin). Substrates and N-MeO-Suc-AAPV-CMK were from
Bachem. n-Dodecyl3-p-maltoside (dodecyl maltoside) was
from Anatrace. Standard protein markers for SBFAGE
gels were from Enprotech.

Construction, Expression, and Purification of rACPI
Chimeras. The construction of the ACT expression vector
pPACT and the purification of recombinant ACT have been
described previouslyl@, 17. Briefly, most of the variants

Inhibition for HNE. Titrations of HNE activity by ACT

Pl chimeras were performed in 2300 uL of buffer
containing 0.1 M Tris, pH 8.0, 0.1 M NacCl, and 0.01%
dodecyl maltoside (HNE titration buffer). Reactions con-
tained a constant concentration of HNE (typically between
0.5 and 2.0uM) and varying concentrations of purified
inhibitor. Incubation times were adjusted so that complex
breakdown would not influence the measurement of SI.
Residual HNE activity was determined by diluting an aliquot
of the reaction mixture into 0.5 mL of standard HNE assay
buffer and measuring the rate of substrate hydrolysis over 1
min. The Sl was determined by regression analysis of the
dependence of residual HNE activity ong[[E]o.

Studies To Determine the Second-Order Inhibition Rate
Constants k,. The inhibition rate constant for the reaction
of HNE and Pl was determined under second-order condi-
tions as described previousl$3). Inhibition rate constants
for the reaction of HNE and ACFPI chimeras were

were produced by site-directed mutagenesis of pACT using determined in the presence of substrate and under pseudo-

an overlap-extension PCR method. For historical reasons,
rACTcas-P3P3, rACTcas-LeuP3P3 and rACTcas

first-order conditions with [J:[E]o at least 10-fold the SI.
The assay buffer utilized for these experiments consisted of

P3P4APB9" were produced using cassette mutagenesis and0.1 M HEPES, pH 7.5, 0.1 M NaCl, 0.01% dodecyl
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maltoside, and 9% DMSO (rate assay buffer). Progress Table 1: Reactive Loop Sequences for ACT, A€Hl Chimeras,
curves were monitored for Hl5 min. kg the apparent  and pp
first-order rate constant in the presence of substrate was

determined by nonlinear fit of the progress curve datato eq ~ mhibiter reactive loop
1, which is a relationship derived for irreversible inhibition 358
P15 P6 P1IPI' PS5 PIO
\ | N \
— _ —Kobd ACT GTEASAATAVKITLLSALVETRTIV
A(t) - V|(1 e )/kobs+ AO (l) rACTcas GT T
rACT-L358M M
. . rACT-P2P3" PMSIP
(19). A(t) is theAs10nmOf the substrate measured at tinie ( rACT-P3P2’ IPMSI
Vi andA, values obtained from fits correspond to the initial orena asps or  Iemerm T
enzyme rate of substrate hydrolysis and Bgnm at time r;\ggc;;ieumm' GT gﬁggp T
. . s rACT- !
zero, respectively. The second-order inhibition rate constant, rACTCas-P3P4A'AP6' 9" GT IPMSIPP —---T
a 1 i ini d i rACT-P4P3" AIPMSIP
kinn, was calculated using the relationship in ed(gysis the N pens. M
PI GTEAAGAMFLEAIPMSIPPE----V
kinh[l] 0= k'obsz kobs(Km + [S])/Km (2)

arACTcas, rACT-L358M, rACT—P3P3, and rACTcas-P3P3were

. s reviously described by Rubin et alL3).
pseudo-first-order inhibition rate constant corrected for the P y y 3

presence of substrate, [S] is the substrate concentration, and
K. is the Michaelis constant. A<, of 0.15 mM was device. Coomasie Brilliant Blue R250 was used for visual-
determined for the hydrolysis of MeO-Suc-AARMAitro- izing protein bands.
anilide by HNE under the reaction conditions employed.  Determination of Reaate Loop HNE Cleaage Sites by
Experiments were performed with either 0.5 or 1.0 mM Matrix-Assisted Laser Desorption (MALD) Mass Spectro-
substrate. Several reactions demonstrated a nonzero residu&copy. The sequence of the C-terminal peptide fragments
rate which was attributed to breakdown of the complex generated by cleavage of recombinant serpins by HNE were
during the measurement (see below) and not to reversibledetermined by MALD mass spectroscopy. ACRI chi-
dissociation of the complex. In these cases, reactions weremeras and HNE were incubated in titration buffer with [I]
performed with [} so that the residual rate wasl10% of approximately 1Q:M. Incubation times and reaction sto-
the initial rate. ichiometries were chosen so that the products of reactive

Studies To Determine the Rate Constant for Complex loop cleavage were generated in sufficient concentration to
Breakdown, kg The rate constant for the breakdown of be detected by mass spectroscopy but represented primary
serpir-HNE complexes was determined by following the cleavage sites. Aliquots were removed at predetermined
return of HNE activity with time. The reaction buffers used times and the reaction stopped in the aliquot with 200
0.1 M Tris, pH 8.0, and 0.01% dodecyl maltoside, with either N-MeO-Suc-AAPV-CMK. SDS-PAGE analysis was per-
0.1 or 0.4 M NaCl. High-salt buffer was usually used in formed on a sample from each time point to determine which
studies with inhibitors that formed long-lived complexes aliquots would be submitted for mass spectroscopic analysis.
(hours) with HNE. Complexes were formed at high HNE Unless otherwise indicated, aliquots wittb0% of the serpin
concentrations, 0:52 uM, so that complex formation did  cleaved or complexed to HNE were chosen in order to
not overlap with breakdown. BJE]o ratios were chosen  Mminimize second reactive loop cleavages. These aliquots
such that at least 50% of the protease formed complex.were frozen in liquid nitrogen and stored a0 °C until
Residual HNE activity was measured for aliquots removed analyzed.
at designated times as described for titrations. Loss of HNE
activity in parallel (uninhibited) controls was minimal. In RESULTS
most cases, controls revealed I_e_ss than 10% I(_)ss of activity, The amino acid sequences of the PHLO region of the
although up to 20% loss of activity was occasionally noted gerpins studied are shown in Table 1. The interaction of
when experiments lasted ferl2 h. In such cases, the HNE - N with ACT—PI chimeric variants exhibited behavior best
activity of the reaction was normalized to the HNE activity characterized by assuming two consecutive irreversible
of the control at the corresponding time point. The first- reactions: inhibition by formation of the SDS-stable complex
order rate constant for complex breakdowtin Was  and subsequent breakdown of this complex to release free
determmed by nonllne_ar fit ofHNE activity versus time data NE and cleaved-inactive serpin. These processes were
to a single-exponential function, eq 3, whevewas the  gyayated for each chimera by determining the rate constants
control HNE activity. for inhibition, kin, and complex breakdowkig, The values

for these rate constants as well as the stoichiometry of

V(D) = V; — (V; — Ve (onad) (3) inhibition for the serpir-HNE reactions are presented in
Table 2 and Table 3.
SDS-PAGE Analysis.rACT variants were incubated with Inhibition Rate Constants. ik for the inhibition of HNE

HNE as described for the above titration studies. Reactionsby the ACT-PI chimeras was determined under pseudo-
were stopped at the appropriate time by the addition of 200 first-order conditions by the analysis of progress curves (see
uM (final concentration) N-MeO-Suc-AAPV-CMK to inhibit ~ Materials and Methods)kinn values for the series of variants
any free elastase. Denaturing buffer with 2% SDS and 20 with reactive loop switches covering the region of the loop
mM DTT (final) was then added, and samples were heated likely to contact the extended-substrate binding site of HNE
at 100°C for 6 min. Proteins were resolved on-102% are presented in Table 2. In contrast to our expectations,
minigels in Tris-glycine buffer using a BioRad MiniProteanll rACT—P6P3, the inhibitor with the greatest loop switch,
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Table 2: Kinetic and Stoichiometric Parameters for the Reaction of
HNE with ACT, P6-P3 Region Chimeras, and PI

Ko x 104 Kokan x 1P (s79)
SlI (M~1s1) 0.1MNaCl 0.4 M NaCl

rACT substrate
rACT—L358M 5 42 10 20
rACT—P2P3 2.5 P 20
rACT—P3P3 1.4 1 0.7 3
rACT—P4P3 1.8 & 50
rACT—P6P3 <2 0.4 70
Pl 1 600 nd

aData were taken fom Rubin et all3). ?[E]o = 15 nM, [l]o =
0.9-1.3uM. ¢[E]o = 15 nM, [I]o = 0.4-1.8uM. ¢ [E]o = 7—20 nM,
[No = 7.2 uM. © Determined under second-order conditions {[E]
[llo= 7.5 nM)." No detectable HNE release after 48 h in 0.8 M NaCl.

Table 3: Kinetic and Stoichiometric Parameters for the Reaction of
HNE with P3PX Chimeras

kbkdn x 1P (Sfl)

Kinh x 1074
Sl (M~1s) 0.1MNaCl 0.4 M NaCl
rACT—P3P2 1.4 6 3
rACT—P3P4 1.3 10 3
rACTcas-P3P3 1.4 10 0.9 6
rACTcas-P3P4AP6Y9 1.2 4 1 5

a[E]o = 15 nM, [l]o = 0.2—0.6 uM. [E]o = 15 nM, [I]o = 0.1—
0.8uM. ¢ Data taken from Rubin et al1g). ¢ [E]o = 7—14 nM, [IJo =
0.5-1.5uM.

demonstrated the loweky, for HNE of 4 x 10° M1 s71,
kinn for the other chimeras fell within a narrow range 0k3
10°to 1 x 10° M1 s71, with rACT—P3P3 demonstrating

the greatest inhibition rate constant. The highest rate constan

obtained for any of the ACFPI chimeras remained almost
2 orders of magnitude lower thédqy, for HNE by wild-type
PIl. This series of ACTPI chimeras failed to attain tHe
observed for the inhibition of HNE by PI and failed to
demonstrate a progressive improvemenkinwith contact

replacement of the sequence of the- ™3 region of ACT
alone is not sufficient to attain the rapid inhibition rate
constant of PI for HNE.

We next considered whether the inhibitory activity of
ACT—PI chimeras might more fully recapitulate the activity
of wild-type PI if the reactive loop switches incorporated

not only the contact region residues of Pl but two additional
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Ficure 1: Time course for the release of HNE from serpliNE
complexes. Fractional HNE activity in each reaction mixture is
plotted as a function of time for reactions of HNE wis)(rACT—
P6P3([I] o:[E]lo = 3), (O) rACT—P4P3(l]:[E]o = 1.5), (A) rACT—
P2P3 ([I]o:[Elo = 2.5), @) rACT—L358M ([l]o:[Elo = 3), (a)
rACT—P3P3 ([l]o:[E]lo = 1), and @) PI reactions ([l}:[E]o = 0.9).
Fractional activity was determined by comparison of residual HNE
activity in reactions to the HNE activity of uninhibited controls at
the corresponding time points. Lines through data points represent
nonlinear fits of data to a first order process.

Table 2 series. Therefore, the failure of the residues of the
P6—P3 region of Pl to completely transfer the inhibitory
activity of Pl to ACT appears to be due to additional factors
external to the reactive loop.

Complex Stability. The stability of the serpirHNE
complexes was assessed in experiments in which the release
of active HNE from complexes was followed over time.
Since HNE release occurs at the same concentration and

puffer conditions at which the complex was formed, i.e.,

without dilution of the complex, these analyses measure
serpin turnover rather than the dissociation of a reversible
complex. It has been shown previously that the rate of
complex breakdown is increased at higher NaCl (and sodium
phosphate) concentration43, 20. The mechanism ac-

region switches of increasing size. Therefore, it appears thatcounting for this effect has not been delineated. For practical

reasons, chimeras that formed the most stable complexes with
HNE were studied under high NaCl conditions (0.4 M). The
increased rate of complex breakdown that occurred under
these conditions allowed for the determination lgfgn
without having to correct for significant nonspecific loss of
HNE activity in controls followed over long incubation times.

Analysis of complex stability for the P83 region

features unique to the PI reactive loop. These features arechimeras demonstrated abrupt changes in the rates of

the relatively large number of Pro residues (P2, P4) in
close proximity to the P2P21 bond and the shorter length

chimera-HNE complex breakdown, rather than a progressive
increase in complex stability, as successively larger portions

of the PI reactive loop (four residues shorter than the ACT Of the Pl contact region were incorporated in the chimeras

loop). In order to investigate the role of these features in (Table 2 and Figure 1). rACTP3P3 formed complexes
determining the inhibition rate constant against HNE, a With HNE that were considerably more stable than those

second series of ACTPI chimeras (Table 3) were produced
that contained (1) only the P2 Pro residue (rA€H3P2),
(2) all three Pro residues (rAGCIP3P4), and (3) all three
residues as well as the deletion of the'-PBI residues
(rACTcas-P3P4AP89). The chimeras in the Table 3 series
were constructed with the P31 residues of PI since the

formed by the other P6P3 region chimeras. While rACF
P3P3—HNE complexes released active HNE with a half-
life that exceeded 20 h in 0.1 M NaCl, rACP2P3, rACT—
P4P3, and rACT-P6P3 formed complexes with HNE that
broke down with a half-life that was less than 1 h. rA€T
L358M—HNE complexes broke down with a half-life of

analysis of the first series of chimeras suggested that thisapproximately 2 h.
sequence change appeared to produce the most potent HNE Breakdown rates for complexes of P3P¥{pe chimeras

inhibitors. However, analysis of the P3Ripe chimeras

(including rACT—P3P3) with HNE were measured under

demonstrated that the addition of Pro residues and thehigh-salt conditions for the reasons discussed above. Analy-

shortening of the reactive loop had little effect on inhibition

sis of these&kqqn Values revealed that P3P&himeras form

rates. kinn values fell in essentially the same narrow range complexes with HNE that are considerably more stable than

of 4 x 10°to 1 x 1® M1 s that was obtained for the

the complexes formed by any of the other reactive loop
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chimeras. P3PXchimera-HNE complexes breakdown
more slowly in high-salt buffer than do other chimetdNE
complexes in standard (0.1 M) salt buffer (compare Table 2
and Table 3). In addition, analysis kjan values for P3PX
chimera-HNE complexes suggested that changes on the
prime side of the reactive loop did not appear to affect
complex stability, even when the P&9 residues were
deleted; comparekqan values for rACTcasP3P3 with
rACTcas-P3P4AP69'. However, no ACFPI chimera
formed complexes with HNE that were as stable as those
formed by PI. Even in buffer containing 0.8 M NaCl, which
increasesuqn Of chimera-HNE complexes to values even
greater than reported for 0.4 M NaCl, there was no
demonstrable breakdown of PHNE complexes after in-
cubation for 48 h (see Figure 1).

SDS-PAGE analysis of the interaction of HNE with the
ACT—PI chimeras demonstrated that all the chimeras form
the characteristic SDS-stable complex. Furthermore, there
was qualitative agreement between SDS-stable complex
formation and inhibition of hydrolytic activity. These results
suggest that despite the relative short life span of some of
the chimera-HNE complexes, the interaction between these
serpins and HNE reflects the general serpin mechanism of
inhibition. Figure 2A demonstrates one such analysis for
the interaction of rACTFP6P3 with HNE. The formation
and breakdown of the characteristic SDS-stable complex as
well as the corresponding turnover of the inhibitor are
reflected by (1) the initial increase and subsequent decrease
in the complex band (C), (2) the progressive decrease in the
native inhibitor band (l), and (3) the progressive increase in
the modified (cleaved) inhibitor bandl

Stoichiometry of Inhibition.The requirement for a sto-
ichiometric excess of inhibitor to completely inhibit a target
protease is the result of substratelike interactions that lead

Biochemistry, Vol. 36, No. 47, 199714605
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to rapid hydrolysis of the reactive loop and serpin inactivation Ficure 2: SDS-PAGE analysis of ACTPI chimera-HNE
rather than formation of the inhibitory complex. Such reactions. (A) rACFP6P3—HNE time course experiment. rACT

reactive loop hydrolysis may occur at PRI or at another
site (13, 21). Titrations of HNE with ACT-PI chimeras

P6P3was reacted with HNE at room temperature in HNE titration
buffer (0.1 M NaCl) and [I§:[E]o = 10 uM:3 uM. Aliquots were
removed at designated times and 208 (final) N-MeO-Suc-

demonstrated Sl values that ranged from 1.2 to 5 (Tables 2aapv-CMK (final) was added. After 1 min, samples were

and 3). The Sl for rACTP6P3is reported as2.0 because
titration curves were nonlinear even with [Eif 1 uM (see

denatured as described in Materials and Methods. Incubation times
are indicated on bottom of gel. €E indicates that lane 7 contains

Figure 3A). This is the result of complex breakdown control HNE and inhibitor; HNE was inhibited with N-MeO-Suc-

occurring at the same time as complex formation. Panels B
and C of Figure 3 show titrations of HNE with rACTP2P3
and rACT—P4P3, two variants for which linear titrations

AAPV-CMK prior to addition of the serpin. Numbers on the left
side of the gel indicate the position of standard molecular weight
markers. On the right side of the gel, the position of native inhibitor,
cleaved inhibitor, complex, and HNE are indicated by,|d, and

could be obtained despite the relatively low stability of the E,ZrespeCtively- (B) rACTP4P3—HNE titration experiment. [k

complexes.
SDS-PAGE analysis of titration reactions of HNE with

= 2.6 uM was held constant and {lyaried. Reaction volume was
20 uL prior to addition of denaturing buffer. CE at the bottom of
lane 1 indicates that the lane contains only HNE. CI at the bottom

these as well as the P3P¥ariants demonstrated qualitative  of lane 2 indicates that this lane contains only rA€F4P3 (4.4
agreement with the stoichiometry of complex formation «M). The molar ratio ([I}:[E]o) of rACT—P4P3to HNE is denoted
obtained from titrations, indicating that the SI was indeed on the bottom of the gel for lanes-®. N-MeO-Suc-AAPV-CMK

the result of competing inhibitory and substratelike reactions.
Figure 2B is an example of one such SBISAGE analysis,
the titration of HNE by rACT-P4P3. [E], was held constant
and [l was varied as in the titration reactions. The relative

was added to all reactions (including controls) afee 1 min
incubation and then prepared as described in Materials and Methods.
The position of native inhibitor, cleaved inhibitor, complex, cleaved
complex, and HNE are indicated by ¢, C, C, and E, respectively.

densities of the bands corresponding to complexes (C andrequirement for a 4-fold excess of rA€Met to inhibit HNE

C°) and cleaved serpinglreflect the Sl of 1.8 reported in

was determined to largely result from the-F85 and P4

Table 2. Bands corresponding to intact inhibitor (I) are seen P3 cleavages. rACTP3P3was shown to be cleaved at the

in lanes 5 and 6, where [Ilpxceeds Sk [E]o. In addition,

P6—-P5 but not at the P4P3 site. Cleavage site analysis

the complete loss of the HNE band is observed in these lanesby mass spectroscopy of the AEPI chimeras produced

It had been previously showdg) by N-terminal analysis
that rACT—L358M is cleaved by HNE not only at the P1
P1 site but at the P6P5 and P4P3 sites as well. The

for the current investigation established that HNE cleaves
all the chimeras at P6P5 except rACTP6P3 (see Table
4). Therefore, the Sl values for all chimeras except rACT
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Ficure 3: Titration of HNE with ACT—PI chimeras. (A) titration of HNE with rACFP6P3: [E]o = 1.6 uM; (O) 5 min incubation; @)
30 min incubation. (B) Titration of HNE with rACFP2P3: (O) [E]o = 1.6uM, 15 min incubation; @) [E]o = 800 nM, 15 min incubation;
(a) [E]o = 800 nM, 25 min incubation. (C) Titration of HNE with rACTP4P3: [E]o = 280 nM; ©) 2 min incubation; @) 5 min
incubation.

Table 4: Mass of C-Terminal Peptide Fragments Detected by e_ffe,Ct 0nkokdn Of, a P.l_l,-e_u_ versus a.P—lMet residue, the
MALD Mass Spectroscopy of ChimerdINE Reactions finding of transient inhibition does, in fact, suggest that a
Leu residue in the P1 position of ACT is less able to stabilize

cleavage site . .
the complex with HNE than a Met residue.
P6-P5 P1-PY P4—P5
serpin actual (caldd actual (calc) actual (calc) DISCUSSION
rACT—P2P3 5226 (52229 4654 (4652) 4257 (4255)
rACT—P4P3 5198 (5192) 4656 (4652) 4254 (4255) Although much progress has been made in understanding
rACT—P6P3 na 4654 (4652) 4257 (4255)

IACTcas-P3PAAPGY 4762 (4763) 4180 (4177) fd the serpin mechanism of inhibition in general, there is still

rACTcas-LeuP3P%® 5216 (5218) 4653 (4652) 4256 (4257) Only a rudimentary knOWIGdge of the structural elements that
a Cleavage of the reactive loop at these sites was inferred from the determine the activity of serpins against specific target

masses detecteblActual, mass detected; calc, calculated mass for Protéases. Investigations of a number of serfgirotease
fragments released from ACY¥The P6-P5 fragment was observed  interactions have demonstrated that reactive loop residues

when the reaction was stopped witt20% of the rACT variant cleaved near PP can influence complex formation or inhibition
or complexed. The P45 fragment was observed when approximately ;19, 24-30). These studies suggest that reactive loop

80% serpin was cleaved or complexed. Prime side cleavages are thought _ _. . . . -
to represent second cleavagéblot detected® Fragments consistent esidues throughout the region predicted to interact with the

with PE—P7, P10—-P11, and P11-P12 cleavage were also detected. ~ €Xtended substrate binding site of the target protease may
play an important role in determining the inhibitory activity
P6P3 could be attributed, at least in part, to cleavage at Of serpins. In the current study, we examine the extent to
site(s) other than PAPT. Furthermore, since the Sl could Which both inhibition rate and complex stability for the
not clearly be attributed to a suicide substratelike mechanism,reaction of Pl with HNE are determined by the sequence of
we did not reporki,, values normalized for SH(7, 22, 23. the P6-P3 region, the putative contact region for HNE.
Effect of the P1 Residue on AEHANE ComplexesWild- Variants of ACT, which is essentially a substrate for HNE,
type ACT is rapidly turned over by HNE even though HNE were constructed with residues from the-H& region of
appears to interact with the Leu residue at P1. We previously P, replacing the corresponding residues in ACT. These
demonstrated that replacing the-Aleu with a Met residue ~~ ACT—PI chimeras were then evaluated with respect to HNE
(rACT—L358M) converts ACT to an inhibitor of HNE. In  inhibitory activity. Although some of the ACTPI chimeras
the present study, we found that the residues at the P3 andvere potent inhibitors of HNE, even the most efficient
P4 positions may, in part, determine complex stability. We chimeras demonstratedkan for HNE 60-fold lower than
therefore considered the possibility that a Met residue at theP! and even the most stable chimetdNE complexes
P1 site is able to stabilize complexes between ACT and HNE demonstrated Byqn considerably more rapid than-PHNE
to a greater extent than a Leu residue. In order to further complexes. These results indicate that the contact region

investigate the effect of the P1 residue on AEHNE sequence is not the sole determinant of serpin specificity.
complex stability, a P1 revertant of rACTeaB3P3 (rACT- The relatively slow HNE inhibition rates observed for the
cas-LeuP3P3 was produced. This construct was chosen ACT—PI chimeras indicate that features of the reactive loop
because it placed a P1leu in the context of an ACTPI and/or body of Pl essential for a rapid HNE inhibition rate

chimera that formed relatively long lived complexes. Analy- were not incorporated in the P&3 region chimeras. We
sis of the inhibitory activity of rACTcasLeuP3P3against previously demonstrated that the charge arrangement of ACT
HNE demonstrated extremely transient inhibition. Complex does not preclude ACTPI chimeras from attaining high
breakdown was so rapid that during titration experiments inhibition rates against HNEL@). In the current study, we
HNE activity increased steadily upon dilution of the reaction considered the possibility that differences in g values
mixtures in assay buffer with a 50% return of HNE activity between chimeras and PI reflect distinct conformations of
occurring after approximately 1 min. As a result, dependable the contact residues. We specifically investigated the effect
values for Sl and kinetic constants could not be obtained. on ki, values of the multiple Pro residues and the shorter
However, an SDS-stable complex could be demonstrated andength of the PI reactive loop, features unique to the PI loop
cleavage site analysis confirmed that the—R&u was that might be expected to play a major role in determining
recognized by HNE along with the P&5 cleavage site  contact region structure. Incorporation of these features in
(Table 4). While we were unable to quantify the relative the ACT—PI chimeras had surprisingly little effect on the
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inhibition rates as,, values were essentially the same as protease. Serpin boehyprotease body interactions are sug-
the P6-P3 region chimeras. Overall, the results of the gested by modeling experimen&941) which predict that
reactive loop switching studies suggest th@t is not either partial or complete insertion of the reactive loop into
determined by reactive loop sequence alone. Lawrence andhe A-3-sheet brings the serpin and protease bodies into close
co-workers 81) reached a similar conclusion by studying proximity. Recent fluorescence resonance energy transfer
reactive loop chimeras of PAI-1. experiments by Stratikos and Gettir®) confirm that the
Comparison of the X-ray crystal structure of rACTeas formation of the stable complex is associated with a major
P3P3 (32) with the recently solved crystal structure of an translocation of the protease from its position in the initial
intact variant of recombinant Pl (PI-F51L33) suggests a  encounter complex. Furthermore, work by Wilcznska et al.
rationale for the differences in HNE inhibitory rate constants (43) utilizing both fluorescence resonance energy transfer
between Pl and the AGTPI chimeras. The P10P3 region and cross-linking reagents suggests that the complexed
of the reactive loop of rACTcasP3P3 assumes a distorted protease is held near the surface of thg-&heet and helix-
helical conformation. In contrast, the PB3 region of PI- F. Body-body contacts may provide the interactions that
F51L adopts aB-strand conformation with the P3P3 help distort the protease or limit the entry of solvent to the
residues essentially in the “canonical” proteinase-bound active site 89), thereby trapping the protease in a covalent
conformation. The observed loop structure for PI-F51L complex. The inability of ACTPI chimeras to form highly
appears to be stabilized by several interactions between thestable complexes with HNE may indicate the absence of the
reactive loop and body, the most notable of which is the appropriate bodybody contacts or the presence of unfavor-
interaction of the P5GIlu and a positively charged pocket able body-body interactions.
on the underlying surface, a pocket that is absent in ACT. In contrast to the considerable changes in complex
Therefore, while the reactive loop residues surrounding the breakdown rates noted with the unprime side residue changes,
scissile bond of Pl are constrained in a conformation that is kyg, was insensitive to changes on the prime side of the
complementary to the substrate binding site of HNE, the reactive loop. Even the deletion of the'P®9 residues
reactive loop of the ACFPI chimeras are not3¢). The did not appear to affect complex breakdown. This suggests
constraint of contact residues in a binding conformation that the prime side residues of the loop play little role in
might be expected to greatly enhance the rate of associatiorcomplex stabilization. Such an interpretation is consistent
between Pl and HNE2@). Although another recent report  with an acyl enzyme-type serpimprotease complexi(, 12,
(34) describing the X-ray crystal structure of a Pl variant 44) where the P£P1 bond is cleaved and only unprime
(hepta-Pl) claims that the reactive loop adopts a distorted side residues of the reactive loop remain in contact with the
helix conformation, the structural differences described above protease.

for rACTcas-P3P3 and PI-F51L do provide a compelling In summary, we found that the inhibitory activity of PI
explanation for the inability of ACFPI chimeras to reach against HNE could not be completely transferred to ACT
the kinn values demonstrated by PlI. through a loop-switching strategy. AGPI chimeras prob-

Fluorescence, proton NMR, and protease susceptibility gbly failed to attain the rapid HNE inhibition rates because
studies indicate that both the serp&g, 11) and protease the reactive loop of the chimeras could not recapitulate the
(9, 10, 35-37) have altered conformations in the complex. structure of the Pl loop. Furthermore, the AEFI chimeras
Without high-resolution structural data describing a sefpin  probably formed relatively unstable complexes with HNE
protease complex it is only possible to speculate on the because of a “poor fit” between the ACT and HNE bodies.
contacts between serpins and proteases that stabilize th@verall, the results of the current study suggest that the serpin
complex. The P6P3 series of ACF-PI chimeras form body may play an important role in determining both
complexes with HNE that exhibit a broad range kgfan inhibition and complex breakdown rates for target proteases.
values. These ACTPI chimeras were not a series of Therefore, reactive loopserpin body and serpin body
defective serpins since rACIP6P3, the chimera that forms  protease body interactions should be considered in efforts
the least stable complexes with HNE, forms complexes with to design recombinant serpins with narrow target specificity
the chymotrypsin-like protease human chymase that do notand/or optimal inhibitory characteristics.
significantly break down even after 241 M NacCl 38).

Therefore, analysis of the substitutions producing the range ACKNOWLEDGMENT
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