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ABSTRACT. There is no complete understanding of how serine protease inhibitors of the serpin family
inhibit their target enzymes. Structural and biochemical studies have suggested that serpins utilize a
mechanism that is distinct from the standard mechanism of inhibition proposed for most small protein
protease inhibitors. Proton nuclear magnetic resonance spectroscopy was used in the present study to
demonstrate a fundamental difference in the atomic environment of the catalytic triad of enzyme in complex
with serpins when compared to uncomplexed enzyme and enzyme in complex with standard mechanism
inhibitors. This work demonstrates that the active site of chymotrypsin is distorted when complexed to

a serpin and makes tenable a mechanism of inhibition in which the serpin induces a conformational change
in the enzyme that dramatically reduces or completely abrogates the catalytic activity of the protease.

Serpins comprise a large family of regulatory proteins that by two extended strands with no stabilizing intramolecular
include a subfamily of inhibitors of serine proteases from contacts (Wei et al., 1994; Song et al., 1995). Therefore, a
which the family derives its name. The mechanism of considerable alteration in the structure of the reactive loop
inhibition of a serine protease by a serpin is controversial. of a native serpin is required for it to adopt a canonical
Many properties of the interaction between serpins and conformation (Wei et al., 1994). Furthermore, unlike
serine proteases are not easily interpreted by the standardtandard mechanism inhibitors, serpins are irreversibly
mechanism model (Laskowski & Kato, 1980). The standard jnactivated when the reactive loop is cleaved. This is a
model was developed from studies on the interaction of consequence of a large conformational change and an
proteases with relatively small proteins of the Kazal and increase in conformational stability (Carrell & Owen, 1985).
Kunitz inhibitor families. This model is based on the The reactive loop residues PR1 insert into the body of
strong complementary binding of both the intact and the protein, converting a five-strandedfsheet into a six-
hydrolyzed inhibitors to the active site of the target pro- gyanded sheet as well as separating the P1 ahteBitlues
tease. The .key features of Fhis_ modgl are that the structureby approximately 70 A (Lbermann et al., 1984). Certain
of the reactive loop of the inhibitor is held in@&strand o hemical characteristics of serpiprotease interactions
confarmation th‘?‘t IS complemen'_cary to t_he enzyme binding 46 150 difficult to reconcile with the standard mechanism
cleft and that this conformation is not significantly altered model. Some reactions between serpins and their target

_by proteolysis of the .ac.t|ve site, PP1 reS|dues_. Strong proteases produce a serpin with a cleaved reactive loop in a
intramolecular associations between the reactive loop and’_ . : . . A
rapid hydrolysis reaction that competes with the inhibition

body of the inhibitor constrain the structure of the loop to reaction (Fish et al., 1979: Schechter et al., 1989: Rubin et

tlhgeg[zf)-strand or canonical conformation (Bode & Huber, al., 1990). This behavior produces an apparent stoichiometry

of inhibition for the reaction that is greater than 1, and
suggests that stable complex formation is dependent on a
rapid isomerization of an intermediate complex form.

In marked contrast to the reactive loop conformation of
standard mechanism inhibitors, X-ray crystallographic meth-
ods have demonstrated that the conformation of the reactive © )
loop of uncomplexed and uncleaved (native) serpins is a Finally, serpin-protease complexes break down slowly
distorted helix held well away from the body of the serpin Producing active enzyme and cleaved-inactive serpin (Oda

et al., 1977; Padrines et al., 1989; Cooperman et al., 1993)
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the protease is covalently attached to the inhibitor, implying

that complexes may be trapped in the acyl intermediate that

is associated with substrate hydrolysis (Travis & Salvessen,
1983). In this study we investigate the structure of serpin
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Chtr pH 4.2

Chtr pH7.1

protease complexes using proton nuclear magnetic resonance

(NMR) to assess the environment of the His5@1Nproton.
This proton participates in a hydrogen bond between Asp
102 and His57 of the catalytic triad of serine proteinases
and is characterized by a unigue low-field resonance signal
(Robillard & Schulman, 1972; Bachovchin, 1985). We find
that in a serpir-protease complex this bond is distorted,
whereas in complexes with two different standard mechanism
inhibitors this bond remains essentially unchanged. This
finding further emphasizes the difference between serpins
and standard mechanism inhibitors at the level of complex
structure, and suggests that the alignment of amino acid

residues responsible for protease catalysis is altered iNg nc1: 500 MHz

serpin-protease complexes.

EXPERIMENTAL PROCEDURES

Proton NMR spectra were recorded using a Bruker AMX
500MHz spectrometer equipped with an Oxford magnet.
Water signal suppression was obtained using a “jtmp
return” pulse sequence (Plateau & ®are 1982). Spectra
are reported with chemical shift in ppm from 3-(trimethyl-
silyl)propionate (;). Data analysis was performed on a
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IH-NMR spectra of bovine-chymotrypsin-A
(Chtr) at pH 4.2-10.1. Spectra from top to bottom: 1 mM Chtr,
pH 4.2, 1k scans; 1 mM Chtr, pH 7.1, 1k scans; 1 mM Chtr, pH
8.6, 1k scans; 1 mM Chtr, pH 10.1, 1k scans. The pH of each
sample was checked before and after spectra were obtained.

T T
17.0 16.0

in standard NMR buffer. a-Chymotrypsin was approxi-
mately 97% inhibited. The complex solution was diluted
1:1 with NMR buffer before the spectrum demonstrated in
Figure 3 was obtained.

Bovine trypsin (Sigma) stock concentrations were deter-

Silicon Graphics Iris running the Felix 2.30 software package. mined by active site titration with 4-nitrophenyl-4-guanidi-
FIDs were subjected to a convolution based solvent reductionnobenzoate hydrochloride (Chase & Shaw, 1980). Kunitz-
algorithm to suppress water signal and exponential multi- type soybean trypsin inhibitor (SBTI) was purchased from

plication with 10 Hz line broadening prior to Fourier
transformation.

Sample solutions were prepared in NMR buffer: 100 mM
Tris-HCI/10-20 mM sodium phosphate (pH as per experi-
ment), 150 mM NacCl, 8%10% D,O. The samples were
maintained at 298K. The pH of each sample was checked

Sigma. The concentration of SBTI stock solutions was
determined by titration of trypsin. The SB¥b-chymo-
trypsin ternary complex was formed at an initial inhibitor to
enzyme stoichiometry ok0.5 in order to ensure that the
ternary complex (E2:l) predominated {&erling & Quast,
1981). The mixedx-chymotrypsir-SBTI—trypsin (E1E2:

before and after spectra were obtained. Concentrations ofl) ternary complex was formed by the addition of an

N-tosyl+-lysine chloromethyl ketone (TLCK)-treatedchy-
motrypsin (Worthington) and the recombinant serpin rACT-
P3P3 (gift from the Lexin Pharmaceutical Corporation) were
determined as described previously (Rubin et al., 1994).
rACT-P3P3 is a variant of recombinant human-1-
antichymotrypsin (rACT) that forms especially stable com-
plexes witha-chymotrypsin, i.e., more stable than wild type
ACT (Rubin et al., 1994). rACT-P3P3a-chymotrypsin

equimolar amount ofi-chymotrypsin to the SBHtrypsin
complex.

RESULTS

The proton NMR properties of the His576ll proton of
a-chymotrypsin are demonstrated in Figure 1. Uncomplexed
o-chymotrypsin shows a titratable peak with a chemical shift
of 14.9 ppm at pH> 10 and 18.0 ppm at pH 3:64.5 (4°C

complexes were formed at room temperature, pH 7.0. An gnq 25°C). The difference in the chemical shift of the
initial inhibitor to enzyme ratio of 1.2 was used to prevent is57-Ng1 proton at high and low pH reflects the different
cleavage of the complex by free enzyme (Cooperman et al.,enyironments generated by the imidazole form of His57,
1993). The same complex solution was used to obtain yhere N2 is unprotonated, and the imidazolium form, where
spectra at pH 7.0, 9.0, and 10.1. SBRAGE analysis was N2 is protonated (Robillard & Schulman, 1972; Bachovchin,

performed on solutions containing complex and demonstrated; ggs). proton NMR spectra @f-chymotrypsin,d-chymo-
that less than 10% of the total rAGTP3P3 was in the free-

cleaved form.

rACT-P3P3cleaved in the reactive loop was prepared by
incubating 800uM serpin with 30uM trypsin in pH 7.2
buffer at 23°C. The reaction was followed by assaying
aliquots of the reaction mixture for residualchymotrypsin
inhibitory activity. The reaction was stopped when ap-
proximately 75% complete by the addition of 108! (final)
TLCK.

Complexes of bovine pancreatic trypsin inhibitor (BPTI)
and a-chymotrypsin were prepared by the addition of 4.5
mg of BPTI (Sigma) to 1.1 mL of 64@M a-chymotrypsin

trypsin, trypsin, the zymogens chymotrypsinogen and trypsi-
nogen, and the bacterial serine proteases subtilisitdytic
protease all demonstrate the low-field resonance signal in
the range 1318 ppm (Robillard & Schulman, 1974a;
Bachovchin, 1986; Liang & Abeles, 1987). Extreme line-
width broadening obscures the low-field peak around pH 7.0
in Figure 1 (second spectrum from the top) and is believed
to be a result of intermediate exchange conditions at His57-
Ne2 (Bachovchin, 1986; Liang & Abeles, 1987).

The effect of serpifrchymotrypsin complex formation on
the environment of the hydrogen bond is demonstrated in
Figure 2 (second spectrum from the top, second from the
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ppm FicUrRE 3: 500 MHz *H-NMR spectra of trypsin and standard

. 1 ; . . mechanism inhibitorprotease complexes. Spectra from top to
FIGUREZ: 500 MHz'H-NMR spectra of native rACT-P3R3ACT bottom: 0.3 mM Chtr-BPTI complex, pH 7.6, 1k scans; 0.26 mM

P3P3—Chtr complex, and cleaved rACT-P3P3pectra from top ; i

to bottom: 1 mM rACT-P3P3pH 7.2, 1k scans; 0.4 mM rACT-  Chir_SBTI- Chir complex (&), pH 7.1, 1k scans: 0.5 m SBT!
P3P3—Chtr complex, pH 7.0, 10k scans; 0.4 mM rACT-P3P3 tryps.'”tcomp ex ( -l)r pElE'Z',I Hsgaé‘sik > m 0.8 MM trvpsi
Chtr complex, pH 9.1, 2k scans; 0.4 mM rACT-P3PGhtr %p?% e4r|r(1arycompex( 1), pH 7.0, 1k scans; 0.8 mM trypsin,
complex, pH 10.1, 2k scans; 0.7 mM cleaved rACT-P3pH 7.2, P wh scans.

1k scans.
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of the His57-NM1 proton on a time scale of10 ms (data

bottom). Ina-chymotrypsin complexed with rACT-P3P3  Nnot shown).

(pH 7.0-10.1) the characteristic low-field resonance of the A second standard mechanism inhibitor, SBTI (22 kDa)
His57-No1 proton is absent. The rACT-P3P31-chymo- ~ Was studied in complexes witirchymotrypsin and trypsin
trypsin Comp|ex was studied over a pH range from 7 to 10 in order to further investigate the state of the low-field
to exclude line-width broadening as an explanation for the resonance signal in standard mechanism inhibifootease
loss of the low-field signal, similar to that seen with complex. Arg63 is the P1-residue of the reactive loop of
a-chymotrypsin at pH 7. The spectra of the complex did SBTI. This site complexes with-chymotrypsin and trypsin
show two new peaks at 12.1 and 12.4 ppm that were not(DeVonis-Bildlingmeyer et al., 1972)o-Chymotrypsin can
found in either the free enzyme or the uncleaved inhibitor also form complexes with SBTI through a secondary, less
(Figure 2, top). These peaks are not derived from the His57-Well characterized, site in which Met84 may be the P1
No1 proton. They are found in the spectrum of rACT-P3P3 residue (Bsterling & Quast, 1981). The presence of the
cleaved by trypsin (Figure 2, bottom) indicating that these two chymotrypsin sites allows for the formation of chymo-
peaks arise from serpin protons. The observation of the 12.1trypsin—=SBTI—chymotrypsin and mixed chymotrypsin
and 12.4 ppm peaks in the rACT-P3P&-chymotrypsin ~ SBTI—trypsin ternary complexes (Bterling & Quast, 1981).
complex essentially excludes slow tumbling of the 68 kDa SBTI—trypsin complex (Figure 3, third from the top)
complex as a cause for the apparent loss of the low-field demonstrated the presence of the low-field signal of the
resonance signal of the His575 proton. The absence of His57-No1 proton at 13.9 ppm. The ternary complexes
the low-field peak in the serpirprotease complex represents  chymotrypsin-SBTI—chymotrypsin and chymotrypsin
either a disruption/distortion of the His57-Asp102 hydrogen SBTI—trypsin (Figure 3, second from the top and forth from
bond or increased solvent accessibility and rapid exchangethe top) both showed two peaks, indicating that the low-

of the His57-Ny1 proton with the solvent. In either case field signal is retained in interactions at the secondary site.
the active site must be altered. The results of these studies with SBrotease complexes

demonstrate that the retention of the low-field signal is a
common property of complexes formed by the interaction
of standard mechanism inhibitors and serine proteases.
The ternary complexes between SBTI and the proteinases
have a molecular weight of approximately 70 kDa, the
approximate mass of an rACT-P3P&hymotrypsin com-
plex. The demonstration of the low-field signal in the ternary

is the peak present in the BPTé-chymotrypsin complex, complexes suppor;s the conclusion that loss qf the signal
additional experiments demonstrated decreased exchange dfo™m the complex is not a result of slow tumbling of the
the His57-\1 proton with solvent, this would be expected ar9€ Serpir-protease complex.

if access of water to the active site of chymotrypsin is limited

in the BPTHa-chymotrypsin complex. Presaturation ex- DISCUSSION

periments demonstrated that the His5diNproton of the Proton NMR spectroscopic analysis of serpprotease
BPTI—o-chymotrypsin complex exchanged with solvent on and standard mechanism inhibitgerotease complexes has

a time scale> 1 s while spectra of free-chymotrypsin (pH demonstrated that the characteristic low-field reaonance
8.7—10.7) collected utilizing the “Watergate” solvent sup- signal of the His57-N1 proton of free serine proteases is
pression method (Piotto et al., 1992) demonstrated exchanggresent in spectra of standard mechanism inhibipootease

In contrast to the serpinenzyme spectra, NMR spectra
(Figure 3, top) obtained af-chymotrypsin complexed with
the standard mechanism inhibitor BPTI (7 kDa) retains a
low-field peak at 14.9 ppm. The peak did not change upon
titration between pH 7.6 and 9.1. Robillard and Schulman
(1974b) reported similar NMR findings for the BP¥4-
chymotrypsin complex for the pH range 4.9.4. Not only
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complexes. Persistence of the low-field signal is consistent Scheme 1

with the presence of a structurally intact catalytic triad and [EN*
a standard mechanism model in which protease inhibition is %/
a function of lock and key type interaction (Laskowski & E+l —E — EI Kerev Kiyd

Kato, 1980). X-ray crystal structures of BPTtrypsin and
SBTI—trypsin complexes demonstrate that the standard
mechanism inhibitors do not appear to significantly alter their
conformation or the conformation of the bound enzymes
(Read & James, 1986). catalytic activity of chymotrypsin in complex is dramatically

We show in the present study that the low-field signal of reduced or completely abrogated. A kinetic scheme (Scheme
His57-No1 is absent from the spectra of serpprotease 1) for the serpin mechanism proposed by a number of
complexes. Absence of the low-field resonance signal hasinvestigators is shown (Patston et al., 199I'rBjet al., 1992;
been reported for some cases of proteases modified at Ser19§00perman et al., 1993; Hopkins & Stone, 1995; Olson et
by small molecule inhibitors (Robillard & Schulman, 1974a; al., 1995).
Bachovchin, 1986). The X-ray crystal structure of one such ~ The stable inhibitory complex is represented by [EI]*. The
modified protease, tosyt-chymotrypsin, demonstrated that  kinetic scheme reflects the observation that some serpin
formation of the sulfonyl ester bond to Ser19%-@&sulted protease interactions clearly demonstrate a rapid substrate-
in disruption of the Ser195-@His57-Ne2 hydrogen bond  like hydrolysis reactionk.s, competing with [EI]* formation.
and a 0.3 A rotation of His57 toward the solvent. Otherwise, k:is the conformational change in the complex that prevents
minimal differences were observed between native and rapid substate like hydrolysis. The kinetic scheme proposes
modified enzyme (Henderson et al., 1971). The serpin two pathwayskeey and K'hya by which [EI]* breaks down
protease complex also appears to be a covalent complex withslowly to produce active enzyme and cleaved inhibitgr, |
the P1 residue of the serpin bound to Ser195 in a tetrahedralThe present study suggests a molecular mechanism for these
intermediate (Matheson et al., 1991) or an acyl enzyme form two potential pathways ke represents a reversal of the
(Lawrence et al., 1995; Wilczynska et al., 1995). Thus, the conformational change that altered the catalytic activity of
absence of the low-field signal might be a consequence ofthe protease. In this case the rate of complex breakdown
the modification of Ser195. Alternatively, loss of the low- Wwould reflect the ratio of [EI]*/El, k/Keew The second or
field signal may be a result of conformational changes in Knya pathway may represent the slow turnover of serpin by
the enzyme induced by interaction with the serpin. Structural a catalytically challenged protease; i.e., the rate of deacylation
changes in the complexed enzyme have been suggested big dramatically decreased by the altered His57-Asp102
fluorescence spectroscopy, structural stability, and proteolytic hydrogen bond.
susceptibility analyses (HeEn& Ghélis, 1991; Kaslik et al., In summary, the data presented here demonstrate that the
1995). Alterations in the conformation of the enzyme may structure of the active site in serpiprotease complexes is
be driven by structural rearrangements in the serpin associ-different from either uncomplexed enzyme or enzymes
ated with insertion of a subset of the reactive loop PR2 complexed to standard mechanism inhibitors. The distortion
residues into the A%sheet (Wei et al., 1994; Lawrence et of the His57-Asp102 hydrogen bond in a serpprotease
al., 1995; Kaslik et al., 1995; Olson et al., 1995). Recent complex may result in a catalytically challenged protease
evidence demonstrates that-FR1 bond cleavage is neces- and explain the formation of covalent complexes that break
sary for reactive loop insertion and formation of the sefpin  down on time scales of hours or days.
protease complex (Olson et al., 1995; Lawrence et al., 1995).
The observation of resonance signals at 12.1 and 12.4 pprACKNOWLEDGMENT
that were present in the spectra of the rACT-P3P3
chymotrypsin complex and trypsin-cleaved rACT-P3R&
not intact serpin (Figure 2) supports other evidence that
complexed and cleaved serpins undergo similar conforma-
tional changes (Mast et al., 1991; 'Bfoet al., 1993;
Lawrence et al., 1995; Shore et al., 1995; Olson et al., 1995;
Debrock & Declerk, 1995). REFERENCES
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