
letters to nature

NATURE | VOL 407 | 19 OCTOBER 2000 | www.nature.com 923

Animal treatment

At least 3 mice between 8 and 10 weeks old were used for each treatment. Mice were
pretreated by intraperitoneal injection with corn oil, PB (100 mg per kg body weight,
Sigma) or TCPOBOP (3 mg per kg body weight, a gift from S. Safe) for indicated time. For
3-day PB treatment, mice were injected intraperitoneally three times with PB, one
injection per day.

Zoxazolamine paralysis test

Mice pretreated with corn oil, PB or TCPOBOP were given a single intraperitoneal
injection of zoxazolamine (300 mg per kg body weight, Sigma), 24 h after the last dose of
PB. Mice were placed on their backs and paralysis time was de®ned as the time required for
the animal to regain suf®cient consciousness to right itself repeatedly22.

Cocaine treatment and ALT assay

Male mice pretreated with corn oil, PB or TCPOBOP were injected intraperitoneally with
cocaine HCl (30 mg per kg body weight), 24 h after the last injection of PB. The mice were
anaesthetized 22 h after cocaine treatment. Blood was drawn from the eye for determi-
nation of serum alanine aminotransferase (ALT) activity. ALT activity was determined
using Vitros ALT slides (Johnson & Johnson Clinical Diagnostics). The procedure was
performed at the Methodist Hospital in Houston.

RNA analysis

20 mg of total RNA from individual mouse livers was subjected to northern blot analysis. A
mouse CAR complementary DNA probe was used to reveal the absence of CAR transcripts
in the CAR null mice. Probes for Cyp2b10 were prepared by polymerase chain reaction
after reverse transcription of RNA (RT-PCR) with mouse liver total RNA using Super-
script One-step RT-PCR System (Life Technologies). PCR primers were 59-CCGCCTC
TAGAAGTCAACATTGGTTAGAC-39 and 59-CCGCCGGATCCCACACTAAGCCTCAT
AAT-39.

Determination of hepatocyte proliferation following PB or TCPOBOP treatment

Mice pretreated with corn oil, PB or TCPOBOP received a single intraperitoneal dose of
BrdU/FdU (2 ml per 100 g body weight, Amersham). Mice were killed 2 h after BrdU
administration. BrdU incorporation was determined using a mouse anti-BrdU mono-
clonal antibody (DAKO) and Vectastain ABC Kit (Vector Laboratories).
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The serpins have evolved to be the predominant family of serine-
protease inhibitors in man1,2. Their unique mechanism of inhibi-
tion involves a profound change in conformation3, although the
nature and signi®cance of this change has been controversial.
Here we report the crystallographic structure of a typical serpin±
protease complex and show the mechanism of inhibition. The
conformational change is initiated by reaction of the active serine
of the protease with the reactive centre of the serpin. This cleaves
the reactive centre, which then moves 71 AÊ to the opposite pole of
the serpin, taking the tethered protease with it. The tight linkage
of the two molecules and resulting overlap of their structures does
not affect the hyperstable serpin, but causes a surprising 37% loss
of structure in the protease. This is induced by the plucking of the
serine from its active site, together with breakage of interactions
formed during zymogen activation4. The disruption of the cata-
lytic site prevents the release of the protease from the complex,
and the structural disorder allows its proteolytic destruction5,6. It
is this ability of the conformational mechanism to crush as well as
inhibit proteases that provides the serpins with their selective
advantage.

The irreversibility of inhibition achieved by the serpins has made
them the principal inhibitors controlling both intra- and extra-
cellular proteolytic pathways. In human plasma, antithrombin
controls coagulation, C1-inhibitor controls complement activation,
and the inhibitors of plasmin and its activators control ®brinolysis.
To determine the structural basis of the serpin mechanism we chose
another of the plasma serpins, the archetypal member of the family,
a1-antitrypsin7,8. There have been many unsuccessful attempts over
the past 20 years to crystallize the serpin±protease complex.
Although the half-life of the complex in isolation is of the order
of years, the extreme proteolytic susceptibility of the complex
coupled with the high concentrations required for protein crystal-
lization result in a level of heterogeneity incompatible with crystal
growth. To overcome these dif®culties, we puri®ed the complex
from a reaction mixture containing an excess of a1-antitrypsin over
trypsin, and set up crystallization trials at 4 8C. Crystals were
obtained within two weeks, and SDS±polyacrylamide gel electro-
phoresis of an isolated crystal at the time of data collection
con®rmed it contained only intact complex (see Supplementary
Information). The crystal structure at 2.6 AÊ resolution clearly shows
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the unique mechanism of inhibition used by the serpins. Figure 1
shows the formation of the complex; Fig. 2 shows the distortion of
the protease and explains its increased susceptibility to proteolysis;
Fig. 3 shows the ester bond between the serpin and the protease, and
the disruption of the protease active site. Other ®gures showing the
electron density are available as Supplementary Information.

A glance at the structures in Fig. 1 immediately answers a much-
debated question in the ®eld. Wright and Scarsdale9 proposed that
inhibition involved insertion of the cleaved reactive-centre loop of
the serpin into the A b-sheet of the molecule, with a pole-to-pole
displacement of the protease. There has however been disagreement
as to the extent of loop insertion, with con¯icting evidence for both
full10,11 and partial12 insertion. Here we see that there is full
incorporation of the reactive-centre loop, from its hinge region to
the reactive-centre Met 358 (denoted P15±P1). Indeed, the con-
formation of a1-antitrypsin in the complex is precisely super-
imposable with that of the structure of isolated cleaved a1-
antitrypsin3 (r.m.s. deviation 0.52 AÊ for all Ca atoms). This
structure3 was the starting point for subsequent deductions that
the serpins were metastable proteins13 with a mobile reactive-centre
loop14 and a spring-like inhibitory mechanism9,15. A more recent
serpin structure16 has shown how initial insertion of the ®rst four
residues of the loop (P15±P12) can take place, at which stage the F-
helix appears likely to impede further movement of the bulky
protease along the sheet. However, Fig. 2 shows how the protease
could readily skirt the protuberant F-helix to reach its ®nal position
somewhat skew of the central axis of the serpin.

The unexpected ®nding from the structure of the complex is the
degree of conformational disorder induced in the protease. Trypsin
is a typical member of the chymotrypsin family and has a well

conserved, stable structure that is resistant to proteolysis. That
perturbation could occur in the complexed trypsin was predicted
from previous studies5,6,17 showing a loss of stability and an increase
in proteolytic vulnerability of proteases in complexes with serpins.
But the surprise is the extent of the disruption observed here, such
that although clear and continuous density was seen for more than
60% of the structure of trypsin, some 37% was crystallographically
disordered (missing residues 16±41, 62±84, 110±120, 139±156,
186±190, 223±224). The presence within this disordered region of
all the previously identi®ed sites of proteolytic cleavage (Fig. 2) is
evidence that the disorder represents the changes occurring in vivo.
The ability to partially denature their cognate proteases is unique to
the serpins, and the advantage it gives in making the complex more
susceptible to clearance and degradation further explains the
biological success of this family. One enzyme that ef®ciently cleaves
complexed proteases6 is neutrophil elastase, which is present in high
concentrations in in¯ammatory loci. Such cleavage of the protease
in the complex will be of physiological advantage, as it allows
localized destruction of the protease before the slower receptor-
based uptake of the serpin±protease complex from the circulation.

What is the explanation for the unusual stability of the serpin±
protease complex? As compared with the other families of serine
protease inhibitors, the complexes of proteases with serpins can
persist for months or even years in vitro18. Does the acyl-protease
intermediate persist as the result of the exclusion of water, required
for hydrolysis, from the active site of trypsin, or is there a distortion
of the active site that prevents catalytic deacylation? The structure
clearly excludes the ®rst of these possibilities, as the degree of
crystallographic disorder, and hence of structural mobility, in the
region adjacent to the active site is incompatible with the exclusion
of water from the site. Nonetheless, no ordered water molecule is
observed in the vicinity of the ester bond or the catalytic His 57. As
Fig. 3 shows, there is a gross distortion of the catalytic site of the
trypsin with a movement of Ser 195 to a position more than 6 AÊ

away from its catalytic partner His 57. This is well beyond the
proximity required for catalytic deacylation, and furthermore the
movement of the serine effectively destroys the adjacent oxyanion
hole (N±H of Gly 193 and Ser 195) required for the stabilization of

Figure 1 Formation of the complex. Ribbon depictions of native a1-antitrypsin8 with

trypsin aligned above it in the docking orientation (left), and of the complex showing the

71 AÊ shift of the P1 methionine of a1-antitrypsin, with full insertion of the cleaved reactive-

centre loop into the A-sheet (right). Regions of disordered structure in the complexed

trypsin are shown as interrupted coils projected from the native structure of trypsin. Red,

a1-antitrypsin b-sheet A; yellow, reactive-centre loop; green ball-and-stick, P1 Met;

cyan, trypsin (with helices in magenta for orientation); red ball-and-stick, active serine

195.

Figure 2 Proteolytic susceptibility of the complexed protease. A stereo side view of the

complex coloured according to Ca temperature factors for trypsin (a1-antitrypsin,

coloured as in Fig. 1, retains the low B-factors of its isolated cleaved form). The nine sites

of proteolytic cleavage are shown as balls and all occur in regions of crystallographic

disorder or high mobility. Cleavage sites: green, of trypsin, by trypsin5; yellow, of

chymotrypsin, by chymotrypsin6; magenta, of chymotrypsin, by neutrophil elastase6.

Temperature factors from blue to red, going through green at 40 AÊ 2, yellow at 60 AÊ 2 and

red at 90 AÊ 2. When the full native trypsin structure is superimposed on the ordered region

of trypsin in the complex there are no clashes with symmetry related molecules. The only

signi®cant steric overlap is within the asymmetric unit between the serpin and the

disordered region of trypsin, as denoted here by cyan balls.
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the tetrahedral transition state. We conclude that this disruption is a
direct consequence of the limited length of the serpin reactive-
centre loop, which causes the plucking of the ester-linked Ser 195
away from its catalytic partners. The nonspeci®c nature of this
mechanism explains how a single member of the serpin family can
inhibit several serine proteases. The serpin±protease interface is
limited with only two major contacts expected to contribute to the
stability of the complex: Lys 328 of a1-antitrypsin forms a salt-
bridge with the conserved trypsin Asp 194 (Fig. 3c), and Asn 314
forms three hydrogen bonds with main-chain carbonyl oxygens in
trypsin. These interactions are not speci®c to trypsin and should aid
in the stabilization of the complex between a1-antitrypsin and any
chymotrypsin family member.

The imposed distortion of Ser 195 is directly linked to further
distortions and loss of order in the rest of the complexed trypsin
molecule. One important contribution is the associated movement
of Asp 194 to form a new interaction with Lys 328 of a1-antitrypsin
(Fig. 3c) while breaking its salt bridge with the free amino group of
Ile 16. In trypsinogen, where the amino group of Ile 16 is masked by
the propeptide, a region known as the activation domain is
disordered but becomes ordered upon activation to trypsin4. The
activation domain, which comprises residues from the amino
terminus to 19, 142±152, 184±193 and 216±223, accounts for
about a third of the portion of trypsin that becomes disordered or
distorted in the complex with a1-antitrypsin. By breaking the
interaction involving Asp 194, the serpin reverses the zymogen
activation mechanism. Further distortions may be transmitted
from Ser 195 through the series of disulphide bridges in trypsin.
The disordered region also includes the calcium-binding site.
Although each of these perturbations will contribute to the overall
disruption of trypsin, the most signi®cant factor is likely to be the
steric clash due to the forced overlap with the serpin (Figs 1, 2 and
Supplementary Information). The protease is, in effect, crushed
against the body of the serpin. This explains why the serpins have
evolved so that the energy released upon loop insertion results in a

molecule that is hyperstable, whereas the protease, as with most
other proteins, has evolved to be just stable enough to prevent
unfolding at ambient temperatures. Thus, the challenge of the steric
overlap of the two structures leaves the a1-antitrypsin unaffected,
but results in a substantial collapse of the ordered structure of
trypsin.

The relevance of the mechanism of inhibition presented here
to the serpins in general is supported by studies on a variety of
serpin±protease complexes using ¯uorescence, proteolysis and
NMR5,6,10,11,17±19. Their collective results outline the changes
observed here, but the ®eld has remained unconvinced20,21. With
the determination of the crystal structure of the complex these
controversies can now be put to rest, but we are also aware that the
structure opens further questions and new opportunities for
research. One small, but obvious, question has already been
answered by an experiment of nature. Is the limited length of the
reactive-centre loop of the serpin a critical factor in the distortion of
the catalytic triad and hence the stability of the complex? An
incidental test of this was reported in a study of a family with a
bleeding disorder22. The disorder was caused by the insertion of an
extra residue into the reactive-centre loop of the ®brinolysis
inhibitor a2-antiplasmin. The tightness of the tethering to the
serpin reactive-centre loop is therefore a critical factor in causing
the distortion of the protease that leads to inhibition. Thus, serpins
inhibit serine proteases by a novel mechanism, a ®fth example to
add to the four recently listed by Bode and Huber23Ðinhibition by
deformation. M

Methods
The complex of N-terminally histidine-tagged human a1-antitrypsin and bovine pan-
creatic trypsin (Sigma) was formed at pH 7 by incubation for 3 h at room temperature
using a 2.9-fold molar excess of a1-antitrypsin over trypsin. The reaction was stopped by
the addition of 4-(2-aminoethyl)benzenesolfonyl ¯uoride (Sigma) to 1 mM, and cooling
on ice. The complex was puri®ed using a pH gradient from 5.7 to 8.0 on a Poros S column
(PerSeptive Biosystems, Framingham, Massachusetts), and concentrated to 10 mg ml-1 in
20 mM NaAcetate, pH 5.7. Crystals were obtained from hanging drops containing 0.2 M

Figure 3 Disruption of active site. The ester bond and distortion of the active site of trypsin

is evident from the initial map calculated from the molecular replacement solution of

a1-antitrypsin (green) shown with the initial (a) and ®nal (b) models of trypsin and P1

Met 358. c, The re®ned electron density (blue) shows the stretching of the active-site loop

resulting in the loss of the oxyanion hole and the replacement of the stabilizing `activation'

salt-bridge between the N-terminal amine and Asp 194 of trypsin with Lys 328 of

a1-antitrypsin. d, The catalytic triad of native trypsin (magenta) is grossly distorted in the

complex (yellow) with a shift of Ser 195 from His 57 well beyond hydrogen-bonding

proximity. Superposition is centred on Asp 102.

Table 1 Data processing, re®nement and models

Crystals
.............................................................................................................................................................................

Space group C2221

Cell dimensions (AÊ ) a = 63.2; b = 171.3; c = 145.8
Solvent content (%) 49.2

Data processing statistics
.............................................................................................................................................................................

Wavelength (AÊ ) 0.87 (Daresbury SRS, station 9.6)
Resolution (AÊ ) 42.3/2.6
Total re¯ections 190,117
Unique re¯ections 24,548
hI/j(I)i 4.3
hIi/j(hIi) 12.0
Completeness (%) 99.2
Multiplicity 7.7
Rmerge 0.158

Model
.............................................................................................................................................................................

Number of protein/water residues 567/56

Residues modelled
a1-antitrypsin Asn24±Met358, Ser359±Lys394

trypsin Cys42±Ser61, Ala85±Lys109, Ile121±Ile138,
Cys157±Leu185, Cys191±Lys222, Pro225±Asn245

Average B-factor (AÊ 2) 43.8

Re®nement statistics
.............................................................................................................................................................................

Re¯ections in working/free set 23,506/1,042
R-factor/Rfree 20.5/23.9
r.m.s. deviation of bonds (AÊ )/
angles (8) from ideality 0.0064/1.37
Ramachandran plot; residues in

most favoured region (%) 85.7
additionally allowed region (%) 13.6
generously allowed region (%) 0.7
disallowed region (%) 0

.............................................................................................................................................................................
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tri-NaCitrate and 20% PEG 3350, at a ®nal pH of 7.4 (PEG/Ion Screen, Hampton
Research, San Diego, California) within two weeks at 4 8C. Intact complex was veri®ed by
SDS±polyacrylamide gel electrophoresis of washed crystals (see Supplementary Infor-
mation). Data were collected from a single frozen crystal, cryoprotected in 28.5% PEG
4000 and 10% PEG 400, at beamline 9.6 at the SRS Daresbury, UK.

The data were processed using MOSFLM24 and merged using SCALA25 from the CCP4
package26 (Table 1) The molecular replacement solution for a1-antitrypsin in the complex
was obtained using AMORE27 and the structure of cleaved a1-antitrypsin28 as the search
model. Conventional molecular replacement searches failed to place a model of intact
trypsin29 in the complex, although maps calculated with phases from a1-antitrypsin alone
showed clear density for the ordered portion of trypsin (Fig. 3 and Supplementary
Information). It was immediately apparent that density was only present for about half of
the volume expected to be occupied by intact trypsin. A search model comprising trypsin
residues 27±124 and 230±245 was orientated using AMORE to compute a domain
rotation function30 against structure factors corresponding to a sphere of the ordered
density, which were calculated using the program GHKL (L. Tong, unpublished data). The
position of the oriented model relative to a1-antitrypsin was determined with AMORE
using the original diffraction data. The entire model of trypsin was superimposed on the
fragment and then truncated to the limits of the electron density to provide an initial
model of the complex. The truncated model, to our surprise, was nearly complete in
accounting for the ordered structure contributing to the diffraction data, despite including
only about 50% of the trypsin residues. In fact, the amount of ordered density changed
little throughout the course of re®nement. Completeness of this model was estimated at
99% by a sA-plot computed in the program SIGMAA31. The model comprising a1-
antitrypsin alone was estimated to be 83% complete, whereas a1-antitrypsin comprises
only 62% of the mass of the complex (sA-plots are included as Supplementary
Information). The ®nal molecular model was achieved through an iterative procedure of
rebuilding using XtalView and re®nement in CNS32 using a maximum likelihood target33.
Statistics for data processing, re®nement and for the ®nal model are given in Table 1.
Figures were made using the programs Molscript34, Bobscript35 and Raster3D36.
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