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The function of the serpins as proteinase inhibitors depends on their ability to insert the cleaved reactive centre loop as the fourth strand in the
main A b-sheet of the molecule upon proteolytic attack at the reactive
centre, P1-P10 . This mechanism is vulnerable to mutations which result in
inappropriate intra- or intermolecular loop insertion in the absence of
cleavage. Intermolecular loop insertion is known as serpin polymerisation
and results in a variety of diseases, most notably liver cirrhosis resulting
from mutations of the prototypical serpin a1-antitrypsin. We present here
Ê structure of a polymer of a1-antitrypsin cleaved six residues Nthe 2.6 A
terminal to the reactive centre, P7-P6 (Phe352-Leu353). After self insertion
of P14 to P7, intermolecular linkage is affected by insertion of the P6-P3
residues of one molecule into the partially occupied b-sheet A of another.
This results in an in®nite, linear polymer which propagates in the crystal
along a 2-fold screw axis. These ®ndings provide a framework for understanding the uncleaved a1-antitrypsin polymer and ®brillar and amyloid
deposition of proteins seen in other conformational diseases, with the
ordered array of polymers in the crystal resulting from slow accretion of
the cleaved serpin over the period of a year.
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Serpins have an inherent metastability necessary
for their function as serine proteinase inhibitors.
Full reactive centre loop insertion into b-sheet A
occurs after cleavage at the P1-P1' position by the
attacking proteinase and results in a signi®cant
increase in the stability of the serpin with a destabilisation of the trapped proteinase (Loebermann
et al., 1984; Wright & Scarsdale, 1995). The complexity of this mechanism allows for tight regulation of the inhibitory activity of the serpin, but it
brings with it a vulnerability to inappropriate loop
insertion. Large numbers of mutations have now
been identi®ed in human serpins (Stein & Carrell,
1995) that decrease their stability and allow for the
ready formation of polymers linked by the insertion of the reactive loop of one molecule into the
A-sheet of the next (Schulze et al., 1990). The best
studied examples are the common mutations of the
plasma protein a1-antitrypsin that have been
shown to cause emphysema and liver disease
(Lomas et al., 1992). Polymers taken from diseased
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livers and also those formed in vitro appear on
electron micrographs as highly ¯exible ``beads-ona-string'', occasionally self terminating by circularising into a ``necklace'' (Lomas et al., 1992, 1993;
Mast et al., 1992). A molecular model for these
polymers has been constructed from the native
structure of a1-antitrypsin by inserting a preformed b-strand on the reactive centre loop of one
molecule as the fourth strand in the b-sheet A of
another (Elliott et al., 1996). This model, however,
is based on the deduction that serpins are capable
of such intermolecular loop insertion, but this has
not been demonstrated structurally. Here, we preÊ structure of a polymer formed upon
sent the 2.6 A
cleavage of the reactive centre loop of a recombinant form of the natural Pittsburgh mutant (Owen
et al., 1983) of a1-antitrypsin (M358R). Cleavage
has taken place six residues prior to the reactive
centre (P7-P6), resulting in the intermolecular insertion of the P6-P3 region of one molecule into the
corresponding gap in b-sheet A of another
(Figure 1(a) and (b)). The structural basis of this
polymer was predicted by Mast et al. (1992) after
demonstration of stable polymer formation
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subsequent to cleavage within the reactive centre
loop. The behaviour of this polymer on native
PAGE and transverse urea gradient gels, and its
appearance on electron micrographs indicates its
morphological similarity to that of the uncleaved
polymers observed in disease.
Crystals of the polymer were obtained from
drops containing recombinant a1-antitrypsin Pittsburgh and recombinant S195A thrombin which
grew over a period of one year at 18  C. The two
proteins form a tight reversible complex which represents the serpin:proteinase Michaelis complex
and it was for this purpose that crystallisation
trials were set up. The rate of crystal growth was
necessarily slow, since the polymer forms as a consequence of the incidental cleavage of the inhibitor.
Cleavage was limited to the P7-P6 site (Phe352Leu353), presumably either as a result of blockage
of the P1-P10 site by the binding of the inactive
thrombin or by the nature of the P1 residue which
is a Met residue in wild-type a1-antitrypsin and an
Arg residue in the Pittsburgh variant (Owen et al.,
1983). We do not know which proteinase was
involved or which organism produced it, but such
incidental cleavage has previously been observed
during the crystallisation of wild-type a1-antitrypsin (Loebermann et al., 1984). The cleavage site is
of general speci®city for chymotrypsin-like serine
proteinases and the cysteine proteinase papain
(Chang et al., 1996). N-terminal sequencing of a
single crystal in 0.1 % (w/v) SDS is consistent with
only one cleavage site in the reactive centre loop at
position P7-P6. The composition of the mother
liquor taken from drops containing crystals was
determined by N-terminal sequencing and contained a sevenfold excess of thrombin over
uncleaved a1-antitrypsin, with no reactive centre
loop cleaved a1-antitrypsin. The crystals thus provided a sink where cleaved a1-antitrypsin was
deposited directly upon formation, in this way
avoiding the formation of free soluble polymer
which would have been a detriment to crystal formation.
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Table 1 is a summary of the crystallographic
statistics. The space group was determined to be
P3121 with one molecule per asymmetric unit. The
unit cell of the crystal had an unusually high solÊ
vent content (73 %). Figure 1(c) shows a 108 A
diameter hole in the crystal lattice when viewed
down the 3-fold screw axis. This Figure also illustrates the propagation of the in®nite polymer perpendicular to the screw axis. The structure of the
cleaved monomer is given in Figure 1(a). The
model is essentially unchanged from that of P1-P1'
cleaved a1-antitrypsin structure (Engh et al., 1989).
Continuous density is seen of the backbone for the
entirety of the model even when the map is contoured at twice the r.m.s. of the map. Figure 2(a) is
a stereo representation of the dimer with an omit
map generated in the absence of the entire reactive
centre loop, P15-P50 , at four times the r.m.s. of the
map. Continuous density between the monomers
is evident, as is the break between residues Phe at
P7 and Leu at P6, demonstrating the site of cleavage (Figure 2(b)).
Electron micrographs of both uncleaved and
cleaved polymers indicate similar ability to form
tight turns and circular polymers (Lomas et al.,
1993; Mast et al., 1992). However, the current
model for the uncleaved polymer (Elliott et al.,
1996; Mahadeva et al., 1999) is compact relative to
the structure of the cleaved polymer and it is not
apparent how it would allow for suf®cient ¯exibility to give the forms seen on electron micrographs. Figure 1(d) is a space-®lling representation
of the model of the uncleaved a1-antitrypsin polymer (magenta) and the structure of the cleaved a1antitrypsin polymer (cyan). The structure of the
cleaved polymer, with its ¯exible connecting loops
(Figure 1(b)), favours a modi®cation of the original
model to allow an increased ¯exibility and supports other evidence for an extension of the reactive loop. Extension of the intact loop would
require the release of strand 1 from the C-sheet at
the distal hinge of the loop, since the proximal
hinge is ®xed at the terminus of strand 5 of the

Figure 1. (a) Monomer of the P7-P6 cleaved Pittsburgh a1-antitrypsin in the classical view with b-sheet A in blue
and the portion of the reactive centre loop which becomes strand 4A after cleavage in red. The normal scissile bond
(P1-P10 ) is indicated by the arrow. Cleavage at this site results in a full occupancy of b-sheet A with the inclusion of
Ê . The effect of clearesidues P15 through P3 as s4A. The P7 and P6 residues are indicated and are separated by 70 A
vage at P7-P6 is a partial occupancy of the strand 4A allowing for ready insertion of the residues C-terminal to the
cleavage site, P6*-P3*, from another monomer. (b) Such intermolecular loop insertion is demonstrated in the structure
of a tetramer extracted from the in®nite polymer, with the P6-P3 segment of one monomer clearly visible within the
b-sheet A of the other. Insertion is in register with P1-P10 cleaved a1-antitrypsin. The monomers which compose the
polymer are related in the crystal by a 21-fold screw axis parallel to the a cell edge. (c) The view down the 31-fold
screw axis of the crystal lattice reveals its tube-like nature. The unusually high solvent content of 73 % is explained
Ê diameter hole that extends for the length of the crystal. (d) The current model of the uncleaved a1-antiby the 108 A
trypsin trimer (magenta) (Elliott et al., 1996; Mahadeva et al., 1999) and the structure of the cleaved a1-antitrypsin trimer (cyan) in space-®lling representation after superposition of the ®rst monomer. Polymerisation for the uncleaved
model is affected by in register insertion of the P8 to P3 of the reactive centre loop into the b-sheet A of the following
monomer. The model is thus constrained and cannot adopt the conformation of the cleaved polymer with which it is
morphologically similar by electron microscopy. The Figures were generated using Molscript (Kraulis, 1991) and
Raster3D (Bacon & Anderson, 1988; Merritt & Murphy, 1994).
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Figure 2. (a) A stereo view of the cleaved a1-antitrypsin dimer with a sA-weighted omit map, contoured at four
times the r.m.s. of the map, for the region extending from P15 to P50 , shows the unequivocal nature of the dimer
contact. Continuous density is observed for the entire length of strand 4A of the black monomer into strand 1C of
the next monomer in green. Weak density is observed at the site of cleavage. (b) A close-up of the omit map at the
site of cleavage. P15 to P7 is in black with P6* to P50 * of the dimer partner in green. The omit map was computed
after re®nement using the model of cleaved a1-antitrypsin with the reactive centre loop (P15-P50 ) removed.
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Table 1. Statistics for data collection and re®nement
Space group
Ê)
Cell constants (A
Ê 3 Dÿ1
Matthew's coefficient (A
a )
Resolution range
Overall Rmerge (%)
hFo/s(Fo)i
Overall
Ê)
Highest resolution bin (2.66-2.57 A
Data completeness (%)
Overall
Ê)
Highest resolution bin (2.66-2.57 A
Reflections measured
Ê)
Effective resolutiona (A
Non-hydrogen protein atoms
Water molecules
R-factor (%)
Rbfree (%)
r.m.s. deviations
Bond angles (deg.)
Ê)
Bond lengths (A

P3121
ab108.59,
c110.65
4.46
Ê
27.27-2.57 A
20.9
13.73
2.33
71.5
12.5
17,423
2.88
2873
23
21.2
25.8
1.281
0.005

Data were collected from a single frozen crystal at beamline
9.6 at the SRS in Daresbury. Crystal growth conditions, 30 %
(w/v) PEG400, 200 mM NaCl, 100 mM Tris (pH 8.5), provided
adequate cryoprotection. The data were processed using
MOSFLM (Leslie, 1992) and merged using SCALA from the
Ê resoluCCP4 package (CCP4, 1994). Data extended to 2.57 A
tion with an overall completeness of 71.5 % and an overall
Rmerge of 20.9 %. The structure was solved by molecular replacement in AMoRe (Navaza, 1994) using cleaved a1-antitrypsin
with its reactive centre loop removed as a search model (Engh
et al., 1989). The absence of thrombin was veri®ed by the
absence of a molecular replacement solution and the quality of
the agreement using cleaved a1-antitrypsin alone. Rigid body
re®nement of this solution in CNS (BruÈnger et al., 1998) led to
an Rfree of 35.2 % and an R-factor of 33.2 % for data between
Ê . An iterative procedure of model building using
27.3 and 3.0 A
the XtalView package (McRee, 1992) with a model including a
correction for bulk solvent (Jiang & BruÈnger, 1994) with crossvalidated SigmaA-weighted maps (Read, 1997) and re®nement
in CNS using a maximum likelihood target (Pannu & Read,
1996) yielded the ®nal Rfree and R-factor of 25.8 % and 21.2 %,
Ê.
respectively, for all data between 27.3 and 2.57 A
a
Resolution of a hypothetical 100 % complete data set containing 17,423 re¯ections, calculated in SFTOOLS (B.H., unpublished results).
b
The Rfree set consisted of 875 re¯ections, selected randomly.

A-sheet. Such s1C release has been previously
observed in serpins in the fully self-loop-inserted
latent conformation (Mottonen et al., 1992). Furthermore, although loop-sheet polymerisation is
known to result from mutations that destabilise the
A-sheet, it has also been observed as an unexplained consequence of mutations that perturb the
stability of s1C. Moreover, support for the hypothesis of s1C release upon polymer formation comes
from the demonstration that the immobilisation of
s1C by disulphide bridging prevents polymerisation (Chang et al., 1997). In the past, the interpretation of these diverse results has been complicated
by uncertainty as to whether the pathological polymerisation of the serpins resulted from A or Csheet insertion of the reactive centre loop. The
body of evidence now clearly indicates A-sheet
linkage, together with the conclusion that this also

requires a concomitant release of strand 1 from the
C-sheet.
The mechanism of loop-sheet polymerisation is
of direct relevance to a range of diseases resulting
from dysfunctions of the serpins including thrombosis and immune hypersensitivity, as well as
emphysema and cirrhosis (Stein & Carrell, 1995).
However, of even wider interest is the model that
the serpins are now providing for the general
mechanisms that result in conformational diseases
(Carrell & Lomas, 1997). In particular, the results
described here are relevant to the changes that lead
to b-amyloid deposition in Alzheimer's disease. As
with the formation of the polymers, the release of
the Alzheimer's Ab42 peptide results from an
initial irregularity of proteinase cleavage followed
by b-strand linkage with the formation of proto®brils at very low concentrations. The formation of
plaques is believed to result from subsequent
nucleation-dependent polymerisation (Lansbury,
1999; Harper & Lansbury, 1997). Although the a1antitrypsin polymers shown here are linked by
small-scale domain swapping (Bennett et al., 1994),
it is also known that unrelated peptides can readily
insert into the A-sheet (Chang et al., 1996; Xue et al.,
1998). This gives relevance to the observation that
a related serpin, a1-antichymotrypsin, is consistently present in the amyloid plaques of Alzheimer's disease (Abraham et al., 1988) and has been
shown to interact in vitro with the Ab42 peptide
and thereby nucleate proto®bril formation (Ma
et al., 1994).
Protein Data Bank number
Coordinates have been deposited in the Protein
Data Bank (accession number 18mb).
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