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Abstract

Members of the serpin family of serine proteinase inhibitors play important roles in the inflammatory, coagulation,
fibrinolytic, and complement cascades. An inherent part of their function is the ability to undergo a structural rearrange-
ment, the stressed~S! to relaxed~R! transition, in which an extra strand is inserted into the central Ab-sheet. In order
for this transition to take place, the A sheet has to be unusually flexible. Malfunctions in this flexibility can lead to
aberrant protein linkage, serpin inactivation, and diseases as diverse as cirrhosis, thrombosis, angioedema, emphysema,
and dementia. The development of agents that control this conformational rearrangement requires a high resolution
structure of an active serpin. We present here the topology of the archetypal serpina1-antitrypsin to 2 Å resolution. This
structure allows us to define five cavities that are potential targets for rational drug design to develop agents that will
prevent conformational transitions and ameliorate the associated disease.
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The serpins are a family of serine proteinase inhibitors that have
been identified in a wide variety of viruses, plants, and higher
organisms~Potempa et al., 1994!. To date, more than 70 different
serpins have been reported and more are being identified. They act
to control proteinases involved in the inflammatory, coagulation,
fibrinolytic, and complement cascades. Serpins also function as
hormone carriers~thyroxine and cortisol binding globulin!, as pep-
tide donors in the control of blood pressure~angiotensinogen!, and
as chaperones~HSP-40! and storage proteins~ovalbumin!. Crystal
structures have shown the serpins to have remarkable structural
homology characterized by a dominant Ab-sheet and a mobile
reactive center loop that presents a peptide sequence as the sub-
strate for the target proteinase. Following docking the loop is cleaved
at the P1-P91 bond and the enzyme is locked into an irreversible
SDS-stable complex~Lawrence, 1997!.

The flexibility of the reactive loop has been demonstrated by a
remarkable series of crystal structures. The early serpin structures
showed the P1-P91 residues separated by 70 Å following reactive
loop cleavage~Fig. 1A! with the amino-terminal region of the
reactive center loop incorporated as strand 4 into the Ab-sheet
~Loebermann et al., 1984; Engh et al., 1989; Delarue et al., 1990;

Baumann et al., 1991, 1992; Mourey et al., 1993!. This cleaved or
relaxed~R! conformation of the reactive loop was clearly incom-
patible with function as a proteinase inhibitor and the crystal struc-
tures of intact ovalbumin~Stein et al., 1990!, a1-antichymotrypsin
~Wei et al., 1994!, antithrombin~Carrell et al., 1994; Schreuder
et al., 1994!, and more recently PAI-1~Sharp et al., 1999!, PAI-2
~Harrop et al., 1998!, and serpin 1K fromManduca sexta~Li et al.,
1999! have demonstrated that the intact P1-P91 bond of the reactive
loop is at the apex of the protein. The reactive center loop in these
intact or stressed~S! proteins is still not in an ideal configuration
to dock with the substrate binding pocket of a target proteinase. As
such, they must undergo a conformational re-arrangement upon
binding with the enzyme or, in the case of antithrombin, following
activation with heparin~Jin et al., 1997!. Only in the structures of
stabilized ~Elliott et al., 1996; Ryu et al., 1996! and wild-type
~Elliott et al., 1998! a1-antitrypsin is the loop held in a conforma-
tion that is ideal for docking with the cognate proteinase, in this
case neutrophil elastase.

The flexibility of the reactive loop and Ab-sheet is required for
a serpin to function as an inhibitor but also permits the acceptance
of inappropriate peptides. The acceptance of an exogenous reactive
loop peptide from another serpin molecule results in a dimer that
can then extend to form chains of loop-sheet polymers~Elliott
et al., 1996!. This process of polymerization occurs spontaneously
in mutants of the serpins to cause deficiency ofa1-antitrypsin,
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antithrombin, and C1-inhibitor in association with cirrhosis, throm-
bosis, and angio-oedema, respectively~Stein & Carrell, 1995!.
Moreover, tissue deposition of polymers of variants of the neurone
specific serpin, neuroserpin, underlies an unusual inclusion body
dementia~Davis et al., 1999!. In some cases, the intact reactive
loop of some serpins can be fully incorporated into their own A
b-sheet in vivo to form an inactive latent conformation. This oc-
curs spontaneously under physiological conditions in plasminogen
activator inhibitor-1~Mottonen et al., 1992! but can also occur in
a1-antichymotrypsin in association with chronic obstructive pul-
monary disease~Chang & Lomas, 1998!.

The propensity for naturally occurring mutants of the serpins to
cause disease has led us to propose the development of drugs to
modulate the conformational transitions~Elliott et al., 1998!. To
achieve this a high resolution structure of an active serpin is re-
quired and the binding sites on the surface of the serpin must be
defined. We present here the highest resolution structure obtained
to date of an intact serpin. An investigation into the changes that
occur in the surface topography of the serpins during the S to R
transition has allowed us to define five sites that may be suitable
as targets for rational drug design.

Results and discussion

The 2.0 Å structure of native intacta1-antitrypsin

The high resolution crystal structure ofa1-antitrypsin is illustrated
in Figure 1A with a summary of the crystallographic data shown in
Table 1. The fold is almost identical to those of Phe51Leu and
wild-type a1-antitrypsin~Elliott et al., 1996, 1998! with the mol-
ecule composed of threeb-strands~A–C! and 9a-helices~A–I !
and the reactive center loop held at the apex of the protein. As
before, the reactive loop has adopted the characteristic extended
b-strand canonical conformation between P93 and P8. It is stabilized
in this conformation by a salt bridge between P5 glutamate and
arginines 196, 223, and 281 in the body of the molecule and lattice
contacts between P4–P6 and residues 213Val, 214Thr, and 215Thr
of the adjacent protein. The improved electron density allows greater
confidence in modeling amino acid side chains as is clearly illus-
trated for the reactive loop in Figure 1B. This demonstrates that the
canonical conformation between P3 and P93 is stabilized by a water
molecule that is hydrogen bonded to the hydroxyl group of 283Ser
and the carbonyl oxygens of P2 ~357Pro! and P91 ~359Ser!. Close
examination of the hinge region of the loop~P13-P16! showed
significant differences from the 2.9 Å structures~Elliott et al.,
1996, 1998! with both the backbone and side chains being seen
with greater clarity. The position of the P16 lysine residue can now
be redefined facing the backbone of P9 ~350Ala!. The position
occupied by this residue in the low resolution structures is now
seen to be filled by two well-defined water molecules. The repo-
sitioning of the P16 side chain combined with remodeling of this
area led to an improved backbone trace between residues 342Glu
~P17! and 351Met~P8!. This change resulted in repositioning of the
solvent exposed side chains of residues 345Thr and 346Glu. The
2 Å structure also allowed more detailed modeling of other main-
and side-chain residues of the protein~Fig. 1C!.

Changes in serpin topography during the S to R transition

Theb-strand conformation of the reactive center loop can readily
insert into the Ab-sheet of a second molecule to form a dimer that

then extends as chains of polymers. This process occurs in most
serpins if they are heated or treated with denaturants~Mast et al.,
1992; Lomas et al., 1993; Patston et al., 1995! but may also occur
spontaneously in association with point mutations that cause dis-
ease~Stein & Carrell, 1995!. The serpin molecule accepts the loop
of a second by expansion of the Ab-sheet~as seen in the S to R
transition! and may therefore be blocked by agents which prevent
this movement. A dataset of structures was constructed using ser-
pins for which data exist for both the S and R states:a1-antitrypsin,
PAI-1, antithrombin, anda1-antichymotrypsin. This allows com-
parisons of the changes in topography during the S to R transition
between serpins that have different functions. Cavities exceeding
200 Å3 were investigated as these will accept 13 atoms of any
therapeutic agent. Five cavities were identified as shown in Fig-
ure 2 and detailed in Table 2.

Cavity 1

Cavity 1 exists as a cleft between the top of s6A and strands 4B
and 3C. The cavities ina1-antitrypsin,a1-antichymotrypsin, and
PAI-1 all increase in volume following the S to R transition, whereas
the cavity in antithrombin shrinks. Closer examination of the struc-
tural changes shows that ina1-antitrypsin the change in shape of
the cavity is induced almost entirely by rearrangement of the
C-terminus of the protein. In particular, the side chain of Thr392

Table 1. X-ray data collection and processing

Space group C2
Cell dimension~Å! a 5 114.68,b 5 39.26,

c 5 90.27,b 5 104.218
Resolution~Å! 25 2 2.0
Wavelength~Å!a 0.87
No. of reflections 156,306
No. of unique reflections 25,057
Rmerge~%!b overall 7.9~50.3!
Completeness~%! 93.7c

Redundancy 3.3~2.2c!
^I0s~I !&c 5.9 ~1.5c!
Bwilson ~Å2!d 29.4
Resolution~Å! ~CNS! 25 2 2.0
R-factor ~%!e 23.1
Rfree ~%! f 26.6
No. of reflections for work set 23,778~25.02 2.0 Å!
No. of reflections for test set 1,272~25.02 2.0 Å!
Weighted root-mean-square deviation

from idealityg

Bond lengths~Å! 0.006
Bond angles~deg! 1.306
Total no. of atoms 3,068
No. of water molecules 109

aThe X-ray diffraction data from a single frozen crystal were collected
at Station 9.6, SRS, Daresbury, UK.

bRmerge5 @(( |Ij~h! 2 ^I ~h!&|0~(( I j~h!# 3 100; values in parentheses
correspond to highest resolution shell.

cFor high resolution~2.052 2.0 Å!.
dCalculated with the program TRUNCATE~CCP4, 1994!.
eR 5 (6|Fobs| 2 k|Fcalc|60( |Fobs| with k as scaling factor.
f Free R-factor calculated with the 4.7% of the data not used during

refinement.
gWith respect to the ideal value.
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Fig. 1. A: The overall fold of reactive loop cleaved~left! ~from ~Loebermann et al., 1984!! and native~middle! a1-antitrypsin
demonstrating the insertion of the reactive loop into the Ab-sheet as s4A after cleavage at the P1-P91 ~358Met–359Ser! bond. The intact
loop may also be incorporated into the Ab-sheet to form a six stranded inactive latent conformation~right!. The native conformation
represents the stressed~S! form and the reactive loop cleaved and latent species illustrate the relaxed~R! form. Strands A–C and helices
A–I are indicated.B: The new 2.0 Å resolution structure provides improved density for the reactive loop. The higher resolution shows
that the inhibitory canonical structure of the loop is stabilized by a water molecule~purple! that is hydrogen bonded to the hydroxyl
group of 283Ser and the carbonyl oxygens of P2~357Pro! and P91 ~359Ser!. Moreover, there were differences in the C-a ~C, left! and
side-chain positioning~C, right! when the new structure~black! was compared with the previous 2.9 Å resolution model~grey!. ~Figure
continues on facing page.!
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changes from pointing away from the cavity~in the native form! to
pointing directly into the cavity~in the cleaved structure!. How-
ever, no cavity could be detected in either the native or cleaved
form of PAI-1, whereas in the latent form the C-terminus under-
goes a change in conformation to move into the space originally
filled by the reactive loop linking s1C to s4B. It is the C-terminus
that also determines the size and shape of cavity 1 in antithrombin.

The largest volume is measured when the C-terminus points away
from the cavity~native!, and the smallest when the cavity is dis-
rupted by incursion of the C-terminus~cleaved!. The size of cavity
1 in a1-antichymotrypsin is also determined entirely by the posi-
tioning of the C-terminus.

Cavity 2

Cavity 2 is the same as that previously identified in a low resolu-
tion structure ofa1-antitrypsin ~Elliott et al., 1998!. This cavity
reduces in volume during the S to R transition ofa1-antitrypsin
and PAI-1, but increases in antithrombin anda1-antichymotrypsin.
The change from the S to the R state resulted in a 71 and 69%
decrease in volume ina1-antitrypsin and PAI-1, respectively, and
is caused solely by the movement of s2A~Fig. 3!. This results from
s3A being displaced by the insertion of the reactive centre loop
into the A sheet as s4A~Fig. 1!. Thus, the size of the cavity is
defined by the state of the A-sheet and so it seems reasonable to
expect that the reverse is true. We can therefore conclude that this
cavity would be a good candidate for a drug binding site to control
A-sheet opening and conformational disease ina1-antitrypsin and
PAI-1. Closer examination of the cavity using the higher resolution
data from the newa1-antitrypsin structure gives us a more detailed
view of the residues involved in forming its boundaries. Figure 4
shows that the pocket is bounded by mainly hydrophilic residues:
Ser56, Asn104, Thr114, His139, and Asn186 along with the back-
bone atoms of Tyr187. The new high resolution structure also
shows six water molecules within the cavity. One water molecule
forms a hydrogen bond with the main-chain oxygen of Ser56 and
two others are hydrogen bonded to each other.

Cavity 3

Cavity 3 is bordered by s6A and by hA and again demonstrates
different behaviors between serpins. Botha1-antitrypsin and PAI-1
show increases in cavity size during the S to R transition, whereas
in antithrombin, the cavity collapses. A closer examination of the
structures surrounding cavity 3 shows that it is formed by a com-
bination of structural elements. One end of this elongated cavity is
made up of the surfaces of hA, s6B, and the C-terminus. The

Fig. 1. Continued.

Table 2. A summary of the volumes of the five cavities
calculated for four serpinsa

Conformation

Cavity Protein Native Cleaved Latent

1 a1-antitrypsin 58.3 279.5 —
a1-antichymotrypsin 196.1 276.5 —
PAI-1 0 0 492.0
Antithrombin 564.7 354.3 412.7

2 a1-antitrypsin 285.7 91.1 —
a1-antichymotrypsin 0 159.7 —
PAI-1 675.8 210.9 294.4
Antithrombin 641.0 678.9 1,316.7

3 a1-antitrypsin 350.2 420.8 —
a1-antichymotrypsin 384.2 378.9 —
PAI-1 0 245.2 117.2
Antithrombin 252.9 61.4 74.2

4 a1-antitrypsin 291.3 140.8 —
a1-antichymotrypsin 139.2 344.1 —
PAI-1 501.7 701.9 652.3
Antithrombin 480.7 562.7 502.2

5 a1-antitrypsin 679.4 1,060.9 —
a1-antichymotrypsin 859.5 1,283.1 —
PAI-1 518.6 540.1 774.0
Antithrombin 482.3 470.0 929.8

aThe values in bold indicate a decrease in cavity size in excess of 200 Å
on transition from the S~native! to R ~reactive loop cleaved or latent!
conformation in the same serpin.
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cavity then stretches across the base of strands 6A and 5A and is
terminated by the loop connecting hF and s3A. Comparisons of the
shape of the cavity in the native and cleaved form ofa1-antitrypsin
show that the increase in volume upon cleavage occurs due to a
rearrangement of the hF-s3A loop caused by the introduction of the
reactive loop into the A sheet following cleavage. The equivalent

cavity in antithrombin is quite different, being more spherical than
elongated, as it does not extend over the A sheet as far as in
a1-antitrypsin. The cavity becomes smaller during the S to R tran-
sition as one end is filled by movement of the C-terminal end of
hA while the other is closed by rearrangements of the side chains
of Glu333 and Gln334 on the end of s6A.

Fig. 2. Surface cavities exceeding 200 Å3 in volume that are common among the serpins. Left, front view in standard orientation; right,
back view.

Fig. 3. Stereo diagram showing a comparison of the shape and size of the cavity found within~A! native and~B! cleaveda1-
antitrypsin. The arrow indicates the direction of movement of s2A~bold! that occurs as a result of the incorporation of the reactive loop
into the Ab-sheet. This S to R transition is central to the function of the serpins as proteinase inhibitors but the reactive loop peptides
of other molecules can also be incorporated into the Ab-sheet to form chains of polymers that are associated with disease.
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Cavity 4

Cavity 4 is on the face of strands 4B and 5B between hA and hH.
Calculation of the dimensions of cavity 4 shows that in all but
a1-antitrypsin this cavity increases in volume as the protein un-
dergoes the S to R transition. Closer inspection shows that one of
the bounding areas of cavity 4 is made up by the N-terminal region
of serpins. Unfortunately, in most structures this region is ill-
defined making any conclusions about the volume changes of cav-
ity 4 unreliable.

Cavity 5

Cavity 5 is sited in a groove formed by the loop between s3C and
s4C and helix G. Indeed, it is this groove in which the peptide
linking s4A and s1C sits when a serpin adopts the latent confor-
mation. Analysis of the results of the cavity search show that in
a1-antitrypsin anda1-antichymotrypsin there is a large increase in
the volume of this cavity upon cleavage of the reactive loop. This
is due entirely to the rearrangement of the s3C0s4C loop as a result
of an overall shift in this region caused by the freeing of the
C-terminal end of s1C by the cleavage of the P1-P19 peptide bond.
The same behavior does not occur in PAI-1. The cavity in PAI-1
only increases in volume in the latent form of the R state with very
little change being seen in the cleaved form. The data from anti-
thrombin for this cavity are similar to PAI-1, with little change in
volume seen between the native and cleaved state but a large
increase observed upon transition to the latent state. However, in
the case of antithrombin, the cavity in the latent state is much
larger than that seen for PAI-1. This difference results from the
antithrombin cavity expanding to include the cleft left by removal
of s1C to form the latent conformation.

Analysis of recombinant and naturally occurring mutants
that line cavity 2

Our analysis has demonstrated that cavity 2 is the most suitable for
rational drug design to control the conformational transitions of

a1-antitrypsin and PAI-1. If it is indeed true that the area surround-
ing the cavity is inherently linked to, and important in, the S to R
transition then mutations in this area should have significant ef-
fects on protein function. The extensive study of a range of human
serpins has led to the establishment of a large database of muta-
tions associated with disease~Stein & Carrell, 1995!. Comparing
the residues highlighted in Figure 4 with this database showed that
mutations of residues 55, 56, 59, 112, 114, and 138 have signifi-
cant effects on protein function. More specifically, Val55Pro causes
conformational transitions and plasma deficiency ofa1-anti-
chymotrypsin~Gooptu et al., 2000!, Ser56Arg causes polymeriza-
tion of neuroserpin and an early onset inclusion body dementia
~Davis et al., 1999!, Thr59Ala increases stability ofa1-antitrypsin
~Lee et al., 1996!, Ile112Leu and Thr114Ser increase stability in
recombinant PAI-1~Berkenpas et al., 1995!, and Tyr138Cys causes
antithrombin deficiency and thrombosis~Choudhury et al., 1993!.
There are also effects on the noninhibitory serpins: Ile100Asn
creates a new glycosylation site in thyroxine binding globulin that
reduces stability and thyroxine binding affinity~Mori et al., 1989!
and Thr114Met in angiotensinogen has been associated with hy-
pertension~Jeunemaitre et al., 1992!. Two of these cavity residues,
Ser56 and Asn186, are conserved in over 75% of serpin sequences
~Whistock, 1996!. Further support for the significance of this cav-
ity comes from mutational studies of PAI-1, which have been used
to define the binding site of vitronectin~Sui & Wiman, 1998! and
a small molecule inhibitor~Björquist et al., 1998!. Both ligands are
predicted to effect the state of the A-sheet in PAI-1. In both cases,
the binding sites were localized to the region along the edge of
s2A, hD, and hE. This area overlays the entrance of cavity 2.

The chemical properties of cavity 2 were then assessed in the
other serpins used in this study. This allowed predictions of the
chemical determinants required by a putative drug to allow both
good binding and selectivity. Examination of cavity 2 ina1-
antitrypsin showed it to be lined by hydrophobic and uncharged
hydrophilic residues. These hydrophilic residues provide a number
of hydrogen bonding opportunities to a binding ligand. Analysis of
cavity 2 in antithrombin and PAI-1 showed them to be lined by

Fig. 4. Stereo diagram of the residues surrounding cavity 2 in the high resolution structure ofa1-antitrypsin. Side chains are depicted
in thick lines and backbone in thin lines.
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similar residues. However, of greater importance is the question of
serpin selectivity in drug design. Comparisons of the size of the
entrance of cavity 2 in antithrombin,a1-antitrypsin, and PAI-1
showed some significant differences.a1-Antitrypsin has a large
entrance to cavity 2, bordered by the loops between helix D and
s2C, helix E and s1C and the edge of s2C. In contrast, both anti-
thrombin and PAI-1 have entrances that are narrowed by the in-
cursions of bulky residues~Tyr79 and Met83 in PAI-1 and Tyr131
in antithrombin!. Thus, specificity fora1-antitrypsin could be con-
ferred on a drug by ensuring that it was large enough to be ex-
cluded from the cavities in PAI-1 and antithrombin while still
fitting into cavity 2 of a1-antitrypsin.

Taken together, these data provide strong support for our con-
clusion that cavity 2 represents the best candidate for therapies to
prevent conformational disease ina1-antitrypsin. Our high resolu-
tion structure ofa1-antitrypsin demonstrates the dimensions of this
cavity thereby providing a firm foundation for rational drug design.

Materials and methods

Expression and crystallization of recombinanta1-antitrypsin

Recombinant wild-typea1-antitrypsin was expressed, purified to
homogeneity, and characterized as detailed previously~Elliott et al.,
1998!. The purified protein was 70% active as an inhibitor of
bovinea-chymotrypsin and migrated as a characteristic doublet on
SDS-PAGE with the proportion of protein in each band varying
between batches. The heterogeneity was caused by the cleavage of
7 or 11 N-terminal amino acids but this did not affect crystalliza-
tion. Wild-typea1-antitrypsin crystals were grown in 6mL hang-
ing drops equilibrated against 24%~w0v! PEG 4000, 0.2 M NaOAc,
0.1 M Tris{HCl pH 6.0, 2 mM FeSO4{7H2O at 188C over four
weeks. The crystal was momentarily immersed in mother liquor
containing 20%~v0v! methylpentane diol cyroprotectant and rap-
idly frozen to 100 K in the cryostream of an Oxford Cryosystems
cryocooler. Diffraction data were collected from a single frozen
crystal on station 9.6 at the Daresbury Synchrotron~Warrington,
U.K.! using an ADSC Quantum4 CCD detector and monochro-
matic X-rays of 0.87 Å wavelength. The crystal diffracted to 2.0 Å
resolution.

Data processing and structure refinement

Data were integrated with MOSFLM~Leslie, 1992! and processed
with programs from the CCP4 suite~CCP4, 1994!. The initial
phases were obtained by molecular replacement with AMORE
~Navaza, 1994! using 8 to 4 Å data and our previous 2.9 Å struc-
ture of wild-typea1-antitrypsin~2 psi! as a search molecule~El-
liott et al., 1998!. This generated a model with anR-factor of
30.4% and a correlation coefficient of 0.737. Following rigid body
refinement, constantB-factor refinement using maximum likeli-
hood refinement and all the data from 25.0 to 2.0 Å, the model had
a freeR-factor of 37.3%. Further rounds of restrained refinement
using Protin~Machin et al., 1980!, RefMac ~Murshudov et al.,
1997!, and model building with “O”~Jones et al., 1991! brought
the freeR-factor down to 32.9%. To adequately model the bulk
solvent contribution, further rounds of refinement were carried out
using CNS~Read, 1986; Brünger et al., 1987, 1990, 1997; Brünger,
1992; Rice & Brünger, 1994; Kleywegt & Brünger, 1996; Pannu &
Read, 1996; Adams et al., 1997! resulting in significant improve-

ments in the freeR-factor ~Table 1!. The figures were prepared
with MOLSCRIPT~Kraulis, 1991!.

Cavity search techniques

The accessible surface cavities of four serpins in a variety of
conformations~nativea1-antitrypsin, cleaveda1-antitrypsin~Loe-
bermann et al., 1984!, native PAI-1~Sharp et al., 1999!, cleaved
PAI-1 ~Aertgeerts et al., 1995!, native antithrombin~Skinner et al.,
1997!, cleaved antithrombin~Mourey et al., 1993!, latent anti-
thrombin ~Skinner et al., 1997!, nativea1-antichymotrypsin~Wei
et al., 1994!, and cleaveda1-antichymotrypsin~Baumann et al.,
1991!! were calculated using the appropriate X-ray crystal struc-
tures and the program SURFNET~Laskowski, 1995!. Solvent was
removed from each structure and the coordinates analyzed by SURF-
NET using a grid separation of 0.8 and a minimum and maximum
radii for the gap spheres of 2.0 and 4.0 Å, respectively.
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