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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 stresse@®) to relaxed(R) transition, in which an extra strand is inserted into the centrgigheet. 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@gggititrypsin b 2 A 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.

Keywords: «a;-antichymotrypsing;-antitrypsin; antithrombin; molecular surface; PAI-1; polymerization; SURFNET;
topography

The serpins are a family of serine proteinase inhibitors that havaumann et al., 1991, 1992; Mourey et al., 1993is cleaved or
been identified in a wide variety of viruses, plants, and higherrelaxed(R) conformation of the reactive loop was clearly incom-
organismg Potempa et al., 1994To date, more than 70 different patible with function as a proteinase inhibitor and the crystal struc-
serpins have been reported and more are being identified. They attfres of intact ovalbumigStein et al., 1990 a;-antichymotrypsin
to control proteinases involved in the inflammatory, coagulation,(Wei et al., 1994, antithrombin(Carrell et al., 1994; Schreuder
fibrinolytic, and complement cascades. Serpins also function ast al., 1994, and more recently PAI-{Sharp et al., 1999 PAI-2
hormone carrierthyroxine and cortisol binding globulipas pep-  (Harrop et al., 1998 and serpin 1K fronManduca sextdLi et al.,
tide donors in the control of blood pressiamgiotensinogenand 1999 have demonstrated that the intagtf® bond of the reactive
as chaperonedHSP-40 and storage proteir(®valbumin. Crystal  loop is at the apex of the protein. The reactive center loop in these
structures have shown the serpins to have remarkable structuraltact or stresse@S) proteins is still not in an ideal configuration
homology characterized by a dominant@sheet and a mobile to dock with the substrate binding pocket of a target proteinase. As
reactive center loop that presents a peptide sequence as the s@oich, they must undergo a conformational re-arrangement upon
strate for the target proteinase. Following docking the loop is cleaveinding with the enzyme or, in the case of antithrombin, following
at the R-P; bond and the enzyme is locked into an irreversible activation with heparirfdin et al., 1997. Only in the structures of
SDS-stable compled.awrence, 1997 stabilized (Elliott et al., 1996; Ryu et al., 1996and wild-type

The flexibility of the reactive loop has been demonstrated by a(Elliott et al., 1998 a4-antitrypsin is the loop held in a conforma-
remarkable series of crystal structures. The early serpin structureé®n that is ideal for docking with the cognate proteinase, in this
showed the RP; residues separated by 70 A following reactive case neutrophil elastase.
loop cleavage(Fig. 1A) with the amino-terminal region of the The flexibility of the reactive loop and &-sheet is required for
reactive center loop incorporated as strand 4 into thg-gheet  a serpin to function as an inhibitor but also permits the acceptance
(Loebermann et al., 1984; Engh et al., 1989; Delarue et al., 19909f inappropriate peptides. The acceptance of an exogenous reactive

loop peptide from another serpin molecule results in a dimer that

Reprint requests to: David Lomas, Cambridge Institute for Medical Re-CaN then extend to form chains of loop-sheet polymitiott

search, Wellcome TrugMRC Building, Hills Rd., Cambridge CB2 2xy, et al., 1996. This process of polymerization occurs spontaneously
United Kingdom; e-mail: dall6@cam.ac.uk. in mutants of the serpins to cause deficiencyagfantitrypsin,
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antithrombin, and C1-inhibitor in association with cirrhosis, throm- Table 1. X-ray data collection and processing
bosis, and angio-oedema, respectiveBtein & Carrell, 1995
Moreover, tissue deposition of polymers of variants of the neurone&Pace group c2

specific serpin, neuroserpin, underlies an unusual inclusion bodye! dimension(A) a=114.68,b = 39.26,
dementia(Davis et al., 1999 In some cases, the intact reactive ¢ =9027,5 = 104.2¢

. . . . Resolution(A) 25—-2.0

loop of some serpins can pe fu.IIy incorporated |nto. their own AWaveIength(A)a 0.87
B-sheet in vivo to form an inactive latent conformation. This oc- g of reflections 156,306
curs spontaneously under physiological conditions in plasminogeR. of unique reflections 25,057
activator inhibitor-1(Mottonen et al., 1992but can also occur in - Rmerge(%)® overall 7.9(50.3

az-antichymotrypsin in association with chronic obstructive pul- Completenesg%) 93.7
monary diseaséChang & Lomas, 1998 Redundancy 3.82.2)
The propensity for naturally occurring mutants of the serpins tofl/a (1)) 5.9 (1.5%)

cause disease has led us to propose the development of drugs&aison ('a_‘z)d 29.4
Resolution(A) (CNS) 25— 2.0

modulate the conformational transitiofBlliott et al., 1998. To

& 04) €
achieve this a high resolution structure of an active serpin is re-gffac(izgf(/") gg'é
quired and the binding sites on the surface of the serpin must bﬁ(')eeof reflections for work set 23 77@5.0— 2.0 A)
defined. We present here the highest resolution structure obtaingg, of reflections for test set 1 '27(25_0, 2.0 A)

to date of an intact serpin. An investigation into the changes thajyeighted root-mean-square deviation
occur in the surface topography of the serpins during the S to R from ideality?

transition has allowed us to define five sites that may be suitabl@ond lengths(A) 0.006
as targets for rational drug design. Bond anglegdeg 1.306
Total no. of atoms 3,068

) ) No. of water molecules 109
Results and discussion

L . . aThe X-ray diffraction data from a single frozen crystal were collected
The 2.0 A structure of native intae-antitrypsin at Station 9.6, SRS, Daresbury, UK.

The high resolution crystal structure @f-antitrypsin is illustrated *Rierge= [l () — (1(W)/(ZX1 ()] x 100; values in parentheses
in Figure 1A with a summary of the crystallographic data shown inCOrresDond to highest resolution shell.
inFig y 4 grap CFor high resolution(2.05— 2.0 A).

Table 1. The fold is almost identical to those of Phe51Leu and dcalculated with the program TRUNCATEECP4, 1994

wild-type a4 -antitrypsin(Elliott et al., 1996, 199Bwith the mol- ®R = 3 ||Fond — KFcadl/=|Fobd With k as scaling factor.
ecule composed of thrg@-strands(A—C) and 9a-helices(A-1) fFree Rfactor calculated with the 4.7% of the data not used during
and the reactive center loop held at the apex of the protein. A&finement.

. . IWith t to the ideal value.
before, the reactive loop has adopted the characteristic extended 1ih respect fo the Ideal valle

B-strand canonical conformation betweégraRd R. It is stabilized

in this conformation by a salt bridge betweeg glutamate and

arginines 196, 223, and 281 in the body of the molecule and lattice ) ) )
contacts between,RP; and residues 213Val, 214Thr, and 215Thr then extends as chains of polymers. This process occurs in most
of the adjacent protein. The improved electron density allows greatef€Pins if they are heated or treated with denatureiviesst et al.,
confidence in modeling amino acid side chains as is clearly illus-1992; Lomas et al., 1993; Patston et al., 1986t may also occur
trated for the reactive loop in Figure 1B. This demonstrates that th&Pontaneously in association with point mutations that cause dis-
canonical conformation between &nd R is stabilized by a water €as€(Stein & Carrell, 1995 The serpin molecule accepts the loop

molecule that is hydrogen bonded to the hydroxyl group of 283sePf @ second by expansion of thefAsheet(as seen in the S to R
and the carbonyl oxygens ofP357Prd and R (359Se}. Close transition and may therefore be blocked by agents which prevent
examination of the hinge region of the lodP,s-Pis) showed this movement. A dataset of structures was constructed using ser-

significant differences from the 2.9 A structuréglliott et al,  Pins forwhich data exist for both the S and R statgsantitrypsin,
1996, 1998 with both the backbone and side chains being seerf’Al-1, antithrombin, ande;-antichymotrypsin. This allows com-
with greater clarity. The position of the Plysine residue can now Parisons of the changes in topography during the S to R transition
be redefined facing the backbone of B50Ala). The position between serpins th{_:\t have different fu_nctlons. Cavities exceeding
occupied by this residue in the low resolution structures is now?%0 R were investigated as these will accept 13 atoms of any
seen to be filled by two well-defined water molecules. The repo-thérapeutic agent. Five cavities were identified as shown in Fig-
sitioning of the R side chain combined with remodeling of this U'e 2 and detailed in Table 2.

area led to an improved backbone trace between residues 342Glu

(P17) and 351MetPg). This change resulted in repositioning of the Cavity 1

solvent exposed side chains of residues 345Thr and 346Glu. The
2 A structure also allowed more detailed modeling of other main-Cavity 1 exists as a cleft between the top of s6A and strands 4B
and side-chain residues of the protéfig. 10). and 3C. The cavities ia4-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 in-antitrypsin the change in shape of
The B-strand conformation of the reactive center loop can readilythe cavity is induced almost entirely by rearrangement of the
insert into the A3-sheet of a second molecule to form a dimer that C-terminus of the protein. In particular, the side chain of Thr392

Changes in serpin topography during the S to R transition
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358Met (P1)

-\, 357Pro (P2)
A s,

)

Fig. 1. A: The overall fold of reactive loop cleavedeft) (from (Loebermann et al., 1984 and native(middle) «s-antitrypsin
demonstrating the insertion of the reactive loop into th& gheet as s4A after cleavage at thePP (358Met—-359Serbond. The intact

loop may also be incorporated into the@Asheet to form a six stranded inactive latent conformatiaght). The native conformation
represents the stressg®) form and the reactive loop cleaved and latent species illustrate the réRxéxtm. Strands A—C and helices

A-l are indicatedB: The new 2.0 A 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 molépulple that is hydrogen bonded to the hydroxyl
group of 283Ser and the carbonyl oxygens of(B27Prg and R (359Se}. Moreover, there were differences in theaQC, left) and
side-chain positioningC, right) when the new structur@lack) was compared with the previous 2.9 A resolution mddety). (Figure
continues on facing page.
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Table 2. A summary of the volumes of the five cavities
calculated for four serpin%

Conformation
Cavity Protein Native Cleaved Latent
1 az-antitrypsin 58.3 279.5 —
az-antichymotrypsin 196.1 276.5 —
PAI-1 0 0 492.0
Antithrombin 564.7 354.3 412.7
2 ag-antitrypsin 285.7 91.1 —
ag-antichymotrypsin 0 159.7 —
PAI-1 675.8 210.9 294.4
Antithrombin 641.0 678.9 1,316.7
3 az-antitrypsin 350.2 420.8 —
az-antichymotrypsin 384.2 378.9 —
PAI-1 0 245.2 117.2
Antithrombin 252.9 61.4 74.2
4 az-antitrypsin 291.3 140.8 —
aj-antichymotrypsin 139.2 344.1 —
PAI-1 501.7 701.9 652.3
Antithrombin 480.7 562.7 502.2
5 az-antitrypsin 679.4 1,060.9 —
az-antichymotrypsin 859.5 1,283.1 —
PAI-1 518.6 540.1 774.0
Antithrombin 482.3 470.0 929.8
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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-termingsleaved. The size of cavity

1 in ai-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 ofas-antitrypsin (Elliott et al., 1998. This cavity
reduces in volume during the S to R transitionagfantitrypsin

and PAI-1, but increases in antithrombin andantichymotrypsin.

The change from the S to the R state resulted in a 71 and 69%
decrease in volume ia;-antitrypsin and PAI-1, respectively, and

is caused solely by the movement of sgAg. 3). This results from

s3A being displaced by the insertion of the reactive centre loop
into the A sheet as s44Fig. 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 jfantitrypsin and
PAI-1. Closer examination of the cavity using the higher resolution
data from the new;-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, Thrl14, His139, and Asn186 along with the back-
bone atoms of Tyrl87. The new high resolution structure also

aThe values in bold indicate a decrease in cavity size in excess of 200 Ahows six water molecules within the cavity. One water molecule
on transition from the Snative to R (reactive loop cleaved or latent

conformation in the same serpin.

changes from pointing away from the cavity the native formto
pointing directly into the cavityin the cleaved structuyeHow-
ever, no cavity could be detected in either the native or cleavedhow increases in cavity size during the S to R transition, whereas
form of PAI-1, whereas in the latent form the C-terminus under-in antithrombin, the cavity collapses. A closer examination of the

goes a change in conformation to move into the space originallystructures surrounding cavity 3 shows that it is formed by a com-

filled by the reactive loop linking s1C to s4B. It is the C-terminus bination of structural elements. One end of this elongated cavity is
that also determines the size and shape of cavity 1 in antithrombirmade up of the surfaces of hA, s6B, and the C-terminus. The

Gin 105

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. Bathantitrypsin and PAI-1

Fig. 1. Continued.
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cavity then stretches across the base of strands 6A and 5A and ¢avity in antithrombin is quite different, being more spherical than
terminated by the loop connecting hF and s3A. Comparisons of thelongated, as it does not extend over the A sheet as far as in
az-antitrypsin. The cavity becomes smaller during the S to R tran-
show that the increase in volume upon cleavage occurs due to stion as one end is filled by movement of the C-terminal end of
rearrangement of the hF-s3A loop caused by the introduction of th@A while the other is closed by rearrangements of the side chains

shape of the cavity in the native and cleaved formpantitrypsin

P.R. Elliott et al.

Cavity 5
Cavity 1

Cavity 4

Cavity 3

Fig. 2. Surface cavities exceeding 208 ik volume that are common among the serpins. Left, front view in standard orientation; right,
back view.

reactive loop into the A sheet following cleavage. The equivalentof Glu333 and GIn334 on the end of s6A.

A s3A s2A s3A s2A

N

Native

Cleaved

Fig. 3. Stereo diagram showing a comparison of the shape and size of the cavity found (#jhimative and(B) cleaveda;-
antitrypsin. The arrow indicates the direction of movement of @#d) 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-gheet to form chains of polymers that are associated with disease.
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112 L112

N104 103

V55

138

Fig. 4. Stereo diagram of the residues surrounding cavity 2 in the high resolution strucwy@ofitrypsin. Side chains are depicted
in thick lines and backbone in thin lines.

Cavity 4 ag-antitrypsin and PAI-1. If it is indeed true that the area surround-
Cavity 4 is on the face of strands 4B and 5B between hA and hH!"9 thg cavity is mher_ently_llnk(_ad to, and important In, th_e_ StoR
transition then mutations in this area should have significant ef-

Calculation of the dimensions of cavity 4 shows that in all but : : .
a-antitrypsin this cavity increases in volume as the protein un_fe(:ts on protein function. The extensive study of a range of human
1 sferpins has led to the establishment of a large database of muta-

dergoes the StR transit_ion. _Closer inspection shows _that one ?IOHS associated with diseag8tein & Carrell, 1995 Comparing

the bou_ndlng areas of caV|t)_/ 4is made up by the l\_l-term_lnal _reg_lor%he residues highlighted in Figure 4 with this database showed that

of SETpIns. _Unfortunately, n most structures this region is ill- mutations of residues 55, 56, 59, 112, 114, and 138 have signifi-

gefldfni?"r;?;;rlg any conclusions about the volume changes of ca cant effects on protein function. More specifically, Val55Pro causes
y ' conformational transitions and plasma deficiency aafanti-

chymotrypsin(Gooptu et al., 2000 Ser56Arg causes polymeriza-

Cavity 5 tion of neuroserpin and an early onset inclusion body dementia

Cavity 5 is sited in a groove formed by the loop between s3C andDavis et al., 1998 Thr59Ala increases stability af;,-antitrypsin

s4C and helix G. Indeed, it is this groove in which the peptide(l-ee et al., 199§ llel12Leu and Thrll4Ser increase stability in
linking s4A and s1C sits when a serpin adopts the latent conforl€combinant PAl-1Berkenpas et al., 1995and Tyr138Cys causes
mation. Analysis of the results of the cavity search show that in@ntithrombin deficiency and thrombogi§houdhury et al., 1993
a;-antitrypsin and;-antichymotrypsin there is a large increase in There are also effects on the noninhibitory serpins: lle100Asn
the volume of this cavity upon cleavage of the reactive loop. ThisCreates a new glycosylation site in thyroxine binding globulin that
is due entirely to the rearrangement of the 84 loop as a result reduces stability and thyroxine binding affinitivlori et al., 1989

of an overall shift in this region caused by the freeing of the and Thr114Met in angiotensinogen has been associated with hy-
C-terminal end of s1C by the cleavage of the P1{Rsptide bond. pertensior(Jeunemaitre et al., 1992Iwo of these cavity residues,
The same behavior does not occur in PAI-1. The cavity in pal-1Ser56 and Asnl86, are conserved in over 75% of serpin sequences
only increases in volume in the latent form of the R state with very(Whistock, 1996. Further support for the significance of this cav-

little change being seen in the cleaved form. The data from antilty comes from mutational studies of PAI-1, which have been used
thrombin for this cavity are similar to PAI-1, with little change in t0 define the binding site of vitronectiiBui & Wiman, 1998 and
volume seen between the native and cleaved state but a largeSmall molecule inhibito(Bjorquist et al., 1998 Both ligands are
increase observed upon transition to the latent state. However, iredicted to effect the state of the A-sheet in PAI-1. In both cases,
the case of antithrombin, the cavity in the latent state is mucHhe binding sites were localized to the region along the edge of
larger than that seen for PAI-1. This difference results from theS2A, hD, and hE. This area overlays the entrance of cavity 2.

antithrombin cavity expanding to include the cleft left by removal ~ The chemical properties of cavity 2 were then assessed in the
of s1C to form the latent conformation. 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 dn-
antitrypsin showed it to be lined by hydrophobic and uncharged
hydrophilic residues. These hydrophilic residues provide a number
Our analysis has demonstrated that cavity 2 is the most suitable faf hydrogen bonding opportunities to a binding ligand. Analysis of
rational drug design to control the conformational transitions ofcavity 2 in antithrombin and PAI-1 showed them to be lined by

Analysis of recombinant and naturally occurring mutants
that line cavity 2
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similar residues. However, of greater importance is the question afnents in the freeR-factor (Table 1. The figures were prepared
serpin selectivity in drug design. Comparisons of the size of thewith MOLSCRIPT (Kraulis, 1992.

entrance of cavity 2 in antithrombiny;-antitrypsin, and PAI-1

showed some significant differenceas,-Antitrypsin has a large

entrance to cavity 2, bordered by the loops between helix D an¢avity search techniques

s2C, helix E and s1C and the edge of s2C. In contrast, both anti- ) . o .
thrombin and PAI-1 have entrances that are narrowed by the inThe accessible surface cavities of four serpins in a variety of

cursions of bulky residue@yr79 and Met83 in PAI-1 and Tyr131 conformationsnativeas-antitrypsin, cleaved;-antitrypsin(Loe-
in antithrombin. Thus, specificity foix;-antitrypsin could be con- Permann et al., 1984native PAI-1(Sharp et al., 1999 cleaved

ferred on a drug by ensuring that it was large enough to be exPAI-1 (Aertgeerts et al., 1995native antithrombiriSkinner et al.,

cluded from the cavities in PAI-1 and antithrombin while still 1997, cleaved antithrombir{iMourey et al., 1998 latent anti-
fitting into cavity 2 of as-antitrypsin. thrombin (Skinner et al., 199 native a1-antichymotrypsinWei

Taken together, these data provide strong support for our corft @ 1994, and cleavedy;-antichymotrypsin(Baumann et al.,

clusion that cavity 2 represents the best candidate for therapies th?92) were calculated using the appropriate X-ray crystal struc-
prevent conformational diseasedg-antitrypsin. Our high resolu-  tuUres and the program SURFNETaskowski, 1995 Solvent was
tion structure ofv,-antitrypsin demonstrates the dimensions of this 'émoved from each structure and the coordinates analyzed by SURF-

cavity thereby providing a firm foundation for rational drug design. NET using a grid separation of 0.8 and a minimum and maximum
radii for the gap spheres of 2.0 and 4.0 A, respectively.
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