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from the binding affinity of gelsolin and other filament capping
proteins for F-actin®'. Actin-myosin interactions may also utilize
strain energy stored in the actin filament. The present data are
consistent with proposals by others*®*? that conformational

Received 29 December 1989; accepted 17 July 1990,

. Straub, F. B. & Feuer, G. Biochim. biophys. Acta 4, 455-470 (1950).

Asakura, S. Arch. Biochem. Biophys. 92, 140-151 (1961).

. Carlier, M.-F. Int. Rev. Cytol. 118, 139-170 (1989).

Szent-Gyorgyi, A. & Prior, G. J molec. Biol. 15, 515-538 (1966).

Yanagida, 7. & Oosawa, F. . molec. Biol. 128, 507-524 (1978).

Schutt, C. E,, Lindberg, U., Myslik, J. & Strauss, N. J molec. Biol. 209, 735-746 (1989).
. Neidl, C. & Engel, ). Eur. J. Biochem. 101, 163-169 (1979).

Yin, H. L. & Stossel, T. P. Nature 281, 583-586 (1979).

. Janmey, P. A. & Stossel, T. P. J Muscle Res. Cell Motil. 7, 446-454 (1986).

10. Pollard, T. D. J Cell Biol. 103, 2747-2754 (1986).

11. Brenner, S. L. & Korn, E. D. i biol. Chem. 259, 1441-1446 (1984).

12. Hozumi, T. J Biochem. 104, 285-288 (1988).

13. Dancker, P. & Fischer, S. Z Naturforsch. 44c, 638-704 (1989).

14. Martonosi, A., Gouvea, M. A. & Gergeley, ). J biol. Chem. 238, 1700 (1960).

15. Doi, M. & Kuzuu, N. Y. J Polym. Sci. Polym. Phys. Ed. 18, 409-419 (1980).

16. Janmey, P. A. et al. Biochemistry 27, 8218-8227 (1988).

17. Ferry, J. Viscoelastic properties of polymers (John Wiley, New York, 1980).

18. deGennes, P. G. Macromolecules 9, 587-593 (1976).

19. Ookubo, N., Komatsubara, M., Nakajima, H. & Wada, Y. Biopolymers 15, 929-947 (1976).
20. Newman, J. & Carlson, F. D. Biophys. J 29, 37-48 (1980).

CPNOVAWNE

changes between subunits within the thin filament may partici-
pate in the motions that occur during a crossbridge cycle, and
that actin filaments are not merely passive cables along which
myosin crossbridges tread. O

21. Oosawa, F. & Asakura, S. J molec. Biol. 161, 217-227 (1982).

22. Janmey, P., Amis, E. & Ferry, J. J Rheol. 27, 135-153 (1983).

23. Fujime, S. & Ishiwata, S. J. molec. Biol. 82, 251-265 (1971)

24. Schmidt, C. F., Baermann, M, Isenberg, G. & Sackmann, E. Macromolecules 22, 3638-3649 (1989).
25. Rich, S. A. & Estes, J. E. J molec. Biol. 104, 777-792 (1976).

26. Faulstich, H., Merkler, 1., Blackholm, H. & Stournaras, C. Biochemistry 23, 1608-1612 (1984).
27. Aebi, U., Millonig, R., Salvo, H. & Engel, A. Ann. NY. Acad. Sci. 483, 100-119 (1986).

28. Egelman, E. H. J. Muscle Res. Cell Motil. 8, 129-151 (1985).

29. Erickson, H. J molec. Biol. 208, 465-474 (1989).

30. Coue, M. & Korn, E. J biol. Chem. 261, 3628-3631 (1986).

31. Coue, M. & Korn, E. D. 1 biol. Chem. 260, 15033-15041 (1985).

32. Ando, T. J Biochem. 105, 818-822 (1989).

33. Pollard, T. J Cell Biol. 99, 769-777 (1984).

34. Kouyama, T. & Mihashi, K. Eur. / Biochem. 114, 33-38 (1981).

35. Heuser, J. J molec. Biol. 169, 155-195 (1983).

36. Greaser, M. & Gergely, J. J biol. Chem. 248, 4226-4232 (1971).

ACKNOWLEDGEMENTS. This work was supported in part by the United States Public Health Service,
the American Cancer Society, the MacArthur Foundation, the Danish National Science Foundation, the
Whitaker Foundation, and NATO. We are grateful to M. Desisto for technical assistance and M. Schliwa
for many valuable discussions.

Crystal structure of ovalbumin
as a model for the reactive
centre of serpins

Penelope E. Stein*, Andrew G. W. Lesliet,
John T. Fincht, William G. Turnellf,
Paul J. McLaughlint & Robin W. Carrell*

* Department of Haematology, University of Cambridge, Hills Road,
Cambridge CB2 2QH, UK

+ MRC Laboratory of Molecular Biology, Hills Road,

Cambridge CB2 2QH, UK

THE serpins are a widely distributed family of proteins with diverse
functions; they include the key serine protease inhibitors of human
plasma as well as noninhibitory homologues such as hormone-
binding globulins, angiotensinogen and egg-white ovalbumin’.
Sequence alignment based on the crystal structure of the cleaved
form of the archetypal serpin, a,-antitrypsin’, indicates that the
serpins share a common highly ordered structure®. On cleavage
of the reactive centre peptide bond, they characteristically undergo
a remarkable conformational change, the newly generated C ter-
minus moving some 70 A to the opposite pole of the molecule. The
structure of this post-cleavage form is known, but the conformation
of the intact serpins and in particular that of their reactive centre
is not. Wright et al.’s structure of plakalbumin® (ovalbumin cleaved
by subtilisin) has provided evidence for the conformational change
that results from cleavage. We have now determined the structure
of native ovalbumin to 1.95 A resolution and have found that the
intact peptide loop forming the analogue to the reactive centre of
the inhibitory serpins takes the unexpected form of a protruding,
isolated helix. This model of the intact structures of the serpins
suggests how they may interact with their target proteases.

The serpin reactive centre is believed to act as a pseudosub-
strate for the target protease. The inhibitor and protease form
a tight complex with potential cleavage at a P, — P} peptide bond
(Table 1). The P, site primarily defines specificity of inhibition;
for example antithrombin, which inhibits serine proteases cleav-
ing at arginyl bonds, has an arginine at P;, and antitrypsin,
which primarily inhibits elastase, has a methionine. The reactive
centre, and the analogous region of the noninhibitory serpins,
must lie within an exposed sequence (‘the reactive centre loop’)
of at least 12 residues, as the region P,,-P5 is readily cleaved
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by nontarget proteases. In most serpins this cleavage is accom-
panied by a conformational change to a more thermostable
form™® in which the cleaved loop moves into the centre of the
A sheet to form the fourth strand”. Such proteolytically modified
serpins are more easily crystallized, and all structures presently
solved are in the cleaved form. These structures provide a
detailed description of the molecule after the conformational
change that occurred on cleavage, but fail to show the structure
of the intact reactive centre.

To provide a model for the intact reactive centre we have
solved the crystal structure of native ovalbumin. Ovalbumin is
a well-conserved member of the serpin family showing sequence
identity of 30% with antitrypsin and a putative reactive centre
at Ala 358-Ser 359 (residue numbering is based on the sequence
alignment with antitrypsin®). On the other hand, it shows no
measurable inhibitory activity and does not undergo the typical
conformational change on cleavage at this P,-P site”®. The
recently determined structure of plakalbumin® suggests features
that would prevent accommodation of the ovalbumin sequence
in the cleaved antitrypsin structure and may cause ovalbumin
to be locked in the native conformation. This inherent stability
of native ovalbumin makes it a good choice to use as a model
of the intact structure for the serpin family as a whole.

The structure determination of intact ovalbumin is described
in the legend to Fig. 1, and full details of the structure itself
will be reported elsewhere. Here we report the unexpected
a-helical form of the reactive centre loop (Figs 1 and 2). This
is formed by a 19-residue segment extending from P,;Gly to
P{Glu (Table 1). The P,-P| Ala-Ser is exposed on the final turn
of the three-turn helix, which protrudes from the main body of
the molecule on two peptide stalks, each of about four residues.
Figure 3a, a superposition of three crystallographically indepen-
dent molecules shows that the helix is mobile; the positions of
the helices relative to the protein core vary by 2-3 g, probably
as a result of their different environments in the crystal lattice.
The refined atomic temperature factors also illustrate the helical
mobility: the average main-chain temperature factor for residues
comprising the loop is 28 A2 compared with 22 A? for the protein
as a whole, consistent with a flexible, even wobbly helix that
makes few van der Waals contacts with the rest of the molecule
(Fig. 2). Despite this evidence of mobility, interpretation of the
electron density map for this part of the structure was unam-
biguous (Fig. 3b).

The structure agrees with known features of native ovalbumin.
As expected, the phosphorylated Py serine is on the exposed
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FIG. 1 A superposition of the a-carbon
backbones of ovalbumin (thick bonds)
and cleaved antitrypsin (thin bonds)
achieved by optimal superposition of
helix A, helix B and sheet B in the two
structures. The intact reactive centre
loop of ovalbumin («) and the P, site
are indicated. The sequence in antitryp-
sin corresponding to the reactive
centre loop of ovalbumin is inserted as
an additional strand (A4) in the A sheet
as previously reported®. Ovalbumin
was prepared from single, newly laid
hen eggs by ammonium sulphate
fractionation and precipitation at pH
4.6'° followed by DEAE-cellulose ion
exchange chromatography at pH 7.07
to isolate the major component with
two phosphoserines per protein
molecule. Ovalbumin crystals were
grown by the batch method at 37 °C
in 1-3 months. The crystallization
medium comprised 25 mg mi~* oval-
bumin, 50% saturated ammonium sul-
phate and sodium cacodylate buffer (pH
6.4). The crystals were isomorphous
with those reported by Miller et alt8,
space group P1 (a=629 A, b=84.7 A,
c=715A a=8754 B=104°, y=
108.5°) with four ovalbumin molecules
in the unit cell. Native ovalbumin data
was collected using a synchrotron radi-
ation source and the image plate detec-

tor at the EMBL outstation at DESY,
Hamburg. A total of 352,293 observations were merged to give 94,362
unique reflections between 30 and 1.95 A resolution (94% complete) with
a merging R-factor of 6.8% on intensities (11.8% at 1.95 A resolution). The
structure was solved by the molecular replacement method using the
plakalbumin coordinates® as a starting model. The model was refined using
the constrained restrained least-squares minimization program, CORELS*S,

FIG. 2 Stereo view of the reactive

followed by simulated annealing with molecular dynamics using XPLOR?®
and then by a restrained parameter least-squares method using PROLSQ??
and model building with FRODO?2. The current model, which includes 679
ordered water molecules, has a crystallographic R-factor of 16.9% for all
data between 6 and 1.95 A resolution. The root mean squared deviation
from ideal values for bond lengths is 0.02 A and bond angles is 2.9°,

centre loop showing the limited nature
of the interactions between the helix
and the protein core. The axis of the
helix runs almost perpendicular to
strands C2 and C3 of the C-sheet. The
most extensive van der Waals contacts
involve residues Ala 353, Asp 356 and
Ala 357 of the helix with lle 224 in the
C3 strand. Other interactions include a
salt bridge between Asp 356 and Lys
283, although this interaction is only
present in two of the four copies of
the molecule in the crystallographic
unit cell. There is a solvent channel,
running between the N-terminal end of
the helix and the protein core, which is
occupied by ordered solvent molecules

in the crystal structure.

TABLE 1 Sequence alignment of the reactive centre loops of ovalbumin, antitrypsin and antithrombin

a helix
Number (P-P") 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 1 2' 3 4 5
Ovalbumin G R E Y v G S A E A G v D A A S v S — E
Antitrypsin G T E A A G A M F L E A | P M S | P P E
Antithrombin G S E A A A S T A v Y | A G R S L N P N
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face of the helix and the known cleavage sites”'? are all within
the helical sequence, although the helix probably unfolds before
it is cleaved. Although it is possible that the ovalbumin structure
in this region is atypical of the family as a whole, the remarkable
similarity between the structures of intact ovalbumin and cleaved
antitrypsin in other respects (Fig. 1) indicates that the helix is
present in all serpins. The aligned sequences of inhibitory mem-
bers of the family show no features that prectude such a confor-
mation (Table 1) and in fact a helix was originally strongly
predicted for the N-terminal part (P,,-P,) of the antitrypsin
reactive centre sequence’. We have built a preliminary model
of the antitrypsin reactive centre based on the ovalbumin struc-
ture, in which the Py methionine of antitrypsin is placed in an

FIG. 3 a A superposition of the a-carbon back-
bones of three of the four molecules in the
unit cell, demonstrating the variability in the
position of the helical reactive centre loop
(uppermost) with respect to protein core. The
electron density in the loop region of the fourth
molecule is too weak to allow an unambiguous
interpretation, suggesting that the helix is less
well ordered than in the other molecules. b,
An electron density map for the reactive centre
helix (residues 349-359) of one of the four
molecules in the unit cell calculated with
coefficient (2|Fy| —|F.)), @, and contoured as
the root-mean-squared deviation of the elec-
tron density in the unit cell.
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external position where, as observed, it would be susceptible to
oxidation without affecting the structure of the loop. The bulky
phenylalanine at P; is also readily accommodated and although
the proline at P, causes some local distortion, it does not change
the overall conformation of the helix.

In the inhibitory serpins, the sequence of the peptide stalk
leading from the A sheet to the commencement of the helix
(P,s-Ps) is well conserved, showing a dominance of residues
with small side chains, principally alanines and glycines from
P,.-Ps, suggesting that the stalk is flexible. In ovalbumin (a
noninhibitor) this sequence homology breaks down with an
arginine at P, and valine residues at P,, ,, . Pathological mutants
of human plasma serpins support the idea that the stalk must
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be mobile for inhibitory function. The replacement of the P,
or Py, alanines in antithrombin'' and Cl-inhibitor'?> by
threonines, serines or prolines, results in complete or partial
loss of inhibitory activity, but not of the susceptibility to P,-P
cleavage. In effect, these mutations convert the serpins into
homologues of ovalbumin which functions as a protease sub-
strate, but not as an inhibitor. This suggests that as a result of
the greater flexibility of the N-terminal stalk, the reactive centre
loop of an inhibitory serpin is more mobile than the helical loop
in the crystal structure of ovalbumin (Fig. 3a). One possibility
is that unfolding of the helix in an inhibitory serpin is accom-
panied by a linked movement of the N-terminal segment back
into the A sheet. Thus the cleaved form, in which the whole
loop is incorporated as the fourth strand of the A sheet?, may
represent one extreme of this movement; the other extreme being
the full helical form observed in ovalbumin.

Structural studies of the complexes formed by other families
of inhibitors with serine proteases have consistently shown that
eight residues of the reactive centre loop (Ps-P}) take up an
extended conformation'>'*. If the helical conformation of the
reactive centre loop is a general feature of the serpin family,
these observations strongly suggest that for the protease to
interact with the inhibitor the helix must be fully unfolded.
Solution studies have demonstrated that for an isolated helix,
the energy change for the helix to random coil transition is only
of the order of 2kcal mol™" (ref. 15). As the loop helix in
ovalbumin is to a large extent structurally isolated, the overall
energy required for unfolding is likely to be relatively small.
Such a conformational change from an « helix to an extended
strand is atypical of protein-protein recognition. Comparison
of the structures of free and complexed forms of other protease
inhibitors show that although some flexibility is required to
facilitate tight binding'?, larger conformational charges are
unusual. Nevertheless the P,-P} site of the helical ovalbumin
structure can easily conform to the active centre of serine pro-
teases as shown by the catalytic cleavage that occurs at this site
with pancreatic elastase'®. If this site is readily accessible for
cleavage it is likely that it would be available for putative
inhibition.

In conclusion, we believe that the helical reactive centre
homologue of intact ovalbumin provides a valid—but station-
ary—model for the mobile reactive centres of the inhibitory
serpins, suggesting an intriguing way in which the serpins inter-
act with their target proteases. O
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