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Studies of Serpins Unfold at a Feverish Pace

Editorial

Serine proteases play key roles in a very wide variety of im-
portant biological processes (e.g., development, cell migration,
wound healing, blood clotting, fibrinolysis, ovulation, tropho-
blast implantation, tumor invasion and metastasis, neural out-
growth, etc.). A detailed understanding of the biochemistry and
the regulation of these enzymes, therefore, is of fundamental
importance and, in specific cases, may facilitate the design of
improved therapeutic agents. During many of the critical biolog-
ical events enumerated above, an appropriate stimulus (e.g.,
exposure of blood to the subendothelium after vascular injury)
triggers the local generation of specific proteolytic activity. Fre-
quently, the developing proteolytic activity is restricted to the
original microenvironment by the presence of high concentra-
tions of specific inhibitors in the surrounding tissues. In these
situations, then, the delicate balance between zymogens, acti-
vated proteases, and specific protease inhibitors can influence
profoundly the biological effects of a given stimulus. Disruption
of this equilibrium often precipitates catastrophic consequences.

The recent rapid accumulation of important new information
regarding serine proteases and serine protease inhibitors (ser-
pins) may presage an impending golden age for the study of
these proteins and promises to yield new understanding of the
molecular details of their function in both health and disease.
For example, recent structure/function studies of tissue type
plasminogen activator (t-PA) and its cognate serpin plasmino-
gen activator inhibitor type 1 (PAI-1) have provided new in-
sights into the coevolution of specificity between serine prote-
ases and serpins as well as regulation of the activity of chymo-
trypsin-like enzymes by zymogen activation (1, 2). Additional
studies have demonstrated that site directed mutagenesis can be
used to simultaneously alter several properties of t-PA and
thereby create promising new candidates for improved thrombo-
lytic agents (3). Fascinating studies of variants of trypsin and
a-lytic protease have supplied new comprehension of subtle
but critical structural determinants of the specificity of chymo-
trypsin-like enzymes (4, 5). Moreover, the recent develop-
ment of robust new techniques that allow expeditious examina-
tion of the substrate specificity of proteases is certain to acceler-
ate further the already rapid rate of advancement in this
area (6, 7).

Even judged against this background of extraordinary prog-
ress, recent developments in the study of serpins have been
impressive. In stark contrast to ‘‘standard inhibitors’’ of serine
proteases, the region of a serpin that fits into the active site of
a protease (i.e., the reactive center loop) appears to be mobile
and therefore able to adopt several distinct conformations. The
first detailed description of one of these conformations was
provided in 1984 by Loebermann and co-workers (8) when they
solved the structure of a form of al-protease inhibitor whose
reactive center loop had been proteolytically cleaved. This struc-
ture provided dramatic evidence that, at least after proteolytic
cleavage, the reactive center loop possessed striking conforma-
tional flexibility. In this cleaved molecule the P1 and P1’ resi-
dues (i.e., the two amino acids initially forming the scissile
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bond) were located ~ 70 A apart. During this large conforma-
tional rearrangement after cleavage, the two free segments of
the reactive center loop were incorporated into relatively inac-
cessible locations as additional strands (strand 4A and 1C) of
separate beta sheet structures in the protein. The remarkable
alteration in conformation and the concomitant formation of a
large number of new, favorable interactions by the free strands
of the reactive center loop provide an explanation for the earlier
observation that, unlike standard inhibitors, cleaved serpins
were no longer active as protease inhibitors and were more
stable than the intact, inhibitory molecule.

8 yr after the pioneering work of Loebermann and co-work-
ers, Mottonen, Goldsmith, and their collaborators presented an-
other landmark study (9). These investigators solved the struc-
ture of “‘latent’’ PAI-1, thereby providing a detailed description
of a second distinct serpin conformation. Surprisingly, as in the
cleaved conformation, the reactive center loop of the intact
latent conformation was inserted into beta sheet A to form a
new strand 4A. Conformational flexibility of the reactive center
loop, therefore, clearly was not dependent upon proteolytic
cleavage.

In the last year, three groups of investigators have prepared
crystals from solutions containing intact, active serpins and re-
ported the corresponding new structures (10—12). As expected
from the previously described structures of standard inhibitors
and the noninhibitory serpin ovalbumin, the reactive center loop
of these molecules is anchored by two short stalks and extends
away from the core of the molecule into solution to occupy a
very accessible location. Subtle differences among these three
structures, especially concerning whether any residues of the
reactive center loop are inserted into beta sheet A, and the
participation of the reactive center loop in crystal contacts in
two of the structures have fueled continuing controversy regard-
ing fine details of the active serpin conformation. Moreover,
the observation that, in all three structures, the reactive center
loop is not in an optimal conformation for interaction with a
protease suggests that these structures may not be identical to
the ‘‘docking conformation’ of an active serpin in solution.
Nevertheless, these important structures raise extremely inter-
esting, well-defined questions regarding both structure and func-
tion of serpins as well as provide new insights regarding the
active conformation. Two of these structures may also provide
insight into yet another conformation that can be adopted by
serpins both in vitro and in vivo, the serpin polymer.

In this issue of The Journal, Bruce and his co-workers (13)
provide a noteworthy demonstration that some of these new
insights can explain the molecular basis of specific human dis-
eases. These investigators present a very interesting study of a
novel variant (Rouen-VI) of antithrombin isolated from a 40-
yr-old propositus who had experienced three severe thrombotic
episodes. Initial assays of the patient’s plasma indicated that
the concentration of antithrombin antigen and activity were
within the normal range. However, upon transport of the plasma
from Rouen to Cambridge and storage for 1 wk at 4°C, the
antithrombin activity in this plasma declined to a value ~ 50—
60% of normal. Moreover, amplification and sequencing of
the patient’s antithrombin genes revealed that the patient was
heterozygous at this locus, containing one normal allele and
one allele that carried the previously unreported mutation



Asn 187—Asp. Bruce and colleagues then purified these two
forms of antithrombin and demonstrated that, although both
inhibited thrombin at similar rates, the Rouen-VI variant was
significantly less stable than wild-type antithrombin when chal-
lenged either with mild denaturants or elevated temperature.
For example, the purified Rouen-VI variant was completely
inactivated by incubation at 41°C for 20 h while the wild-type
protein retained ~ 90% of its activity. Further analysis sug-
gested a mechanism for this inactivation: at elevated tempera-
tures antithrombin Rouen-VI spontaneously converts into the
“‘latent’’ conformation and also forms polymers.

Based upon their careful biochemical characterization of
antithrombin Rouen-VI, Bruce and co-workers made the pro-
vocative suggestion that thrombotic episodes in this patient
might be precipitated by pyrexia. Subsequent examination of
the medical records of the proband and her father confirmed
that five of six severe thrombotic episodes experienced by these
individuals were, in fact, associated with an incidental pyrexial
infection. The authors of this manuscript deserve congratula-
tions for an intriguing conclusion to an elegant study.

Edwin L. Madison
Department of Vascular Biology
The Scripps Research Institute

References
1. Madison, E. L.. E. J. Goldsmith, R. D. Gerald, M. H. Gething, and J. F.

Sambrook. 1989. Serpin-resistant mutants of human tissue-type plasminogen acti-
vator. Nature (Lond.). 339:721-724.

2. Madison, E. L., A. Kobe, M. Gething, J. F. Sambrook, and E. J. Goldsmith.
1993. Converting tissue plasminogen activator to a zymogen: a regulatory triad
of Asp-His-Ser. Science (Wash. DC). 262:419-421.

3. Keyt, B. A., N. F. Paoni, C. J. Refino, L. Berleau, H. Nguyen, A. Chow,
J. Lai, L. Pena.. C. Pater, J. Ogez, et al. 1994. A faster-acting and more potent
form of tissue plasminogen activator. Proc. Natl. Acad. Sci. USA. 99:3670-3674.

4. Hedstrom, L., J. J. Perona, and W. J. Rutter. 1994. Converting trypsin to
chymotrypsin: residue 172 is a substrate specificity determinant. Biochemistry.
33:8757-8763.

5. Bone, R., J. L. Silen, and D. A. Agard. 1989. Structural plasticity broadens
the specificity of an engineered protease. Nature (Lond.). 339:191-195.

6. Matthews, D. J., and J. A. Wells. 1993. Substrate phage: selection of
protease substrates by monovalent phase display. Science (Wash. DC). 260:1113—
1117.

7. Schellenberger, V., C. W. Turck, and W. J. Rutter. 1994. Role of the S’
subsites in serine protease catalysis. Active-site mapping of rat chymotrypsin,
rat trypsin, a-lytic protease, and cercarial protease from Schistosoma mansoni.
Biochemistry. 33:4251-4257.

8. Loebermann, H., R. Tokuoka, J. Deisenhofer, and R. Huber. 1984. Human
al-proteinase inhibitor. J. Mol. Biol. 177:531-556.

9. Mottonen, J., A. Strand, J. Symersky, R. M. Sweet, D. E. Danley, K. F.
Geoghegan, R. D. Gerard, and E. J. Goldsmith. 1992. Structural basis of latency
in plasminogen activator inhibitor-1. Nature (Lond.). 355:270-273.

10. Schreuder, H. A., B. de Boer, R. Dijkema, J. Mulders, H. J. M. Theunissen,
P. D. J. Grootenhuis, and W. G. J. Hol. 1994. The intact and cleaved human
antithrombin II complex as a model for serpin-proteinase interactions. Structural
Biology. 1:48-54.

11. Wei, A., H. Rubin, B. S. Cooperman, and D. W. Christianson. 1994.
Crystal structure of an uncleaved serpin reveals the conformation of an inhibitory
reactive loop. Structural Biology. 1:251-258.

12. Carrell, R. W., P. E. Stein, G. Fermi, and M. R. Wardell. 1994. Biological
implications of a 3 A structure of dimeric antithrombin. Structure. 2:257-270.

13. Bruce, D., D. J. Perry, J.-Y. Borg, R. W. Carrell, and M. R. Wardell.
1994. Thromboembolic disease due to thermolabile conformational changes of
antithrombin Rouen-VI (187 Asn — Asp). J. Clin. Invest. 94:2265-2274.

Studies of Serpins Unfold at a Feverish Pace 2175



