
S C I E N C E ' S  C O M P A S S  

pressorium turgor was found to be essential 
for plant infectioil (8). When appressoria 
were incubated in solutions of increasing 
concentration. their ability to penetrate epi- 
dermal cell layers decreased with increasing 
external solute concentration. The high pres- 
sure of appressolia froin these fimgi is due 
111 part to the melanin layer that folnls an in- 
ner cell wall layer. especially in mah~re ap- 
pressoria. Mutants of lLfcrgi?c~poi.f17e and 
Colletoir.icl1~ti7i species that fail to syathe- 
size inelanin are nollpathogenic and do not 
accurn~llate turgor (7). These sh~dies strong- 
ly i~nplicated turgor generation in plant in- 
fection. but direct evidence that appressolia 
produce enough force to puncture plant cuti- 
cles has been laclung until  no^^: 

Bechinger et 01. (4) nleasure the force 
exerted by penetration pegs from Col- 
1etoti.iclz~rii1 gr.ui72ii~ieolt1, a fungus produc- 
ing siinilar melanized appressoria to M. 
gr.isea and the causal agent of anthracnose 
disease of corn (9). The technical difficul- 
ty of accoinplishing this feat is difficult to 
overstate. Appressoria froin C. grari~inico- 
la are 7 to 9 uln in diameter, and the pene- 
tration peg breaching the plant cuticle is 
only 2 pnl in diameter. The invasive force 
produced by the penetration peg was mea- 
sured by growing appressoria on an optical 
waveguide co~nposed of a polydimethyl- 
siloxane ineinbrane sandwiched between 
two thin films of a1umin~1n-1. Light was fo- 
cused on the underside of the waveguide 
through a prisnl and the reflected light de- 
tected by a charge-coupled device linl<ed 
to an image processor and computer. The 
invasive force exerted by C. gr.irrilii~icolcr 
could be detected because the fungus de- 
fornled the \vaveguide as the penetration 
peg pushed against it. The resulting alter- 
ation in the thiclu~ess of the optical nave- 
guide was detected by a challge 111 the in- 
tensity of the reflected light. Penetration of 
the optical \vaveguide by appressorial pen- 
etration hyphae typically produced an in- 
dentation of 10 11111. The force necessary to 
produce this indentation was calibrated by 
coinparison with the actloll of a glass cap- 
ll lary applying exactly def ined forces 
against the waveguide. Bechinger et ill. 
show that C. gizri7~ii1icolcr appressoria can 
exert an invasive force of 16.8 z 3.2 mi- 
cronentons. a considerable force capable 
o f  breaching most plant cuticles.  This  
force is consistent wit11 the generation of 
enornlous cel lular  tu rgor  in fe r red  by 
Howard et 01. for :bL ggiiseil (8 ) .  The force 
exerted by C. giarilir~icola increases quite 
rapidly (within 2 to 3 hours) after matura- 
tion of the appressoriunl and continues to 
be exerted for several hours thereafter. in- 
dicating that the force is not a sudden re- 
lease of turgor but rather a sustained appli- 
cation of pressure by the penetration peg. 

How such large forces are generated by 
appressoria of these fungal pathogens re- 
mains ~ ~ n l < n o a n ,  but two thiilgs are appar- 
ent. First: appressoria inust adhere very 
tightly to the leaf surface, because if the 
force of adhesion did not exceed the force 
of penetration, the cell lvould siinply lift 
abvay from the leaf. Second. appressoria of 
C.  gi .~iui i l icol i~ lnust a c c ~ ~ n l u l a t e  large 
ainounts of solute. Turgor pressure in ap- 
pressoria appears to be the result of an in- 
flux of water into the cells: n-hich develop 
within dew drops on the leaf surface. I11 :bf. 
grisetr, the solute providing the osnlotic 
potential for turgor generation is glycerol, 
which accunlulates to concentrations in 
excess of 3 M (10). The glycerol is held ia 

How the turgor is translated to physical 
force and applied at the penetration peg re- 
inains unl<no\vn (11). Localized cell wall 
dissolution and cytosl<eletal reorientation 
play a role in the process (7. 12).  but the 
genetic and biochemical control of appres- 
soriuin function is largely unstudied. The 
optical waveguide technique developed by 
Bechinger et trl. (4) provides a wonderful 
opportunity to select inutants that are un- 
able to produce f~~nct ional  appressoria and 
to identify and characterize the genetic 
conlponents of this fascinating process. 
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How Serpins Are Shaping Up 
Robin W. Carrel1 

S 
urvival of the fittest is a rule that ap- 
plies just as much to protein fanlilies 
as it does to organisms. The serpins 

are a protein falllily of 11ig11ly adaptable 
serine protease inhibitors that have out- 
maneuvered their nlany relatives to be- 
conle the predonlinant protease inhibitors 
in 11uman plasma. Their success can be at- 
tributed to their ability to trap and irre- 
versibly bind to their target proteases (see 
the figure) ( I ) .  Cleavage of the serpin's re- 
active loop by the protease triggers entrap- 
lnent and inactivates the serpin. Further- 
more. the co~lformational changes in the 
serpin that accompany this mousetrap-like 
action are now l<nonn to act as signals for 
a range of physiological responses (2). A 
strilting exanlple of this is reported by 
O'Reilly er a/.  (3) on page 1926 of this is- 
sue. They shorn that small conforlnatiollal 
changes in the serpin antithrombin I11 can 
profoundly alter its activity-from that of 
an inhibitor of thronlbin and other clottiilg 
proteases in plasnla to an agent that blocl<s 

blood ~ e s s e l  forination (angiogenesis) and 
induces tunlor regression. 

Antithrombin differs fro111 other serpins 
in that it is able to bind (through a cation 
site on its A and D helices) to heparin-lilte 
n1olecules attached to the cells that line 
blood vessels .  Upon  binding to these 
nlolecules antithrombin beconles iinmobi- 
lized and undergoes a series of s~nall con- 
forinational changes resulting in exposure 
of the carboxyl-terminal loop (which con- 
tains the active site) and a drainatic increase 
in its affinit\. for thrombin and other coagu- 
lation vroteases. Proteases that bind to the 
heparin-bound antithroinbin cleave the ex- 
posed loop reversing the conformational 
changes at the heparin-binding site, with a 
consequent release of the protease-aa- 
tithronlbin colnplex into the circulation (see 
figure, panel A) (4). Exactly the same loss 
of heparin affinity occurs whenever an- 
tithrombin uildergoes a tra~lsition from its 
active five-stranded structure to an inactive 
six-stranded forin (5 ) .  This taltes place not 
only when the serpin binds to its protease 
but also after cleavage of the loop by inci- 
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The shape of things to come. Antithrombin 
changes its function by Wing  its actbsite 
loop (blue) in and out of the main ppleated 
sheet of the mdecule (red). (A) In the circula- 
tion: (i) A n t i i m  is iniiidly hactive with 
the loop partly inserted and the side chain of 
the active center obscured. (ii) Interaction 
with heparin (on the surface of vascular en- 
dothelial cells) tethers antithrombin to the 
wall of 'the microvasculature and induces a 
conformation change with an accompanying 
expWonoftheLoop,wMdrcanthenbindto 
the active site on thrombin (purple). (iii) 
Cleavage of the bop by thrombin allows its 
cornptete insdon as the middle sixth shad 
of the fl sheet, with transport of thrombin to 
the opposite end of the molecule. The hep 

drin-binding site reverts to a Low-affinity conformaion, and the antithrombin-throm6in complex is - 
5 rdeased into the circulation. (B) Conwrsion of antithrombin to the inactive six-stranded form can 

also occur as a result of cleavage of the loop by ir'lcided pmteolysii (Bi) to give a conformation 
as in (Aiii) or by induction of insertion of the intact loop to give locked L-forms, shown here as the 
fully inserted latent conformation (Bii). 

$ 
> $ normal plasma (see figure, panel B) (6). In 
2 vitro, antithrombin is rapidly converted by 
$ mild stress into a range of six-stranded 
E locked "L-forms," principally the latent 

conformation and its intermediates, togeth- 
2 er with dimers and oligomers formed by the 
2 insertion of the reactive loop of one 
E z molecule into the p sheet of the next. The 

important point in support of the O'Reilly 
findings is that these diverse forms share 

5 precisely superimposable conformational 8 changes that all result in the loss of heparin 
2 affinity and the release of antithrombin. 
5 How could such changes in conforma- 

tion at the heparin-binding site affect angio- 
5 genesis and tumor growth? A partial answer 

comes from recent studies of another ser- 
pin, the plasminogen activator inhibitor, 

5 PAI- 1. This plasma serpin has a binding site 
5 for vitronectin (a protein found in the extra- 

cellular matrix) that resembles the heparin- : binding site of antithrombin. Lawrence and 
g others (2, 7) have shown that when PAI-1 

binds to vitronectin it blocks another site on 

vitronectin from binding to integrins, which 
are adhesion molecules present on mobile 
cells such as tumor cells and cells involved 
in the formation of new blood vessels. 
Hence, high levels of PAI-1 impair tumor 
cell adhesion and result in an increased risk 
of the release of tumor cells into the circu- 
lation (metastasis) (8). In contrast, low or 
absent levels of PAI-1 inhibit the adhesion 
of cells involved in angiogenesis, which is 
essential for tumor growth and invasion (9). 
Of particular relevance is the dependence 
of these effects on the conformation of PAI- 
1. As with heparin and antithrombin, vit- 
ronectin only binds to the active conforma- 
tion of PAI-l, and there is a 1000-fold de- 
crease in afinity for PAI- 1 's cleaved, latent, 
or other six-stranded conformations. In this 
way, PAI-1 provides a precept for how con- 
formational changes in other plasma ser- 
pins could alter their functions. This precept 
is not exceptional. Much earlier (10) 
cleaved a,-antitrypsin was shown to acti- 
vate leukocyte mobility, and more recently 

(11) cleavage of an elastase inhibitor was 
shown to convert the molecule into an ac- 
tive deoxyribonuclease. 

The O'Reilly study, with its demonstra- 
tion of a remarkable suppression of tumor 
growth by inactivated conformations of an- 
tithrombin, provides yet a further example. 
The loss of heparin affinity resulting from 
inactivation of &tithrombin is not a passive 
process because the binding site is not lost 
but changes shape and becomes available 
for binding to other receptors on cell sur- 
faces or in the extracellular matrix. Such 
molecular crosstalk (12) is known to occur 
between other spent coagulation factors and 
the adhesion receptors that control vascular 
remodeling. This is true also of PAI- 1, 
where the conformational loss of affinity 
for vitronectin is matched by an increased 
affinity for other cell surface receptors (7, 
8). It is therefore not unexpected that an- 
tithrombin, once it has completed its job of 
inhibiting clotting, should take on a new 
function as a modulator of angiogenesis 
and hence of tumor growth. The surprise 
finding is the magnitude of the effect. The 
O'Reilly report is a provocative pilot study 
that leaves many questions unanswered. 
How could the ~roduction of such small 
amounts of modified antithrombin suppress 
a tumor on the contralateral flank of an ani- 
mal? What are the precise cellular interac- 
tions of modified antithrombin? Important- 
ly, as the authors ask, will these modified 
forms have clinical efficacy? The good 
news is that there should be no hindrance to 
human therapeutic trials for infusions of L- 
antithrombin, as such material has been 
used unwittingly in transfusion medicine 
for more than 10 years. At least one rnanu- 
facturer of antithrombin concentrates has, 
in a final pasteurization step, been convert- 
ing up to 40% of the antithrombin into la- 
tent and other L-forms (13). A controlled 
trial of transfusions of multigram quantities 
of these concentrates showed no adverse ef- 
fects. Frustratingly, patients with malignan- 
cies were excluded from the trial! 
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