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was still activated, demonstrating that es- 
trogen acts extracellularly. Estradiol can 
still activate Maxi K+ channels reconstitut- 
ed into artificial membranes (provided 
both a and P subunits are present), indicat- 
ing that no intracellular signaling is re- 
quired and that the Maxi K+ channel is a 
receptor for estrogen. To corroborate this 
deduction, Valverde and colleagues per- 
formed binding studies. Oocytes express- 
ing Maxi Kf channels composed of a and 
p subunits, but not of a subunits alone, 
bound greater amounts of 3H-estradiol. 
Human embryonic kidney cells expressing 
the aJP channels show greater fluorescence 
after exposure to estradiol tagged with a 
fluorescent label compared with cells ex- 
pressing channels containing only the a 
subunit. These experiments indicate that the 
direct binding of estradiol to an external 

site on Maxi K+ channels-which is avail- 
able only when the P subunit is present- 
increases channel activity. 

New methods for treating cardiovascu- 
lar disease are continually being sought. 
There is accumulating evidence that post- 
menopausal estrogen-replacement therapy 
decreases the risk of major coronary heart 
disease (I). However, the benefit of estro- 
gen treatment decreases with long-term 
hormone use because of the increased risk 
of breast cancer (11). Consequently, tis- 
sue-specific, estrogen-like drugs that pre- 
serve the beneficial effects of estrogen on 
the cardiovascular system without having 
deleterious effects on other organs are 
needed. The finding by Valverde et al. 
that estrogen directly activates vascular 
smooth muscle cell Maxi K+ channels 
may pave the way for the rational design 

of new drugs for the prevention of cardio- 
vascular disease. 
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P E R S P E C T I V E S :  P L A N T  B I O P H Y S I C S  
contains cutinase, cellulases, and other 

Forcible Entry nonspecific esterases to help soften the cu- 
ticle, thereby aiding adhesion and penetra- - 

Nicholas J. Talbot 

w hen a fungal pathogen lands on a 
plant leaf, the most obvious ob- 
stacle it faces is how to gain en- 

try to the underlying tissue. Unlike bacte- 
ria, which have to circumvent the problem 
by locating stomata (pores in the plant epi- 
dermis), wounds, or other natural open- 
ings, many fungal species can rupture the 
cuticle (the tough outer layer of a plant) 
directly (1). How they do so remains con- 
troversial (2). In the case of some fungi, 
enzymatic action is clearly visible at the 
point of infection, suggesting that the 
plant cuticle is dissolved ahead of the in- 
fecting pathogen (1). In other species, spe- 
cialized infection structures called appres- 
soria are formed that can generate high 
pressures, indicating a mechanical infec- 
tion process (3). On page 1896 of this is- 
sue, Bechinger et al. (4) report that enor- 
mous invasive forces are applied by ap- 
pressoria of a fungal pathogen, directly 
demonstrating for the first time that ap- 
pressoria can exert sufficient pressure to 
enable mechanical infection of plants by 
fungi. By allowing appressoria to form on 
an optical waveguide, the forces exerted 
by the fungal penetration pegs could be vi- 
sualized and quantified. 

Many of the most severe and economi- 
cally important plant diseases are caused by 
fungi, and the initial infection processes 
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tion (1, 3). t ow ever, experimental proof 
of an absolute reauirement for enzvmatic ~ ~~ 

have been studied extensively to develop ef- activity has remained elusive (2) ,  and it 
fective disease control strategies (I). Fungi has been apparent ever since the pioneer- 
have evolved many methods for entering ing work of Miyoshi (6) and others that 
plants, including mechanisms for locating some fungi can physically break their way 
stomata and the ability to rapidly colonize through plant cuticles. 
wound sites (3, 5). But many fungal species Fungi such as Colletotrichurn and Mag- 
simply penetrate plant 
cuticles directly, either as 
threadlike fungal cells 
called hyphae or, more 
frequently, by growing 
specialized appressoria 
(see the figure) (3). Ap- 
pressoria are swollen, 
dome-shaped, or cylindri- 
cal cells that differentiate 
from the end of fungal 
germ tubes and during 
maturation can further 
differentiate to produce a 
thick, rigid cell .wall (3). 
Appressoria allow tight 
adhesion to the plant 
surface, followed by rup- 
ture of the cuticle with a 
narrow hypha called a 
penetration peg. During 
this process, the fungus 
changes its axis of growth 
and reestablishes polar- 
ized growth as the pene- 

naporthe species produce 
appressoria with tough 
melanin-pigmented cell 
walls (3, 7). Howard et 
al. previously showed 
that appressoria of Mag- 
naporthe grisea, the 
causal agent of rice blast 
disease, generate very 
high internal pressure 
(turgor) (8). A cell col- 
lapse assay was used to 
predict the appressorial 
turgor of M. grisea by 
calculating the concen- 
tration of polyethylene 
glycol required to col- 
lapse an appressorium. 
Howard et al .  showed 
that M. grisea appresso- 
ria generate pressures of 
between 6 and 8 mega- 
pascals-the equivalent 
of 30 to 40 times the 
pressure of an average 

tration peg extends into g,,king in. A spore from the dce blast car tire-an astounding 
the plant. fungus Magnaporthe grisea has gerrni- Pressure for a cell to gen- 

The infection process nated on the surface of a ice leaf and erate. Appressoria were 
by appressoria can in- formed a dome-shaped appressorium. also shown to be able to 
volve enzymatic action, The appressorium has to breach the puncture artificial plastic 
and the external matrix thin but tough rice leaf cuticle to in- membranes. In the same 
around appressoria often vade the leaf and cause disease. series of experiments, ap- 
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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 
in 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~rin gr.~i72ii?ieoltl, 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. grarl~inico- 
la are 7 to 9 uln in diameter, and the pene- 
tration peg breaching the plant cuticle is 
only 2 pln 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.irrnii~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 ill 

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 fanlily of lligllly adaptable 
serine protease inhibitors that have out- 
maneuvered their nlany relatives to be- 
conle the predonlinant protease inhibitors 
in Iluman 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 
nlolecules 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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