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Regulation of lntegrin Function by the 
Urokinase Receptor 

Ying Wei, Matvey Lukashev, Daniel I. Simon, Sarah C. Bodary, 
Steven Rosenberg, Michael V. Doyle, Harold A. Chapman* 

lntegrin function is central to inflammation, immunity, and tumor progression. The uroki- 
nase-type plasminogen activator receptor (uPAR) and integrins formed stable complexes 
that both inhibited native integrin adhesive function and promoted adhesion to vitronectin 
via a ligand binding site on uPAR. Interaction of soluble uPAR with the active conformer 
of integrins mimicked the inhibitory effects of membrane uPAR. Both uPAR-mediated 
adhesion and altered integrin function were blocked by a peptide that bound to uPAR 
and disrupted complexes. These data provide a paradigm for regulation of integrins in 
which a nonintegrin membrane receptor interacts with and modifies the function of 
activated integrins. 

Receptors of the integrin family mediate 
adhesion of cells to extracellular matrices as 
well as intercellular interactions, and mod- 
ulate transduction of regulatory signals that 
are central to inflammation, immunity, he- 
mostasis, and tumor progression. In mediat- 
ing these functions, integrin receptors un- 
dergo regulated and reversible activation as 
a result of ligand binding or cellular stimu- 
lation by chemoattractants ( 1  ). Activation 
is characterized by conformational changes 
in the integrin extracellular domains, reor- 
ganization of intracytoplasmic connections, 
and redistribution of integrins on the cell 
surface, which together augment integrin 
avidity for ligands (2) .  Dynamic activation 
of integrins is central to integrin-mediated 
adhesion and migration (1 ), although little 

Y. Wei, D. I. Simon, H. A. Chapman, Department of Med- 
icine, Brigham and Women's Hospital and Harvard Med- 
ical School, Boston, MA 021 15, USA. 
M. Lukashev, Department of Stomatology, University of 
California, San Francisco, CA 94143, USA. 
S. C. Bodary, Genentech, South San Franc~sco, CA 
94080. USA. 

is known about functionally important in- 
teractions of integrins with other mem- 
brane proteins that might regulate t h ~ s  pro- 
cess. We have now identified a pathway of 
interaction between activated integrins and 
a nonintegrin receptor that regulates inte- 
grin function. 

The urokinase receptor (uPAR) is a gly- 
cosyl-phosphatidylinositol (GP1)-linked 
cell surface orotein that is ex~ressed in 
many cell types and is spatially and tempo- 
rallv associated with cellular structures that 
regidate cell adhesion, migration, and inva- 
sion ( 3 ) .  Previouslv, we have shown that , , , , 

uPAR can function as an adhesion receptor 
for vitronectin, with the vitronectin bind- 
ing site being distinct from the urokinase 
binding site (4, 5). uPAR colocalizes with 
integrins in focal contacts, at the leading 
edge of migrating cells, and in antibody- 
induced clusters (6). The receptor copuri- 
fies with and influences the function of the 
leukocyte integrin Mac-I, suggesting that it 
interacts functionally with this integrin (7). 
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and promote adhesion. pl-integrin-dependent adhesion to fibro- 
Human embryonic kidney 293 cells were nectin (Fig. 1A). Both the enhanced adhe- 

transfected with uPAR cDNA. The trans- sion to vitronectin and suppressed adhesion 
fected cells displayed markedly enhanced to fibronectin were reversed by treatment 
adhesion to vitronectin (Fig. 1A) (5). Ex- of transfectants with phosphatidylinositol- 
pression of uPAR also markedly inhibited specific phospholipase C (PI-PLC), which 

Fig. 1. Interaction of uPAR with p1- A B 30.15 
integrins and caveolin. (A) Adhesion 293 uPAR 293 
properties of control 293 cells and BsA FVTn' 'r*T'q, a a 0.1 
293 cells transfected with GPI- PI-PLC $ 5 
uPAR cDNA (uPAR 293). Expres- Vn 0.05 
sion of GPI-uPAR promoted stable Fn c s i 
adhesion to vitronectin (Vn) and in- n . . - 6 i; - hibited adhesion to fibronectin (Fn). Vn ' m a - m n  
Treatment of the uPAR transfec- = ~ 2 6 f 2  
tants with PI-PLC to release GPI- Fn - 1  

= ( T I T =  
E z z z  

uPAR reversed the adhesive phe- 
notype (8). BSA, bovine serum al- a a 0 u 
bumin. (B) Adhesion of 293 cells to 
vitronect~n. Cell clones expressing m 0 D 

m E w -  - w m  
0 3 z ?  c c full-length (Chl) or truncated (Ch2) - = % s $  z z  Z G  

pl -integrin cytoplasmic tails pre- Triton: Gj - E E  $ 2  
pared as in (10) were transfected Anti-pl :22 -- 3 -- Z c c2 2 P 
with GPI-uPAR cDNA and selected Antibody: 3 2 Z o o 2 

as in (5). Chimera expression was 
induced by cadmium for 6 hours 
before assaying for adhesion to vi- 

4 
IP 

I 
tronectin at 37OC. A construct (TM- TM-UPAR sequence: i 2 3 1 2  3 
uPAR) consisting of the extracellu- 
lar domain of uPAR and the transmembrane and cytoplasmic domains of IL-2Ra was prepared as 
described (12). Vitronectin was adsorbed onto plastic 96-well tissue culture plates, and the extent of cell 
adherence after vigorous washing was determined as in (5). Data are means 2 SD (n = 3). (C) 
lmmunoprecipitation of uPAR with antibodies to pl-integrin. Triton X-100-soluble and -insoluble 
fractions of cell lysates, prepared as in (1 I), were subjected to immunoprecipitation with antibodies to 
pl -integrin (anti-pl), and the precipitates were analyzed by immunoblotting with antibodies to uPAR. 
Both rabbit polyclonal antibodies specific for the cytoplasmic tail of the p1 subunit (shown) and a rat 
monoclonal antibody that inhibits ligand binding to pl -integrins (not shown) coprecipitated GPI-uPAR. 
(D) Depletion of pl -integrin-uPAR complexes with antibodies to caveolin. Triton-insoluble extracts of 
GPI-uPAR transfectants were solubilized in RlPA buffer and twice subjected to immunoprecipitation (IP) 
with antibodies to caveolin, in order to deplete caveolin, or with nondepleting, nonimmune antibodies. 
pl-Integrins were then immunoprecipitated and all precipitates were subjected to immunoblot analysis 
with antibodies to uPAR. 

Fig. 2. Requirement of associa- A B 
tion of pi -integrins with uPAR for 125 

adhesion to vitronectin. (A) Effect 2 100 
of phage display peptides on ad- ;: hes~on of GPI-uPAR-expressing .- 
cells to vitronectin. GPI-uPAR- g 50 expressing 293 cells were sus- 5 , 25 
pended and adhesion to vitronec- - 36 

Antibodv: Caveolin B1 -- 
Peptide: 25 36 25 36 - - -. 
(100pM)- - 

C Peotide F 
0- tin in the presence of various pep- 0 25 50 75 100 125 L..- -. . .' T 

tide concentrations was as- Peptide (pM) 0 

sessed after 1 hour. Peptldes 25 9 100 
and 36 contain 17 amino acids with the sequences AESTYHHLSLGYMYTLN-NH, 36 100 
and AEPHTAIWYLPHFSQM-NH, (30), respectively. A peptide with the exact 25 50 
composition of amino acids of peptide 25 but in scrambled order (NYHYL- 
ESSMTALYTLGH) behaved as peptide36. Data are means + S D  (n = 3). (6) Effect 25 75 

of peptides on coprecipitation of pl  -integrins and uPAR. GPI-uPAR-expressing 25 100 
293 cells were lysed, and the uPAR-$1 -integrin-containing fraction solubilized as 
described ( 7  7 ) .  lmrnunoprecipitates were then prepared with antibodies to caveolin or to p1 -integrin in 
the presence of peptide 25 or 36 (100 pM), and were analyzed by immunoblotting with antibodies to 
uPAR. Control experiments verified that the presence of the peptides per se in the RlPA buffer had no 
effect on the immunoprecipitation of either caveolin or pl -integrins. Four additional noninhibitory pep- 
tidesfrom the peptide library screen had no effect on coprecipitation of uPAR and p1 -integrins. (C) Effect 
of peptide 25 (50 to 100 .uM) and two control peptides (9 and 36) on adhesion of GPI-uPAR transfec- 
tants to fibronectin. The adhesion assay was performed as previously described (5). None of the 
peptides promoted adhesion of nontransfected 293 cells to fibronectin (0.01 to 1 eg/ml). 

removes most of the GPI-anchored uPAR 
(Fig. 1A) (5,B). Expression of uPAR in 293 
cells had no detectable effect on cell surface 
expression of pl-integrins (9), supporting 
the view that uPAR ex~ression alters the 
adhesive phenotype of cells by regulating 
inteerin function. - 

In contrast to the adhesion of control 
293 cells. adhesion of the uPAR transfec- 
tants to vitronectin was blocked only by 
antibodies to uPAR and not by antibodies 
to pl- or p5-integrins (5). To  determine 
whether uPAR- and integrin-mediated ad- 
hesion share a common cytoplasmic mech- 
anism, we engineered uPAR transfectants 
to coexpress a chimeric protein comprised 
of pl-integrin transmembrane and cyto- 
~lasmic domains fused with the extracellu- 
lar domain of mouse CD4. Expression of 
this chimera specifically blocks integrin 
function in a dominant negative manner, 
presumably by disrupting interactions of in- 
tegrins with cytoplasmic components (1 0). 
Expression of a control CD4-pl-integrin 
construct lacking the integrin cytoplasmic 
tail (uPAR-Ch2), which does not inhibit 
integrin function, had no effect on uPAR- 
mediated adhesion (Fig. 1B). In contrast, 
coexpression of the pl-integrin cytoplasmic 
domain construct (uPAR-Chl) completely 
blocked adhesion to vitronectin, confirm- 
ing the interdependence of uPAR and in- 
tegrin function in these cells. 

The activitv of uPAR as an adhesion 
receptor mirrored its ability to form stable 
complexes with integrins, as demonstrated 
by immunoprecipitation. Intact GPI-uPAR 
formed complexes with pl-integrins, which 
were associated with the Triton X-100- 
insoluble subcellular fraction (Fig. 1C) 
( I  1 ). In contrast, a construct (TM-uPAR) 
comprising the extracellular domain of 
uPAR and the transmembrane and cvto- 
plasmic domains of the interleukin-2 recep- 
tor a chain (IL-2Ra), which lacked the 
ability to mediate cell adhesion (Fig. lB), 
showed little or no association with inte- 
grins (Fig. 1C) (1 2). GPI-uPAR was readily 
detected in the pl-integrin immunoprecipi- 
tates bv immunoblot analvsis. However. vir- 
tually Ao uPAR signal wis apparent when 
identical material immunoprecipitated with 
antibodies to pl-integrin from lysates of 
cells labeled with [35S]methionine and- 
[35S]cysteine was analyzed by autoradiogra- 
phy, suggesting that pl-integrin-uPAR 
complexes represent only a small propor- 
tion of the total pl-integrin pool. Several 
GPI-anchored proteins, including uPAR, 
associate with plasma membrane structures 
termed caveolae, which contain caveolin, a 
protein associated with intracellular signal- 
ing pathways and cytoskeletal elements 
(13). When the Triton X-100-insoluble 
fractions of GPI-uPAR transfectants were 
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first immunodepleted of caveolin, the 
amount of uPAR in the pl-integrin immu- 
noprecipitates decreased markedly (Fig. 
ID). Therefore, uPAR-mediated adhesion 
to vitronectin correlates with the formation 
of multimeric membrane complexes of in- 
tegrins, caveolin, and uPAR itself. 

To examine further the imnortance of 
the physical association between uPAR and 
inteerins for the abilitv of uPAR to mediate u 

adhesion and regulate integrin function, we 
attempted to disrupt uPAR-integrin com- 
plexes in intact cells. A bacteriophage pep- 
tide disolav librarv was screened for uPAR- 
bindiAiphages to'identify potential peptide 
inhibitors of uPAR-inteerin interactions. - 
The screen selected for peptides that bound 
to uPAR but did not interfere with the 
binding of uPAR to vitronectin or uroki- 
nase. One of the isolated phages displayed 
such a peptide (14). This peptide (peptide 
25) and several controls were synthesized, 
purified, and screened for their effects on 
adhesion. Peptide 25, but not control pep- 
tides, inhibited GPI-uPAR-de~endent ad- 
hesion of 293 cells to vitronectin; the me- 
dian inhibitory concentration (IC,,) was 
-60 pM (pig. 2A). Peptide 25 had no 
effect on the adhesion of nontransfected 
293 cells to fibronectin. Immunoprecipita- 
tion experiments showed that peptide 25, 
but not several control peptides, disrupted 
integrin-caveolin-uPAR complexes at a 
concentration that blocked adhesion (Fig. 
2B). Moreover, peptide 25 restored the ad- 
hesion of GPI-uPAR transfectants to fi- 
bronectin (Fig. 2C). The restored fibronec- 
tin adhesion was again inhibited bv anti- 
bodies to pl-integri;. These results cbnfirm 
that the uPAR-integrin-caveolin complex 
represents a functional unit that mediates 
uPAR-deoendent cell adhesion and modi- 
fies integrin function. 

Whereas only GPI-uPAR-expressing 
293 cells showed enhanced adhesion to vi- 
tronectin, both GPI-uPAR- and TM- 
uPAR-expressing cells showed reduced ad- 
hesion to fibronectin. Thus, whereas the 
GPI anchor may be critical for complex 
formation with integrins and uPAR-depen- 
dent adhesion. the extracellular domain of 
uPAR alone may be capable of interacting 
with and modifying the function of inte- 
grins. To investigate this possibility, we per- 
formed fibronectin adhesion assavs with 
nontransfected 293 cells in the presence of 
recombinant soluble uPAR (suPAR) (15). 
suPAR is unable to mediate cell adhesion to 
vitronectin, and orevious studies have 
shown that cells expressing this form of the 
receDtor have little or no suPAR stablv 
associated with them after washing (5). Ex- 
posure of 293 cells to recombinant suPAR 
inhibited adhesion to fibronectin and col- 
lagen (Cl) in a dose-dependent manner 

(Fig. 3A). The inhibitory effect of suPAR 
was reversible with the addition of mono- 
clonal antibodies to uPAR (R4, 5 pg/ml), 
but not of control antibodies, confirming 
the specificity of this effect. 

Because uPAR markedly altered the ad- 
hesive phenotype of 293 cells, the ability of 
uPAR to affect haptotactic migration was 
also examined. GPI-uPAR transfectants mi- 
grated across porous filters onto vitronectin 
at a markedly higher rate than nontrans- 
fected 293 cells (20% of total cells versus 
0.4%) over 24 hours, whereas fewer trans- 
fectants than control cells migrated toward 
fibronectin (0.8 versus 33%) (16). Similar- 
ly, the addition of recombinant baculovirus 
suPAR (100 nM) inhibited the migration of 
nontransfected 293 cells onto fibronectin 
by >75%. These results mirror the altered 
patterns of adhesion (Figs. 1A and 3A). 
The inhibitory effects of uPAR were not 
limited to the 293 cell model. Vascular 
smooth muscle cells from passages 1 to 3 
were allowed to migrate in the presence of 
suPAR (17). Integrins mediate the binding 
and migration of human smooth muscle 
cells on fibronectin (18). Recombinant su- 
PAR markedly impaired both spreading of 
vascular smooth muscle cells and their hap- 
totactic migration onto fibronectin (Fig. 
3B). Thus, uPAR appears capable of affect- 
ing integrin function in various cell types. 

Fig. 3. Interaction of suPAR with 
integrins. (A) lnhibitlon by suPAR of 
293 cell adhesion to fibronectin and 
collagen. suPAR-condltloned me- 
dium (solid symbols) and control 
conditioned medium (open sym- 
bols) were prepared as described 
(5) and tested for their effects on 
adhesion of 293 cells to flbronectin 
(circles) or collagen (triangles). In all 
instances, adheslon could be 
blocked by antibodies to pl-inte- 
grin. suPAR had no effect on adhe- 
sion of the cells to polylysine. CM, 
conditioned medium. (B) lnhlbition 
by suPAR of the spreading (0) and 
migration (A) of vascular smooth 
muscle cells. Suspended cells were 
allowed to settle onto surfaces coat- 
ed with flbronectln (1 p.g/ml) at 37°C 
for 15 to 30 min, after which spread 

The fact that uPAR markedly alters ad- 
hesion and migration without altering inte- 
grin surface expression suggests that uPAR 
may affect the function of activated inte- 
grins. This possibility was explored by mea- 
suring the binding of fibronectin to 293 
cells in the presence of suPAR (19). Nei- 
ther suPAR nor GPI-uPAR had any dis- 
cernible effect on RGD (Arg-Gly-Asp)- 
sensitive binding of fibronectin to 293 cells 
at 4"C, as would be expected if uPAR ef- 
fectively interacts only with activated inte- 
grins [activation by ligand requires metabol- 
ic energy, which would not be available at 
4°C (Z)]. Experiments were therefore per- 
formed in the presence of the monoclonal 
antibody TS2116, which. directly induces 
the activated conformation of pl-integrins 
(20). In the presence of TS2116, suPAR 
markedly inhibited fibronectin binding 
(Fig. 3C). Consistent with these observa- 
tions, the inhibitory effects of suPAR on 
adhesion shown in Fig. 3A were not re- 
versed, but were actually enhanced, by the 
addition of TS2/16 (3 pg/ml) to the adhe- 
sion assays. These results demonstrate that 
the inhibitory effects of uPAR on pl-inte- 
grin function are promoted by, and may 
require, integrin activation. 

We further examined this concept by 
investigating whether suPAR interacts with 
other integrins in an activation-dependent 

P .- 40 Spreading 
P 
E r: 20 

..,., . . , 

cells were counted under phase- SUPAR CM (%) peptide - - 25 sc25 
contrast microscopy. Overnight mi- 
gratlon of cells across porous fllters was assessed as described (16). (C) lnhibitlon by suPAR of ligand 
bindlng by activated lntegrlns. Suspended 293 cells were incubated in thaabsence (a) or presence (0) of 
the monoclonal antibody TS2116 (3 p.g/ml) at 4°C for 30 min, and the blnding of w51-labeled fibronectin 
(5 nM) was then determined In the presence of varlous amounts of suPAR-conditioned medium. Speclflc 
flbronectln binding was Increased by -25% by TS2116 in the absence of suPAR. Conditioned medlum 
wlthout suPAR had no effect on fibronectin blndlng either in the presence (0) or absence (A) of TS2116. 
(D) lnteractlon of suPAR with Mac-1. Mac-1 (250 nglml) was immob~l~zed in mlcrotiter wells, and 
nonspecific sites were blocked with BSA (5 mglml). Biotinylated suPAR (100 nM) was added in the 
presence of either CaCI, and MgCI, or MnCI, as Indicated, the plate was Incubated for 90 min at 25% 
and bound suPAR was quantified. Peptide 25 or a scrambled version of this peptlde (sc25) was added to 
the bindlng assays at a flnal concentration of 100 KM. All data are means 2 SD (n = 3). 
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manner. In ~nyelomonocytic cells, uPAR 
interacts with the P2-integrin CDl  lb/ 
CD18 (Mac-1) (7). Human monocytic 
THP-1 cells bind and degrade soluble fi- " 

brinogen in a Mac-1-dependent manner 
(21). This binding and degradation was in- 
hibited by recombinant suPAR with an 
IC,, of -95 nM. The P2-integrin-specific 
activating monoclonal antibody KIM 127 
(10 pg/ml) markedly potentiated inhibition 
by suPAR, reducing. the IC,, to 0.1 nM 
(22). We next investigated whether suPAR 
would directly bind to highly purified 
Mac-1 (23) in an activation-dependent 
manner: Purified Mac-1 retains an active 
conformation when plated onto plastic in 
the presence of manganese (24). Biotinyl- 
ated suPAR bound to immobilized Mac-1 
and binding was enhanced by activation 
with manganese (Fig. 3D) (25). Peptide 25, 
but not a scrambled version of this peptide, 
inhibited the interaction of suPAR with 
Mac-1 (Fig. 3D). Peptide 25 (100 pM) also 
blocked the adhesion of phorbol 12-myris- 
tate 13-acetate (PMA)-stimulated myelo- 
monocvtic cells to vitronectin (4). These . , 

results 'directly parallel our observations 
with Dl-integrhs in 293 cells (Figs. 2 and 
3) and confirm that activated integrins are 
a target for direct interaction with and reg- 
ulation by uPAR. 

We conclude that uPAR interacts with 
and modifies the function of integrins. This 
interaction both promotes adhesion to and 
migration toward a specific matrix protein, 
vitronectin, and suppresses the norrnal ad- 
hesive function of the integrins. Our results 
support a model in which uPAR both in- 
teracts via its extracellular domain with 
integrins that are in the active conforma- 
tion, and makes use of the active conformer 
to connect to the cytoskeleton and mediate 
adhesion. The reauirernent for the GPI an- 
chor for adhesion reflects the importance of 
this moiety in promoting the formation of 
stable uPAR-integrin-caveolin complexes, 
which might also serve to juxtapose distinct 
signaling and cytoskeletal elements associ- 
ated with integrins and caveolin ( 1 ,  13). 
These complexes provide a basis for dynam- 
ic cross talk between uPAR and integrins 
that might regulate integrin function both 
directly (by cornplex formation) and indi- 
rectly (by signaling). The proposed model 
could explain the previously described asso- 
ciation of uPAR and urokinase with focal 
adhesions and with leading edges of migrat- 
ing cells, the similarity of the properties of 
mechanical force transmission by uPAR 
and integrins, and the demonstration of 
signaling by uPAR (3, 6,  26). 

Both increased expression of uPAR and 
loss of stable cellular adhesion have been 
linked to malignant transformation, tumor 
cell invasion, and metastasis in several ex- 

perimental and clinical situations (3, 27, 
28). In these instances. according to the u 

proposed model, overexpression of uPAR 
might explain, in part, alterations in inte- 
grin function and cell adhesion. Destabili- 
zation of integrin-dependent adhesion by 
LIPAR in vivo may also be promoted by the 
ability of uPAR to focus proteolytic activity 
to the cell surface (3). Indeed, the multiple 
concurrent engagements induced by uPAR 
suggest that this GPI-linked protein acts as 
an organizing agent to coordinate the mi- 
gratory and invasive properties of cells. The 
role of other GPI-linked receptors that par- 
ticipate in adhesive interactions may be 
similar (29). The effects of uPAR on inte- 
grin function described here also suggest 
that reagents based on the peptide that 
alters integrin function by disrupting 
uPAR-integrin associations, or reagents 
cornparable to soluble uPAR that impair 
integrin function, represent potential ther- 
apeutic agents for modifying inflammation 
and tumor progression. 
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Ecological Determinants of Species Loss 
in Remnant Prairies 

Mark K. Leach and Thomas J. Givnish 

Recensuses of 54 Wisconsin prairie remnants showed that 8 to 60 percent of the original 
plant species were lost from individual remnants over a32- to 52-year period. The pattern 
of species loss was consistent with the proposed effects of fire suppression caused by 
landscape fragmentation. Short, small-seeded, or nitrogen-fixing plants showed the 
heaviest losses, as did species growing in the wettest, most productive environments. 
The interruption of landscape-scale processes (such as wildfire) by fragmentation is an 
often overlooked mechanism that may be eroding biodiversity in many habitats around 
the world. 

Prairies covered 800,000 ha in Wisconsin 
before European settlement, but today they 
occupy less than 0.1% of their former ex- 
tent and are mainly restricted to small, iso- 
lated remnants in a fire-suppressed land- 
scape ( 1 ,  2) .  Current theory predicts that 
each remnant should lose several plant spe- 
cies by habitat fragmentation. Because it 
alters the size, spacing, and context of indi- 
vidual habitat patches, fragmentation may 
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increase the local rate of extinction bv re- 
ducing population sizes or colonization from 
similar habitats (3-5), by eliminating key- 
stone predators or mutualists (6, 7), by ex- 
acerbating stochastic phenomena and ge- 
netic bottlenecks (a) ,  or by changing the 
physical or biological environment through 
edge effects (9). The highest extinction 
rates are expected in species that are initial- 
ly rare (3, 4,  lo) ,  that are geographically 
restr~cted ( 1  0,  11  ), that require large unbro- 
ken patches of habitat or short distances 
between such patches (5, 9), that rely on 

suecialized ~ollinators or other mutualists (6,  . , 

7, lo) ,  or that are competitive dominants 
with limited dispersal ability (1 2). However, 
such predictions ignore the effects of frag- 
mentation on landscape-scale processes, 
such as wildfire, that affect the disturbance 
regime within individual patches (13). We 
propose that such effects are a dominant 
source of plant species loss in prairie rem- 
nants in the central United States: that thev 
lead to disproportionate losses in short-stat- 
ured, N-fixing, and small-seeded species; and 
that such losses are greatest in the most 
productive environments. We support these 
predictions by using a unique data set on 
species occurrences in prairie remnants, 
which display a remarkable rate of local 
plant extinction of 0.5 to 1 .O% per annum 
over a 32- to 52-year period. 

In the upper midwestern United States, 
frequent fire was the primary disturbance 
maintaining the open nature of prairies and 
oak savannas before Eurouean settlement. 
selecting against woody plants and favoring 
fire-adapted grasses and forbs ( 1 ,  2). Once 
ignited by Amerindians or lightning ( 1 ,  2) ,  
such fires were able to burn for many kilo- 
meters before being stopped by natural bar- 
riers (such as streams, swamps, and top- 
ographic breaks) or quenched by rain. For a 
given climate and soil, the area and local 
freauencv of fires should increase with the . , 
area and contiguity of flammable terrain; the 
greater the area devoid of fire barriers, the 
more extensive each fire should be, increas- 
ing the average fire frequency at each point 
( I S ) .  After European settlement, we believe 
that local fire frequencies were reduced (14) 
not only by overt suppression, but also by 
fragmentation of a fire-prone landscape by 
nonflammable barriers such as roads and ag- 
ricultural fields. By the 1940s and 1950s, 
most prairies in Wisconsin had disappeared 
except in certain fire-prone refugia (1, 2 ,  
15), including railroad rights-of-way (where, 
before the 1950s, sparks cast by steam loco- 
motives frequently started fires) and steep 
slopes with thin soils (where tilling was pre- 
cluded and farmers had often grazed live- - 
stock and set fires in spring to encourage a 
new flush of growth). A few prairie remnants 
also persisted in country cemeteries, where 
infrequent mowing may have substituted for 
fire or grazing by native ungulates. Plant 
species lists of some 200 prairie remnants 
were compiled by Curtis and his colleagues 
(1) during the 1940: and early 1950s. 

During and after the 1950s, the frequen- 
cy of fire in railroad and hillside prairie 
remnants declined abruptly as human 
sources of ~gnition (steam locomotives and 
grazing of livestock on low-productivity 
slopes) were withdrawn in the context of a 
highly fragtnented prairie landscape. We 
predict that, as a consequence, several 
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