
Role of the S. typhimurium 
lysates were incubated with GST-SipA or 
GST alone that had been immobilized on 
glutathione-agarose beads. The major GST- 

Actin-Binding Protein SipA in SipA-binding protein was actin (Fig. 2, A 
and B). The interaction of these proteins was 
shown to be direct (Fig. 2C) and was con- 

Bacterial Internalization firmed in a yeast two-hybrid assay (10). TO 

examine whether the SipA-actin complex 
Daoguo Zhou,' Mark 5. ~ooseker,' Jorge E. Calan1* forms as a result of bacterial infection, we 

infected HeLa cells with wild-type S. typhi- 
Entry of the bacterium Salmonella typhimurium into host cells requires mem- murium or an isogenic sipA mutant and 
brane ruffling and rearrangement of the actin cytoskeleton. Here, it is shown looked for the complex by coimmunoprecipi- 
that the bacterial protein SipA plays a critical role in this process. SipA binds tation analysis (11). Actin was readily detect- 
directly to  actin, decreases its critical concentration, and inhibits depolymer- ed in SipA immunoprecipitates from cells 
ization of actin filaments. These activities result in the spatial localization and infected with wild-type bacteria, but not in 
more pronounced outward extension of the Salmonella-induced membrane those from uninfected cells or cells infected 
ruffles, thereby facilitating bacterial uptake. with the sipA mutant (Fig. 2D). 

To study the actin-binding activity of 
Entry of Salmonella typhimurium into host min of infection there was almost no measur- SipA in more detail, we carried out a cosedi- 
cells requires a bacterially encoded type I11 able difference between the entry levels of mentation assay (12). Constant amounts of 
protein secretion system (1). Upon its activa- the wild type and the sipA mutant (Table 1). filamentous (F) actin, which is composed of 
tion after bacterial contact with the host, this These results indicate that SipA is involved in polymerized actin monomers (G-actin), were 
system delivers several bacterial proteins into the induction of localized actin cytoskeleton mixed with variable amounts of purified 
the host cell cytosol (2). These effector pro- rearrangements and is required for efficient S. SipA before centrifugation, and the amount 
teins trigger host cell signaling pathways that typhimurium enhy into cultured epithelial of SipA cosedimented with F-actin in the 
lead to profuse actin cytoskeleton rearrange- cells. pellet was quantitated by densitometric anal- 
ments and membrane ruffling, ultimately re- To search for cellular proteins that interact ysis of Coomassie blue-stained gels. Under 
sulting in bacterial internalization (3). One with SipA, we used a glutathione S-trans- these experimental conditions, the binding of 
such protein is SopE (4, 5), which activates ferase (GST) pull-down assay (9). HeLa cell SipA to F-actin was saturable and the stoichi- 
small guanosine triphosphatases (GTPases) 
of the Rho subfamily such as CDC42 and 
Rac- I. 

C 
In a search for other bacterial effectors, 

we focused on SipA (6) ,  a substrate of the 
type I11 secretion system that shares amino 
acid sequence similarity to IpaA, a Shigella 
spp. protein that is necessary for efficient 
bacterial entry into epithelial cells (7). We 
examined the interaction of a S. typhimurium 
sipA null mutant strain with cultured HeLa 
epithelial cells using an assay that allows the 
examination of both actin cytoskeleton reor- 
ganization and bacterial internalization after 
short infection times (8). The mutant was less 
effective than the wild-type strain in inducing 
actin cytoskeletal reorganization, and the re- 
arrangements were diffuse rather than local- 
ized (Fig. 1, A and B). In addition, the inter- 
nalized mutant bacteria appeared to be evenly 
distributed within the infected cell, whereas 
the wild-type strain was localized in clusters. 
A plasmid encoding SipA rescued the mutant 
phenotype (Fig. 1C). The sipA mutant was 
also impaired in its ability to be internalized 
by cultured epithelial cells after short infec- 
tion times (Table 1). Over time, the defect in 
internalization was reduced, and beyond 30 
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ometry of SipA to actin was approximately 
1 : 1, suggesting that there is only one actin- 
binding site per SipA molecule (Fig. 3A). We 
also examined the actin-SipA complex by 
electron microscopy (13). The SipA-actin fil- 
aments were slightly larger in diameter than 
the actin filaments alone (actin, 6.5 5 0.8 nm; 
actin plus SipA, 7.2 5 0.7 nm). They were 
straighter, and they showed less obvious he- 
lical twist and subunit structure along the 
filaments (Fig. 3B). 

We investigated the effect of SipA on 
actin dynamics using a pyrene-actin assay 
(14). The fluorescence of pyrene-actin in- 
creases when it is incorporated into F-actin 
and therefore can be taken as a direct mea- 
sure of actin polymerization. We first mea- 
sured the concentration of G-actin required 
for polymerization (critical concentration) 
in the presence or absence of SipA. Addi- 
tion of SipA significantly reduced the crit- 
ical concentration of G-actin from -0.25 
IJ.M to as low as 0.02 p.M (Fig. 4A). Anal- 
ogous results were obtained in experiments 
in which F-actin was diluted in the pres- 
ence or absence of SipA (Fig. 4B). We also 
investigated the influence of SipA on the 
kinetics of actin polymerization. Pyrene-G- 
actin (1 pM) was incubated with SipA (1 
KM) and the rate of polymerization was 
monitored over time by fluorescence inten- 
sity measurements. Addition of SipA did 
not alter the rate of actin polymerization 
(Fig. 4C), suggesting that this protein does 
not nucleate actin. There was a slight de- 
crease in fluorescence intensity in the pres- 
ence of SipA, but this was due to the 
quenching of pyrene-actin by SipA rather 
than an effect on actin polymerization. At 
saturating levels, SipA quenched 32 ? 
0.2% of the pyrene-F-actin fluorescence 
(mean ? SD of three determinations). 

We next examined the effect of SipA on 
F-actin depolymerization. Pyrene-F-actin (1 
kM) in the presence or absence of SipA (1 
kM) was diluted to 0.1 pM, and the fluores- 
cence intensity was monitored over time. 
SipA greatly increased the stability of F-actin 
(Fig. 4D). In the presence of SipA, F-actin 
remained stable even after 60 min of incuba- 
tion under conditions that, in the absence of 
SipA, resulted in almost complete depoly- 
merization. The stabilizing effect of SipA 
was comparable to that of the fungal toxin 
phalloidin (Fig. 4D). Similar results were 
obtained when F-actin was diluted without 
KC1 and MgCl,, indicating that SipA also 
inhibits depolymerization induced by dilu- 
tion into low ionic strength buffer (15). 
Incubation of F-actin with SopE, an unre- 
lated Salmonella protein purified in an 
identical manner, did not increase F-actin 
stability (15). Electron microscopy con- 
firmed these results: F-actin filaments were 
readily observable in the presence but not 

in the absence of SipA (15). The ability of 
SipA to inhibit actin depolymerization 
without affecting the rate of actin elonga- 
tion excludes the possibility that the stabi- 
lizing effect is due to capping of the ends of 
the actin filaments. 

Our results indicate that SipA is largely 
responsible for the spatial restriction of the 
cytoskeletal rearrangements that result from 
the activation of Rho GTPases during S. ty- 
phimurium infection. The related Shigella 
IpaA protein is involved in a similar pheno- 
type, although it appears to exert its function 
by a completely different mechanism that 

involves binding vinculin (7). SipA does not 
bind vinculin (Fig. 2B), but rather it decreas- 
es the critical concentration of actin and it 
stabilizes actin filaments by inhibiting their 
depolymerization. This stabilizing function 
may promote outward extension of mem- 
brane ruffles and filopodia, thereby facilitat- 
ing bacterial uptake. Thus, SipA may help to 
increase the net accumulation of actin fila- 
ments at the point of bacterial-host cell con- 
tact, or even to influence the position and 
polarity of these cross-linked filaments. Sta- 
bilizing the actin filaments at the bacterial- 
induced membrane ruffles may also facilitate 
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Fig. 3. Stoichiometry of the SipA-actin interaction. (A) The interaction of SipA and F-actin was 
examined by a cosedimentation assay (7 7). Coomassie blue-stained SDS gels of supernatants (5) 
and pellets (P) resulted from a 100,000g sedimentation of solutions containing varying amounts of 
SipA. The densitometric quantitation of SipA in the pellet is shown in the lower panel. (B) Electron 
micrographs of negatively stained F-actin (2 kM) incubated in the presence or absence of SipA (2 
p,M) (73). Scale bar, 0.1 pm. 
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Fig. 4. Effect of SipA on actin dynamics. (A and B) Effect of SipA on the critical concentration of 
actin. In (A), pyrene-labeled G-actin was diluted t o  various concentrations in the presence and 
absence of equimolar amounts of SipA, and fluorescence was measured 4 hours after the initiation 
of the polymerization reaction (14). Alternatively, in (B), pyrene-labeled G-actin (4 pM)  was 
polymerized at room temperature for 30 min in actin polymerization buffer. Polymerized actin was 
then diluted t o  different concentrations in the presence or absence of equimolar concentrations of 
SipA. (C) Effect of SipA on the kinetics of actin polymerization. Pyrene-C-actin (1 FM) was 
incubated with SipA (1 FM) in polymerization-inducing buffer, and fluorescence intensity was 
measured (74). (D) Effect of SipA on actin depolymerization. Pyrene-F-actin (1 pM)  in the presence 
or absence of SipA (1 pM)  or phalloidin (1 FM) was diluted to  0.1 p M  in actin-polymerizing buffer, 
and the decrease in fluorescence intensity was followed over time. Bars represent SEs of three 
independent experiments. 

Table 1. Requirement of SipA for efficient 5. typhimurium entry into HeLa cells. Bacterial internalization 
was measured by fluorescence microscopy (7). Values are averages t SE of three independent experi- 
ments and have been normalized to the internalization level of wild-type bacteria after 30 min of 
infection, which was considered to be 100% (in this case, 1597 -t 185 bacteria internalized per 100 cells). 
A minimum of 250 cells were counted for each strain per time point. The P values for the difference 
between the entry levels of the wild type and the sipA strains are as follows: 5 min, P = 0.002; 10 min, 
P = 0.05; 20 min, P = 0.03. IT, infection time. 

Invasion (%) 
Strain 

IT 5 min IT 10 min IT 20 min IT 30 min 

Wild type 13.47 i 1.93 32.68 + 8.1 5 72.07 i 9.43 100 t 11.55 
sipA 5.26 i 0.99 17.91 t 5.05 46.09 ? 10.77 92.27 + 18.72 
sipAlpsipA 11.29 t 2.10 31.80 i 10.98 71.92 + 11.06 93.88 i 11.10 

the persistence of these filaments even when 
the concentration of G-actin has fallen below 
the critical concentration for polymerization. 

Our results suggest a two-step mecha- 
nism for efficient entry of S. tjphimuvium 
into host cells. First, the bacterial protein 
SopE activates the small GTP-binding pro- 
teins CDC42 and Rac, components of the 
host signaling pathways that initiate actin 
cytoskeletal rearrangements and membrane 
ruffling. In a second step, these rearrange- 

ments are localized and enhanced by the 
bacterial effector SipA. The ability of S. 
t yh imur ium to modulate the actin cy- 
toskeleton by influencing different stages 
in the formation of membrane ruffles is a 
remarkable example of pathogen evolution 
to modulate host cellular functions. 
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20 clumps of 50 4% c,cil!tbi.iiiciil~i (shell 
le~lgth. 4.5 to 5.5  cm) to the low intertidal 

Predation by Small Changes in zonz on zach reef (9). 
From June through August 1997. I con- 

ducted ii1.z consecutile espzrimznts to mea- 

ocean Tem~eratesre sure the intensity of sea star przdatioll during 
I periods lasting 14 days zacll. At thz start of 

Key species interactions that are sensitive to temperature may act as leverage 
points through which small changes in climate could generate large changes in 
natural communities. Field and laboratory experiments showed that a slight 
decrease in water temperature dramatically reduced the effects of a keystone 
predator, the sea star Pisaster ochraceus, on its principal prey. Ongoing changes 
in patterns of cold water upwelling, associated with E l  NiAo events and longer 
term geophysical changes, may thus have far-reaching impacts on the com- 
position and diversity of these rocky intertidal communities. 

It is predictzd that increasing global temper- 
aturzs will shift species' gzographic ran, w s  to 
llipller latitudzs or altitudes ( 2 ) .  011 a local 
scale, connnunitizs ma) undergo gradual 
changes in colnpositioll as species n it11 affin- 
ities for n-armer temperatures beco~ne more 
abundant. Hol~el-er.  tzmperaturz changes 
may lla~re lnore ilnlnediate effects on local 
populations b) altering thz interaction bz- 
t w z n  a species and its competitors, mutual- 
ists, predators. prey, or pathogens (2). Often a 
fen- Itey interactions contribute dispropor- 
tionatzly to ~nailltailli~lg thz co~npositioll and 
fu~lc t io~~i l lg  of a commu~lity or ecosystem (3). 
If these illteractiolls arz sensiti1.e to temper- 
aturz. slnall clinlatic cllangzs could genzrate 
systzm-nide ecological changzs. 

Here I report e\.idencz from esperimznts 
in Oregon that slight iluct~iatiolls in n-ater 
temperature regular? thz ilnpact of a keystone 
przdator. thz sza star Pi.scistei oclii.lice~is. on 
its principal prey, the rock) intertidal ~llussels 
.\ f ~ , r i l ~ n  c~ilifoi.ilicii~i~.s and d l ,  ri~o.s.sii1ii.c. Paine's 
classic euperiments in Wasllington stat? dzm- 
onstrated that \\-itllout predation on lnussels 
b) Pisiistei.. a dilerse asselnblage of lon 
intzltidal alga? and in\-zltebratzs slliftzd to a 

Department  o f  Zoology,  Oregon  State University, 
Corvallis, OR 97331-2914,  USA. E-mail: san fo rdee  
bcc.orst.edu 

monoculh~re of the competiti~.ely donlina~lt 
lnusszl -1% cal!fbi.ilicir~~l.s (4 ) .  Dzllsities of Pi- 
sa.trei and its effects on intertidal commuai- 
tizs are highest during spring and sulnlner in 
thz Pacific Nolthwest ( 5 .  6) .  Hon-z\w. pre- 
liminar) obsenations suggested that many 
sea stars beca~ne inactive in low zonz chan- 
nels or sllallox~ subtidal Ivaters during periods 
of upwzlling ( 6 ) .  Li'ater temperatt~res drop 3" 
to 5°C during thzse zlents. x~hich  genzrall) 
last se\-era1 days to threz or morz wzzlcs (7). 
Upwelling is co~nl l lo~l  along the Oregon coast 
from h'iay to Szptember. 

I quantified sea star przdation ratzs at 
three \vaT e-exposzd sites ( 8 )  withi11 Neptune 
State Park (11"15 '1 ,  124"07'W). Oregon, to 
test tlle 11)pothesis that the strzngth of tllz 
Pisiisrer-.Ih.tiliis illtzraction is reduced during 
pxiods  of cold water upn-elling. This 4-1cm 
strztcll of coastline is conlposzd of e u t e ~ l s i ~ e  
rock) be~lclles. Tlle lligll i~lteltidal zone is 
cllaracterizzd by fiicoid algae and banlacles. 
the Inid zone b) dense beds of J I .  cnljfoi~iiici- 
i i i i s .  and the loa- zone b) a dilerse mix of 
algae. sza grass, and in~zrtebrates. At zach 
site. I idelltifizd pairzd reefs (mean area 5 
SEhl = 132.5 t 19.7 m') isolatzd by surge 
channels. All sea stars xe re  routinely re- 
mo\ ed fro111 onz rezf in each pair and all ox^ ed 
to senlaill at nah~ral  densities on the other 
reef. In April and May 1997. I trallsplanted 

each period (10) .  I randoml) selected and 
uncaged four lnussel transplants per reef per 
site. I the11 recorded lnussel s u n  i l  orship and 
local sea star density (the ~lulnber of sea stars 
in a 1-m radius around eacll transplant) on 
zach of the first 6 or 7 days and again on day 
I4 ( 1 I). Te~nperature data-loggers installzd 
in thz low intertidal zonz at zach site recorded 
water telnpzratures when submerged. or air 
telnperatures during l o ~ v  tidz. e\-ery 30 min. 
I!Iasilnuln air temperatures were uszd as a 
lneasure of potential heat stress during aerial 
exl)osur" 1-7). Fi le  nlaxinlunl n7a\ e force 
dyna~no~neters (13) at zach site rzcorded T ari- 
ation in \va\,e stress. a factor that can inhibit 
consumzr actil it). 

The esperimznts zncom~assed periods 
with and n~ithout upwelling and thus testzd 
\vhzthzr per capita illtzractioll stre~lgth [the 
difference in rates of nlussel mortality on 
reefs with and \vithout sza stars. d i ~ i d e d  b) 
the local sea star density ( 1 4 ) ]  ~ a r i e d  Tvitll 
fluctuatiolls in water temperature. Pzr capita 
illtzractioll strength was sharply rzduced dur- 
ing a persistent upwelling elellt (Fig. 1. A 
and B) .  During upwelling, there was an e\-en 
greater proportional drop in the collectile 
i n l ~ a c t  of Pislistel, (Fig. 1 C )  as a result of ta-o 
effzcts: Indilidual sea stars consumed less 
( lox~ er per capita effzcts). and the local den- 
sity of sza stars was reduced ( l j i ,  presum- 
ablj as a result of morz sza stars remaining 
inacthe in chanllels or shall on^ subtidal n a -  
tzrs. Both pzr capita and population interac- 
tion strellgtll a-ere signiiicalltly col~elated 
nit11 nlzall n7ater temperature and n7zrz um'z- 
lated to lariation in other znr-iromne~ltal fac- 
tors such as potzntial aerial hzat stress or 
maximum n7a\-e forces (16 ). 

I also zsamined Pisiistei. fzzding ratzs in 
the laboratory ( 2 7 )  ullder threz tzmperature 
regimes: constant 12°C. constant 9°C. and a 
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