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ture for 60 min and then centrifuged at 100,000g for 
30 min at 4°C. Supernatants and pellets were ana- 
lyzed by SDS-polyacrylamide gel electrophoresis 
(PACE) and the relative amounts of the proteins in 
each fraction lvere estimated by scanning densitom- 
etry of the stained gels. In the absence o f  actin, no 
SipA (at all concentrations used in the assay) lvas 
detected in pellets after centrifugation a t  100,000g. 

13. Samples were loaded onto carbon-coated grids, 
stained wi th  1 %  uranyl acetate, and visualized under 
the electron microscope. 

14. Actin \hias isolated was f rom rabbit skeletal muscle 
[j. A. Spudich and 8. Wat t ,  j. Biol. Chem. 246, 4866 
(1971)l and labeled w i th  pyrene [T. Kouyama and K. 
Mihashi, Eur. j. Biochem. 114, 33 (1981)l. Pyrene-G- 
actin (4  1p.M) was polymerized a t  room temperature 
for  30 min in actin polymerization buffer (APB) 120 
m M  Pipes (pH 7.0). 75 m M  KCI, 2 m M  MgCI,, 0.1 m M  

ECTA, 0.1 m M  dithiothreitol, and 0.05 m M  ATP] and 
then di luted t o  different concentrations in the pres- 
ence or absence of equimolar concentrations of SipA. 
After a 4-hour incubation a t  room temperature, the 
fluorescence intensity was measured on a fluores- 
cence spectrophotometer (Hitachi F-2000) vi i th ex- 
citat ion lvavelength set at 365 n m  and emission 
~vavelength a t  407 nm. Alternatively, pyrene-C-actin 
was diluted t o  various concentrations in the presence 
and absence of SipA in APB wi thout  KC1 and MgCI,. 
Polymerization was initiated by adding 75 m M  KC1 
and 2 m M  MgCI,. After a 4-hour incubation a t  room 
temperature, the fluorescence intensity lvas mea- 
sured as described above. To examine the effect of 
SipA on F-actin stability, we di luted 1 p M  o f  poly- 
merized actin, in  the presence or absence of SipA (1 
p M ) ,  in APB (wi th  or ~ v i t h o u t  KC1 and MgCI,) t o  0.1 
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ILM and measured the fluorescence intensity over time. 
To evaluate the effect of SipA on actin polymerization, 
we precleared pyrene-C-actin by centrifugation at 
100,000g for 4 hours at 4°C after dilution in APB 
without KC1 and MgCI,. Actin concentration was adjust- 
ed t o  1 p M  in the presence or absence of SipA ( I  IJ,M). 
Polymerization was initiated by adjusting the buffer 
concentration to  75 m M  KC1 and 2 m M  MgCI,, and the 
fluorescence intensity was measured over time. 

15. D. Zhou and J. E. GalAn, unpublished results. 
16. We thank E. Taylor for providing pyrene-labeled ac- 

t in, and members of the Galan laboratory for critical 
reading of the manuscript. Supported by NIH grants 
A130492 and CM52543 (J.E.G.) and DK25387 
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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 przdation during 
I periods lasting 14 days zach. 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 illcreasillg 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 changzs 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 shiftzd to a 

monoculh~re of the competiti~.ely do~nina~l t  
lnusszl -1% cal!fbi.ilicir~~l.s (4 ) .  Dznsities 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 sl~allox~ 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 c o ~ n l n o ~ 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 thz 
Pisiisrer-.Ih.tiliis illtzractioll is reduced during 
pxiods  of cold water upn-elling. This 4-1cm 
strztch of coastlille is co~nposzd of e u t e ~ l s i ~ e  
rock) be~lches. Tlle lligll i~lteltidal zone is 
cllaracterizzd by fiicoid algae and banlacles. 
the Inid zone b) dense beds of J I .  cnljfoi~iiici- 
iiiis, and the loa- zone b) a dilerse mix of 
algae. sza grass, and in~zrtebrates. At zach 
site. I identifizd pairzd reefs (mean area 5 
SEhl = 132.5 t 19.7 m') isolatzd by surge 
channels. All sea stars xe re  routinely re- 

Department of Zoology, Oregon state University, 
1110~ ed fro111 onz rezf in each pair and all ox^ ed 

corva1lis, OR 97331-2914,  USA, ~ . ~ ~ i l :  to senlaill at ~ l a h ~ r a l  densities on the other 
bcc.orst.edu 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 i~lstallzd 
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 
exposur" 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 ~ 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 
inact i~  e 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 lariatioll 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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treatlllent that silnulated zpisodic upa-zlling 
b) altzmating betnzen 12°C and 9°C eTzry 
14 days. Sea stars were fed M. ri~oss/il~cs (18) 
(shell length, 3.0 to 1 . 0  cml ad libitum. The 
llulnber of nlussels consullled per tank was 
recorded e\-ely 14 days. Sea stars in 9°C 
tanks consumed, on awragz. 29% fzn~er  mus- 
szls than thosz at 12°C (Fig. 2). As przdicted. 
sea stars in the alternating treatment fed in- 
tensel) at 12°C. more slowl) at 9'C, thzn 
faster again at 12°C (19). 

These results suggzst that interannual 
T ariation in the frequent) and intensit) of 
coastal up\velling could alter the d) llalnics of 
thesz intertidal co~nmunitizs through strong 
zffects 011 keystone predation. In rzcent dz- 
cades, upwelling patterns in the California 
Current h a w  changzd substantiall) in rz- 
sponse to Inore frequent and intense El Nilio- 
S o u t h z ~ ~ l  Oscillation (ENSO) z \mts ,  inter- 
decadal regimz shifts in the North Pacific, 
and perhaps global Tvarming (20). During 
ENSO yzars. ~varln water accumulatzs in thz 
eastern Pacific. the themlocline is depresszd, 
and uplvelled waters are drawn from shallo\v- 

er, n7a1111zr layers. Thesz zffzcts n7ere appar- 
znt at 1ny field sites during thz 1997-98 
E I S O .  Onl) 6.3% of the high tides during 
May through August 1997 had Illeall water 
temperaturzs below 9.j°C, whereas 36.7% of 
the high tides fell bzlow this 11lark during thz 
same period of 1996. It remains to be deter- 
nlillzd n~hzther such \,ariation is sufficiznt to 
altzr community composition. Systematic 
changes in cold water upn.elling. a-llic11 may 
acconlpany global warming (20). would be 
expected to modify predation illtensity by 
Pivirvtei. during the summer, when sea star 
densities and effects are the highest. This 
change might alter both the \,ertical zxtznt of 
mid zoaz rllusszl beds and thz spzcies com- 
position of the low intzrtidal zone. 

This study demonstratzs that the local 
stre~lgth of a keystone interaction can bz al- 
tered by slight tempzraturz shifts and changes 
in the timing and intznsity of seasolla1 eT znts. 
At largzr spatial scales, Pisnstei's pzr capita 
ilnpact on przy may decreasz a-ith increasing 
latitude (?I), although this response could be 
modified by acclilnatizatioll or local adapta- 

Fig. 1. Seawater tern- 18 
perature and sea star- ,, % , ]A  .h 
mussel interaction 
strength (IS) during 
consecutive 14-day pe- 
riods (x axis). All data 
are means (+SEM) of 
values recorded at 
three study sites. (A) 
High tide water tem- 
peratures (the mean ' 0.03 
from 2 hours before to 
2 hours after each 
high tide). Tempera- O.O1 
tures above the x axis 
are the overall means T ' 1  
for the 27 high tides 0 1 6  

of each period. (B) 0.12 
Mean per capita IS of 
sea stars on trans- 
planted mussels dur- 
ing each 14-day peri- n 0 
od. (C) Mean per pop- June18 July2 July17 Augl Augl5 Aug29 
ulation IS of sea stars 
during each period. D a t e  
Both per capita and 
per population IS were significantly lower during upwelling than during the other four periods 
[ANOVA, contrast the third period (middle bars) with the other four; F,,,, = 10.03, P = 0.003 (per 
capita); and F,,,, = 11.10, P = 0.002 (per population)]. 

Fig. 2. Sea star feeding rates in three laboratory 
u treatments: 12°C (solid bars), 9°C (open bars), 
E-7 and alternating (hatched bars) (for periods 1 
= 8 through 3: 12". go, and 12°C. respectively). Bars 2.. 
g';, 2 are mean consumption rates ('SEM) in treat- 

l? d ments (n = 4 tanks per treatment) during three 
0 V1 
cn m consecutive 14-day periods. Data were ana- 
? ; I  lyzed in a repeated measures ANOVA. Treat- 
I ment (F,, = 59.81, P < 0.001). time (F,,, = 

36.59, P i 0.001), and time X treatment '(F ,,!, 
0 

1 2 3 
= 5.70, P = 0.004) were all significant. Wi th~n 
each time period, horizontal lines above bars 

Period indicate groups whose means do not differ 
(Tukey-Kramer, P > 0.05). 

tion. The sensit i~ity of Piscrster. to tempera- 
tures n7zll n7ithin its tolzrancz range suggests 
a need to consider ph) siological effzcts other 
than the acute stress associated with a spe- 
cies' thennal limits. The alteratioll of kz) 
spzcies interactions b) clirnatic changz could 
ha\ e a more irnnlediate and irnportant irnpact 
on natural s~s t e rns  than slow shifts in thz 
geographic distribution of species. 
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A Cytotoxic Ribonuclease 
Targeting Specific Transfer 

RNA Anticodons 
T. Ogawa,' K. T ~ m i t a , ~ "  T. Ueda,2 K. Watanabe,' T. Uozumi,' 

H. Masaki'? 

The carboxyl-terminal domain of colicin E5 was shown to inhibit protein syn- 
thesis of Escherichia coli. Its target, as revealed through in vivo and in vitro 
experiments, was not ribosomes as in the case of E3, but the transfer RNAs 
(tRNAs) for Tyr, His, Asn, and Asp, which contain a modified base, queuine, at 
the wobble position of each anticodon. The E5 carboxyl-terminal domain hy- 
drolyzed these tRNAs just on the 3' side of this nucleotide. Tight correlation 
was observed between the toxicity of E5 and the cleavage of intracellular tRNAs 
of this group, implying that these tRNAs are the primary targets of colicin E5. 

A variety of proteinaceous toxins inhibit pro- 
tein synthesis; they have been used to eluci- 
date complicated cell mechanisms. Ribo- 
somes are one of the most sophisticated tar- 
gets and are susceptible to many toxins, in- 
cluding plant-derived ricin; bacterial Shiga 
toxin and Shiga-like toxins. and a fungal 
a-sarcin (1). Colicin E3 and cloacin DF13 are 
special ribonucleases (RNases) that cleave 

16s  ribosomal RNA (rRNA) at the 49th phos- 
phodiester bond from the 3 '  end (2). Colicins 
comprise a treasury of cytotoxins with well- 
defined stmctures and modes of action. 

Among the E-group colicins. which share 
receptor BtuB for the initial step of killing, 
E3 to E6 quickly stop amino acid incorpora- 
tion into treated cells; suggesting inhibition 
of protein synthesis. On the basis of analogy 
with E3. E4 to E6 have been thought to be 

Thus, the initial phase of the experiment, wi th sea 
stars recently collected from the field, best reflects 
the effects of temperature on Pisaster wi th natural 
levels of energy reserves. 
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Moreover, these colicins are accompanied by 
specific inhibitors. Imm proteins, which ac- 
count for the immunity of colicinogenic cells. 
Here again ImmE5 is excluded from the ho- 
mology shared by InunE3. ImmE4. and 
ImmE6. We thus suspected that E5 has a 
different target site on riboso~nes, or even 
outside of ribosomes, for possible interfer- 
ence with protein synthesis. 

To examine E5 activity in vitro; we fo- 
cused on its COOH-terminal nonhomologous 
domain: a plasmid ColE5-099 DNA segment 
encoding both the COOH-terminal 115 ami- 
no acids of E5 (E5-CRD) and I1nmE5 was 
cloned under the colicin E3 promoter (8) .  The 
NH,-teninal sequencing of the purified 
ImmE5 revealed that the im l i i  gene starts 78 
base pairs upstream of the location previously 
speculated (7) and produces a 108-ammo 
a c ~ d  prote~n (9) 

E5-CRD 111 fact caused a substant~al de- 
crease of the US2 RNA-dependent amlno 
a c ~ d  lncorporatlon In a cytoplasm~c fract~on 
separated at 30.000g (S-30) of E colr ( I O )  
(Fig 1B) This decrease was not due to any 
contamination by llucleases because the de- 
crease was completely prevented by preincu- 
bation with ImmE5; as in the case of E3-CRD 
and ImmE3 (Fig. 1A). Curiously. however. 

RNases (3). The nuclease type colicins exhib- the inhibitory effect of ES-CRD: unlike that 
'Department o f  Biotechnology, Graduate School o f  
Agricultural and Life Sciences, University of Tokyo, it high conservation in their NH,-terminal of E3-CRD. was not observed when the in- 
Yayoi 1-1-1, ~ u n k ~ ~ - k ~ ,  ~~k~~ 113-8657, japan. 2De- large regions required for receptor binding corporation of [14C]Phe was measured with 
partment o f  Chemistry and Biotechnology, Graduate and membrane transfer. and their nuclease polyl~ridylate [poly(U)] as the template (Fig. 
School of  Engineering, University of  Tokyo, Hongo activities are exclusively due to their small 1, C and D). suggesting different modes of 
7-3-1, Bunkyo-ku, Tokyo 113-8654, japan. COOH-te11ninal domains. where senuence action of E3 and E5. 
"Present address: lnst i tut  de Biologie Moleculaire des variatioIls are concentrated (4, 5 ) .  this The action of E5-CRD on RNA was exam- 
Plantes du CNRS, 12  rue du General Zimmer, 
F-67084, Strasbourg Cedex, France. 

respect, E4 and E6 are in fact E3 homologs ined (Fig. 2A). E5-CRD degraded protein-free 

f~~ whom correspondence should be  addressed, E- ( 6 ) :  however. the COOH-telminal region of E. coli rRNAs. and this degradation was effec- 
mail: hmasaki@mcb.bt.a.u-tokyo.ac.jp E5 exhibits no sequence similarity to E3 (7).  tively inhibited by 11nn35, excluding the pos- 
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