
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
(PAGE) and the relative amounts of the proteins in
each fraction were estimated by scanning densitom-
etry of the stained gels. In the absence of actin, no
SipA (at all concentrations used in the assay) was
detected in pellets after centrifugation at 100,000g.

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

14. Actin was isolated was from rabbit skeletal muscle
[ J. A. Spudich and S. Watt, J. Biol. Chem. 246, 4866
(1971)] and labeled with pyrene [T. Kouyama and K.
Mihashi, Eur. J. Biochem. 114, 33 (1981)]. Pyrene–G-
actin (4 mM) was polymerized at room temperature
for 30 min in actin polymerization buffer (APB) [20
mM Pipes (pH 7.0), 75 mM KCl, 2 mM MgCl2, 0.1 mM

EGTA, 0.1 mM dithiothreitol, and 0.05 mM ATP] and
then diluted to different concentrations in the pres-
ence or absence of equimolar concentrations of SipA.
After a 4-hour incubation at room temperature, the
fluorescence intensity was measured on a fluores-
cence spectrophotometer (Hitachi F-2000) with ex-
citation wavelength set at 365 nm and emission
wavelength at 407 nm. Alternatively, pyrene–G-actin
was diluted to various concentrations in the presence
and absence of SipA in APB without KCl and MgCl2.
Polymerization was initiated by adding 75 mM KCl
and 2 mM MgCl2. After a 4-hour incubation at room
temperature, the fluorescence intensity was mea-
sured as described above. To examine the effect of
SipA on F-actin stability, we diluted 1 mM of poly-
merized actin, in the presence or absence of SipA (1
mM), in APB (with or without KCl and MgCl2) to 0.1

mM and measured the fluorescence intensity over time.
To evaluate the effect of SipA on actin polymerization,
we precleared pyrene–G-actin by centrifugation at
100,000g for 4 hours at 4°C after dilution in APB
without KCl and MgCl2. Actin concentration was adjust-
ed to 1 mM in the presence or absence of SipA (1 mM).
Polymerization was initiated by adjusting the buffer
concentration to 75 mM KCl and 2 mM MgCl2, and the
fluorescence intensity was measured over time.

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 D. Zhou and J. E. Galán, unpublished results.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

tin, and members of the Galán laboratory for critical
reading of the manuscript. Supported by NIH grants
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Regulation of Keystone
Predation by Small Changes in

Ocean Temperature
Eric Sanford

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 El Niño 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 predicted that increasing global temper-
atures will shift species’ geographic ranges to
higher latitudes or altitudes (1). On a local
scale, communities may undergo gradual
changes in composition as species with affin-
ities for warmer temperatures become more
abundant. However, temperature changes
may have more immediate effects on local
populations by altering the interaction be-
tween a species and its competitors, mutual-
ists, predators, prey, or pathogens (2). Often a
few key interactions contribute dispropor-
tionately to maintaining the composition and
functioning of a community or ecosystem (3).
If these interactions are sensitive to temper-
ature, small climatic changes could generate
system-wide ecological changes.

Here I report evidence from experiments
in Oregon that slight fluctuations in water
temperature regulate the impact of a keystone
predator, the sea star Pisaster ochraceus, on
its principal prey, the rocky intertidal mussels
Mytilus californianus and M. trossulus. Paine’s
classic experiments in Washington state dem-
onstrated that without predation on mussels
by Pisaster, a diverse assemblage of low
intertidal algae and invertebrates shifted to a

monoculture of the competitively dominant
mussel M. californianus (4). Densities of Pi-
saster and its effects on intertidal communi-
ties are highest during spring and summer in
the Pacific Northwest (5, 6). However, pre-
liminary observations suggested that many
sea stars became inactive in low zone chan-
nels or shallow subtidal waters during periods
of upwelling (6). Water temperatures drop 3°
to 5°C during these events, which generally
last several days to three or more weeks (7).
Upwelling is common along the Oregon coast
from May to September.

I quantified sea star predation rates at
three wave-exposed sites (8) within Neptune
State Park (44°159N, 124°079W), Oregon, to
test the hypothesis that the strength of the
Pisaster-Mytilus interaction is reduced during
periods of cold water upwelling. This 4-km
stretch of coastline is composed of extensive
rocky benches. The high intertidal zone is
characterized by fucoid algae and barnacles,
the mid zone by dense beds of M. california-
nus, and the low zone by a diverse mix of
algae, sea grass, and invertebrates. At each
site, I identified paired reefs (mean area 6
SEM 5 132.5 6 49.7 m2) isolated by surge
channels. All sea stars were routinely re-
moved from one reef in each pair and allowed
to remain at natural densities on the other
reef. In April and May 1997, I transplanted

20 clumps of 50 M. californianus (shell
length, 4.5 to 5.5 cm) to the low intertidal
zone on each reef (9).

From June through August 1997, I con-
ducted five consecutive experiments to mea-
sure the intensity of sea star predation during
periods lasting 14 days each. At the start of
each period (10), I randomly selected and
uncaged four mussel transplants per reef per
site. I then recorded mussel survivorship and
local sea star density (the number of sea stars
in a 1-m radius around each transplant) on
each of the first 6 or 7 days and again on day
14 (11). Temperature data-loggers installed
in the low intertidal zone at each site recorded
water temperatures when submerged, or air
temperatures during low tide, every 30 min.
Maximum air temperatures were used as a
measure of potential heat stress during aerial
exposure (12). Five maximum wave force
dynamometers (13) at each site recorded vari-
ation in wave stress, a factor that can inhibit
consumer activity.

The experiments encompassed periods
with and without upwelling and thus tested
whether per capita interaction strength [the
difference in rates of mussel mortality on
reefs with and without sea stars, divided by
the local sea star density (14)] varied with
fluctuations in water temperature. Per capita
interaction strength was sharply reduced dur-
ing a persistent upwelling event (Fig. 1, A
and B). During upwelling, there was an even
greater proportional drop in the collective
impact of Pisaster (Fig. 1C) as a result of two
effects: Individual sea stars consumed less
(lower per capita effects), and the local den-
sity of sea stars was reduced (15), presum-
ably as a result of more sea stars remaining
inactive in channels or shallow subtidal wa-
ters. Both per capita and population interac-
tion strength were significantly correlated
with mean water temperature and were unre-
lated to variation in other environmental fac-
tors such as potential aerial heat stress or
maximum wave forces (16).

I also examined Pisaster feeding rates in
the laboratory (17) under three temperature
regimes: constant 12°C, constant 9°C, and a
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treatment that simulated episodic upwelling
by alternating between 12°C and 9°C every
14 days. Sea stars were fed M. trossulus (18)
(shell length, 3.0 to 4.0 cm) ad libitum. The
number of mussels consumed per tank was
recorded every 14 days. Sea stars in 9°C
tanks consumed, on average, 29% fewer mus-
sels than those at 12°C (Fig. 2). As predicted,
sea stars in the alternating treatment fed in-
tensely at 12°C, more slowly at 9°C, then
faster again at 12°C (19).

These results suggest that interannual
variation in the frequency and intensity of
coastal upwelling could alter the dynamics of
these intertidal communities through strong
effects on keystone predation. In recent de-
cades, upwelling patterns in the California
Current have changed substantially in re-
sponse to more frequent and intense El Niño–
Southern Oscillation (ENSO) events, inter-
decadal regime shifts in the North Pacific,
and perhaps global warming (20). During
ENSO years, warm water accumulates in the
eastern Pacific, the thermocline is depressed,
and upwelled waters are drawn from shallow-

er, warmer layers. These effects were appar-
ent at my field sites during the 1997–98
ENSO. Only 6.3% of the high tides during
May through August 1997 had mean water
temperatures below 9.5°C, whereas 36.7% of
the high tides fell below this mark during the
same period of 1996. It remains to be deter-
mined whether such variation is sufficient to
alter community composition. Systematic
changes in cold water upwelling, which may
accompany global warming (20), would be
expected to modify predation intensity by
Pisaster during the summer, when sea star
densities and effects are the highest. This
change might alter both the vertical extent of
mid zone mussel beds and the species com-
position of the low intertidal zone.

This study demonstrates that the local
strength of a keystone interaction can be al-
tered by slight temperature shifts and changes
in the timing and intensity of seasonal events.
At larger spatial scales, Pisaster’s per capita
impact on prey may decrease with increasing
latitude (21), although this response could be
modified by acclimatization or local adapta-

tion. The sensitivity of Pisaster to tempera-
tures well within its tolerance range suggests
a need to consider physiological effects other
than the acute stress associated with a spe-
cies’ thermal limits. The alteration of key
species interactions by climatic change could
have a more immediate and important impact
on natural systems than slow shifts in the
geographic distribution of species.
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Fig. 1. Seawater tem-
perature and sea star–
mussel interaction
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are means (1SEM) of
values recorded at
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High tide water tem-
peratures (the mean
from 2 hours before to
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tures above the x axis
are the overall means
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Mean per capita IS of
sea stars on trans-
planted mussels dur-
ing each 14-day peri-
od. (C) Mean per pop-
ulation IS of sea stars
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Fig. 2. Sea star feeding rates in three laboratory
treatments: 12°C (solid bars), 9°C (open bars),
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A Cytotoxic Ribonuclease
Targeting Specific Transfer

RNA Anticodons
T. Ogawa,1 K. Tomita,2* T. Ueda,2 K. Watanabe,2 T. Uozumi,1

H. Masaki1†

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 39 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 39 end (2). Colicins
comprise a treasury of cytotoxins with well-
defined structures 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
RNases (3). The nuclease type colicins exhib-
it high conservation in their NH2-terminal
large regions required for receptor binding
and membrane transfer, and their nuclease
activities are exclusively due to their small
COOH-terminal domains, where sequence
variations are concentrated (4, 5). In this
respect, E4 and E6 are in fact E3 homologs
(6); however, the COOH-terminal region of
E5 exhibits no sequence similarity to E3 (7).

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 ImmE3, ImmE4, and
ImmE6. We thus suspected that E5 has a
different target site on ribosomes, 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 ImmE5 was
cloned under the colicin E3 promoter (8). The
NH2-terminal sequencing of the purified
ImmE5 revealed that the imm gene starts 78
base pairs upstream of the location previously
speculated (7) and produces a 108–amino
acid protein (9).

E5-CRD in fact caused a substantial de-
crease of the MS2 RNA-dependent amino
acid incorporation in a cytoplasmic fraction
separated at 30,000g (S-30) of E. coli (10)
(Fig. 1B). This decrease was not due to any
contamination by nucleases 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,
the inhibitory effect of E5-CRD, unlike that
of E3-CRD, was not observed when the in-
corporation of [14C]Phe was measured with
polyuridylate [poly(U)] as the template (Fig.
1, C and D), suggesting different modes of
action of E3 and E5.

The action of E5-CRD on RNA was exam-
ined (Fig. 2A). E5-CRD degraded protein-free
E. coli rRNAs, and this degradation was effec-
tively inhibited by ImmE5, excluding the pos-
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