ly stimulate the haltere control muscles with-
out also directly activating afferents within
the adjacent haltere nerve.

The haltere efferent control pathway is
based on a neural architecture that may be
common among insects and provides a par-
simonious explanation for the evolution of
halteres from aerodynamically functional
hind wings. In locusts, hind wing mechano-
receptors make strong connections with fore
wing motoneurons and function to maintain
a correct phase relation between the meta-
thoracic and mesothoracic wing pairs (32).
Although the hind wings of flies have lost all
aerodynamic function, they have retained
and elaborated mechanoreceptors capable of
entraining motoneurons of the fore wing.
Wings, like halteres, are susceptible to Co-
riolis forces. However, without using a so-
phisticated multiplexing strategy, it would be
difficult for the nervous system to distinguish
between aerodynamic forces and Coriolis
force acting on wings. The reduction of the
halteres’ aerodynamic role may have resulted
from disruptive selection acting to specialize
the fore wing as an aerodynamic organ and
the hind wing as a Coriolis force-sensitive
equilibrium organ. Although the haltere ef-
ferent system provides a sophisticated means
of integrating visual and mechanosensory in-
formation, the underlying circuitry probably
arose from a general pattern of segmentally
repeated sensory-motor reflexes.
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A Marine Natural Product Inhibitor
of Kinesin Motors
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Members of the kinesin superfamily of motor proteins are essential for mitotic and meiotic
spindle organization, chromosome segregation, organelle and vesicle transport, and
many other processes that require microtubule-based transport. A compound, adocia-
sulfate-2, was isolated from a marine sponge, Haliclona (also known as Adocia) species,
that inhibited kinesin activity by targeting its motor domain and mimicking the activity of
the microtubule. Thus, the kinesin-microtubule interaction site could be a useful target
for small molecule modulators, and adociasulfate-2 should serve as an archetype for

specific inhibitors of kinesin functions.

Eukaryotic cells depend on dynamic micro-
tubule (MT)-mediated events executed by
members of the kinesin superfamily. Vari-
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ous kinesins are necessary for cell division
(1) and for vesicle (2) and organelle (3)
transport. More than 100 kinesin superfam-
ily members are currently known. Different
kinesins share a common 350—amino acid
motor domain, which is necessary and suf-
ficient for adenosine triphosphate (ATP)-
dependent force generation (4), attached to
a variety of cargo-binding or effector tail
domains. The atomic structure of the motor
domain (5-8) and the basic elements of the
kinetic cycle (9) are now known. However,
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many key elements are still missing from
our understanding of kinesin mechanisms.
In particular, how changes in the nucleo-
tide binding state modulate kinesin affinity
for the MT and how these changes couple
to stepping are poorly understood (10).

Identification of specific kinesin inhibi-
tors would substantially aid understanding,
because such inhibitors could selectively
abolish activity in vivo and knowledge about
their mechanism of inhibition would allow
better insight into enzyme mechanisms.
However, no good inhibitors of kinesin mo-
tors are currently available except for nucle-
otide analogs, which are not very useful in
vivo because of their lack of specificity.

We looked for kinesin inhibitors in ma-
rine sponges, which are a rich source of
chemically unique, biologically active com-
pounds (I1). Marine sponge extracts were
tested for disruption of an MT gliding mo-
tility assay (12). This method allowed an
immediate distinction to be made between
effects on motility and effects on MT sta-
bility. Active extracts were then tested for
inhibition of the MT-stimulated kinesin
ATPase (13). The most promising extract,
from the sponge Haliclona (also known as
Adocia) sp., disrupted MT attachment to
the kinesin-coated surface in the motility
assay and completely inhibited the MT-
stimulated kinesin ATPase.

We identified the active compound in
the extract and named it adociasulfate-2
(AS-2) (Fig. 1A). AS-2 inhibited the MT-
stimulated kinesin ATPase with median in-
hibitory concentration (ICs,) in the low
micromolar range (Fig. 1B). The AS-2
structure does not resemble that of nucleo-
tide triphosphates, which suggests a differ-
ent mode of action from that of known
kinesin inhibitors and increases the chances
of a narrower activity spectrum. To inves-
tigate specificity, we tested AS-2 on various
ATPases. Of those tested, the only enzymes
substantially inhibited by AS-2 were kine-
sin superfamily members (Table 1). In ad-
dition, we observed no effect of AS-2 on
MT polymerization (14).

The behavior in the motility assay sug-
gested that AS-2 may interfere with MT
binding to kinesin. We tested this hypoth-
esis by performing a kinesin-MT (15) co-
sedimentation assay in the presence of a
nonhydrolyzable ATP analog, AMP-PNP,
with or without AS-2 (Fig. ZA). Under
these conditions, 35 pM AS-2 abolished
kinesin binding to MTs. Consideration of
the kinesin mechanochemical cycle sug-
gested that the effect on MT binding could
be induced by (i) locking kinesin in a weak-
ly binding state resembling the kinesin—
adenosine diphosphate (ADP) intermediate
through AS-2 binding in the nucleotide
pocket or (ii) by direct interference with
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Fig. 1. AS-2 inhibits the MT-stimulated kinesin
ATPase. (A) AS-2 structure. (B) Dependence of
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Fig. 2. Biochemical characterization of AS-2 action. (A) AS-2 prevents kinesin binding to microtu-
bules. The monomeric kinesin protein K5-351 (3.5 wM) was preincubated with MT (3.6 pM),
MgAMP-PNP (2 mM), and with (+AS-2) or without (-AS-2) 35 wM AS-2. After 10 min, the mixture was
centrifuged at 80,000g for 30 min, and supernatants (S) and pellets (P) were analyzed by SDS-
polyacrylamide gel electrophoresis. (B and C) AS-2 inhibition is competitive with MT but not with ATP.
Initial rate measurements were done at room temperature with the use of a malachite green assay
(13). ATP concentration dependence was determined by a coupled enzymatic assay with pyruvate
kinase and lactate dehydrogenase, monitoring changes in absorbance at 340 nm. (27) (B) Apparent
K., for MTs depends linearly on AS-2 concentration. The intercept with the x axis gives an estimated
K; value of 0.8 pM. (C) Apparent K, for ATP does not depend on AS-2 concentration; only V., is
affected. (D) AS-2 stimulates the basal kinesin ATPase without MTs. (E and F) AS-2 induces a burst
of ADP release (22). (E) An example of the experimental trace. (F) The magnitude of the burst of ADP

release depends on AS-2 concentration.
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the MT-binding site. Steady-state kinetic
measurements demonstrated that AS-2 in-
hibition was competitive with MTs and
could be totally reversed by high MT con-
centrations. The apparent Michaelis con-
stant (K_) for MT depended linearly on
AS-2 concentration (Fig. 2B) [inhibition
constant (K;) = ~0.8 uM]. In contrast,
varying the ATP concentration did not af-
fect the overall shape of the kinetic curves.
Maximum reaction velocity (V__ ) was pro-
gressively lower at higher AS-2 concentra-
tions (Fig. 2C), demonstrating that excess
ATP could not outcompete AS-2 inhibi-
tion. Additional evidence against AS-2
binding at the nucleotide pocket comes
from the lack of an inhibitory effect on the
basal, non-MT-stimulated kinesin ATPase.
If AS-2 interfered with nucleotide binding
or locked the enzyme in a particular nucleo-
tide-bound state, ATP turnover in the ab-
sence of MT should be decreased. However,
concentrations up to 136 pM AS-2 (the
highest concentration tested) not only did
not inhibit the basal kinesin ATPase rate
but stimulated it instead.

MT binding to kinesin induces ~1000-
fold stimulation of the basal ATPase rate,
owing primarily to accelerated ADP release
(16). In the absence of MTs, AS-2 stimu-
lated the basal ATPase rate from ~0.01/s to
~0.06/s (Fig. 2D). To test whether this rate
acceleration was affected by a mechanism
analogous to that of MT-induced stimula-
tion, we examined ADP release from kine-
sin in the presence of varying concentra-
tions of AS-2 and in the absence of MTs.
Bursts of ADP release were observed (Fig.
2E); their magnitude correlated positively
with the concentration of AS-2 (Fig. 2F).
The AS-2 concentration at 50% of the
maximum burst was much higher than the
K, estimated from steady-state MT compe-
tition assays. This discrepancy may reflect

Table 1. Concentrations of AS-2 causing 50%
inhibition of ATPase. Rates were determined by a
malachite green assay (73).

Enzyme ICso
Rabbit kidney ATPase* >136 uMT
Apyrase >136 uMt
Myosin Il (EDTA) 75 uM
CENP-E§ 10 M=
K5-351|| 2 uM**
K411q 2 pM**
T1-ytt 2 pM**
Pyruvate kinase >136 pMTt

*Obtained from Sigma (A2414). tEnzyme was not in-
hibited by 50% at the highest used inhibitor concentration
of 136 pM. tEDTA activated ATPase. §Construct
containing 473 amino acids of Xenopus CENP-E.
[Construct containing amino acids 5 through 351 of Dro-
sophila kinesin. qConstruct containing amino acids 1
through 411 of Drosophila kinesin. #At 6 pM
tubulin. **At 2 uM tubuiin. +1Construct containing
778 amino acids of T. lanuginosus kinesin-like protein.
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different affinities for AS-2 by different nu-
cleotide states of kinesin. Steady-state ki-
netic measurements of K; reflect the affinity
of the most tightly bound state of the cycle,
which includes several intermediates (kine-
sin-ATP, kinesin~ADP-inorganic phos-
phate, kinesin-ADP, and so on). In con-
trast, the ADP release experiment involved
only one state, kinesin-ADP, which has the
lowest affinity for the MT (17).

We also investigated the in vivo effects
of AS-2. Preliminary experiments demon-
strated that AS-2 had no effect on HelLa
cell proliferation. However, AS-2 is a fairly
large molecule (molecular weight 738) with
two charged sulfate moieties and may have
difficulty crossing cell membranes. This
problem can be alleviated by direct injec-
tion of AS-2 into early Drosophila embryos,
in which 13 rounds of mitosis take place in

Fig. 3. Effects of AS-2 R
injection in the early pre-
cellular blastoderm em-
bryo of Drosophila mela-
nogaster (23). In double-
stained images, tubulin
is red and chromatin is
green. (A) The nuclei of a
buffer-injected  control
embryo continued to di-
vide normally and devel-
op until the late stages of
embryogenesis;  inter-
phase nuclei at the site of
injection are shown. (B)
Injection of 130 uM AS-2
halted development and
appeared to cause apo-
ptotic cell death. A vari-
ety of chromatin struc-
ture defects around the
site of injection, from ex-
tremely compact nuclei
(arrows) to big, complex,
semi-compact chroma-
tin  aggregates are
shown. Some nuclei (ar-
rowheads) were clearly
pycnotic. (C) In an em-
bryo injected with buffer,
spindle formation and
chromosome separation
took place normally; an
early precellular blasto-
derm embryo where all
the nuclei were at mid-
metaphase is shown. (D)
Striking defects in MT
and chromosome orga-
nization were seen in
embryos injected with 65

a syncytium. The first seven divisions are
synchronized and occur at the center of the
egg. During the next three divisions, most
nuclei move to the egg surface and then
divide three times in partially open cell
buds (18). Thus, drugs injected into these
early embryos will have access to many
mitotic nuclei at the egg surface during the
last three divisions. We injected three dif-
ferent AS-2 concentrations (1300 uM, 130
pM, and 65 uM) (19); 130 uM AS-2 ar-
rested all nuclear divisions immediately at
the point of injection (Fig. 3B); 65 uM
AS-2 caused less severe phenotypes with
more distinct abnormalities. At the injec-
tion site, we found spindles and MT asters
without chromosomes (Fig. 3, D and F),
mats of unattached MTs (Fig. 3D), and
chromosomes apparently detached from the

spindle (Fig. 3F). These effects could be

uM AS-2. Many extra MT asters (arrows) not attached to chromatin were near the site of injection. Large
knots of microtubules (arrowheads) were also visible without associated chromatin. (E) Percentage of
Drosophila embryos dying after the injection of various AS-2 concentrations. Controls were injected with
buffer only. Each data point summarizes results for 50 injected embryos. (F) In embryos injected with
AS-2, some chromosomes were apparently detached from the spindles (arrows). We also observed
large knots of MTs (arrowheads) that were devoid of chromatin. In (C), (D), and (F), tubulin is red and

chromatin is green.
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accounted for by loss of function of various
kinesin superfamily members (20). Control
embryos injected with buffer alone did not
exhibit any of these phenotypes (Fig. 3, A
and C); the majority of them survived until
the gastruia stage (Fig. 3E), when they were
fixed and stained. Embryos injected in the
post-cellularization stage developed nor-
mally, confirming that AS-2 was unable to
cross cell membranes.

Our results demonstrate that AS-2 spe-
cifically inhibits kinesin activity by inter-
fering with MT binding. This mechanism is
unlike that of any known kinesin (or other
motor) inhibitor and may be generated by
AS-2 emulating tubulin binding to a por-
tion of the MT-binding site of kinesin.
AS-2 is also a potent toxin, which when
delivered intracellularly may ablate several,
if not all, aspects of kinesin-superfamily—
mediated transport. AS-2 and its deriva-
tives have many potential applications.
When made membrane permeant, AS-2
and its derivatives would be likely to be
efficient antimitotic or antitransport drugs
for studying kinesin functions or might be
therapeutic agents. The existence of a ki-
nesin atomic structure may allow the ratio-
nal design of molecules based on AS-2 and
the development of specific inhibitors for
kinesin families and subfamilies, thus lead-
ing to precise chemical intervention. Final-
ly, the ability of AS-2 and its derivatives to
mimic the activity of the MT may allow
modification of surfaces or other substrates
with AS-2 to create artificial kinesin tracks.
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The Involvement of Cell-to-Cell Signals in the
Development of a Bacterial Biofilm

David G. Davies, Matthew R. Parsek, James P. Pearson,
Barbara H. Iglewski, J. W. Costerton, E. P. Greenberg*

Bacteria in nature often exist as sessile communities called biofilms. These communities
develop structures that are morphologically and physiologically differentiated from free-
living bacteria. A cell-to-cell signal is involved in the development of Pseudomonas
aeruginosa biofilms. A specific signaling mutant, alas/ mutant, forms flat, undifferentiated
biofilms that unlike wild-type biofilms are sensitive to the biocide sodium dodecy! sulfate.
Mutant biofilms appeared normal when grown in the presence of a synthetic signal
molecule. The involvement of an intercellular signal molecule in the development of P.
aeruginosa biofilms suggests possible targets to control biofilm growth on catheters, in
cystic fibrosis, and in other environments where P. aeruginosa biofiims are a persistent

problem.

Certain bacteria, such as the fruiting bac-
teria, communicate with each other to form
structured macroscopic groups (I, 2). Re-
cently, it has become apparent that in ap-
propriate environments, common bacteria
exhibit similar social behavior. Microscope
observations of living bacterial biofilms at-
tached to a glass surface have revealed that
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these sessile microbial biofilm populations
have a complicated structural architecture
(3, 4). Biofilms of mixed bacterial commu-
nities and of individual species such as
Pseudomonas aeruginosa that develop on sol-
id surfaces exposed to a continuous flow of
nutrients form thick layers consisting of
differentiated mushroom- and pillar-like
structures separated by water-filled spaces.
The structures consist primarily of an extra-
cellular polysaccharide (EPS) matrix or gly-
cocalyx in which the bacterial cells are
embedded (5). The finding that P. aerugi-
nosa produces at least two extracellular sig-
nals involved in cell-to-cell communication
and cell density-dependent expression of
many secreted virulence factors suggests
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