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mia. The Rivera study clearly demonstrates 
that the compartments of the secretory path- 
way and their regulated sorting sites can be 
adapted to achieve rapid and efficient secre- 
tion of engineered therapeutic proteins. 

This new technology may provide a sim- 
ple platform from which to regulate secre- 
tion of therapeutic proteins in any type of 
cell. However, there remain intriguing scien- 
tific challenges that will need to be over- 
come if the svstematic success of this an- 
proach is to be assured. Protein folding and 
accumulation are constantly monitored by 
the ER (14). Proteins that fail to assume a 
transport-competent conformation are target- 
ed for removal by an ER-specific degrada- 
tive pathway (15). Although both peptide 
signals and sugar modifications play a role 
in regulating protein stability (14), the exact 
mechanisms by which proteins are selected 
for degradation are unknown. Moreover, ac- 
cumulation of unfolded proteins in the ER 
requires that both the size of the ER and its 
accessory components undergo continuous 
adjustment. ~ h kis achieved through signal- 
ing pathways from the ER to the nucleus 
whose components include the ER-associat- 
ed transmembrane proteins Ire I,  PERK 
(PKR-like ER kinase), and potentially other 
signaling receptors (16, 17). These pathways 
trigger the synthesis of a variety of resident 
ER and cytosolic proteins, which are re- 
quired for proper protein folding, regulation 
of translation, membrane lipid synthesis, and 
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transport. In a number of cases, signaling 
pathways from the ER can induce apoptosis 
of cells and tissue degeneration associated 
with diseases such as liver cirrhosis, periph- 
eral neuropathies, and perhaps Alzheimer's 
disease (2, 17). Intriguingly, mobilization of 
the ER-although clearly observed by 
Rivera and colleagues as an expansion of the 
ER in response to accumulation of engi- 
neered proteinsdid not cause programmed 
cell death, the activation of PERK, or degra- 
dation of the FKBP 12-fusion protein. 

Indeed it is becoming increasingly ap- 
parent that transient protein aggregation is a 
normal intermediate step in the folding and 
assembly of a variety of proteins, enabling 
the ER machinery to cope with a heavy or 
unbalanced protein synthesis load. Such ag- 
gregation allows for the temporary sorting 
and storage of specific proteins without the 
induction of protein degradation or the pro- 
grammed death of cells. An example would 
be the accumulation and release of im- 
munoglobulin from the distended ER of 
mature B cells. Cells can compensate for 
inefficient protein transport by accumulat- 
ing proteins and expanding the ER (this is 
seen in some forms of congenital hyperthy- 
roid goiter) (2). Furthermore, normal tissue 
homeostasis can be controlled by endoge- 
nous circulating molecules that trigger ER 
export of accumulated protein. For exam- 
ple, C reactive proteins stored in the ER 
are rapidly released during tissue injury. 

Measuring Beelines to Food 
Thomas Collett 

M
any decades ago, von Frisch (1) 
showed that honeybees are able to 
measure the distance that they fly 

from their hive to a foraging site. Knowing 
this distance helps bees to return to the site 
and also enables them to communicate the lo- 
cation of the site to other bees. A forager bee 
imparts this information on its return to the 
hive by performing a waggle dance (see the 
figure). A missing piece to this story is an un- 
derstanding of the way in which bees mea- 
sure this distance. Led by the bees' errors 
when flying with tail winds or against head 
winds, von Frisch supposed that the bees' es- 
timate of distance was derived from the ener- 
gy they expended during a fligh-a curious-
ly unreliable tape measure for bees to use. 

The issue was reexamined by two groups 
in the mid- 1990s, one in Notre Dame headed 
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by Esch and another at the Australian Na- 
tional University led by Srinivasan, who re- 
ports his latest findings on page 851 of this 
issue (2). Both groups rejected the energy 
consumption hypothesis. They showed in- 
stead that bees monitor distance visually. 
Bees integrate over time the motion of im- 
ages crossing the retina as they fly through a 
landscape. By this means they can both mea- 
sure and control the distance that they travel. 
The experimental proofs of both groups de- 
pended on a fundamental limitation of the 
insect neural system that measures self-gen- 
erated image motion (optic flow). This sys- 
tem is ignorant of the distance of features in 
the world that generate image motion on the 
retina. Consequently, flying a short distance 
close to the ground will generate the same 
integrated motion signal as flying a longer 
distance high above the ground. 

Esch and Burns (3) trained bees to for- 
age from the top of a 50-m-high building to 
a feeder placed on the roof of another tall 
building 230 m away. The waggle dances of 

Therefore, under certain conditions the ER 
can avoid activation of unwanted stress sig- 
naling pathways, which are usually mobi- 
lized in response to protein aggregation 
and accumulation. 

A better understanding of the events 
that direct ER export and its integration 
with degradative and stress signaling path- 
ways will no doubt improve our ability to 
generate "designer" cargo target proteins 
and to control their secretion. The Rivera et 
al. study represents a promising step in this 
direction. Furthermore. it confirms the im- 
portance of selective protein export from 
the ER as a key step in regulating cellular, 
tissue, and body homeostasis (5, 7 ) .  
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these bees indicated a distance that was 
about half the length signaled by bees trav- 
eling the same distance from a hive to a 
feeder on the ground. Srinivasan et al. (4) 
took a different tack. They analyzed the 
search behavior of bees that were trained to 
fly several meters down a narrow, well-lit 
tunnel and to forage at a feeder partway 
along its length. When the feeder was ab- 
sent, bees searched persistently at the ex- 
pected location. Evidence for the use of op- 
tic flow came from testing these trained 
bees in tunnels of different widths. Making 
the tunnel narrower than the standard 22 cm 
caused bees to search closer to the entrance. 
When the tunnel was widened, bees 
searched further from the entrance. To max- 
imize the perceived image motion, the tun-
nel was decorated with black and white ver- 
tical stripes on the walls (see the cover of 
this issue). But if the stripes were horizontal, 
so that there were no contrast changes to ac- 
tivate the motion detection system, bees did 
not know where to search when the feeder 
was missing and flew from one end of the 
tunnel to the other without stopping in the 
middle. Srinivasan and his colleagues have 
now woven these two strands of research to- 
gether, and in this issue of Science they pre- 
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Flight of the honeybee. The round and wag- 
gle dances are performed by foraging bees on 
an area of vertical comb close to the entrance 
of the hive to signal the availability of food. 
When food is close to the hive, foragers per- 
form a round dance, which gives no indication 
of the direction in which the food is located. 
For sites more distant than about 50 m, the di- 
rection of food with respect to the sun's az- 
imuth is signaled by the angle of the waggle 
component (S) relative to gravity, and the dis- 
tance of the food from the hive is signaled by 
the duration of the waggle component. Dura- 
tion increases nonlinearly with distance. 

sent an analysis of the dances that bees per- 
form after flying through the tunnel (2). 

The I I-cm-wide and 6.4-m-long tunnel 
was lit by skylight through the top. It was 
placed a few meters from the hive. Honey- 
bees typically do not perform the waggle 
dance when the feeder is closer than 50 m 
from the hive. Instead, they signal through 
the round dance that food is nearbv (see the 
figure). Bees returning from a feehe; at the 
entrance to the tunnel performed the expect- 
ed round dance. The feeder was then placed 
6 m into the tunnel. When the tunnel had 
horizontal stripes that generated minimal im- 
age motion, bees continued to perform a 
round dance. In contrast, if the tunnel walls 
were covered with a random texture generat- 
ing abundant image motion, bees performed 
a waggle dance that indicated a greatly mag- 
nified distance between hive and feeder of 
about 200 m. Flying a short distance through 
a narrow tunnel thus turns out to be equiva- 
lent to flying a distance 30 times W e r  over 
open ground. Srinivasan et al. infer from 
these data that in the outdoor environment in 
which the bees were tested, features generat- 
ing image motion were about 170 cm away 
from the bees' eyes. As the perceived image 
motion depends strongly on details of the 
terrain, the bees' measuring tape will be 

route dependent. This shortcoming does not 
matter if the principal use of the measuring 
tape is to gather and transmit information 
about a particular route. 

The slope of the relation between waggle 
duration and distance becomes less steep 
with distances greater than about 500 m (see 
the figure). The shallower slope at greater 
distances might result either from saturation 
of the system that integrates optic flow, or 
because bees fly higher over longer journeys 
(5) and so are at a greater mean distance 
from objects generating optic flow. The 
great advantage of measuring the waggle 
dance of bees that have flown through the 
tunnel is that the optic flow in the tunnel is 
well defined. It thus becomes possible to 
test for the linearity of the integrator, provid- 
ed, of course, that workshop and bees coop- 
erate in building and flying the much longer 
tunnels that would be needed. 

Different insects have to contend with 
different ecological problems so that im- 
age motion is unlikely to be the only cue 
that insects use for measuring distance. 

Because bees fly and are subject to un- 
known winds, ground speed and distance 
are most reliably controlled and measured 
through image motion. But insects that 
walk on the ground and are not subject to 
passive transport by wind can do better. 
Rather than relying on optic flow, with its 
unavoidable uncertainties, walking insects 
can, with advantage, use proprioceptive in- 
formation or some kind of step counting to 
monitor the speeds and distances that they 
travel. Indeed, desert ants keep a precise 
record of the distance that they walk to 
and from their nest, and they seem to make 
little if any use of optic flow in monitoring 
these distances (6). 
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Biosynthesis Meets 
Bioinformatics 

David E. Cane 

N atural products continue to be a fer- 
tile ground for chemical and bio- 
chemical inquiry and serve as an in- 

valuable source of some of the most widely 
used agents in human medicine, such as the 
antibiotics erythromycin, tetracycline, and 
penicillin, the anticancer agent taxol, and 
the cholesterol-lowering drug mevinolin, 
not to mention plant extracts used widely in 
dietary supplements and traditional 
medicine. Studies of the biosynthesis of 
natural products have revealed the origins 
of many of these biologically important and 
chemically complex substances and have 
been an invaluable tool for the discovery of 
new biochemical reactions. Traditionally, 
these studies have relied primarily on incor- 
poration experiments with isotopically la- 
beled precursors and on isolating new en- 
zymes catalyzing individual transforma- 
tions in multistep biosynthetic pathways. 
Two recent publications (1 ,  2) illustrate the 
continuing role of biosynthetic studies in 
unearthing new biochemistry and highlight 
the increasing role of molecular biology 
and genomics in this quest. 
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Until about 10 years ago, mevalonic 
acid was widely regarded as the common 
precursor of the more than 30,000 naturally 
occurring terpenoids. Inhibition of meval- 
onic acid biosynthesis by fungal-derived 
metabolites such as mevinolin has become 
a widely used and effective method for the 
therapeutic control of serum cholesterol 
levels. It therefore came as a surprise when 
the research groups of Rohmer in Stras- 
bourg and Arigoni in Ziirich independently 
discovered that certain bacteria, algae, and 
higher plants can use an entirely different 
pathway for the biosynthesis of the univer- 
sal isoprenoid building block isopentenyl 
diphosphate (IPP) [for a review, see (3)]. 
The discovery of this mevalonic acid-inde- 
pendent pathway initiated intensive investi- 
gations aimed at identifying the relevant 
enzymes and metabolic intermediates. The 2 
pathway is now known to begin with the $ 
conversion of the glycolytic intermediates 
pyruvate and glyceraldehyde-3-phosphate 
(1, G-3-P) to the five-carbon sugar 1-de- 
oxyxylulose phosphate (2, dXP) in a thi- S 
amin diphosphate (TPP)-dependent reac- $ 
tion (4,5) (see panel A in the figure). Inter- 5 
estingly, dXP is also a precursor for thi- 
amin and vitamin B6 in bacteria such as E 

Escherichia coli. 
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