
C O M P L E X  SYSTEMS 

Unraveling Bacteria's Dependable 
er, when a bacterium senses a deside substance, such as an amino 

Homing System acid. it follows a steadier course toward this tarpet. 
t or more than a century, mkrobidogkts have rnarvded at th& ability In one sukh microbe, &*a coli, chemohs gets kicked off 
of bacteri-ingly simple organisms-to home in on a food . when an attractant links up with a receptor protein that sits in the 
source and navigate toward it. Since then they've picked the process ceU membrane. Then several Che (for chemotaxis) proteins get in- 
apart, identifying some proteins that "smell" the nutrient source, 0th- volved and alter the movement of the rotating flagella to gop or 
ers that propel a microbe toward it by driving flagella, and still others start a turn.% result is that the bacterium tumbles less frequent- 
that c k e y  the necesary signals. BA they never 
quite understood how this process could work re- 
liably in spite of variations in the microbes' crwn 
genetic makeup or in their environments. 

That's where Stanidas Leibler decided he 
might -be able to make a contribution. Several 
years ago, tMs Princeton motecular biologist and 
Princeton colleague Naarna Barkai brought skills 
fmm their fonner lives as physicists to bear on 
the problem. Today, their success in mathemati- 
caty qmsmting how this robust behavior arises 
from the complex interactions of proteins and 
pathways has eamed kudos from both theorists 
and experimentalists. "They've taken a biological 
pathway and tried to ask something about its 

Hirtarka clde. A 1966 acperi- 
ment showed that bactek will 
move from the center of a petri 

ly, and it moves in a relathfay constant direction to- 
wad a greater concentration of the attractant. When 
h no longer senses a rising concentration gradient, it 
r&ms to the orj$nal tumbling rate, thereby ensur- 

it can detect further changes in the gradient. 
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of ceU fwlctian, induding this ability to return to a 
steady tunWng ate o w  a wide range of atbacbnt 
a r n c e n t r a h i a n s d u i n g ~ ~ o n p r e d s e  
t l t r a t k n o f t h e v a r i o u s m d e a r k ~ o f t h e  
systemIfthatweretkcase,toomuchortoolittleof 
anyoftheCheproteinswouMthrawthesystemoff. 

To fd  out if this is indeed the case, Barkai and 
Leibler built a mathematical model of the interactions. 
Like others who had modaed chemotaxls before 

fundamental properties as a unit," says Leland d'& ollhmard t w d  undeQleted them, they assumed that the receptw was either on or 
Hartwell, a yeast geneticist at the Fred Hutchin- nutrient supplies, forming a ring. off, depending mainly on whether an odor molecule 
son Cancer Research Center in Seattle. That a p  -+ - +. had docked at the receptw.They tmdated this "two- 
proach "is really fundamental for the next step in M i a N  = '  'istatem model into a series of diffemtial equations that describe the 

Leibler and Barkai started with the broader question of how or- interacti-0~ between the various Che proteins. 
ganisms could be different, biochemically speaking, and still eany "The model crmectty repmdud the main featwes of bacterial 
out the same behavior. Most cellular processes depend on interac- dwmaWsn w)pn firJt tested 2 years qgo, L e i k  recdkThe simulated 
tions among many different proteins. And many biologists had duobe mspdtki and adapted to chges in the mncentration of the 
thought that the cell attraaantmKhasthedbaderkmdoe+M~,itwasHnastodo 
had to keep tight con- a e v e n w f m t h e ~ c h a n g e d t h e ~ a n d ~ o f C h e  
trol over the concentra- ~ b y d f o M T t w e s l r m l a t i o n r ~ " t h e r e a r e s 0 m e p r a p  
tions and Wties of e r t i e s v h k h , a e n o t 5 e r & i w [ ~ ~ ] r " ~ ~ m  
these various molecules He and Barkai then teamed up with Princeton physicist-turned- 
to keep everythii func microbiologist Uri Alon and with microbiologist Michael Surrette to 
tioning smoothly. examine if this was the way real bacteria worked.They created mu- 

Yet the more DNA tant bacteria that e i h  undepmduced or overproduced several 
geneticists have se- Che proteins. Comparing strains that made one protein, Che R, at 
quenced, the more W y  levels ranging from less than normal to 50 times the normal 
have reabd that the amount, they found that the time it took the bacteria to return to 
pme gene often differs their usual tumbling rate after sensing an attractant dropped from 
sli#htiy from one indi- 23 minutes to less than one. Vet as the model had predicted, all of 
vidual to the next- - -, -b & propels the mutants, no matter what their Che R activity, were able to re- 
.differences that affect itxlfw#h -, + % .  . 

2. - r 

turn to those precise tumbling rates.The work "shows that for some 
how much of i ts protein - - .  properties, the cell doesn't seem to care" about the amount of 
product a gene produces, or how well the protein works. And even these proteins, says Leibler. A feedback loop that W e s  the cell to 
when gems an identical, protein cmamtratiam can mry for OW measure the tumbling rate and adjust accordingly must be respon- 
reasom. Yet more often @!I pot, the organism functions just fine sibte for this robustness. 
in spite of the t h e m ; ' .  :. Mhmgh robustness in cbmotaxis may not seem all that impor- 

M n  the Prkrceton duo pondered this pude, they wondered tant in the grand scheme-of cell biology, the the is impressive be- 
whether the biochemical details are artlcd than the way the cause "it shows how variability can be acamdated  in a circuit," 
details fit together. PH)laps ~gadsms have evoked netwwk of in- says Hartwlea Some 'emegent pmperlf of the chernotactic path- 
-ions that work &ably in spite of either owracthre or under- way buffers it against variation in its individual components. Thus 
a c t i i  genes or proteins. "Qne cannot unders&nd this by lwkirig at Bech i n d i i  can function just fine while being a little d i i t  
one protein," LeiMer realized. 'One has to amider the whde sys- Thk mix of rameness and variation is an aaet in the game of evo- 
tern ... to see if [this robustness] comes f m  systemic properties" lution. AS HBNaCd d biologist Marc Kirxhner points out, "If you have 

They decided to Look at this question by trying to make senre d fkibihy, youh esentiatly desigmd something that is capable of be- 
chamtaxis. "There is m simp& system," LeiMw ex&ins, *but we ing mod#ied, [and W s ]  d d t y . " T h a t ' s  a l e d  of understanding 
were able to build on marry years of beautiful work done by other that could onty come from imqmatiq the biochemical details of 
people. That made this one tne best known and best studied syr- the system id a bigger pkture And, says Hartwell W is something 
t a m  Typicah, chemotactic microbes zigzag as €hey swim, chaw- that all pf, us are goillg to be twim to aa" 4mmm PENNISI 
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