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Im a g in e a n u n d e rw a te r fa c to ry w h ich is a b o u t

10 ¹ m lo n g in e a ch d ire c tio n . T h e fa c to ry is ¯ lle d

w ith m a c h in e s, e a ch ty p ic a lly a fe w te n s o f n a n o -

m e te rs lo n g , w h ich p e rfo rm sp e c ī c ta sk s a n d o p -

e ra te in a w e ll-c o o rd in a te d m a n n e r. A c e ll, th e

stru c tu ra l a n d fu n c tio n a l u n it o f life , is n o t v e ry

d i® e re n t fro m th is m ic ro -fa c to ry . In th is tw o -

p a rt a rtic le , I b e g in w ith A lic e 's g u id e d to u r o f

th is m ic ro -fa c to ry in h e r d re a m d u rin g w h ic h th e

g u id e sh o w s h e r w id e v a rie tie s o f n a n o -m a ch in e s.

T h e sty le o f p re se n ta tio n o f th e ¯ rst p a rt is in -

sp ire d b y L e w is C a rro l's A lice in W o n d e rla n d .
In th e se c o n d p a rt, I in tro d u c e th e m e th o d s o f

stu d y in g th e m a te ria ls a n d m e ch a n ism s o f th e

m o le c u la r m a ch in e s th ro u g h d ia lo g u e s. T h e th re e

p a rtic ip a n ts in th is d isc u ssio n a re A lic e , h e r e ld e r

b ro th e r A le x a n d h e r fa th e r A lb e rt. T h e sty le o f

p re se n ta tio n o f th e se c o n d p a rt is a d a p te d fro m

G a lile o 's D ia lo g u e C o n ce rn in g th e T w o C h ie f
W o rld S y ste m s . A lb e rt, a p ro fe sso r o f b io p h y sic s,
e m p h a siz e s th e c ru c ia l d i® e re n c e s b e tw e e n th e

m e c h a n ism s o f th e n a tu ra l n a n o -m a ch in e s a n d

th o se o f th e ir m a c ro sc o p ic c o u n te rp a rts. H e a lso

p o in ts o u t so m e p ra c tic a l a p p lic a tio n s o f th is in -

te rd isc ip lin a ry re se a rc h in b io m e d ic a l sc ie n c e a n d

n a n o -te ch n o lo g y .

1 . In tro d u c tio n

A lice w as sittin g o n a w in d ow seat b esid e h er fa th er in -
sid e th e aircraft. T h e d ep artu re w as d elayed b eca u se of

b ad w eath er. S h e w as com in g b ack to D elh i w ith h er
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Figure 1.  A schematic
black-box like representa-
tion of a machine; only the
input and the output are
mentioned explicitly.

p aren ts after a tw o-w eek vacation w ith h er g ran d p a r-

en ts. S o o n h er ¯ n al y ea r in sch o ol w ou ld b egin . H er
fath er, a p rofesso r of b iop h y sics at a u n iv ersity in D elh i,
h ad u tilized th e vacation to p rep are h is lectu re n otes for
th e n ex t sem ester. A lice p icked u p th e n ote b o ok from
h er fath er's tray tab le an d sta rted rea d in g th e fo llow in g

p ara gra p h from th e n o tes.

\T h ree cen tu ries a go M arcello M alp ig h icon jectu red Ǹ a-
ture, in order to carry out the m arvelou s operation s in
an im als an d plan ts, has been pleased to con struct their
organ ized bodies w ith a very large n u m ber of m achin es,
w hich are of n ecessity m ade up of extrem ely m in ute parts
so shaped an d situated, su ch as to form a m arvelous or-
gan , the com position of w hich are usually in visible to the
n aked eye, w ithout the aid of the m icroscope.'[1]".

A lice h ad a lread y learn t a lot ab ou t m a ch in es fro m h er
p h y sics tea ch er in sch o ol. A m ach in e is a d ev ice, h av in g
a u n iq u e p u rp ose, th at au g m en ts or rep la ces h u m a n or

an im al e® ort fo r th e accom p lish m en t o f p h y sical task s.
T h e op era tio n of a m ach in e m ay in vo lv e th e tran sfo rm a -
tio n of ch em ica l, th erm a l, electrica l, or n u clear en ergy
in to m ech an ical en erg y or v ice versa . A ll m ach in es h ave
an in put, a n output, an d a tran sform in g (or m o d ify in g)
an d a tran sm ittin g d ev ice (see F igure 1). A m an -m ad e
com p lex m a cro scop ic d ev ice is u su a lly a n assem b ly of
sim p ler com p o n en ts, ea ch of w h ich is d esig n ed to ach ieve
a sp ecī c fu n ction . F or ex am p le, a h a ir d ry er con sists of
a h eater, a fan an d a sw itch su ita b ly con n ected b y elec-

tric w ires an d assem b led in a com p act fra m ew ork ; com -
b in ed an d co ord in ated o p eration o f th ese co m p on en ts
gives rise to th e fu n ction o f th e h aird ryer { b low in g h ot
air.
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With the triumph of

the molecular theory

of matter in the

beginning of the

twentieth century,

molecule became

the prime object of

investigation in

chemistry as well as

in biology.

A lice con tin u ed w ith th e n ex t p a ragra p h in h er fa th er's

n ote b o ok . \N atu ra lly, to u n d erstan d h ow a m ach in e
w ork s, on e h a s to u n d ersta n d th e stru ctu re an d fu n c-
tio n s of its com p o n en ts. S o, th e b elief in th e ro le of o r-
ga n ic m ach in es in su stain in g life led to in ten se a n ato m i-
cal in v estig atio n s in th e seven teen th cen tu ry. C u riou sly,

th e em p h asis sh ifted fro m o rgan ic m a ch in es d u rin g th e
eig h teen th an d n in eteen th cen tu ries; a critica l an a ly sis
for p lau sib le reaso n s h as b een ca rried ou t b y P iccolin o
[1]. W ith th e triu m p h of th e m o lecu la r th eo ry o f m atter
in th e b egin n in g o f th e tw en tieth cen tu ry, th e m o lecu le

b ecam e th e p rim e ob ject of in vestiga tio n in ch em istry
as w ell as in b iology. In terestin gly, a s ea rly as in 19 06 ,
L o eb (a s q u o ted in [2 ]) referred to th e cell as a \ch em ica l
m ach in e".

A lice cou ld n 't b elieve w h a t sh e rea d . S o, sh e ask ed h er
fath er, \D o es a cell really fu n ction as a m a ch in e?". H er
fath er rep lied , \In d eed , each of th e cells in ou r b o d y
is lik e a f̀a cto ry th a t con tain s an elab ora te n etw ork of
in terlo ck in g assem b ly lin es' [3 ], each o f w h ich is m ad e
u p o f an en orm ou sly large n u m b er of m o lecu lar m a -
ch in es. J u st like m a cro scop ic m a ch in es, th ese m olec-
u lar m a ch in es also con sist of h̀ igh ly co ord in ated m ov -
in g p arts' [3-7 ]. H ow ever, u n lik e m an -m ad e m a ch in es,
th ese are p ro d u cts of N atu re's design perfected over m il-
lion s o f y ears of evolu tio n . T h e m ech an ism s u n d erly in g
th eir fu n ction are o ften very d i® eren t from th a t of th eir
m acroscop ic co u n terp a rts in sp ite of m an y su p er¯ cia l
sim ila rities. T h e ty p ica l sizes o f th e m o lecu la r m ach in es
in ou r b o d y cells ran ge fro m ten s to a few n an o-m eters.
O n e of th e b iggest ch a llen g es o f m o d ern scien ce is to
d eterm in e th e p rin cip les b eh in d th e design o f th ese n at-
ural n an o-m achin es an d to u n d erstan d th eir d y n am ics
w h ich h elp in elu cid a tin g th e m echan ism s of th eir fu n c-
tio n s in term s o f th e fu n d am en tal p rin cip les of p h y sics" .

T h e aircraft n ow started m ov in g alo n g th e ru n w ay of th e
airp o rt. A lice's fath er said , \ A lice, if you d o n ot h ave
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Unlike man-made

machines, cells are

products of Nature�s

design perfected  over

millions of years of

evolution. The

mechanisms

underlying their

function are often very

different from their

macroscopic

counterparts in spite

of many superficial

similarities.

The typical sizes of

the molecular

machines in our

body cells range

from tens to a few

nano-meters.

a lo t o f h o m ew ork d u rin g th e n ex t w eeken d , I'll b e glad

to tell yo u som e of th e in tellectu al ch a llen ges p o sed b y
th e u n u su al m ech an ism s of th ese n an o-m ach in es in sid e
ou r cells, each of w h ich is lik e a m icron -sized fa cto ry " .

2 . A G u id e d T o u r o f th e L iv in g C e ll

T h e aircraft lifted o ® th e ru n w ay an d w as a scen d in g .
A lice lo oked o u t o f th e w in d ow a n d saw th e b u sy ve-

h icu lar tra ± c o n th e streets b elow . A t o n e co rn er of
th e city sh e saw th e h igh ch im n ey s of th e factories; th is
w as th e in d u strial area w h ere h er gran d fa th er ow n ed a
sm all com p an y th at m an u factu red som e ch em ica ls. A
few oth er h igh stru ctu res th at sh e cou ld recog n ise w ere
h u ge w ater tan k s th a t su p p lied d rin k in g w ater to th e

ad jo in in g resid en tial a rea s. S everal years ag o sh e h ad
seen o n e of th e p u m p s w h ich ra ised w ater u p to th ose
tan k s from th e w ater ¯ ltratio n p lan t b elow .

A lice recalled th e d ay s w h en sh e w as still in h er k in d er-
ga rten an d h er g ra n d m oth er u sed to n arrate th e sto ries
of R am ayan a a n d M ahabharata in th e even in g d u rin g
th e su m m er vacation s. T h e story sh e liked th e m ost w a s
th at of th e u n d erw ater k in g d om o f sn akes. S h e w a s so

tired th at, ev en b efore sh e realized , sh e w a s fa st a sleep
in h er seat a n d sta rted d ream in g .

A lice fo u n d h erself at th e en tran ce of th e u n d erw ater

k in g d om . It w as cov ered en tirely b y an a p p rox im ately
sp h erica lm em b ran eou s soft w all. A w ater m o lecu le greet-
ed A lice w ith a sm ile: \ W elcom e A lice! E n joy a g u id ed
tou r of ou r k in g d om w h ich yo u ca ll \ cell". I'm N eera
an d I'll b e yo u r gu id e d u rin g th e n ex t n in ety m in u tes of
yo u r tou r of o u r k in g d om ".

N eera w a rn ed A lice th at th e \ch a n n el" -like p a ssa ge of
th e en try ga te w as very n a rrow an d A lice w o u ld h ave to
sq u eeze th ro u gh it. T h e w all of th e k in gd om actu ally

con sisted o f tw o layers a n d th e sp ace in b etw een w a s
d en sely p o p u lated b y w h a t lo ok ed like tw o -tailed ¯ sh ;
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Each of the cells in

our body is like a

�factory that

contains an

elaborate network

of interlocking

assembly lines�,

each of which is

made up of an

enormously large

number of

molecular

machines.

N eera seem ed to h ave a sp ecial d islik e for th ese ¯ sh .

W h en A lice asked th e n am e o f th ese u n u su al sp ecies
of ¯ sh , N eera said th ey a re called lipids. T h e p ecu liar
featu re of th ese lip id s w a s th at th e on es a t th e o u ter layer
h ad th eir h ead s fa cin g w ater ou tsid e th e k in g d om a n d
th ose in th e in n er layer h a d th eir h ead s starin g in sid e

th e k in gd o m ; N eera said th at th e tw o m o n olayers o f th e
lip id s a lw ay s stay tog eth er fo rm in g a b ilayer. T h e ta ils
of th ese ¯ sh lo o ked ra th er slip p ery an d sm elt lik e soa p .

W h ile A lice w as lo ok in g a t th e w a ll, sp ellb ou n d b y w h at
sh e saw , N eera h ad d on n ed a sp ecial sw im m in g su it,
so m ew h a t like th e on es u sed b y sw im m ers at th e O ly m -
p ics. N eera said , \I'll h av e a tou g h tim e sw im m in g
across th a t ch a n n el u n less I p u t on th is sw im su it" .

J u st as th ey slip p ed in th rou gh th e ch a n n el, A lice fo u n d
a n et o f rop es w h ich resem b led ¯ sh in g n ets. F irst sh e
th ou gh t th a t th ese w ere p erh a p s in ten d ed to p reven t th e
tw o -tailed ¯ sh from en terin g th e k in g d om . B u t, im m ed i-

ately sh e realized h er m ista ke; sh e h ad n ev er seen su ch a
d u a l-p u rp ose n et. W h ile ta k in g o® h er sw im su it, N eera
sa id th at th is sp ecia l n et is called cytoskeleton . T h e
gird ers an d cab les tog eth er form a skeleton th a t gives
stren gth to th e a rch itectu re o f th e k in g d om a n d , at th e

sa m e tim e, also fo rm th e b a ck b on e o f th e tra n sp o rtation
n etw o rk of th e k in gd om [7].

T h ere w a s w ater every w h ere in sid e th e k in gd om . B u t,

u n lik e th e freely ° ow in g tran sp aren t w ater A lice h ad al-
w ay s b een fam iliar w ith , it w as rath er v iscou s an d tu rb id
b ecau se of th e h u ge crow d sw im m in g a ll arou n d . A lice
req u ested N eera fo r a b rief p a u se a s sh e w an ted to w a tch
th e b u sy tra n sp ortation sy stem fo r a w h ile b efore p ro -
ceed in g to th eir n ex t d estin ation .

A lice fou n d th at th e m o tors w ere n o t m ov in g sm o oth ly ;
th eir jerk y m otio n w as sim ilar to th a t o f a p erson try in g
to m ov e straigh t in a d u st storm . T h e m o tors m ov in g
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Figure 2. A cartoon of a
two-headed molecular mo-
tor moving on a filamen-
tary track.

alon g th e ca b les a n d stru ts h ad n o w h eels. T h ey lo oked

m ore lik e tw o -leg ged h u m an s th a n th e fo u r-w h eeled ve-
h icles A lice w as fam iliar w ith . E ach carried a h eav y
b u n d le of ca rg o on its h ea d an d m oved like a p orter.
N eera p oin ted a t th e m oto r p assin g b y a n d said it w a s
a kin esin . A n o th er co m in g fro m th e o p p o site d irection

w as a dyn ein . N eera said th a t th ese tw o b ran d s a re like
train s o f th e rap id m a ss tra n sit sy stem th at ra n from
th e city cen tre to th e p erip h eral su b u rb s. T h e k in esin s
tran sp ort carg o from th e city cen tre to th e p erip h era l
su b u rb s w h ile th e d y n ein s m ove in ex a ctly th e o p p o -

site d irection . T h e sti® stru ts th a t fo rm th e tra ck s for
th ese m oto rs are called m icrotu bules. T h e sh u ttle b u ses
th at carried th e p a ssen gers in th ese su b u rb s w ere m o stly
m yosin s an d th ey m oved on m ore ° ex ib le ca b les called
actin .

A lice d id n ot ¯ n d a sin gle p etrol p u m p (g as station )
an y w h ere in th e city a n d a sked N eera h ow th e m o to rs
w ere ru n n in g w ith ou t fu el. N eera corrected h er m istak e;
th e m oto rs w ere co n su m in g \ch em ical fu els". E a ch of

th e m oto rs w a s u tilizin g th e ch em ica l en erg y released
b y a ch em ical reactio n . T h e fu els, n a m ely m o lecu les of
a co m p ou n d called a d en osin e trip h o sp h a te (A T P ), w ere
ab u n d an t ev ery w h ere a n d th e m o tors w ere u sin g th e en -
ergy released b y th eir h y d ro ly sis to gen era te th e m ech a n -

ica l en ergy req u ired for th eir d irected m ov em en t. A lice
w as w ell aw are o f th e en v iron m en ta l p rob lem s created
b y th e em ission s from th e m oto r veh icles b a ck at h om e.
S o, sh e ask ed N eera h ow th ey d isp o sed o f th e sp en t fu el.
N eera said th at a ll of th e sp en t fu el w a s recy cled in th eir
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Figure 3 (left). A cartoon of
a DNA helicase motor that
moves on a nucleic acid
track locally unzipping the
double stranded DNA.

Figure 4 (right). A cartoon
of an RNA polymerase mo-
tor that moves on a nucleic
acid track synthesizing an
m-RNA strand using  DNA
as the template.

k in g d om ; th e sp en t fu el w as rech arged to m a n u fa ctu re

fresh fu el. N eera also a d d ed th at som e oth er m a ch in es in
th eir k in gd om d irectly u sed su n ligh t a n d , th erefore, w ere
very eco -frien d ly as n o w aste p ro d u ct w as gen era ted b y
th ose m ach in es. M oreover, a n oth er ad va n tage of th e
m ach in es ru n n in g o n lig h t en erg y w as th at ligh t can b e

sw itch ed o n a n d o® easily a n d ra p id ly.

A s it w as gettin g la te, A lice resu m ed h er sig h tseein g
tou r o f th e k in g d om . S o on A lice an d N eera w ere at

th e p ore-like en tran ce to th e p a la ce, ca lled n u cleus, at
th e cen ter of th e k in gd om . A lice w as sp ellb ou n d b y th e
ch em ical factory in sid e th e n u cleu s. A m em b er of a sp e-
cia l class of m ach in es, ca lled D N A helicase, w as w a lk in g
alon g a D N A ¯ b er u n w in d in g th e tw o stran d s. T h is

p ro cess resem b led d isen ta n glin g o f tw o stran d s o f ¯ n e
th read th at are sn a rled togeth er. T h e lo ca l op en in g of
th e d o u b le stran d ed D N A (see F igure 3 ) is e® ectively
an u n zip p in g p ro cess th at cu ts th e w ea k b on d s w h ich
h old th e tw o stran d s to geth er. \S u ch op en in gs fo rm on e
step in th e overall p ro cesses of D N A rep air or p o ly m eri-

sa tion of D N A a n d R N A " ex p la in ed N eera . R N A poly-
m erases (see F igure 4) also m ove on D N A a n d th e m ain
fu n ctio n of th ese m ach in es is to p o ly m erise th e so -called
m essen ger R N A join in g n u cleotid es th at are selected on
th e b asis o f th e tem p la tes form ed b y a sin g le-stra n d of

D N A . T h e in p u t en ergy fo r th ese m ach in es com es from
th e con d en sation of n u cleotid e trip h o sp h ates (N T P ) a n d
th e ou tp u t is th e w ork d on e b y th e m ach in e ag ain st th e
op p osin g ch em ical force.
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Figure 5. A cartoon of ribo-
somes that move simulta-
neously on an  mRNA
strand each synthesizing
different copies of the same
protein.  The ribosome has
two subunits; the larger
subunit is represented
schematically by the ellipse
while the rectangular part
represents the smaller sub-
unit. The three small boxes
on the larger subunit corre-
spond to the three binding
sites. The smaller subunit
of the ribosome can cover
simultaneously l codons,
i.e., l  triplets of nucleotides
(l = 2 in this figure) on the
mRNA.  The parameters 
and  capture the effective
rates of initiation and ter-
mination of translation.

A lice saw th e sy n th esis o f o n e su ch m R N A stran d in

fron t of h er eyes in a m atter of secon d s. T h en th e ser-
p en tin e m R N A h ead ed tow a rd s th e n u clear p ore. N eera
sa id , \A fter m ov in g ou t o f th e n u cleu s, th e m R N A w ill
serve a s a tem p late fo r th e sy n th esis of a p ro tein b y a n -
oth er set of m ach in es" . A lice w as ex cited an d w a n ted

to see th e w h ole p ro cess. S h e ru sh ed ou t of th e n u cleu s
b eh in d th e m R N A , closely fo llow ed b y N eera . A lice saw
th at so o n th e m R N A g ot d ecorated b y little b a ll-like
m ach in es. S h e lo oked a t N eera. \ T h o se a re th e ribo-
som es," ex p lain ed N eera (see F igure 5). A lice saw a

stich in g-like action b y ea ch of th e rib oso m es, w h ich also
in v olved th e m R N A , tR N A a n d a m in o acid s, th at ¯ n ally
gav e b irth to a fresh p rotein ch ain . H ow ever, alm o st in -
sta n ta n eo u sly th e n a scen t p rotein fold ed in to a com p lex
th ree-d im en sio n al stru ctu re th at N eera id en tī ed as th e
tertiary stru ctu re of th e p ro tein .

O n th e w ay b ack , A lice saw m an y b u ild in gs o f w id e va -
riety o f sh ap es an d sizes; ea ch of th ese w as en clo sed b y
a soft m em b ra n ou s w all. N eera p oin ted h er ¯ n g er at

on e a n d said , \C an y ou see th at lab y rin th in e stru ctu re?
T h a t's en doplasm ic reticulum . A n d , of co u rse, th e sm all
b alls stick in g to its m em b ran o u s w all are th e rib oso m es."
T h en N eera tu rn ed in an oth er d irection , \ T h at on e over
th ere is ca lled th e G olgi apparatus". A lice co u ld n ot
con trol h er cu riosity. S h e a sked , \ W h y d o yo u n eed th e
G o lg i ap p a ratu s?". N eera w a s b rief, \T h e G o lg i ap p a -
ratu s is lik e a letter sortin g station o f a p o stal sy stem ;
th e p rotein s a re so rted h ere, p a ckag ed a n d forw ard ed to
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Figure 6 (left). A cartoon of
a translocation machine
that translocates a biologi-
cal macromolecule across
a membrane.
Figure 7 (right). A cartoon
of ATP synthase, a rotary
motor associated with a
membrane. The cylindrical
part is called the F0  motor
while the other part repre-
sents the  F1 motor. Both F0

and F1 are reversible and
are tightly coupled to each
other.

Figure 8. A cartoon of the
flagellar motor of bacteria,
a rotary motor associated
with a membrane.

th eir on w ard d estin ation ." N eera a d d ed fu rth er, \ W e'll

v isit som e en d op lasm ic reticu lu m an d G o lg i a p p ara tu s
d u rin g you r fu tu re v isits a n d sh ow y ou th e fu n ction s of
th ose. In p articu la r, th ere a re som e tran slocation m a-
chin es o n an d n ea r th eir w a lls w h ich p u ll an d p u sh p ro -
tein s in a n d ou t of th e b u ild in g. W ith o u t th e h elp of

th ese m em b ra n e-b o u n d m a ch in es, n o p ro tein w ou ld b e
ab le to cross th e w a lls of th e en d op lasm ic reticu lu m a n d
G o lg i a p p ara tu s" (see F igure 6).

S u d d en ly, N eera seem ed v ery ex cited : \A lice, can y ou
see th at sm all sau sa ge-sh a p ed b u ild in g ov er th ere? T h at
is a m itochon drion , o n e o f th e p ow er h ou ses th a t co n -
vert th e sp en t fu el A D P in to fresh fu el A T P . It lo ok s
very d i® eren t from th e ch em ica l fa cto ries in yo u r w orld .

T h is is ach ieved b y a tin y m ach in e, ca lled A T P syn thase
[8], stu ck o n th e w a ll o f th e m ito ch on d rion . P erh a p s
yo u ca n n ot see it from h ere (see F igure 7 ). B u t, I can
assu re you th at th is rotary m oto r cu rren tly h old s th e
w orld record : it is th e sm allest rotary m otor. T h is is,
at least su p er¯ cially, v ery sim ilar to th e m o tor o f a h a ir

d ryer". \Is th is th e on ly rotary m oto r th at ex ists in
th is k in gd om ?", a sked A lice. \N o. B a cteria a lso h av e a
slig h tly larg er rota ry m otor ¯ x ed o n th eir sk in [9]. T h is
m otor rotates a h elical ¯ lam en t ca lled a ° agellu m " (see
F igure 8).

O n th eir w ay b a ck , N eera fo llow ed a sh o rter ro u te a n d
reach ed a ga te d i® eren t from th e on e th rou g h w h ich th ey
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Figure 9. A cartoon of a
molecular ion pump asso-
ciated with a membrane.

h ad en tered . N eera w an ted to sh ow A lice a p u m p in

action [10]. It w as ¯ tted o n th e b o u n d ary w all. It w a s
con sta n tly p u m p in g so d iu m io n s from in sid e to ou tsid e
w h ile sim u lta n eo u sly, it w as p u m p in g p ota ssiu m io n s in
th e reverse d irection . N eera em p h asized , \T h e p u m p is
con tin u o u sly con su m in g en ergy to carry th e io n s ag ain st

th e co n cen tration gra d ien t, i.e., op p osite to th e d irection
of th e sp o n tan eou s ° ow , ju st as a w a ter p u m p con su m es
electrical en ergy to d raw w a ter u p w ard a gain st grav ity " .

A lice an d N eera ca m e ou t of th e k in gd om th rou g h a n -
oth er slip p ery ch an n el clo se to th e p u m p . N eera said to
A lice, \I h o p e y ou liked o u r k in gd o m an d w ill v isit u s
ag ain . U n fo rtu n ately, th is k in gd om of ou rs w ill n ot la st
lon g" . T h is cam e as a sh o ck to A lice, \ W h y w ill th is

cell p erish ?" N eera con soled h er, \ T h at's th e ru le in th e
w orld o f cells; each g o es th rou g h a life cy cle an d u lti-
m ately en d s w ith a sp lit in to tw o d au g h ter cells. T h is
on e is n o ex cep tio n an d it w ill sp lit in to tw o d au g h ter
k in g d om s in a few d ay s. I'll b e yo u r g u id e d u rin g y ou r
n ex t tou r in sid e on e o f th o se tw o d au gh ter k in gd o m s.

N ex t tim e I'll also sh ow y ou h ow cells u se th eir m a -
ch in es to m ove fro m on e p la ce to a n oth er [11 ]. S o m e
cells s̀w im ' in th eir aq u eou s en v iro n m en t w h ile oth ers
c̀raw l'; th e p iston -lik e actio n of som e in tern al m ach in es
p lay s a cru cial role in cell craw lin g ".

J u st as A lice an d N eera w ere a b ou t to p art w ay s, A lice
saw a torp ed o -sh a p ed crea tu re. It seem ed as if it w a s
lo o k in g fo r som e w ay to sn eak in to th e k in gd om . It h ad

a h elical p ro p eller atta ch ed to its sk in th a t w as ro tatin g
at an a ston ish in gly h igh a n gu lar sp eed . N eera stop p ed
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A lice, \B ew a re! th at is a b acteriu m ". A lice im m ed i-

ately rea lized th e ro tatin g p ro p eller m u st b e th e ° ag el-
lu m th a t N eera h ad m en tio n ed earlier. N eera co n tin u ed ,
\T h is b acteriu m is try in g to in vad e th e k in gd o m ". A lice
saw yet a n oth er o b ject th a t lo o ked lik e a m o rtar sh ell.
\O h m y G o d , lo ok at th a t v iru s" , ex claim ed N eera in a

sh a k y vo ice, \T h is is an o th er ty p e of p oten tia l in va d er.
If it su cceed s, it w ill h ija ck ou r m otors to get a free rid e
to th e cen ter o f th e tow n an d th en en ter th e n u cleu s. If
it seizes con tro l of th e m ach in es in v olv ed in th e p ro tein
sy n th esis, th e fu tu re of th e k in gd om is d o o m ed ". S u d -

d en ly th e v iru s sp otted A lice an d , sh e th ou gh t, it w a s
ap p roach in g h er a ggressively. A lice sh rieked in fear...
an d h er ey es op en ed . H er m oth er p u t h er p a lm on A l-
ice's h ead . \W h a t h a p p en ed A lice?", sh e asked . \ N o th -
in g m om , I ju st saw so m eth in g in m y d ream ". T h ere

w as an an n o u n cem en t, th e aircra ft w as go in g to la n d
so on in D elh i.

A s an ticip ated , A lice h a d v ery little h om ew o rk d u rin g
th e n ex t w eeken d . S o sh e sa t d ow n w ith h er fa th er A l-

b ert an d h er eld er b roth er A lex to h ear th e stories of
m olecu lar m oto rs.
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