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A B S T R A C T

B et w e e n  t h e  1 9 5 0s  a n d  1 9 8 0s,  s ci e ntists  w e r e  f o c usi n g  m ostl y  o n  h o w  t h e  

g e n eti c c o d e is tr a ns cri b e d t o R N A a n d tr a nsl at e d t o pr ot ei ns, b ut h o w pr ot ei ns

a r e d e g r a d e d h as r e m ai n e d a n e gl e ct e d r es e a r c h a r e a. Wit h t h e dis c o v e r y of

t h e l ys os o m e b y C h risti a n d e D u v e it w as ass u m e d t h at c ell ul a r p r ot ei ns a r e

d e g r a d e d wit hi n t his o r g a n ell e. Y et, s e v e r al i n d e p e n d e nt li n es of e x p e ri m e nt al

e vi d e n c e st r o n gl y s u g g est e d t h at i nt r a c ell ul a r p r ot e ol ysis is l a r g el y n o n-l ys os o-

m al, b ut t h e m e c h a nis ms i n v ol v e d h a d r e m ai n e d o bs c ur e. T h e dis c o v er y of t h e

u bi q uiti n- p r ot e as o m e  s yst e m  r es ol v e d  t his  e ni g m a.  W e  n o w  r e c o g ni z e  t h at

u bi q uiti n- a n d p r ot e as o m e- m e di at e d d e g r a d ati o n of i nt r a c ell ul a r p r ot ei ns is

i n v ol v e d i n r e g ul ati o n of a b r o a d a r r a y of c ell ul a r p r o c ess es, s u c h as c ell c y cl e

a n d di visi o n, r e g ul ati o n of t r a ns c ri pti o n f a ct o rs, a n d ass u r a n c e of t h e c ell ul a r

q u alit y c o nt r ol. N ot s u r p risi n gl y, a b e r r ati o ns i n t h e s yst e m h a v e b e e n i m pli c a-

t e d i n t h e p at h o g e n esis of m a n y h u m a n dis e as es, m ali g n a n ci es a n d n e u r o d e-

g e n e r ati v e dis o r d e rs a m o n g t h e m, w hi c h l e d s u bs e q u e ntl y t o a n i n c r e asi n g

eff o rt t o d e v el o p m e c h a nis m- b as e d d r u gs, o n e is al r e a d y i n us e.

I N T R O D U C TI O N

T h e c o n c e pt of p r ot ei n t u r n o v e r is h a r dl y 6 0 y e a rs ol d. B ef o r e h a n d, b o d y

p r ot ei ns w e r e vi e w e d as ess e nti all y st a bl e c o nstit u e nts t h at w e r e s u bj e ct t o o nl y

mi n o r ‘ w e a r a n d t e a r’: di et a r y p r ot ei ns w e r e b eli e v e d t o f u n cti o n p ri m a ril y as

e n e r g y- p r o vi di n g f u el, t r a v e rsi n g m et a b oli c p at h w a ys w hi c h w e r e c o m pl et el y
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disti n ct f r o m t h os e of t h e st r u ct u r al a n d f u n cti o n al p r ot ei ns of t h e b o d y. T h e

p r o bl e m  w as  h a r d  t o  a p p r o a c h  e x p e ri m e nt all y,  as  r es e a r c h  t o ols  w e r e  n ot  

a v ail a bl e. I m p ort a nt r es e ar c h r e a g e nts t h at w er e l a c ki n g at t h at ti m e w er e st a bl e

is ot o p es. W hil e r a di o a cti v e is ot o p es w er e d e v el o p e d e arli er b y G e or g e d e H e v es y

( d e  H e v es y  G.,  C h e mist r y  1 9 4 3.  I n:  N o bel  Lect ures  i n  C he mistr y  1 9 4 2 – 1 9 6 2 .

W o rl d S ci e nti fi c 1 9 9 9. p p. 5 – 4 1 ), t h e y w e r e m ostl y u nst a bl e a n d c o ul d n ot b e

us e d  t o  f oll o w  m et a b oli c  p at h w a ys.  T h e  c o n c e pt  t h at  t h e  b o d y  st r u ct u r al  

p r ot ei ns a r e st ati c a n d t h e di et a r y p r ot ei ns a r e us e d o nl y as a f u el w as c h al-

l e n g e d b y R u d olf S c h o e n h ei m e r f r o m C ol u m bi a U ni v e rsit y i n N e w Y o r k cit y.

S c h o e n h ei m e r es c a p e d f r o m N a zi G e r m a n y a n d j oi n e d t h e D e p a rt m e nt of

Bi o c h e mist r y i n C ol u m bi a U ni v e rsit y f o u n d e d b y H a ns T. Cl a r k e ( 1 – 3 ). T h e r e

h e m et H a r ol d U r e y w h o w o r k e d i n t h e D e p a rt m e nt of C h e mist r y a n d dis-

c o v er e d d e ut eri u m, t h e h e a v y is ot o p e of h y dr o g e n, a dis c o v er y t h at e n a bl e d hi m

t o p r e p a r e h e a v y w at e r, D2 O. D a vi d Ritt e n b e r g w h o h a d r e c e ntl y r e c ei v e d his

P h. D. i n Ur e y’s l a b or at or y, j oi n e d S c h o e n h ei m er, a n d t o g et h er t h e y e nt ert ai n e d

t h e i d e a of “e m pl oyi n g a st a ble is ot o pe as a l a bel i n or g a nic c o m p o u n ds, desti ne d f or

e x peri me nts i n i nter me di ar y met a b olis m, w hic h s h o ul d be bi oc he mic ally i n disti n g uis h a ble

fr o m t heir n at ur al a n al o g ” ( 1 ). U r e y l at e r s u c c e e d e d i n e n ri c hi n g nit r o g e n wit h
1 5 N, w hi c h p r o vi d e d S c h o e n h ei m e r a n d Ritt e n b e r g wit h a “t a g ” f o r a mi n o

a ci ds, r es ulti n g i n a s eri es of st u di es o n pr ot ei n d y n a mi cs. T h e y dis c o v er e d t h at

f oll o wi n g a d mi nistr ati o n of 1 5 N-l a bl e d t yr osi n e t o r at, o nl y ~ 5 0 % w as r e c o v er e d

i n t h e u ri n e, “ w hile m ost of t he re m ai n der is de p osite d i n tiss ue pr otei ns. A n e q ui v ale nt

of pr otei n nitr o ge n is e xcrete d ” ( 4 ). T h e y f urt h er dis c o v er e d t h at fr o m t h e h alf t h at

w as i n c o r p o r at e d i nt o b o d y p r ot ei ns “ o nly a fr acti o n w as att ac he d t o t he ori gi n al

c ar b o n c h ai n, n a mely t o tyr osi ne, w hile t he b ul k w as distri b ute d o ver ot her nitr o ge n o us

gr o u ps  of  t he  pr otei ns ”  ( 4 ),  m ostl y  as  a n  N H 2 g r o u p  i n  ot h e r  a mi n o  a ci ds.

T h es e  e x p e ri m e nts  d e m o nst r at e d  u n e q ui v o c all y  t h at  t h e  b o d y  st r u ct u r al  

p r ot ei ns a r e i n a d y n a mi c st at e of s y nt h esis a n d d e g r a d ati o n, a n d t h at e v e n 

i n di vi d u al  a mi n o  a ci ds  a r e  i n  a  st at e  of  d y n a mi c  i nt e r c o n v e rsi o n.  Si mil a r  

r es ults w e r e o bt ai n e d usi n g 1 5 N-l a b el e d l e u ci n e ( 5 ). T his s e ri es of fi n di n gs

s h att e r e d t h e p a r a di g m i n t h e fi el d at t h at ti m e t h at: (i ) i n g est e d p r ot ei ns a r e

c o m pl et el y m et a b oli z e d a n d t h e p r o d u cts a r e e x c r et e d, a n d (ii ) t h at b o d y

st r u ct u r al p r ot ei ns a r e st a bl e a n d st ati c. S c h o e n h ei m e r w as i n vit e d t o d eli v e r

t h e  p r esti gi o us  H a r v e y  L e ct u r e  ( 1 9 3 7 )  a n d  E d w a r d  K.  D u n h a m  L e ct u r e

( 1 9 4 1; at H a r v a r d U ni v e rsit y ) w h e r e h e p r es e nt e d his r e v ol uti o n a r y fi n di n gs.

Aft e r his u nti m el y t r a gi c d e at h i n 1 9 4 1, his l e ct u r e n ot es w e r e e dit e d b y H a ns

Cl a r k e, D a vi d Ritt e n b e r g a n d S a r a h R at n e r, a n d w e r e p u blis h e d i n a s m all

b o o k b y H a r v a r d U ni v e rsit y P r ess. T h e e dit o rs c all e d t h e b o o k “ T h e D y n a mi c

St at e of B o d y C o nstit u e nts” ( 6 ), a d o pti n g t h e titl e of S c h o e n h ei m er’s pr es e nt a-

ti o n. I n t h e b o o k, t h e n e w h y p ot h esis is cl e a rl y p r es e nt e d: ” T he si mile of t he

c o m b usti o n e n gi ne pict ure d t he ste a dy st ate fl o w of f uel i nt o a fi xe d syste m, a n d t he 

c o n versi o n of t his f uel i nt o w aste pr o d ucts. T he ne w res ults i m ply t h at n ot o nly t he 

f uel, b ut t he str uct ur al m ateri als are i n a ste a dy st ate of fl u x. T he cl assic al pict ure m ust

t h us be re pl ace d by o ne w hic h t a kes acc o u nt of t he dy n a mic st ate of b o dy str uct ure ”.

H o w e v e r, t h e i d e a t h at b o d y p r ot ei ns a r e t u r ni n g o v e r w as n ot a c c e pt e d e asil y
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a n d w as c h all e n g e d as l at e as t h e mi d- 1 9 5 0s. F o r e x a m pl e, H o g n ess a n d c ol-

l e a g u es st u di e d t h e ki n eti cs of - g al a ct osi d as e i n E. c oli a n d s u m m a ri z e d t h ei r

fi n di n gs ( 7 ): “ To s u m u p: t here see ms t o be n o c o ncl usi ve e vi de nce t h at t he pr otei n m ole-

c ules wit hi n t he cells of m a m m ali a n tiss ues are i n a dy n a mic st ate. M ore o ver, o ur e x pe-

ri me nts h a ve s h o w n t h at t he protei ns of gro wi n g E. c oli are st atic. T heref ore it see ms neces-

s ar y t o c o ncl u de t h at t he sy nt hesis a n d m ai nte n a nce of pr otei ns wit hi n gr o wi n g cells is

n ot necess arily or i n here ntly ass oci ate d wit h a “ dy n a mic st ate ”. W hil e t h e e x p e ri-

m e nt al  st u d y  i n v ol v e d  t h e  b a ct e ri al  - g al a ct osi d as e,  t h e  c o n cl usi o ns  w e r e  

b r o a d e r, i n cl u di n g als o t h e a ut h o rs’ h y p ot h esis o n m a m m ali a n p r ot ei ns. T h e

us e of t h e t e r m ‘ dy n a mic st ate’ w as n ot i n ci d e nt al, as t h e y c h all e n g e d di r e ctl y

S c h o e n h ei m e r’s st u di es, usi n g his o w n t e r m. It s h o ul d b e n ot e d, h o w e v e r,

t h at S c h o e n h ei m e r’s r es ult r el at e d, as w e k n o w n o w, t o t h e e nti r e p o p ul ati o n

of b o d y p r ot ei ns, e xt r a c ell ul a r a n d i nt r a c ell ul a r ali k e. It is n o w cl e a r t h at t h es e

t w o cl ass es of p r ot ei ns a r e t a r g et e d b y t w o diff e r e nt m e c h a nis ms (s e e b el o w ).

T h e c o m pl e x c at a b oli c p at h w a ys, al o n g wit h t h e l a c k of r e c o g niti o n of t h e 

i m p o rt a n c e of t h e p r o c ess, m a d e p r o g r ess i n t h e fi el d sl o w.

N o w,  aft e r  m o r e  t h e n  si x  d e c a d es  of  r es e a r c h  i n  t h e  fi el d  a n d  wit h  t h e  

dis c o v e r y of t h e l ys os o m e a n d l at e r t h e c o m pl e x u bi q uiti n- p r ot e as o m e s yst e m

wit h its n u m e r o us t ri b ut a ri es, it is cl e a r t h at t h e a r e a h as b e e n r e v ol uti o ni z e d.

W hil e t h e l ys os o m e is i n v ol v e d m ostl y ( b ut n ot s ol el y ) i n t ar g eti n g e xtr a c ell ul ar

p r ot ei ns, t h e u bii q uiti n- p r ot e as o m e s yst e m d e g r a d es i nt r a c ell ul a r p r ot ei ns.

W e n o w r e ali z e t h at i nt r a c ell ul a r p r ot ei ns a r e t u r ni n g o v e r e xt e nsi v el y, t h at

t h e p r o c ess is s p e ci fi c, a n d t h at t h e st a bilit y of m a n y p r ot ei ns is r e g ul at e d 

i n di vi d u all y a n d c a n v a r y u n d e r diff e r e nt p at h o p h yi ol o gi c al c o n diti o ns. F r o m

a s c a v e n g e r, u n r e g ul at e d a n d n o n-s p e ci fi c e n d p r o c ess, it h as b e c o m e cl e a r

t h at p r ot e ol ysis of c ell ul a r p r ot ei ns is a hi g hl y c o m pl e x, t e m p o r all y c o nt r oll e d

a n d ti g htl y r e g ul at e d p r o c ess t h at pl a ys m aj o r r ol es i n a b r o a d a r r a y of b asi c

p at h w a ys. A m o n g t h es e p r o c ess es a r e c ell c y cl e, d e v el o p m e nt, diff e r e nti ati o n,

r e g ul ati o n of tr a ns cri pti o n, a nti g e n pr es e nt ati o n, si g n al tr a ns d u cti o n, r e c e pt or-

m e di at e d e n d o c yt osis, q u alit y c o nt r ol, a n d m o d ul ati o n of di v e rs e m et a b oli c

p at h w a ys.  S u bs e q u e ntl y,  t his  d e v el o p m e nt  h as  c h a n g e d  t h e  p a r a di g m  t h at  

r e g ul ati o n of c ell ul a r p r o c ess es o c c u rs m ostl y at t h e t r a ns c ri pti o n al a n d t r a ns-

l ati o n al l e v els, a n d h as s et r e g ul at e d p r ot ei n d e g r a d ati o n i n a n e q u all y i m p o r-

t a nt p ositi o n. Wit h t h e m ultit u d e of s u bstr at es t ar g et e d a n d pr o c ess es i n v ol v e d,

it is n ot s u r p risi n g t h at a b e r r ati o ns i n t h e p at h w a y h a v e b e e n i m pli c at e d i n

t h e p at h o g e n esis of m a n y dis e as es, a m o n g t h e m c e rt ai n m ali g n a n ci es, n e u r o-

d e g e n e r ati o n, a n d dis o r d e rs of t h e i m m u n e a n d i n fl a m m at o r y s yst e m. As a

r es ult, t h e s yst e m h as b e c o m e a pl atf o r m f o r d r u g t a r g eti n g, a n d m e c h a nis m-

b as e d d r u gs a r e c u r r e ntl y d e v el o p e d, o n e of t h e m is al r e a d y o n t h e m a r k et.

T H E L Y S O S O M E A N D I N T R A C E L L U L A R P R O T EI N D E G R A D A TI O N:

F A C T S

I n t h e mi d- 1 9 5 0s, C hristi a n d e D u v e dis c o v er e d t h e l ys os o m e (s e e, f or e x a m pl e,

R efs. 8 a n d 9 a n d Fi g u r e 1 ). T h e l ys os o m e w as fi rst r e c o g ni z e d bi o c h e mi c all y
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i n t h e r at li v e r as a v a c u ol a r st r u ct u r e t h at c o nt ai ns v a ri o us h y d r ol yti c e n z y m es

w hi c h f u n cti o n o pti m all y at a n a ci di c p H. It is s u r r o u n d e d b y a m e m b r a n e

t h at e n d o ws t h e c o nt ai n e d e n z y m es wit h l at e n c y t h at is r e q ui r e d t o p r ot e ct

t h e  c ell ul a r  c o nt e nts  f r o m  t h ei r  a cti o n  (s e e  b el o w ).  T h e  d e fi niti o n  of  t h e  

l ys os o m e  h as  b e e n  b r o a d e n e d  o v e r  t h e  y e a rs.  T his  is  b e c a us e  it  h as  b e e n  

r e c o g ni z e d t h at t h e di g esti v e p r o c ess is d y n a mi c a n d i n v ol v es n u m e r o us st a g es

of l ys os o m al m at ur ati o n t o g et h er wit h t h e di g esti o n of b ot h e x o g e n o us pr ot ei ns

( w hi c h a r e t a r g et e d t o t h e l ys os o m e t h r o u g h r e c e pt o r- m e di at e d e n d o c yt osis

a n d pi n o c yt osis ) a n d e x o g e n o us p arti cl es ( w hi c h ar e t ar g et e d vi a p h a g o c yt osis;

t h e t w o p r o c ess es a r e k n o w n as h et e r o p h a g y ), as w ell as di g esti o n of e n d o-

g e n o us p r ot ei ns a n d c ell ul a r o r g a n ell es ( w hi c h a r e t a r g et e d vi a mi c r o- a n d

m a c r o- a ut o p h a g y, i n m a n y c as es, u n d e r st r ess; s e e Fi g u r e 2 ). T h e l ys os o m al /-

v a c u ol a r s yst e m as w e c u r r e ntl y r e c o g ni z e it is a dis c o nti n u o us a n d h et e r o-

g e n e o us di g esti v e s yst e m t h at als o i n cl u d es st r u ct u r es t h at a r e d e v oi d of h y d r o-

l as es – f o r e x a m pl e, e a rl y e n d os o m es w hi c h c o nt ai n e n d o c yt os e d r e c e pt o r-

li g a n d c o m pl e x es a n d pi n o c yt os e d / p h a g o c yt os e d e xt r a c ell ul a r c o nt e nts. O n

t h e ot h e r e xt r e m e it i n cl u d es t h e r esi d u al b o di es – t h e e n d pr o d u cts of t h e

c o m pl et e d di g esti v e pr o c ess es of h et er o p h a g y a n d a ut o p h a g y. I n b et w e e n t h es e

e xt r e m es o n e c a n o bs e r v e: p ri m a r y / n as c e nt l ys os o m es t h at h a v e n ot b e e n 

e n g a g e d y et i n a n y p r ot e ol yti c p r o c ess; e a rl y a ut o p h a gi c v a c u ol es t h at mi g ht

c o nt ai n i nt r a c ell ul a r o r g a n ell es; i nt e r m e di at e /l at e e n d os o m es a n d p h a g o c yti c
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Fi g ure 1: T h e l ys os o m e: Ult r at hi n c r y os e cti o n of a r at P C 1 2 c ell t h at h a d b e e n l o a d e d f o r 1
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v a c u ol es ( h et er o p h a gi c v a c u ol es ) t h at c o nt ai n e xtr a c ell ul ar c o nt e nts / p arti cl es;

a n d m ulti v esi c ul a r b o di es ( M V Bs ) w hi c h a r e t h e t r a nsiti o n v a c u ol es b et w e e n

e n d os o m es / p h a g o c yti c v a c u ol es a n d t h e di g esti v e l ys os o m es.

T h e dis c o v er y of t h e l ys os o m e al o n g wit h i n d e p e n d e nt e x p eri m e nts t h at w er e

c arri e d o ut at t h e s a m e ti m e a n d t h at h a v e f urt h er str e n gt h e n e d t h e n oti o n t h at

c ell ul a r p r ot ei ns a r e i n d e e d i n a c o nst a nt st at e of s y nt h esis a n d d e g r a d ati o n

(s e e, f o r e x a m pl e, R ef. 1 0 ), l e d s ci e ntists t o f e el, f o r t h e fi rst ti m e, t h at t h e y

h a v e at h a n d a n or g a n ell e t h at c a n p ot e nti all y m e di at e d e gr a d ati o n of i ntr a c el-

l ul a r  p r ot ei ns.  T h e  s e p a r ati o n  of  t h e  p r ot e as es  f r o m  t h ei r  s u bst r at es  b y  a

m e m b r a n e p r o vi d e d a n e x pl a n ati o n f o r c o nt r oll e d d e g r a d ati o n, a n d t h e o nl y

p r o bl e m l eft t o b e e x pl ai n e d ( at t h e ti m e ) w as h o w t h e s u bst r at es a r e t r a ns-

l o c at e d i nt o t h e l ys os o m al l u m e n w h e r e t h e y a r e e x p os e d t o t h e a cti vit y of t h e

l ys os o m al p r ot e as es a n d d e g r a d e d. A n i m p o rt a nt dis c o v e r y i n t his r es p e ct w as

t h e u n r a v eli n g of t h e b asi c m e c h a nis m of a cti o n of t h e l ys os o m e – a ut o p h a g y

( r e vi e w e d  i n  R ef.  1 1 ).  U n d e r  b as al  m et a b oli c  c o n diti o ns,  p o rti o ns  of  t h e  

c yt o pl as m w hi c h c o nt ai n a f r a cti o n of t h e e nti r e p o p ul ati o n of c ell ul a r ( c yt o-

s oli c ) p r ot ei ns, a r e s e g r e g at e d wit hi n a m e m b r a n e- b o u n d c o m p a rt m e nt, a n d

a r e t h e n f us e d t o a p ri m a r y n as c e nt l ys os o m e, a n d t h ei r c o nt e nts di g est e d.

T his p r o c ess w as d e n ot e d mi c r o a ut o p h a g y. U n d e r m o r e e xt r e m e c o n diti o ns,

st a r v ati o n f o r e x a m pl e, mit o c h o n d ri a, e n d o pl as mi c r eti c ul u m m e m b r a n es,

gl y c o g e n  b o di es  a n d  ot h e r  c yt o pl as mi c  e ntiti es,  c a n  als o  b e  e n g ulf e d  b y  a  
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Fi g ure 2: T h e f o u r di g esti v e p r o c ess es m e di at e d b y t h e l ys os o m e: (i ) s p e ci fi c r e c e pt o r- m e di-
at e d e n d o c yt osis, (ii ) pi n o c yt osis ( n o n-s p e ci fi c e n g ulf m e nt of d r o pl ets c o nt ai ni n g e xt r a c el-
l ul a r fl ui d ), (iii ) p h a g o c yt osis ( of e xt r a c ell ul a r p a rti cl es ), a n d (i v ) a ut o p h a g y ( mi c r o- a n d
m a c r o-; of i nt r a c ell ul a r p r ot ei ns a n d o r g a n ell es ) ( wit h p e r missi o n f r o m N at u r e P u blis hi n g
G r o u p. P u blis h e d o ri gi n all y i n R ef. 8 3 ).
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p r o c ess  c all e d  m a c r o a ut o p h a g y  (s e e,  f o r  e x a m pl e,  R ef.  1 2;  t h e  diff e r e nt  

m o d es of a cti o n of t h e l ys os o m e i n di g esti n g e xt r a- a n d i nt r a c ell ul a r p r ot ei ns

p a rti cl es a n d o r g a n ell es, a r e s h o w n i n Fi g. 2 ).

T H E L Y S O S O M E A N D I N T R A C E L L U L A R P R O T EI N D E G R A D A TI O N

H o w e v e r, o v e r a p e ri o d of m o r e t h a n t w o d e c a d es, b et w e e n t h e mi d- 1 9 5 0s

a n d t h e l at e 1 9 7 0s, it h as b e c o m e g r a d u all y m o r e a n d m o r e dif fi c ult t o e x pl ai n

s e v e r al  as p e cts  of  i nt r a c ell ul a r  p r ot ei n  d e g r a d ati o n  b as e d  o n  t h e  k n o w n  

m e c h a nis ms of l ys os o m al a cti vit y: a c c u m ul ati n g li n es of i n d e p e n d e nt e x p e ri-

m e nt al e vi d e n c e i n di c at e d t h at t h e d e g r a d ati o n of at l e ast c e rt ai n cl ass es of

c ell ul ar pr ot ei ns m ust b e n o n-l ys os o m al. Y et, i n t h e a bs e n c e of a n y ‘ alt er n ati v e’,

r es e a r c h e rs c a m e wit h diff e r e nt e x pl a n ati o ns, s o m e m o r e s u bst a nti at e d a n d

ot h e rs l ess, t o d ef e n d t h e ‘l ys os o m al’ h y p ot h esis.

Fi rst  w as  t h e  g r a d u al  dis c o v e r y,  c o mi n g  f r o m  s e v e r al  l a b o r at o ri es,  t h at  

diff e r e nt p r ot ei ns v a r y i n t h ei r st a bilit y, a n d t h ei r h alf-lif e ti m es c a n s p a n a

r a n g e of t h r e e o r d e rs of m a g nit u d e, f r o m a f e w mi n ut es t o m a n y d a ys. T h us,

t h e t1 / 2 of o r niti hi n e d e c a r b o x yl as e ( O D C ) is ~ 1 0 mi n, w hil e t h at of gl u c os e-

6- p h os p h at e d e h y d r o g e n as e ( G 6 P D ) is 1 5 h o u rs (f o r r e vi e w a rti cl es, s e e, f o r

e x a m pl e, R efs. 1 3, 1 4 ). Als o, r at es of d e g r a d ati o n of m a n y p r ot ei ns w as s h o w n

t o  c h a n g e  u n d e r  diff e r e nt  p h ysi ol o gi c al  c o n diti o ns,  s u c h  as  a v ail a bilit y  of  

n ut ri e nts o r h o r m o n es. It w as c o n c e pt u all y dif fi c ult t o r e c o n cil e t h e fi n di n gs

of disti n ct h alf-li v es of diff e r e nt p r ot ei ns wit h t h e m e c h a nis m of a cti o n of t h e

l ys os o m e, w h e r e t h e mi c r o a ut o p h a gi c v esi cl e c o nt ai ns t h e e nti r e c o h o rt of

c ell ul a r ( c yt os oli c ) p r ot ei ns t h at a r e t h e r ef o r e e x p e ct e d t o b e d e g r a d e d at t h e

s a m e r at e. Si mil a rl y, c h a n gi n g p at h o p h ysi ol o gi c al c o n diti o ns, s u c h as st a r v a-

ti o n o r r e-s u p pl e m e nt ati o n of n ut ri e nts, w e r e e x p e ct e d t o aff e ct t h e st a bilit y

of all c ell ul a r p r ot ei ns t o t h e s a m e e xt e nt. Cl e a rl y, t his w as n ot t h e c as e.

A n ot h e r s o u r c e of c o n c e r n a b o ut t h e l ys os o m e as t h e o r g a n ell e i n w hi c h

i nt r a c ell ul a r p r ot ei ns a r e d e g r a d e d w e r e t h e fi n di n gs t h at b ot h s p e ci fi c a n d

g e n e r al i n hi bit o rs of l ys os o m al p r ot e as es h a v e diff e r e nt eff e cts o n diff e r e nt

cl ass es of p r ot ei ns, m a ki n g it cl e a r t h at disti n ct g r o u ps of p r ot ei ns a r e t a r g et e d

b y diff e r e nt p r ot e ol yti c m a c hi n e ri es. T h us, t h e d e g r a d ati o n of e n d o c yt os e d /-

pi n o c yt os e d  e xt r a c ell ul a r  p r ot ei ns  w as  si g ni fi c a ntl y  i n hi bit e d  b y  l ys os o m al  

i n hi bit ors, a p arti al eff e ct w as o bs er v e d o n t h e d e gr a d ati o n of l o n g-li v e d c ell ul ar

p r ot ei ns, a n d al m ost n o eff e ct w as o bs e r v e d o n t h e d e g r a d ati o n of s h o rt-li v e d

a n d a b n o r m al / m ut at e d p r ot ei ns.

Fi n all y, t h e t h er m o d y n a mi c all y p ar a d o xi c al o bs er v ati o n t h at t h e d e gr a d ati o n

of  c ell ul a r  p r ot ei ns  r e q ui r es  m et a b oli c  e n e r g y,  a n d  m o r e  i m p o rt a ntl y,  t h e

e m e r gi n g e vi d e n c e t h at t h e p r ot e ol yti c m a c hi n e r y us es t h e e n e r g y di r e ctl y,

w e r e i n c o nt r ast wit h t h e k n o w n m o d e of a cti o n of l ys os o m al p r ot e as es t h at

u n d e r t h e a p p r o p ri at e a ci di c c o n diti o ns, a n d si mil a r t o all k n o w n p r ot e as es,

d e g r a d e p r ot ei ns i n a n e x e r g o ni c m a n n e r.

T h e ass u m pti o n t h at t h e d e g r a d ati o n of i nt r a c ell ul a r p r ot ei ns is m e di at e d

b y t h e l ys os o m e w as n e v ert h el ess l o gi c al. Pr ot e ol ysis r es ults fr o m dir e ct i nt er a c-

ti o n b et w e e n t h e t a r g et s u bst r at es a n d p r ot e as es, a n d t h e r ef o r e it w as cl e a r
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t h at a cti v e p r ot e as es c a n n ot c o- e xist f r e e a n d a cti v e i n t h e c yt os ol al o n g wit h

t h eir s u bstr at es, w hi c h w o ul d h a v e r es ult e d i n d estr u cti o n of t h e c ell. T h us, it w as

r e c o g ni z e d t h at a n y s u g g est e d pr ot e ol yti c m a c hi n er y t h at m e di at es d e gr a d ati o n

of i nt r a c ell ul a r p r ot ei ns m ust als o b e e q ui p p e d wit h a m e c h a nis m t h at s e p a r-

at es – p h ysi c all y o r vi rt u all y – b et w e e n t h e p r ot e as es a n d t h ei r s u bst r at es, a n d

e n a bl es t h e m t o ass o ci at e o nl y w h e n n e e d e d. T h e l ys os o m al m e m b r a n e p r o-

vi d e d t his s e p a r ati n g /f e n ci n g m e c h a nis m. O b vi o usl y, n o b o d y c o ul d h a v e p r e-

di ct e d t h at a n e w m o d e of p ost-t r a nsl ati o n al m o di fi c ati o n – u bi q uiti n ati o n –

c o ul d f u n cti o n as a c h e mi c al f e n c e a n d as a pr ot e ol ysis si g n al, a n d t h at u nt a g g e d

p r ot ei ns will r e m ai n p r ot e ct e d. T h us, w hil e t h e st r u ct u r e of t h e l ys os o m e as a

disti n c or g a n ell e c o ul d e x pl ai n t h e s e p ar ati o n n e c ess ar y b et w e e n t h e pr ot e as es

a n d t h ei r s u bst r at es, a n d a ut o p h a g y c o ul d e x pl ai n t h e m e c h a nis m of e nt r y of

c yt os oli c p r ot ei ns i nt o t h e l ys os o m al l u m e n, m aj o r p r o bl e ms h a v e r e m ai n e d

u ns ol v e d. As n ot e d, i m p o rt a nt a m o n g t h e m w e r e: (i ) t h e v a ri o us h alf li v es of

c ell ul a r  p r ot ei ns,  (ii )  t h e  e n e r g y  r e q ui r e m e nt  f o r  i nt r a c ell ul a r  p r ot e ol ysis,

a n d (iii ) t h e disti n ct r es p o ns e of diff er e nt p o p ul ati o ns of pr ot ei ns t o l ys os o m al

i n hi bit o rs.  T h us,  a c c o r di n g  t o  o n e  m o d el,  it  w as  p r o p os e d  t h at  diff e r e nt  

p r ot ei ns h a v e diff e r e nt s e nsiti viti es t o l ys os o m al p r ot e as es, si n c e t h ei r h alf-li v es

i n  vi v o  w e r e  i n  c o r r el ati o n  wit h  t h ei r  s e nsiti vit y  t o  t h e  a cti o n  of  l ys os o m al  

p r ot e as es i n vitr o ( 1 5 ). T o e x pl ai n a n e xt r e m el y l o n g h alf-lif e f o r a p r ot ei n

t h at w as n e v e rt h el ess s e nsiti v e t o l ys os o m al p r ot e as es, o r alt e r ati o ns i n t h e 

st a bilit y of a si n gl e p r ot ei n u n d e r v a ri o us p h ysi ol o gi c al st at es, it w as s u g g est e d

t h at alt h o u g h all c ell ul a r p r ot ei ns a r e e n g ulf e d i nt o t h e l ys os o m e, o nl y t h e

s h o rt-li v e d p r ot ei ns a r e d e g r a d e d, w h e r e as t h e l o n g-li v e d p r ot ei ns e xit b a c k

i nt o t h e c yt os ol: “ To acc o u nt f or differe nces i n h alf-life a m o n g cell c o m p o ne nts or of a

si n gle c o m p o ne nt i n v ari o us p hysi ol o gic al st ates, it w as necess ar y t o i ncl u de i n t he m o del

t he p ossi bility of a n e xit of n ati ve c o m p o ne nts b ac k t o t he e xtr alys os o m al c o m p art me nt ”

( 1 6 ). A c c o r di n g t o a diff e r e nt m o d el, s el e cti vit y is d et e r mi n e d b y t h e bi n di n g

af fi nit y of t h e diff e r e nt p r ot ei ns f o r t h e l ys os o m al m e m b r a n e w hi c h c o nt r ols

t h ei r e nt r y r at es i nt o t h e l ys os o m e, a n d s u bs e q u e ntl y t h ei r d e g r a d ati o n r at es

( 1 7 ). F o r a s el e ct e d g r o u p of p r ot ei ns, s u c h as t h e gl u c o n e o g e n eti c e n z y m es

p h os p h o e n ol- p yr u v at e c ar b o x y ki n as e ( P E P C K ) a n d fr u ct os e- 1, 6- bi p h os p h at as e,

it w as s u g g est e d, t h o u g h n ot fi r ml y s u bst a nti at e d, t h at t h ei r d e g r a d ati o n i n

t h e y e ast v a c u ol e is r e g ul at e d b y gl u c os e vi a a m e c h a nis m c all e d ‘ c at a b olit e 

i n a cti v ati o n’ t h at p ossi bl y i n v ol v es t h ei r p h os p h o r yl ati o n. H o w e v e r t his r e g u-

l at e d m e c h a nis m f o r v a c u ol a r d e g r a d ati o n w as li mit e d o nl y t o a s m all a n d

s p e ci fi c  g r o u p  of  p r ot ei ns  (s e e  f o r  e x a m pl e  R ef.  1 8;  r e vi e w e d  i n  R ef.  1 9 ).

M or e r e c e nt st u di es h a v e s h o w n t h at at l e ast f or str ess-i n d u c e d m a cr o a ut o p h a g y,

a g e n e r al s e q u e n c e of a mi n o a ci ds, K F F E R Q, t h at w as i d e nti fi e d i n n u m e r o us

c ell ul a r p r ot ei ns, di r e cts, vi a bi n di n g t o a s p e ci fi c ‘ r e c e pt o r’ a n d i n c o o p e r a-

ti o n wit h c yt os oli c a n d l ys os o m al c h a p e r o n es, t h e r e g ul at e d e nt r y of m a n y 

c yt os oli c p r ot ei ns i nt o t h e l ys os o m al l u m e n. W hil e f u rt h e r c o r r o b o r ati o n of

t his h y p ot h esis is still r e q ui r e d, it c a n e x pl ai n t h e m ass, st r ess-i n d u c e d, e nt r y

i nt o t h e l ys os o m e of a l a r g e p o p ul ati o n of p r ot ei ns t h at c o nt ai n a h o m ol o g o us

s e q u e n c e, b ut n ot t h e t a r g eti n g f o r d e g r a d ati o n of a s p e ci fi c p r ot ei n u n d e r

d e fi n e d c o n diti o ns ( r e vi e w e d i n R efs. 2 0, 2 1 ). T h e e n e r g y r e q ui r e m e nt f o r
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p r ot ei n d e g r a d ati o n w as d es c ri b e d as i n di r e ct, a n d n e c ess a r y, f o r e x a m pl e,

f o r p r ot ei n t r a ns p o rt a c r oss t h e l ys os o m al m e m b r a n e ( 2 2 ) a n d / o r f o r t h e 

a cti vit y of t h e H + p u m p a n d t h e m ai nt e n a n c e of t h e l o w a ci di c i nt r al ys os o m al

p H t h at is n e c ess ar y f or o pti m al a cti vit y of t h e pr ot e as es ( 2 3 ). W e n o w k n o w t h at

b ot h m e c h a nis ms r e q ui r e e n e r g y. T h us, d es pit e t h e st r ai n e d e x pl a n ati o ns f o r

diff e r e nt st a biliti es a n d e n e r g y r e q ui r e m e nt, t h e l ys os o m e still a p p e a r e d as

t h e m ost l o gi c al o r g a n ell e /s yst e m t h at m e di at es d e g r a d ati o n of i nt r a c ell ul a r

p r ot ei ns. C h risti a n d e D u v e’s vi e w o n t h e s u bj e ct as s u m m a ri z e d i n a r e vi e w

a rti cl e h e p u blis h e d i n t h e mi d- 1 9 6 0s, s a yi n g: “J ust as e xtr acell ul ar di gesti o n is

s uccessf ully  c arrie d  o ut  by  t he  c o ncerte d  acti o n  of  e nzy mes  wit h  li mite d  i n di vi d u al  

c a p acities, s o, we belie ve, is i ntr acell ul ar di gesti o n ” ( 2 4 ) still a p p e ar e d t o b e v ali d e v e n

t o w ar ds t h e mi d 1 9 7 0s. T h e pr o bl e m of diff er e nt s e nsiti viti es of disti n ct pr ot ei n

g r o u ps t o l ys os o m al i n hi bit o rs h as r e m ai n e d u ns ol v e d, a n d m a y h a v e s e r v e d

as a n i m p o rt a nt t ri g g e r i n t h e f ut u r e q u est f o r a n o n-l ys os o m al p r ot e ol yti c

s yst e m t h at m a y b e i n v ol v e d i n at l e ast c e rt ai n as p e cts of i nt r a c ell ul a r p r ot ei n

d e g r a d ati o n.

P r o g r ess i n i d e ntif yi n g t h e el usi v e, n o n-l ys os o m al p r ot e ol yti c s yst e m (s ) w as

h a m p e r e d b y t h e l a c k of a c ell-f r e e p r e p a r ati o n t h at c o ul d f ait hf ull y r e pli c at e

t h e c ell ul a r p r ot e ol yti c e v e nts – d e g r a di n g p r ot ei ns i n a s p e ci fi c a n d e n e r g y-

r e q ui ri n g m o d e a n d at n e ut r al p H. A n i m p o rt a nt b r e a kt h r o u g h w as m a d e b y

R a bi n o vit z a n d Fis h e r w h o f o u n d t h at r a b bit r eti c ul o c yt es d e g r a d e a b n o r m al,

a mi n o a ci d a n al o g u e- c o nt ai ni n g h e m o gl o bi n ( 2 5 ). T h eir e x p eri m e nts m o d el e d

k n o w n dis e as e st at es, t h e h e m o gl o bi n o p at hi es. I n t h es e dis e as es, a b n o r m al

m ut at e d  h e m o gl o bi n  c h ai ns  (s u c h  as  si c kl e  c ell  h e m o gl o bi n )  o r  e x c ess  of

u n ass e m bl e d n o r m al h e m o gl o bi n c h ai ns ( g e n e r at e d i n t h al ass e mi as, dis e as es

i n w hi c h t h e p ai ri n g c h ai n is n ot s y nt h esi z e d at all o r is m ut at e d a n d r a pi dl y

d e g r a d e d. C o ns e q u e ntl y, t h e bi- h et e r o di m e ri c h e m o gl o bi n c o m pl e x is n ot

ass e m bl e d ) a r e r a pi dl y d e g r a d e d i n t h e r eti c ul o c yt e ( 2 6, 2 7 ). R eti c ul o c yt es a r e

t e r mi n all y  diff e r e nti ati n g  r e d  bl o o d  c ells  t h at  d o  n ot  c o nt ai n  l ys os o m es.

T h e r ef o r e, it w as p ost ul at e d t h at t h e d e g r a d ati o n of h e m o gl o bi n i n t h es e c ells

is m e di at e d b y a n o n-l ys os o m al m a c hi n e r y. Etli n g e r a n d G ol d b e r g ( 2 8 ) w e r e

t h e fi rst t o is ol at e a n d c h a r a ct e ri z e a c ell-f r e e p r ot e ol yti c p r e p a r ati o n f r o m 

r eti c ul o c yt es. T h e c r u d e e xt r a ct s el e cti v el y d e g r a d e d a b n o r m al h e m o gl o bi n,

r e q ui r e d A T P h y d r ol ysis, a n d a ct e d o pti m all y at a n e ut r al p H, w hi c h f u rt h e r

c o r r o b o r at e d t h e ass u m pti o n t h at t h e p r ot e ol yti c a cti vit y w as n o n-l ys os o m al.

A  si mil a r  s yst e m  w as  is ol at e d  a n d  c h a r a ct e ri z e d  l at e r  b y  o u r  g r o u p  ( 2 9 ).

A d diti o n al st u di es b y t h e g r o u p l e d s u bs e q u e ntl y t o r es ol uti o n, c h a r a ct e ri z a-

ti o n, a n d p u ri fi c ati o n of t h e m aj o r e n z y m ati c c o m p o n e nts f r o m t his e xt r a cts,

a n d t o t h e dis c o v e r y of t h e u bi q uiti n si g n alli n g s yst e m (s e e b el o w ).

T H E L Y S O S O M E H Y P O T H E SI S I S C H A L L E N G E D

As m e nti o n e d a b o v e, t h e u n r a v el e d m e c h a nis m (s ) of a cti o n of t h e l ys os o m e

c o ul d e x pl ai n o nl y p arti all y, a n d at ti m es n ot s atisf a ct oril y, s e v er al k e y e m er gi n g

c h a r a ct e risti cs of i nt r a c ell ul a r p r ot ei n d e g r a d ati o n. A m o n g t h e m w e r e: (i ) t h e
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h et e r o g e n e o us st a bilit y of i n di vi d u al p r ot ei ns (ii ), t h e eff e ct of n ut ri e nts a n d

h o r m o n es o n t h ei r d e g r a d ati o n, a n d (iii ) t h e d e p e n d e n c e of i nt r a c ell ul a r

p r ot e ol ysis o n m et a b oli c e n e r g y. T h e diff e r e nti al eff e ct of s el e cti v e i n hi bit o rs

o n  t h e  d e g r a d ati o n  of  diff e r e nt  cl ass es  of  c ell ul a r  p r ot ei ns  c o ul d  n ot  b e  

e x pl ai n e d at all.

T h e d e v el o p m e nt of m et h o ds t o m o nit or pr ot ei n d y n a mi cs i n c ells t o g et h er

wit h t h e dis c o v er y of s p e ci fi c a n d g e n er al l ys os o m al i n hi bit ors h a v e r es ult e d i n

t h e i d e nti fi c ati o n of diff e r e nt cl ass es of c ell ul a r p r ot ei ns, l o n g- a n d s h o rt-li v e d,

a n d t h e fi n di n gs of t h e diff e r e nti al eff e cts of t h e i n hi bit o rs o n t h es e g r o u ps

(s e e, f o r e x a m pl e, R efs. 3 0, 3 1 ). A n el e g a nt e x p e ri m e nt i n t his r es p e ct w as

c a r ri e d o ut b y B ri a n P o ol e a n d his c oll e a g u es i n t h e R o c k ef ell e r U ni v e rsit y.

P o ol e w as st u d yi n g t h e eff e ct of l ys os o m ot r o pi c a g e nts – w e a k b as es s u c h as

a m m o ni u m c hl ori d e a n d c hl or o q ui n e – t h at a c c u m ul at e i n t h e l ys os o m e a n d

dissi p at e its l o w a ci di c p H b y n e ut r ali zi n g t h e H + i o ns: t h e l ys os o m al p r ot e as es

a r e i n a cti v e i n n e ut r al p H. It w as ass u m e d t h at t his m e c h a nis m als o u n d e rli es

t h e  a nti- m al a ri al  a cti vit y  of  c hl o r o q ui n e  a n d  si mil a r  d r u gs  t h at  i n hi bit  t h e  

a cti vit y p ar asit e’s l ys os o m e, ‘ p ar al y zi n g’ its a bilit y t o di g est t h e h ost’s h e m o gl o bi n

d u ri n g t h e i nt r a- e r yt h r o c yti c st a g e of its lif e c y cl e. P o ol e a n d his c oll e a g u es 

l a b ell e d m et a b oli c all y e n d o g e n o us p r ot ei ns i n li vi n g m a c r o p h a g es wit h 3 H-

l e u ci n e  a n d  ‘f e d’  t h e m  wit h  b r o k e n  m a c r o p h a g es  t h at  h a d  b e e n  l a b ell e d

m et a b oli c all y wit h 1 4 C-l e u ci n e p ri o r t o t h ei r dis r u pti o n. T h e y ass u m e d, a p p a-

r e ntl y c o r r e ctl y, t h at t h e d e a d m a c r o p h a g es d e b ris a n d p r ot ei ns will b e p h a g o-

c yt os e d b y t h e li v e m a c r o p h a g es a n d t a r g et e d t o t h e l ys os o m e f o r d e g r a d a-

ti o n. T h e y m o nit o r e d t h e eff e ct of l ys os o m ot r o pi c a g e nts o n t h e d e g r a d ati o n

of t h es e t w o pr ot ei n p o p ul ati o ns, t h e e n d o g e n o us a n d t h e e x o g e n o us. I n p arti-

c ul a r, t h e y st u di e d t h e eff e ct of t h e w e a k b as es c hl o r o q ui n e a n d a m m o ni u m

c hl o ri d e, a n d t h e a ci d i o n o p h o r e X 5 3 7 A w hi c h dissi p at es t h e H + g r a di e nt

a c r oss t h e l ys os o m al m e m b r a n e. T h e y f o u n d t h at t h es e d r u gs i n hi bit e d s p e ci-

fi c all y t h e d e gr a d ati o n of e xtr a c ell ul ar pr ot ei ns, b ut n ot of i ntr a c ell ul ar pr ot ei ns

( 3 2 ). P o ol e s u m m a ri z e d b e a utif ull y (I w o ul d s a y als o p o eti c all y ) t h es e e x p e ri-

m e nts a n d e x pli citl y p r e di ct e d t h e e xist e n c e of a n o n-l ys os o m al p r ot e ol yti c

s yst e m t h at d e g r a d es i nt r a c ell ul a r p r ot ei ns: “ S o me of t he m acr o p h a ges l a bele d wit h

triti u m were per mitte d t o e n d ocytise t he de a d m acr o p h a ges l a bele d wit h 1 4 C. T he cells were

t he n w as he d a n d re pl ace d i n fres h me di u m. I n t his w ay we were a ble t o me as ure i n t he

s a me cells t he di gesti o n of m acr o p h a ge pr otei ns fr o m t w o s o urces. T he e x o ge n o us pr otei ns

will be br o ke n d o w n i n t he lys os o mes, w hile t he e n d o ge n o us pr otei ns will be br o ke n d o w n

w here ver it is t h at e n d o ge n o us pr otei ns are br o ke n d o w n d uri n g pr otei n t ur n o ver ” ( 3 3 ).

T h e  r e q ui r e m e nt  f o r  m et a b oli c  e n e r g y  f o r  t h e  d e g r a d ati o n  of  b ot h  

p r o k a r y oti c ( 3 4 ) a n d e u k a r y oti c ( 1 0, 3 5 ) p r ot ei ns w as dif fi c ult t o i nt e r p r et.

P r ot e ol ysis is a n e x e r g o ni c p r o c ess a n d t h e t h e r m o d y n a mi c all y p a r a d o xi c al

e n e r g y  r e q ui r e m e nt  f o r  i nt r a c ell ul a r  p r ot e ol ysis  m a d e  r es e a r c h e rs  b eli e v e

t h at e n er g y c a n n ot b e c o ns u m e d dir e ctl y b y pr ot e as es or t h e pr ot e ol yti c pr o c ess

p e r s e, a n d is us e d i n di r e ctl y. As Si m ps o n s u m m a ri z e d his fi n di n gs ( 1 0 ): “ T he

d at a c a n als o be i nter prete d by p ost ul ati n g t h at t he rele ase of a mi n o aci ds fr o m pr otei n

is itself directly de pe n de nt o n e ner gy s u p ply. A s o me w h at si mil ar hy p ot hesis, b ase d o n
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st u dies o n a ut olysis i n tiss ue mi nces, h as rece ntly bee n a d v a nce d, b ut t he s u p p orti n g

d at a are ver y dif fic ult t o i nter pret. H o we ver, t he f act t h at pr otei n hy dr olysis as c at alyze d

by t he f a mili ar pr ote ases a n d pe pti d ases occ urs e xer g o nic ally, t o get her wit h t he c o nsi der a-

ti o n t h at a ut olysis i n e xcise d or g a ns or tiss ue mi nces c o nti n ues f or wee ks, l o n g after

p h os p h or yl ati o n  or  o xi d ati o n  ce ase d,  re n ders  i m pr o b a ble  t he  hy p ot hesis  of  t he  direct

e ner gy  de pe n de nce  of  t he  re acti o ns  le a di n g  t o  pr otei n  bre a k d o w n ”.  B ei n g  c a uti o us  

h o w e v e r, a n d p r o b a bl y u ns u r e a b o ut a si n gl e i nt e r p r et ati o n a n d c o n cl usi o n,

Si m ps o n still l eft a n a r r o w slit o p e n e d f o r a p r ot e ol yti c p r o c ess t h at r e q ui r es

e n e r g y i n a di r e ct m a n n e r: “ H o we ver, t he res ults d o n ot e xcl u de t he e xiste nce of t w o

( or m ore) mec h a nis ms of pr otei n bre a k d o w n, o ne hy dr olytic, t he ot her e ner gy-re q uiri n g ”.

Si n c e a n y p r ot e ol yti c p r o c ess m ust b e at o n e p oi nt o r a n ot h e r h y d r ol yti c, t h e

st at e m e nt  t h at  m a k es  a  disti n cti o n  b et w e e n  a n  h y d r ol yti c  p r o c ess  a n d  a n

e n e r g y- r e q ui ri n g ( y et n o n- h y d r ol yti c o n e ), is n ot cl e a r. J u d gi n g t h e st at e m e nt

f r o m a hist o ri c al p e rs p e cti v e a n d k n o wi n g t h e m e c h a nis m of a cti o n of t h e

u bi q uiti n  s yst e m,  w h e r e  e n e r g y  is  r e q ui r e d  als o  i n  t h e  p r e- h y d r ol yti c  st e p

( u bi q uiti n c o nj u g ati o n ), Si m ps o n m a y h a v e t h o u g ht of a t w o st e p m e c h a nis m:

a n i niti al c o n diti o ni n g st e p t h at is e n er g y-r e q uiri n g y et n ot h y dr ol yti c, f oll o w e d

b y a s e c o n d h y d r ol yti c st e p t h at is e n e r g y-i n d e p e n d e nt. H o w e v e r, h e di d n ot

p r o vi d e us wit h a cl e a r e x pl a n ati o n. Cl e a rl y, h e c o ul d n ot h a v e i m a gi n e d t h at

e v e n  t h e  s e c o n d  st e p  will  b e  e n e r g y- r e q ui ri n g  ( as  w e  k n o w  is  p r ot e as o m al  

a cti vit y ). At t h e e n d of t his cl e a rl y u n d e rst a n d a bl e a n d a p p a r e ntl y dif fi c ult 

d eli b e r ati o n, h e l eft us wit h a v a g u e e x pl a n ati o n li n ki n g p r ot ei n d e g r a d ati o n

t o p r ot ei n s y nt h esis, a p r o c ess t h at w as k n o w n al r e a d y at t h e ti m e t o r e q ui r e

m et a b oli c e n e r g y: “ T he f act t h at a s u p ply of e ner gy see ms t o be necess ar y f or b ot h t he

i nc or p or ati o n a n d t he rele ase of a mi n o aci ds fr o m pr otei n mi g ht well me a n t h at t he t w o

pr ocesses are i nterrel ate d. A d diti o n al d at a s u g gesti ve of s uc h a vie w are a v ail a ble fr o m

ot her ty pes of e x peri me nts. E arly i n vesti g ati o ns o n nitr o ge n b al a nce by Be ne dict, F oli n,

G a m ble, S mit h, a n d ot hers p oi nt t o t he f act t h at t he r ate of pr otei n c at a b olis m v aries

wit h t he diet ar y pr otei n le vel. Si nce t he pr otei n le vel of t he diet w o ul d be e x pecte d t o e xert

a direct i n fl ue nce o n sy nt hesis r at her t h a n bre a k d o w n, t he altere d c at a b olic r ate c o ul d

well be c a use d by a c h a n ge i n t he r ate of sy nt hesis ” ( 1 0 ). Wit h t h e dis c o v e r y of 

l ys os o m es i n e u k a r y oti c c ells it c o ul d b e a r g u e d t h at e n e r g y is r e q ui r e d f o r

t h e t r a ns p o rt of s u bst r at es i nt o t h e l ys os o m e o r f o r m ai nt e n a n c e of t h e l o w

i nt r al ys os o m al p H, f o r e x a m pl e (s e e a b o v e ). T h e o bs e r v ati o n b y H e rs h k o a n d

T o m ki ns t h at t h e a cti vit y of t y r osi n e a mi n ot r a nsf e r as e ( T A T ) w as st a bili z e d

f oll o wi n g d e pl eti o n of A T P ( 3 6 ) i n di c at e d t h at e n e r g y m a y b e r e q ui r e d at a n

e a rl y st a g e of t h e p r ot e ol yti c p r o c ess, m ost p r o b a bl y b ef o r e p r ot e ol ysis o c c u rs.

Y et, it di d n ot p r o vi d e a cl u e as f o r t h e m e c h a nis m i n v ol v e d: t h e e n e r g y c o ul d

b e us e d, f o r e x a m pl e, f o r s p e ci fi c m o di fi c ati o n of T A T, e. g. p h os p h o r yl ati o n,

t h at w o ul d s e nsiti z e it t o d e g r a d ati o n b y t h e l ys os o m e o r b y a y et u n k n o w n

pr ot e ol yti c m e c h a nis m, or f or a m o di fi c ati o n t h at a cti v at es its p ut ati v e pr ot e as e.

It c o ul d als o b e us e d f or a m or e g e n er al l ys os o m al m e c h a nis m, o n e t h at i n v ol v es

t r a ns p o rt of T A T as w ell as ot h e r p r ot ei ns i nt o t h e l ys os o m e o r dissi p ati o n of

t h e  i nt r al ys os o m al  a ci di c  p H,  f o r  e x a m pl e.  T h e  e n e r g y  i n hi bit o rs  us e d  b y

H e rs h k o a n d T o m ki ns a b olis h e d al m ost c o m pl et el y d e g r a d ati o n of t h e e nti r e
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p o p ul ati o n of c ell pr ot ei ns, c o n fir mi n g pr e vi o us st u di es ( e. g. 1 0 ) a n d s u g g esti n g

a g e n er al r ol e f or e n er g y i n pr ot ei n c at a b olis m. I n t h at r es p e ct e n er g y i n hi bit ors

h a d a n eff e ct t h at w as disti n ct f r o m t h at of p r ot ei n s y nt h esis i n hi bit o rs ( e. g.

c y cl o h e xi mi d e ) w hi c h aff e ct e d o nl y e n h a n c e d d e g r a d ati o n of T A T (i n d u c e d

b y st e r oi d h o r m o n e d e pl eti o n ), b ut n ot b as al d e g r a d ati o n ( 3 6 ). T his fi n di n g

r ul e d  o ut,  at  l e ast  p a rti all y,  a  ti g ht  li n k a g e  b et w e e n  p r ot ei n  s y nt h esis  a n d  

d e g r a d ati o n. I n b a ct e ri a, t h at l a c k l ys os o m es, a n a r g u m e nt i n v ol vi n g e n e r g y

r e q ui r e m e nt f o r l ys os o m al d e g r a d ati o n c o ul d n ot h a v e b e e n p r o p os e d, b ut 

ot h e r  i n di r e ct  eff e cts  of  A T P  h y d r ol ysis  c o ul d  h a v e  aff e ct e d  p r ot e ol ysis  i n  

E. c oli, s u c h as p h os p h o r yl ati o n of s u bst r at es a n d / o r p r ot e ol yti c e n z y m es, o r

m ai nt e n a n c e of t h e ‘ e n e r gi z e d m e m b r a n e st at e’. A c c o r di n g t o t his m o d el,

p r ot ei ns c o ul d b e c o m e s us c e pti bl e t o p r ot e ol ysis b y c h a n gi n g t h ei r c o nf o r m a-

ti o n, f or e x a m pl e, f oll o wi n g ass o ci ati o n wit h t h e c ell m e m br a n e t h at m ai nt ai ns

a l o c al, e n er g y- d e p e n d e nt gr a di e nt of a c ert ai n i o n. H o w e v er, s u c h a n eff e ct w as

r ul e d o ut ( 3 7 ), a n d si n c e t h er e w as n o e vi d e n c e f or a p h os p h or yl ati o n- m e di at e d

m e c h a nis m ( alt h o u g h, si mil a r t o t h e st at e of aff ai rs i n e u k a r y ot es, t h e p r ot e o-

l yti c m a c hi n e r y i n p r o k a r y ot es h a d n ot b e e n i d e nti fi e d at t h at ti m e ), it s e e-

m e d t h at at l e ast i n b a ct e ri a, e n e r g y is r e q ui r e d di r e ctl y f o r t h e p r ot e ol yti c

p r o c ess.  I n  a n y  e v e nt,  t h e  r e q ui r e m e nt  f o r  m et a b oli c  e n e r g y  f o r  p r ot ei n  

d e g r a d ati o n i n b ot h p r o k a r y ot es a n d e u k a r y ot es, a p r o c ess t h at is e x e r g o ni c

t h e r m o d y n a mi c all y, st r o n gl y i n di c at e d t h at p r ot e ol ysis is a hi g hl y r e g ul at e d

p r o c ess, a n d t h at a si mil a r p ri n ci pl e / m e c h a nis m h as b e e n p r es e r v e d al o n g

e v ol uti o n of t h e t w o ki n g d o ms. I m pl yi n g f r o m t h e p ossi bl e di r e ct r e q ui r e-

m e nt f o r A T P i n d e g r a d ati o n of p r ot ei ns i n b a ct e ri a, it w as n ot t o o u nli k el y t o

ass u m e a si mil a r di r e ct m e c h a nis m i n t h e d e g r a d ati o n of c ell ul a r p r ot ei ns i n

e u k a r y ot es. S u p p o rti n g t his n oti o n w as t h e d es c ri pti o n of t h e c ell-f r e e p r ot e o-

l yti c s yst e m i n r eti c ul o c yt es ( 2 8, 2 9 ), a c ell t h at l a c ks l ys os o m es, w hi c h s u g g est e d

t h at e n e r g y is p r o b a bl y r e q ui r e d di r e ctl y f o r t h e p r ot e ol yti c p r o c ess, alt h o u g h

h er e t o o, t h e u n d erl yi n g m e c h a nis ms h a d r e m ai n e d e ni g m ati c at t h e ti m e. T h e

d es cri pti o n of t h e c ell-fr e e s yst e m p a v e d h o w e v er t h e r o a d f or t h e l at er d et ail e d

diss e cti o n of t h e u n d e rl yi n g m e c h a nis ms i n v ol v e d a n d t o t h e dis c o v e r y of t h e

u bi q uiti n s yst e m.

T H E U BI Q UI TI N- P R O T E A S O M E S Y S T E M

T h e c ell-f r e e p r ot e ol yti c s yst e m f r o m r eti c ul o c yt es ( 2 8, 2 9 ) t u r n e d o ut t o b e

a n i m p o rt a nt a n d ri c h s o u r c e f o r t h e p u ri fi c ati o n a n d c h a r a ct e ri z ati o n of t h e 

e n z y m es t h at a r e i n v ol v e d i n t h e u bi q uiti n- p r ot e as o m e s yst e m. I niti al f r a cti o-

n ati o n of t h e c r u d e r eti c ul o c yt e c ell e xt r a ct o n t h e a ni o n- e x c h a n g e r esi n di et-

h yl a mi n o et h yl  ( D E A E )  c ell ul os e  yi el d e d  t w o  f r a cti o ns  w hi c h  w e r e  b ot h  

r e q ui r e d t o r e c o nstit ut e t h e e n e r g y- d e p e n d e nt p r ot e ol yti c a cti vit y f o u n d i n

t h e  c r u d e  e xt r a ct:  t h e  u n a ds o r b e d,  fl o w  t h r o u g h  m at e ri al  w as  d e n ot e d

F r a cti o n I, a n d t h e hi g h s alt el u at e of t h e a ds o r b e d p r ot ei ns w as d e n ot e d

F r a cti o n II ( 3 8 ).
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T a ble 1: R es ol uti o n of t h e A T P- d e p e n d e nt p r ot e ol yti c a cti vit y f r o m c r u d e r eti c ul o c yt e e x-
t r a ct i nt o t w o ess e nti all y r e q ui r e d c o m pl e m e nti n g a cti viti es ( a d a pt e d f r o m R ef. 3 8; wit h
p e r missi o n f r o m Els e vi e r / Bi o c h e m. Bi o p h ys. R es. C o m m u n. ).

F r a cti o n  D e g r a d ati o n of [ 3 H ] gl o bi n ( % )

- A T P + A T P

L ys at e 1. 5 1 0
F r a cti o n I 0. 0 0. 0
F r a cti o n II 1. 5 2. 7
F r a cti o n I a n d F r a cti o n II 1. 6 1 0. 6

T his fi n di n g w as a n i m p o rt a nt o bs e r v ati o n a n d a m et h o d ol gi c al l ess o n f o r 

f ut u r e diss e cti o n of t h e s yst e m. F o r o n e, it s u g g est e d t h at t h e s yst e m is n ot

c o m p os e d of a si n gl e ‘ cl assi c al’ p r ot e as e t h at h as e v ol v e d e v ol uti o n a ril y t o 

a c q ui r e e n e r g y d e p e n d e n c e [ alt h o u g h e n e r g y- d e p e n d e nt m ulti c o m p o n e nt /-

c o m pl e x p r ot e as es, s u c h as t h e m a m m ali a n 2 6 S p r ot e as o m e (s e e b el o w ) a n d

t h e p r o k a r y oti c Cl p f a mil y of p r ot e as es h a v e b e e n d es c ri b e d l at e r ], b ut t h at it

is m a d e of at l e ast t w o c o m p o n e nts. T his fi n di n g of a t w o c o m p o n e nt, e n e r g y-

d e p e n d e nt p r ot e as e t h at h a d n o p r e c e d e nt, l eft us wit h n o p a r a di g m t o f oll o w.

I n a n att e m pt t o e x pl ai n t his fi n di n g, w e s u g g est e d, f o r e x a m pl e, t h at t h e t w o

f r a cti o ns  c o ul d  r e p r es e nt  a n  i n hi bit e d  p r ot e as e  a n d  its  a cti v at o r.  S e c o n d,  

l e a r ni n g f r o m t his r e c o nstit uti o n e x p e ri m e nt a n d t h e ess e nti al d e p e n d e n c e

b et w e e n  t h e  t w o  a cti v e  c o m p o n e nts,  w e  c o nti n u e d  t o  r e c o nstit ut e  a cti vit y

fr o m r es ol v e d fr a cti o ns w h e n e v er w e e n c o u nt er e d a l oss of a cti vit y al o n g f urt h er

p u ri fi c ati o n st e ps. T his bi o c h e mi c al ‘ c o m pl e m e nt ati o n’ a p p r o a c h r es ult e d i n

t h e dis c o v e r y of a d diti o n al e n z y m es of t h e s yst e m, all r e q ui r e d t o b e p r es e nt

i n t h e r e a cti o n mi xt u r e i n o r d e r t o c at al y z e t h e m ulti-st e p p r ot e ol ysis of t h e

t a r g et s u bst r at e. W e c h os e fi rst t o p u rif y t h e a cti v e c o m p o n e nt f r o m F r a cti o n

I (s e e a c c o m p a n yi n g Bi o g r a p h y ). It w as f o u n d t o b e a s m all, ~ 8. 5 k D a h e at-

st a bl e p r ot ei n t h at w as d esi g n at e d A T P- d e p e n d e nt P r ot e ol ysis F a ct o r 1, A P F- 1.

A P F- 1 w as l at e r i d e nti fi e d as u bi q uiti n (s e e b el o w; I a m usi n g t h e t e r m A P F- 1

t o t h e p oi nt i n w hi c h it w as i d e nti fi e d as u bi q uiti n a n d t h e n c h a n g e t h e t e r mi-

n ol o g y a c c o r di n gl y ). I n r et r os p e ct, t h e d e cisi o n t o st a rt t h e p u ri fi c ati o n eff o rts

wit h Fr a cti o n I t ur n e d o ut t o b e str at e gi c all y i m p ort a nt, as Fr a cti o n I c o nt ai n e d

o nl y o n e si n gl e p r ot ei n – A P F- 1 – t h at w as n e c ess a r y t o sti m ul at e p r ot e ol ysis of

t h e m o d el s u bst r at e w e us e d at t h e ti m e, w hil e F r a cti o n II, as w e l e a r nt l at e r

c o nt ai n e d  m a n y  m o r e  c o m p o n e nts.  St a rti n g  t h e  p u ri fi c ati o n  eff o rts  wit h

F r a cti o n II w o ul d h a v e r es ult e d i n a m u c h m o r e c o m pli c at e d r o ut e. L at e r 

st u di es s h o w e d t h at F r a cti o n I c o nt ai ns a d diti o n al c o m p o n e nts n e c ess a r y f o r

t h e  d e g r a d ati o n  of  ot h e r  s u bst r at es,  b ut  t h es e  w e r e  n ot  n e c ess a r y  f o r  t h e  

r e c o nstit uti o n of t h e s yst e m at t h at ti m e. T his c h oi c e e n a bl e d us n ot o nl y t o

p u rif y A P F- 1, b ut als o t o q ui c kl y d e ci p h e r its m e c h a nis m of a cti o n. A c riti c all y

i m p o rt a nt fi n di n g t h at p a v e d t h e r o a d f o r f ut u r e d e v el o p m e nts i n t h e fi el d

w as t h at m ulti pl e m oi eti es of A P F- 1 a r e c o v al e ntl y c o nj u g at e d t o t h e t a r g et

s u bstr at e w h e n i n c u b at e d i n t h e pr es e n c e of Fr a cti o n II, a n d t h at t h e m o di fi c a-

ti o n r e q ui r es A T P ( 3 9, 4 0; Fi g u r es 3 a n d 4 ). It w as als o f o u n d t h at t h e m o di fi c a-
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ti o n is r e v e rsi bl e, a n d A P F- 1 c a n b e r e m o v e d f r o m t h e s u bst r at e o r its d e g r a d a-

ti o n p r o d u cts a n d r e utili z e d ( 4 0 ).

T h e dis c o v e r y t h at A P F- 1 is c o v al e ntl y c o nj u g at e d t o p r ot ei n s u bst r at es a n d

sti m ul at es t h ei r p r ot e ol ysis i n t h e p r es e n c e of A T P a n d c r u d e F r a cti o n II, l e d

i n  1 9 8 0  t o  t h e  p r o p os al  of  a  m o d el  a c c o r di n g  t o  w hi c h  p r ot ei n  s u bst r at e  

m o di fi c ati o n  b y  m ulti pl e  m oi eti es  of  A P F- 1  t a r g ets  it  f o r  d e g r a d ati o n  b y  a

d o w nst r e a m, at t h at ti m e a n y et u ni d e nti fi e d, p r ot e as e t h at c a n n ot r e c o g ni z e

t h e u n m o di fi e d s u bst r at e; f oll o wi n g d e g r a d ati o n, r e us a bl e A P F- 1 is r el e as e d

( 4 0 ). It w as als o s h o w n t h at A P F- 1 c a n b e r el e as e d f r o m t h e i nt a ct s u bst r at e

( 4 0 ). T his c a n o c c u r, f o r e x a m pl e, if t h e s u bst r at e w as m a r k e d ei r o n e o usl y. It

w as f u rt h e r p r e di ct e d t h at t h e r el e as e is m e di at e d b y s p e ci fi c p r ot e as e (s ) a n d

n ot vi a r e v e rs al of t h e c o nj u g ati o n r e a cti o n. A mi n o- a ci d a n al ysis of A P F- 1,

al o n g wit h its k n o w n m ol e c ul a r m ass a n d ot h e r g e n e r al c h a r a ct e risti cs r ais e d

t h e  s us pi ci o n  t h at  A P F- 1  is  u bi q uiti n  ( 4 1 ),  a  k n o w n  p r ot ei n  of  p r e vi o usl y

u n k n o w n f u n cti o n. C o ntri b uti n g t o t his s us pi ci o n w as t h e pr e vi o usl y d es cri b e d

c o nj u g at e b et w e e n u bi q uiti n a n d hist o n e H 2 A t h at r ais e d t h e p ossi bilit y t h at

a si mil a r, t h o u g h o b vi o usl y n ot a n i d e nti c al, c o nj u g at e is g e n e r at e d b et w e e n

A P F- 1 a n d its t a r g et s u bst r at e (s e e b el o w ). I n d e e d, i n a s e ri es of bi o c h e mi c al

a n d f u n cti o n al e x p e ri m e nts, Wil ki ns o n a n d c oll e a g u es c o n fi r m e d u n e q ui v o-

1 6 3

Fr e e i o di n e

Fi g ure 3: A P F- 1 is s hift e d t o a hi g h m ol e c ul a r m ass “ c o m p o u n d (s ) ” f oll o wi n g i n c u b ati o n i n
A T P- c o nt ai ni n g c r u d e r eti c ul o c yt e c ell e xt r a ct. 1 2 5 I-l a b ell e d A P F- 1 w as i n c u b at e d wit h r eti-
c ul o c yt e c r u d e F r a cti o n II i n t h e a bs e n c e ( o p e n ci r cl es ) o r p r es e n c e ( cl os e d ci r cl es ) of
A T P, a n d t h e r e a cti o n mi xt u r es w e r e r es ol v e d vi a g el filt r ati o n c h r o m at o g r a p h y. S h o w n is
t h e r a di o a cti vit y m e as u r e d i n e a c h f r a cti o n. As c a n b e s e e n, f oll o wi n g a d diti o n of A T P, A P F-
1 b e c o m es ass o ci at e d wit h s o m e c o m p o n e nt (s ) i n F r a cti o n II, w hi c h c o ul d b e a n e n z y m e (s )
o r a s u bst r at e (s ) of t h e s yst e m ( wit h p e r missi o n f r o m P r o c e e di n gs of t h e N ati o n al A c a d e m y
of t h e U S A; p u blis h e d o ri gi n all y i n R ef. 3 9 ).

K 5 _ 4 0 3 1 9 _ C i e c h a _ 1 2 6 - 1 7 5   0 5 - 0 8 - 1 9   1 6 . 1 3   S i d a  1 6 3



c all y t h at A P F- 1 is u bi q uiti n ( 4 2 ). U bi q uiti n is a s m all, h e at-st a bl e a n d hi g hl y

e v ol uti o n a ril y c o ns e r v e d p r ot ei n of 7 6 r esi d u es. It w as fi rst p u ri fi e d d u ri n g

t h e is ol ati o n of t h y m o p oi eti ns ( 4 3 ) a n d w as s u bs e q u e ntl y f o u n d t o b e u bi-

q uit o usl y  e x p r ess e d  i n  all  ki n g d o ms  of  li vi n g  c ells,  i n cl u di n g  p r o k a r y ot es

( 4 4 ). I nt e r esti n gl y, it w as i niti all y f o u n d t o i n d u c e l y m p h o c yt e diff e r e nti ati o n,

a  c h a r a ct e risti c  t h at  w as  att ri b ut e d  t o  t h e  sti m ul ati o n  of  a d e n yl at e  c y cl as e

( 4 4, 4 5 ). A c c o r di n gl y, it w as n a m e d U BI P f o r u b i q uit o us im m u n o p oi eti c p ol y-

p e pti d e ( 4 4 ). H o w e v e r, l at e r st u di es s h o w e d t h at u bi q uiti n is n ot i n v ol v e d i n

t h e  i m m u n e  r es p o ns e  ( 4 6 ),  a n d  t h at  it  w as  a  c o nt a mi n ati n g  e n d ot o xi n  i n  

t h e p r e p a r ati o n t h at w as r es p o nsi bl e f o r t h e a d e n yl at e c y cl as e a n d t h e T- c ell

diff er e nti ati n g a cti viti es. F urt h er m or e, t h e u nr a v eli n g of t h e s e q u e n c e of s e v er al

e u b a ct eri a a n d ar c h a e b a ct eri a g e n o m es, as w ell as e arli er bi o c h e mi c al a n al ys es

i n t h es e o r g a nis ms ( u n p u blis h e d ) s h o w e d t h at u bi q uiti n is r est ri ct e d o nl y t o 

e u k a r y ot es. T h e fi n di n g of u bi q uiti n i n b a ct e ri a ( 4 4 ) w as p r o b a bl y d u e t o

c o nt a mi n ati o n of t h e b a ct e ri al e xt r a ct wit h y e ast u bi q uiti n d e ri v e d f r o m t h e
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Fi g ure 4: M ulti pl e m ol e c ul es of A P F- 1 / u bi q uiti n a r e c o nj u g at e d t o t h e p r ot e ol yti c s u bst r at e,
p r o b a bl y si g n alli n g it f o r d e g r a d ati o n. T o i nt e r p r et t h e d at a d es c ri b e d i n t h e e x p e ri m e nt
d e pi ct e d i n Fi g u r e 3 a n d t o t est t h e h y p ot h esis t h at A P F- 1 is c o nj u g at e d t o t h e t a r g et p r o-
t e ol yti c s u bst r at e, 1 2 5 I- A P F- 1 w as i n c u b at e d al o n g wit h c r u d e F r a cti o n II ( Fi g u r e 3 a n d t e xt )
i n t h e a bs e n c e (l a n e 1 ) o r p r es e n c e (l a n es 2 – 5 ) of A T P a n d i n t h e a bs e n c e (l a n es 1, 2 ) 
o r  p r es e n c e  (l a n es  3 – 5 )  of  i n c r e asi n g  c o n c e nt r ati o ns  of  u nl a b el e d  l ys o z y m e.  R e a cti o n  
mi xt u r es r es ol v e d i n l a n es 6 a n d 7 w e r e i n c u b at e d i n t h e a bs e n c e (l a n e 6 ) o r p r es e n c e
(l a n e 7 ) of A T P, a n d i n cl u d e d u nl a b el e d A P F- 1 a n d 1 2 5 I-l a b el e d l ys o z y m e. C 1 – C 6 d e n ot e
s p e ci fi c A P F- 1-l ys o z y m e a d d u cts i n w hi c h t h e n u m b e r of A P F- 1 m oi eti es b o u n d t o a t h e
l ys o z y m e m oi et y of t h e a d d u ct is p r o b a bl y i n c r e asi n g, f r o m 1 t o 6. R e a cti o ns mi xt u r es w e r e
r es ol v e d vi a s o di u m d o d e c yl s ulf at e- p ol y a c r yl a mi d e g el el e ct r o p h o r esis ( S D S- P A G E ) a n d vi-
s u ali z e d  f oll o wi n g  e x p os u r e  t o  a n  X- r a y  fil m  ( a ut o r a di o g r a p h y )  ( wit h  p e r missi o n  f r o m
P r o c e e di n gs of t h e N ati o n al A c a d e m y of t h e U S A; p u blis h e d o ri gi n all y i n R ef. 4 0 ).
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y e ast e xt r a ct i n w hi c h t h e b a ct e ri a w e r e g r o w n. W hil e i n r et r os p e ct t h e n a m e

u bi q uiti n is a mis n o m e r as it is r est ri ct e d t o e u k a r y ot es a n d is n ot u bi q uit o us

as w as pr e vi o usl y t h o u g ht, fr o m hist ori c al r e as o ns it h as still r e m ai n e d t h e n a m e

of t h e p r ot ei n. A c c o r di n gl y, a n d i n o r d e r t o a v oi d c o nf usi o n, w e s u g g est t h at

n a m es of ot h e r n o v el e n z y m es a n d c o m p o n e nts of t h e u bi q uiti n s yst e m, b ut

of ot h er s yst e ms as w ell, s h o ul d r e m ai n as w er e first c oi n e d b y t h eir dis c o v er ers.

A n i m p o rt a nt d e v el o p m e nt i n t h e u bi q uiti n r es e a r c h fi el d w as t h e dis c o v e r y

t h at a si n gl e u bi q uiti n m oi et y c a n b e c o v al e ntl y c o nj u g at e d t o hist o n es (s e e

a b o v e ), a n d p arti c ul arl y t o hist o n es H 2 A a n d H 2 B. W hil e t h e f u n cti o n of t h es e

a d d u cts h as r e m ai n e d el usi v e u ntil r e c e ntl y, t h ei r st r u ct u r e w as u n r a v el e d i n

t h e mi d 1 9 7 0s. T h e st r u ct u r e of t h e u bi q uiti n c o nj u g at e wit h H 2 A ( u H 2 A;

w as als o d esi g n at e d p r ot ei n A 2 4 ) w as d e ci p h e r e d b y G ol d k n o pf a n d B us c h

( 4 7, 4 8 ) a n d b y H u nt a n d D a y h off ( 4 9 ), w h o f o u n d t h at t h e t w o p r ot ei ns a r e

li n k e d t h r o u g h a f o r k-li k e, b r a n c h e d is o p e pti d e b o n d b et w e e n t h e c a r b o x y-

t er mi n al gl y ci n e of u bi q uiti n ( Gl y7 6 ) a n d t h e - N H2 gr o u p of 1 1 9 i nt er n al l ysi n e

( L ys 1 1 9 ) of t h e hist o n e m ol e c ul e. It w as s u g g est e d t h at t h e is o p e pti d e b o n d

f o u n d i n t h e hist o n e- u bi q uiti n a d d u ct is i d e nti c al t o t h e b o n d t h at w as f o u n d

b et w e e n u bi q uiti n a n d t h e t a r g et p r ot e ol yti c s u bst r at e ( 5 0 ), a n d b et w e e n t h e

u bi q uiti n m oi eti es i n t h e p ol y u bi q uiti n c h ai n ( 5 1, 5 2 ) t h at is s y nt h esi z e d o n

t h e s u bst r at e a n d t h at f u n cti o ns, m ost p r o b a bl y, as a p r ot e ol ysis r e c o g niti o n

si g n al f o r t h e d o w nst r e a m 2 6 S p r ot e as o m e. I n t his p a rti c ul a r p ol y u bi q uiti n

c h ai n t h e li n k a g e is b et w e e n Gl y 7 6 of o n e u bi q uiti n m oi et y a n d i nt e r n al L ys 4 8

of t h e p r e vi o usl y c o nj u g at e d u bi q uiti n m oi et y. It a p p e a rs t h at o nl y L ys 4 8 - b as e d

p ol y u bi q uiti n  c h ai n  is  r e c o g ni z e d  b y  t h e  2 6 S  p r ot e as o m e  a n d  s e r v es  as  a  

p r ot e ol yti c si g n al. I n r e c e nt y e a rs it h as b e e n s h o w n t h at t h e fi rst u bi q uiti n

m oi et y c a n als o b e att a c h e d i n a li n e a r m o d e t o t h e N-t e r mi n al r esi d u e of t h e

p r ot e ol yti c t a r g et s u bst r at e ( 5 3 ). H o w e v e r, e v e n i n t his c as e, t h e s u bs e q u e nt

u bi q uiti n m oi eti es a r e g e n e r ati n g a L ys 4 8 - b as e d p ol y u bi q uiti n c h ai n o n t h e

fi rst li n e a rl y f us e d m oi et y. N-t e r mi n al u bi q uiti n ati o n is cl e a rl y r e q ui r e d f o r

t a r g eti n g n at u r all y o c c u r ri n g l ysi n e-l ess p r ot ei ns f o r d e g r a d ati o n. Y et, s e v e r al

l ysi n e- c o nt ai ni n g p r ot ei ns h a v e als o b e e n d es c ri b e d t h at t r a v e rs e t his p at h w a y,

t h e m us cl e-s p e ci fi c t r a ns c ri pti o n f a ct o r M y o D, f o r e x a m pl e. I n t h es e p r ot ei ns

t h e i nt er n al l ysi n e r esi d u es ar e pr o b a bl y n ot a c c essi bl e t o t h eir c o g n at e li g as es.

Ot h e r t y p es of p ol y u bi q uiti n c h ai ns h a v e als o b e e n d es c ri b e d t h at a r e n ot 

i n v ol v e d i n t a r g eti n g t h e c o nj u g at e d s u bst r at es f o r p r ot e ol ysis. T h us, a L ys6 3 -

b as e d p ol y u bi q uiti n c h ai n h as b e e n d es c ri b e d t h at is p r o b a bl y n e c ess a r y t o

a cti v at e t r a ns c ri pti o n f a ct o rs ( r e vi e w e d r e c e ntl y i n R ef. 5 4 ). I nt e r esti n gl y, t h e

r ol e of m o n o u bi q uiti n ati o n of hist o n es h as als o b e e n i d e nti fi e d r e c e ntl y. It is

i n v ol v e d i n r e g ul ati o n of tr a ns cri pti o n, pr o b a bl y vi a m o d ul ati o n of t h e str u ct ur e

of t h e n u cl e os o m es (f o r r e c e nt r e vi e ws, s e e, f o r e x a m pl e, R efs. 5 5, 5 6 ).

T h e  i d e nti fi c ati o n  of  A P F- 1  as  u bi q uiti n,  a n d  t h e  dis c o v e r y  t h at  a  hi g h-

e n e r g y  is o p e pti d e  b o n d,  si mil a r  t o  t h e  o n e  t h at  li n ks  u bi q uiti n  t o  hist o n e

H 2 A, li n ks it als o t o t h e t a r g et p r ot e ol yti c s u bst r at e, r es ol v e d at t h at ti m e t h e

e ni g m a of t h e e n e r g y r e q ui r e m e nt f o r i nt r a c ell ul a r p r ot e ol ysis (s e e h o w e v e r

b el o w ) a n d p a v e d t h e r o a d t o t h e u nt a n gli n g of t h e c o m pl e x m e c h a nis m of

is o p e pti d e b o n d f o r m ati o n. T his p r o c ess t u r n e d o ut t o b e si mil a r t o t h at of
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p e pti d e b o n d f o r m ati o n t h at is c at al ys e d b y t R N A s y nt h et as e o r d u ri n g n o n-

ri b os o m al  s y nt h esis  of  s h o rt  p e pti d es  ( 5 7 ).  I n  t h es e  p r o c ess es,  th at  o c c u rs  

d uri n g pr ot ei n s y nt h esis a si n gl e a mi n o a ci d is a cti v at e d, w h er e as d uri n g a cti v a-

ti o n  of  u bi q uiti n,  t h e  c-t e r mi n al  Gl y7 6 r esi d u e  of  t h e  p r ot ei n  is  a cti v at e d,  

b ut ot h e r wis e t h e t h r e e p r o c ess es a p p e a r t o b e al m ost i d e nti c al. Usi n g t h e u n-

r a v ell e d m e c h a nis m of u bi q uiti n a cti v ati o n a n d i m m o bili z e d u bi q uiti n as a

‘ c o v al e nt’ af fi nit y b ait, t h e t h r e e e n z y m es t h at a r e i n v ol v e d i n t h e c as c a d e 

r e a cti o n  of  u bi q uiti n  c o nj u g ati o n  w e r e  p u ri fi e d  b y  Ci e c h a n o v e r,  H e rs h k o,

a n d  t h ei r  c oll e a g u es.  T h es e  e n z y m es  a r e:  (i )  E 1,  t h e  u bi q uiti n- a cti v ati n g  

e n z y m e, (ii ) E 2, t h e u bi q uiti n- c arri er pr ot ei n, a n d (iii ) E 3, t h e u bi q uiti n- pr ot ei n
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Fi g ure 5: T h e P r ot e as o m e. T h e p r ot e as o m e is a l a r g e, 2 6 S, m ulti c at al yti c p r ot e as e t h at d e-
g r a d es p ol y u bi q uiti n at e d p r ot ei ns t o s m all p e pti d es. It is c o m p os e d of t w o s u b- c o m pl e x es:
a 2 0 S c o r e p a rti cl e ( C P ) t h at c a r ri es t h e c at al yti c a cti vit y, a n d a r e g ul at o r y 1 9 S r e g ul at o r y
p a rti cl e ( R P ). T h e 2 0 S C P is a b a r r el-s h a p e d st r u ct u r e c o m p os e d of f o u r st a c k e d ri n gs, t w o
i d e nti c al o ut e r ri n gs a n d t w o i d e nti c al i n n e r ri n gs. T h e e u k a r y oti c a n d ri n gs a r e
c o m p os e d e a c h of s e v e n disti n ct s u b u nits, gi vi n g t h e 2 0 S c o m pl e x t h e g e n e r al st r u ct u r e of

1- 7 1- 7 1- 7 1- 7 . T h e c at al yti c sit es a r e l o c ali z e d t o s o m e of t h e s u b u nits. E a c h e xt r e mit y of
t h e 2 0 S b a r r el c a n b e c a p p e d b y a 1 9 S R P, e a c h c o m p os e d of 1 7 disti n ct s u b u nits, 9 i n a
“ b as e ” s u b- c o m pl e x, a n d 8 i n a “li d ” s u b- c o m pl e x. O n e i m p o rt a nt f u n cti o n of t h e 1 9 S R P is
t o r e c o g ni z e u bi q uiti n at e d pr ot ei ns a n d ot h er p ot e nti al s u bstr at es of t h e pr ot e as o m e. S e v er al
u bi q uiti n- bi n di n g s u b u nits of t h e 1 9 S R P h a v e b e e n i d e nti fi e d, h o w e v er, t h eir bi ol o gi c al r ol es
a n d m o d e of a cti o n h a v e n ot b e e n dis c e r n e d. A s e c o n d f u n cti o n of t h e 1 9 S R P is t o o p e n
a n o ri fi c e i n t h e ri n g t h at will all o w e nt r y of t h e s u bst r at e i nt o t h e p r ot e ol yti c c h a m b e r.
Als o, si n c e a f ol d e d pr ot ei n w o ul d n ot b e a bl e t o fit t hr o u g h t h e n arr o w pr ot e as o m al c h a n n el,
it is ass u m e d t h at t h e 1 9 S p a rti cl e u nf ol ds s u bst r at es a n d i ns e rts t h e m i nt o t h e 2 0 S C P. B ot h
t h e c h a n n el o p e ni n g f u n cti o n a n d t h e u nf ol di n g of t h e s u bst r at e r e q ui r e m et a b oli c e n e r g y,
a n d i n d e e d, t h e 1 9 S R P “ b as e ” c o nt ai ns si x diff e r e nt A T P as e s u b u nits. F oll o wi n g d e g r a d a-
ti o n of t h e s u bstr at e, s h ort p e pti d es d eri v e d fr o m t h e s u bstr at e ar e r el e as e d, as w ell as r e us a bl e
u bi q uiti n ( wit h p e r missi o n f r o m N at u r e P u blis hi n g G r o u p. P u blis h e d o ri gi n all y i n R ef. 8 3 ).
a. El e ct r o n mi c r os c o p y i m a g e of t h e 2 6 S p r ot e as o m e f r o m t h e y e ast S. cere visi ae .
b. S c h e m ati c r e p r es e nt ati o n of t h e st r u ct u r e a n d f u n cti o n of t h e 2 6 S p r ot e as o m e.
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li g as e  ( 5 8, 5 9 ).  T h e  dis c o v e r y  of  t h e  E 3  c o m p o n e nt  w hi c h  is  t h e  s p e ci fi c  

s u bst r at e- bi n di n g c o m p o n e nt of t h e s yst e m, p oi nt e d t o a p ossi bl e s ol uti o n t o

t h e  p r o bl e m  of  t h e  h et e r o g e n e o us  st a biliti es  of  diff e r e nt  p r ot ei ns  –  t h e y

mi g ht b e s p e ci fi c all y r e c o g ni z e d a n d t a r g et e d b y diff e r e nt li g as es.

Wit hi n a s h o rt p e ri o d, t h e u bi q uiti n t a g gi n g h y p ot h esis r e c ei v e d s u bst a nti al

s u p p o rt. F o r e x a m pl e, C hi n a n d c oll e a g u es i nj e ct e d i nt o H e L a c ells l a b el e d

u bi q uiti n a n d h e m o gl o bi n a n d d e n at u r e d t h e i nj e ct e d h e m o gl o bi n b y o xi di-

zi n g it wit h p h e n yl h y d r a zi n e. T h e y f o u n d t h at u bi q uiti n c o nj u g ati o n t o gl o bi n

is m a r k e dl y e n h a n c e d b y d e n at u r ati o n of h e m o gl o bi n, a n d t h e l e v el of gl o bi n-

u bi q uiti n c o nj u g at es w as p r o p o rti o n al t o t h e r at e of h e m o gl o bi n d e g r a d ati o n

( 6 0 ). H e rs h k o a n d c oll e a g u es o bs e r v e d a si mil a r c o r r el ati o n f o r a b n o r m al,

a mi n o a ci d a n al o g u e- c o nt ai ni n g s h ort-li v e d pr ot ei ns ( 6 1 ). A pr e vi o usl y is ol at e d

c ell c y cl e a r r est m ut a nt t h at l os es t h e u bi q uiti n- hist o n e H 2 A a d d u ct at t h e

p er missi v e t e m p er at ur e ( 6 2 ), w as f o u n d b y Fi nl e y, Ci e c h a n o v er a n d V ars h a vs k y

t o h a r b o r a t h e r m ol a bil e E 1 ( 6 3 ). F oll o wi n g h e at i n a cti v ati o n, t h e c ells f ail t o

d e g r a d e n o r m al s h o rt-li v e d p r ot ei ns ( 6 4 ). Alt h o u g h t h e c ells di d n ot p r o vi d e

di r e ct e vi d e n c e f o r s u bst r at e u bi q uiti n ati o n as a d est r u cti o n si g n al, t h e y still

p r o vi d e d  a  st r o n g  a n d  di r e ct  li n k a g e  b et w e e n  u bi q uiti n  c o nj u g ati o n  a n d  
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Fi g ure 6: T h e u bi q uiti n- p r ot e as o m e p r ot e ol yti c s yst e m. U bi q uiti n is a cti v at e d b y t h e u bi q ui-
ti n- a cti v ati n g e n z y m e, E 1 ( 1 ) f oll o w e d b y its t r a nsf e r t o a u bi q uiti n- c a r ri e r p r ot ei n ( u bi q ui-
ti n- c o nj u g ati n g e n z y m e, U B C ), E 2 ( 2 ). E 2 t r a nsf e rs t h e a cti v at e d u bi q uiti n m oi eti es t o t h e
p r ot ei n s u bst r at e t h at is b o u n d s p e ci fi c all y t o a u ni q u e u bi q uiti n li g as e E 3. T h e t r a nsf e r is
eit h e r di r e ct [ ( 3 ) i n t h e c as e of RI N G fi n g e r li g as es a n d p ossi bl y s o m e ot h e r s m all e r g r o u ps
of E 3s s u c h as U- B o x li g as es ], o r vi a a n a d diti o n al t hi ol- est e r i nt e r m e di at e o n t h e li g as e [ ( 4,
4 a ) i n t h e c as e of H E C T d o m ai n li g as es ]. S u c c essi v e c o nj u g ati o n of u bi q uiti n m oi eti es t o o n e
a n ot h e r g e n e r at es a p ol y u bi q uiti n c h ai n t h at s e r v es as t h e bi n di n g ( 5 ) a n d d e g r a d ati o n 
si g n al f o r t h e d o w nst r e a m 2 6 S p r ot e as o m e. T h e s u bst r at e is d e g r a d e d t o s h o rt p e pti d es ( 6 ),
a n d f r e e a n d r e us a bl e u bi q uiti n is r el e as e d b y d e- u bi q uiti n ati n g e n z y m es ( D U Bs ) ( 7 ).
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i nt r a c ell ul a r p r ot ei n d e g r a d ati o n.

At t his p oi nt, t h e o nl y missi n g li n k w as t h e i d e nti fi c ati o n of t h e d o w nst r e a m

pr ot e as e t h at w o ul d s p e ci fi c all y r e c o g ni z e u bi q uiti n at e d s u bstr at es. Ta n a k a a n d

c oll e a g u es i d e nti fi e d a s e c o n d A T P-r e q uiri n g st e p i n t h e r eti c ul o c yt e pr ot e ol yti c

s yst e m  w hi c h  w as  i n d e p e n d e nt  of  u bi q uiti n ati o n  ( 6 5 ),  a n d  H e rs h k o  a n d  

c oll e a g u es d e m o nst r at e d t h at e n e r g y is r e q ui r e d f o r c o nj u g at e d e g r a d ati o n

( 6 6 ). A n i m p o rt a nt a d v a n c e i n t h e fi el d w as a dis c o v e r y b y H o u g h a n d c ol-

l e a g u es  w h o  p a rti all y  p u ri fi e d  a n d  c h a r a ct e ri z e d  a  hi g h- m ol e c ul a r  m ass  

al k ali n e pr ot e as e t h at d e gr a d e d, i n a n A T P- d e p e n d e nt m o d e, u bi q uiti n a d d u cts

of l ys o z y m e b ut n ot u nt a g g e d l ys o z y m e ( 6 7 ). T his p r ot e as e, w hi c h w as l at e r

c all e d t h e 2 6 S p r ot e as o m e (s e e b el o w ), p r o vi d e d all t h e n e c ess a r y c rit e ri a f o r

b ei n g t h e s p e ci fi c p r ot e ol yti c a r m of t h e u bi q uiti n s yst e m. T his fi n di n g w as

c o n fi r m e d, a n d t h e p r ot e as e w as f u rt h e r c h a r a ct e ri z e d b y W a x m a n a n d c oll e a-

g u es w h o f o u n d t h at it is a n u n us u all y l ar g e, ~ 1, 5 M D a e n z y m e, u nli k e a n y ot h er

k n o w n pr ot e as e ( 6 8 ). A f urt h er a d v a n c e i n t h e fi el d w as t h e dis c o v er y ( 6 9 ) t h at

a s m all e r, n e ut r al m ulti-s u b u nit 2 0 S p r ot e as e c o m pl e x t h at w as dis c o v e r e d 

t o g et h e r wit h t h e l a r g e r 2 6 S c o m pl e x, is si mil a r t o a “ m ulti c at al yti c p r ot ei n as e

c o m pl e x ” ( M C P ) t h at w as d es c ri b e d e a rli e r b y Wil k a n d O rl o ws ki i n b o vi n e

pit uit a r y gl a n d ( 7 0 ). T his 2 0 S p r ot e as e is A T P-i n d e p e n d e nt a n d h as v a ri o us

c at al yti c a cti viti es, cl e a vi n g o n t h e c a r b o x y-t e r mi n al si d e of h y d r o p h o bi c, b asi c

a n d a ci di c r esi d u es. H o u g h a n d c oll e a g u es r ais e d t h e p ossi bilit y – alt h o u g h t h e y

di d n ot s h o w it e x p e ri m e nt all y – t h at t his 2 0 S p r ot e as e c a n b e a p a rt of t h e

l ar g er 2 6 S pr ot e as e t h at d e gr a d es u bi q uiti n a d d u cts ( 6 9 ). L at er st u di es s h o w e d

t h at i n d e e d, t h e 2 0 S c o m pl e x is t h e c o r e c at al yti c p a rti cl e of t h e l a r g e r 2 6 S

c o m pl e x  ( 7 1, 7 2 ).  H o w e v e r,  a  st r o n g  e vi d e n c e  t h at  t h e  a cti v e  ‘ m us h r o o m’-

s h a p e d 2 6 S p r ot e as e is g e n e r at e d t h r o u g h t h e ass e m bl y of t w o disti n ct s u b-

c o m pl e x es – t h e c at al yti c 2 0 S c yli n d e r-li k e M C P a n d a n a d diti o n al 1 9 S b all-

s h a p e d s u b- c o m pl e x (t h at w as p r e di ct e d t o h a v e a r e g ul at o r y r ol e ) – w as p r o-

vi d e d o nl y i n t h e e a rl y 1 9 9 0s b y H off m a n a n d c oll e a g u es ( 7 3 ): T h es e r es e a r c h-

e rs mi x e d t h e t w o p u ri fi e d p a rti cl es a n d g e n e r at e d t h e a cti v e 2 6 S e n z y m e.

T h e p r ot e as o m e is a l a r g e, 2 6 S, m ulti c at al yti c p r ot e as e t h at d e g r a d es p ol y-

u bi q uiti n at e d p r ot ei ns t o s m all p e pti d es. It is c o m p os e d of t w o s u b- c o m pl e x es:

a 2 0 S c o r e p a rti cl e ( C P ) t h at c a r ri es t h e c at al yti c a cti vit y, a n d a r e g ul at o r y 1 9 S

r e g ul at o r y p a rti cl e ( R P ) (f o r t h e st r u ct u r e of t h e 2 6 S p r ot e as o m e, s e e Fi g u r e

5; f o r a s c h e m e d es c ri bi n g t h e u bi q uiti n s yst e m, s e e Fi g u r e 6 ).

C O N C L U DI N G R E M A R K S

T h e e v ol v e m e nt of p r ot e ol ysis as a c e nt r all y i m p o rt a nt r e g ul at o r y m e c h a nis m

is a r e m a r k a bl e e x a m pl e f o r t h e d e v el o p m e nt of a n o v el bi ol o gi c al c o n c e pt

a n d t h e a c c o m p a n yi n g b attl es t o c h a n g e p a r a di g ms. T h e fi v e d e c a d es j o u r n e y

b et w e e n  t h e  e a rl y  1 9 4 0s  a n d  e a rl y  1 9 9 0s  b e g a n  wit h  fi e r c e  dis c ussi o ns  o n

w h et h e r c ell ul a r p r ot ei ns a r e st ati c as h a d b e e n t h o u g ht f o r a l o n g ti m e, o r

ar e i n a  “ d y n a mi c st a t e“ of s y nt h esis a n d d e gr a d ati o n. T h e dis c o v er y of pr ot ei n

d y n a mi cs w as f oll o w e d b y t h e dis c o v e r y of t h e l ys os o m e, t h at w as b eli e v e d –

b et w e e n t h e mi d- 1 9 5 0s a n d mi d- 1 9 7 0s – t o b e t h e o r g a n ell e wit hi n w hi c h i n-
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tr a c ell ul ar pr ot ei ns ar e d estr o y e d. I n d e p e n d e nt li n es of e x p eri m e nt al e vi d e n c e

g r a d u all y e r o d e d t h e l ys os o m al h y p ot h esis a n d r es ult e d i n t h e  e v ol v e m e nt of

n e w c o n c e pt, t h at t h e b ul k of i ntr a c ell ul ar pr ot ei ns ar e d e gr a d e d – u n d er b as al

m et a b oli c c o n diti o ns – vi a a n o n-l ys os o m al m a c hi n e r y. T his r es ult e d i n t h e

dis c o v e r y of t h e u bi q uiti n s yst e m i n t h e l at e 1 9 7 0s a n d e a rl y 1 9 8 0s.

Wit h t h e i d e nti fi c ati o n of t h e r e a cti o ns a n d e n z y m es t h at a r e i n v ol v e d i n

t h e u bi q uiti n- p r ot e as o m e c as c a d e, a n e w e r a i n t h e p r ot ei n d e g r a d ati o n fi el d

b e g a n at t h e l at e 1 9 8 0s a n d e a rl y 1 9 9 0s. St u di es t h at s h o w e d t h at t h e s yst e m is

i n v ol v e d  i n  t a r g eti n g  of  k e y  r e g ul at o r y  p r ot ei ns  –  s u c h  as  li g ht- r e g ul at e d  

p r ot ei ns  i n  pl a nts,  t r a ns c ri pti o n al  f a ct o rs,  c ell  c y cl e  r e g ul at o rs  a n d  t u m o r

s u p p r ess o rs a n d p r o m ot e rs – st a rt e d t o e m e r g e (s e e f o r e x a m pl e R efs. 7 4 – 7 8 ).

T h es e st u di es w e r e a c c o m p a ni e d b y f u n cti o n al a n al ysis of t h e s yst e m i n t h e

y e ast S acc h ar o myces Cere visi al ( c a r ri e d o ut i niti all y m ostl y b y V a rs h a vs k y a n d

c oll e a g u es ), t a ki n g a d v a nt a g e of t h e p o w e r of g e n eti cs. T h e y w e r e t h e n f ol-

l o w e d b y n u m e r o us st u di es o n t h e u n d e rl yi n g m e c h a nis ms i n v ol v e d i n t h e 

d e g r a d ati o n of s p e ci fi c p r ot ei ns, e a c h wit h its o w n u ni q u e m o d e of r e c o g ni-

ti o n  a n d  r e g ul ati o n.  T h e  u n r a v eli n g  of  t h e  h u m a n  g e n o m e  r e v e al e d  t h e  
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Fi g ure 7: S o m e of t h e diff e r e nt f u n cti o ns of m o di fi c ati o n b y u bi q uiti n a n d u bi q uiti n-li k e
p r ot ei ns.  a.  P r ot e as o m al- d e p e n d e nt  d e g r a d ati o n  of  c ell ul a r  p r ot ei ns  (s e e  Fi g u r e  6 ).  b.
M o n o – o r  oli g o u bi q uiti n ati o n  t a r g ets  m e m b r a n e  p r ot ei ns  t o  d e g r a d ati o n  i n  t h e
l ys os o m e / v a c u ol e. c. M o n o u bi q uiti n ati o n, o r d. a si n gl e m o di fi c ati o n b y a u bi q uiti n-li k e
( U B L ) p r ot ei n, S U M O f o r e x a m pl e, c a n t a r g et p r ot ei ns t o diff e r e nt s u b c ell ul a r d esti n a-
ti o ns s u c h as n u cl e a r f o ci o r t h e n u cl e a r p o r e c o m pl e x ( N P C ). M o di fi c ati o n b y U B Ls c a n
s e r v e als o ot h e r, n o n- p r ot e ol yti c f u n cti o ns, s u c h as p r ot e cti n g p r ot ei ns f r o m u bi q uiti n ati o n
o r a cti v ati o n of E 3 c o m pl e x es ( n ot s h o w n ). e. G e n e r ati o n of a L ys 6 3 - b as e d p ol y u bi q uiti n
c h ai n c a n a cti v at e t r a ns c ri pti o n al r e g ul at o rs, di r e ctl y o r i n di r e ctl y vi a r e c r uit m e nt of ot h e r
p r ot ei ns ( p r ot ei n Y, f o r e x a m pl e; s h o w n ), o r a cti v ati o n of u pst r e a m c o m p o n e nts s u c h as ki-
n as es. U b d e n ot es u bi q uiti n. ( Wit h p e r missi o n f r o m N at u r e P u blis hi n g G r o u p. P u blis h e d
o ri gi n all y i n R ef. 8 3 ).
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e xist e n c e of h u n d r e ds of disti n ct E 3s, att esti n g t o t h e c o m pl e xit y a n d t h e hi g h

s p e ci fi cit y a n d s el e cti vit y of t h e s yst e m. T w o i m p o rt a nt a d v a n c es i n t h e fi el d

w e r e t h e dis c o v e r y of t h e n o n- p r ot e ol yti c f u n cti o ns of u bi q uiti n s u c h as a cti v a-

ti o n of t r a ns c ri pti o n a n d r o uti n g of p r ot ei ns t o t h e l ys os o m e / v a c u ol e, a n d

t h e dis c o v er y of m o di fi c ati o n b y u bi q uiti n-li k e pr ot ei ns ( U B Ls ), t h at is i n v ol v e d 

i n n u m e r o us n o n- p r ot e ol yti c f u n cti o ns s u c h as di r e cti n g p r ot ei ns t o t h ei r s u b-

c ell ul a r d esti n ati o n, p r ot e cti n g p r ot ei ns f r o m u bi q uiti n ati o n, a n d c o nt r olli n g

e nti r e p r o c ess es s u c h as a ut o p h a g y (s e e f o r e x a m pl e R ef. 7 9 ) (f o r s o m e of t h e

diff er e nt r ol es of m o di fi c ati o ns b y u bi q uiti n a n d U B Ls, s e e Fi g ur e 7 ). All t h es e

st u di es h a v e l e d t o t h e e m e r gi n g r e ali z ati o n t h at t his n o v el m o d e of p ost-

t r a nsl ati o n al m o di fi c ati o n / c o v al e nt c o nj u g ati o n pl a ys k e y r ol es i n r e g ul ati n g

a  b r o a d  a r r a y  of  c ell ul a r  p r o c ess es  –  a m o n g  t h e m  c ell  c y cl e  a n d  di visi o n,

gr o wt h a n d diff er e nti ati o n, a cti v ati o n a n d sil e n ci n g of tr a ns cri pti o n, a p o pt osis,

t h e i m m u n e a n d i n fl a m m at o r y r es p o ns e, si g n al t r a ns d u cti o n, r e c e pt o r- m e di-

at e d e n d o c yt osis, v a ri o us m et a b oli c p at h w a ys, a n d t h e c ell q u alit y c o nt r ol – all

1 7 0

A n cill ar y  or
vir al  pr ot ei n N or m al  d e gr a d ati o n r at e s

m ai nt ai n c ell ul ar  pr ot ei n s
i n a n a p pr o pri at e,
t h o u g h  d y n a mi c,
st e a d y st at e

A c c el er at e d
d e gr a d ati o n

D e cr e a s e d
d e gr a d ati o n

M ut ati o n i n a n e n z y m e  of t h e s y st e m
or i n a r e c o g niti o n  m otif i n t h e t ar g et s u b str at e

T h e U bi q uiti n
 Pr ot e a s o m e P at h w a y 

2 6 S
P r ot e a s o m e

E 1
E 2

E 3

U b

U b

U b

U b

U b
U b

U b U b
P e pti d e s

T a r g e t

s u b str at e

Fi g ure 8: A b e r r ati o ns i n t h e u bi q uiti n- p r ot e as o m e s yst e m a n d p at h o g e n esis of h u m a n dis-
e as es.  N o r m al  d e g r a d ati o n  of  c ell ul a r  p r ot ei ns  m ai nt ai ns  t h e m  i n  a  st e a d y-st at e  l e v el,
t h o u g h, t his l e v el m a y c h a n g e u n d e r v a ri o us p h ysi ol o gi c al c o n diti o ns ( u p p e r a n d l o w e r
ri g ht si d e ). W h e n d e g r a d ati o n is a c c el e r at e d d u e t o a n i n c r e as e i n t h e l e v el o r a cti vit y of a n
E 3 ( S k p 2 i n t h e c as e of p 2 7, f o r e x a m pl e ), o r o v e r e x p r essi o n of a n a n cill a r y p r ot ei n t h at
g e n e r at es a c o m pl e x wit h t h e p r ot ei n s u bst r at e a n d t a r g ets it f o r d e g r a d ati o n (t h e H u m a n
P a pill o m a vi r us E 6 o n c o p r ot ei n t h at ass o ci at es wit h p 5 3 a n d t a r g ets it f o r d e g r a d ati o n b y
t h e E 6- A P li g as e, o r t h e c yt o m e g al o vi r us- e n c o d e d E R p r ot ei ns U S 2 a n d U S 1 1 t h at t a r g et
M H C cl ass I m ol e c ul es f o r E n d o pl as mi c R eti c ul u m- Ass o ci at e d D e g r a d ati o n, E R A D ), t h e
st e a d y st at e l e v el of t h e p r ot ei n d e c r e as es ( u p p e r l eft si d e ). A m ut ati o n i n a u bi q uiti n li g as e
o r i n a s u bst r at e’s s c aff ol d / bi n di n g p r ot ei n [s u c h as o c c u rs i n A de n o m at o us P oly p osis C oli 
– A P C, o r i n E 6- A P ( A n g el m a ns’ S y n d r o m e ) ] o r i n t h e s u bst r at e’s r e c o g niti o n m otif (s u c h
as o c c u rs i n - c at e ni n o r i n E N a C ) will r es ult i n d e c r e as e d d e g r a d ati o n a n d a c c u m ul ati o n
of t h e t a r g et s u bst r at e (l o w e r l eft si d e ).
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t h at t h r o u g h p r ot e ol yti c a n d n o n- p r ot e ol yti c m e c h a nis ms. T h e dis c o v e r y t h at

u bi q uiti n m o di fi c ati o n pl a ys a r ol e i n r o uti n g pr ot ei ns t o t h e l ys os o m e / v a c u ol e,

a n d  t h at  m o di fi c ati o n  b y  s p e ci fi c  a n d  u ni q u e  u bi q uiti n-li k e  p r ot ei ns  a n d  

m o di fi c ati o n s yst e m c o nt r ols a ut o p h a g y cl os e d a n e x citi n g hist o ri c al c y cl e,

si n c e it d e m o nst r at e d t h at t h e t w o a p p a r e ntl y disti n ct p r ot e ol yti c s yst e ms –

t h e u bi q uiti n / pr ot e as o m e a n d t h e l ys os o m e – c o m m u ni c at e wit h o n e a n ot h er.

Wit h t h e m a n y pr o c ess es a n d i n n u m er a bl e s u bstr at es t ar g et e d b y t h e u bi q uiti n

p at h w a y, it is n ot s u r p risi n g t o fi n d t h at a b e r r ati o ns i n t h e s yst e m u n d e rli e, 

di r e ctl y o r i n di r e ctl y, t h e p at h o g e n esis of m a n y dis e as es. W hil e i n a cti v ati o n of

a m aj o r e n z y m e s u c h as E 1 is o b vi o usl y l et h al, m ut ati o ns i n e n z y m es o r i n 

r e c o g niti o n m otifs i n s u bst r at es t h at d o n ot aff e ct vit al p at h w a ys o r t h at aff e ct

t h e i n v ol v e d p r o c ess o nl y p a rti all y, m a y r es ult i n a b r o a d a r r a y of p h e n ot y p es.

Li k e wis e, a c q ui r e d c h a n g es i n t h e a cti vit y of t h e s yst e m c a n als o e v ol v e i nt o

c e rt ai n  p at h ol o gi es.  T h e  p at h ol o gi c al  st at es  ass o ci at e d  wit h  t h e  u bi q uiti n

s yst e m c a n b e cl assi fi e d i nt o t w o g r o u ps: (a ) t h os e t h at r es ult f r o m l oss of f u n c-

ti o n – m ut ati o n i n a u bi q uiti n s yst e m e n z y m e o r i n t h e r e c o g niti o n m otif i n

t h e t ar g et s u bstr at e t h at r es ult i n st a bili z ati o n of c ert ai n pr ot ei ns, a n d (b ) t h os e

t h at r es ult fr o m g ai n of f u n cti o n – a b n or m al or a c c el er at e d d e gr a d ati o n of t h e

p r ot ei n t a r g et (f o r a g e n e r al s c h e m e d es c ri bi n g a b e r r ati o ns i n t h e u bi q uiti n

s yst e m t h at r es ult i n dis e as e st at es, s e e Fi g u r e 8 ). St u di es t h at e m pl o y t a r g et e d

i n a cti v ati o n of g e n es c o di n g f o r s p e ci fi c u bi q uiti n s yst e m e n z y m es a n d s u b-

st r at es i n a ni m als c a n p r o vi d e a m o r e s yst e m ati c vi e w i nt o t h e b r o a d s p e ct r u m

of p at h ol o gi es t h at m a y r es ult f r o m a b e r r ati o ns i n u bi q uiti n ati o n, u bi q uiti n-

m e di at e d p r ot e ol ysis, a n d m o di fi c ati o n b y U B Ls. B ett e r u n d e rst a n di n g of t h e

p r o c ess es a n d i d e nti fi c ati o n of t h e c o m p o n e nts i n v ol v e d i n t h e d e g r a d ati o n

of k e y r e g ul at o rs will l e a d t o t h e d e v el o p m e nt of m e c h a nis m- b as e d d r u gs t h at

will t ar g et s p e ci fi c all y o nl y t h e i n v ol v e d pr ot ei ns. W hil e t h e first dr u g, a s p e ci fi c

p r ot e as o m e i n hi bit o r is al r e a d y o n t h e m a r k et ( 8 0 ), it a p p e a rs t h at o n e i m p o r-

t a nt h all m a r k of t h e n e w e r a w e a r e e nt e ri n g n o w will b e t h e dis c o v e r y of n o v el

d r u gs  b as e d  o n  t a r g eti n g  of  s p e ci fi c  p r o c ess es  s u c h  as  i n hi biti n g  a b e r r a nt

M d m 2- o r E 6- A P- m e di at e d a c c el e r at e d t a r g eti n g of t h e t u m o r s u p p r ess o r p 5 3

w hi c h will r es ult i n r e g ai ni n g its l ost f u n cti o n.

M a n y  r e vi e w  a rti cl es  h a v e  b e e n  p u blis h e d  o n  diff e r e nt  as p e cts  of  t h e  

u bi q uiti n s yst e m. T h e p u r p os e of t his a rti cl e w as t o b ri n g t o t h e r e a d e r s e v e r al

mil est o n es al o n g t h e hist o ri c al p at h w a y of t h e e v ol v e m e nt of t h e u bi q uiti n

s yst e m. F o r a d diti o n al r e a di n g o n t h e u bi q uiti n s yst e m t h e r e a d e r is r ef e r r e d

t o t h e m a n y r e vi e ws w ritt e n o n t h e s yst e m, a m o n g t h e m, f o r e x a m pl e, a r e

R efs. 8 1, 8 2. S o m e p a rts of t his r e vi e w, i n cl u di n g s e v e r al Fi g u r es, a r e b as e d o n

a n ot h e r r e c e ntl y p u blis h e d r e vi e w a rti cl e ( R ef. 8 3 ).

A C K N O W L E D G E M E N T

R es e a r c h i n t h e l a b o r at o r y of A a r o n Ci e c h a n o v e r h as b e e n s u p p o rt e d al o n g

t h e y e a rs b y g r a nts f r o m t h e U S-Is r a el Bi n ati o n al S ci e n c e F o u n d ati o n ( B S F ),

t h e Is r a el S ci e n c e F o u n d ati o n (I S F ) f o u n d e d b y t h e Is r a eli N ati o n al A c a d e m y

of H u m a niti es, A rts a n d S ci e n c es, t h e G e r m a n- Is r a eli F o u n d ati o n ( GI F ) f o r

1 7 1
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S ci e nti fi c R es e ar c h a n d D e v el o p m e nt, t h e Isr a el C a n c er R es e ar c h F u n d (I C R F )

U S A, t h e D e uts c h e-Isr a eli C o o p er ati o n Pr o gr a m ( DI P ), t h e E ur o p e a n C o m mis-

si o n ( E C ), t h e Is r a el C a n c e r S o ci et y (I C S ), t h e P r ost at e C a n c e r F o u n d ati o n

( P C F ) – Isr a el, t h e F o u n d ati o n f or Pr o m oti o n of R es e ar c h i n t h e Te c h ni o n a n d

v a ri o us r es e a r c h g r a nts a d mi nist e r e d b y t h e Vi c e P r esi d e nt of t h e T e c h ni o n

f o r R es e a r c h. I nf r ast r u ct u r al e q ui p m e nt f o r t h e l a b o r at o r y of A. C. a n d f o r t h e

C a n c e r a n d V as c ul a r Bi ol o g y R es e a r c h C e nt e r h as b e e n p u r c h as e d wit h t h e

s u p p o rt of t h e W olfs o n C h a rit a bl e F u n d – C e nt e r of E x c ell e n c e f o r St u di es

o n T u r n o v e r of C ell ul a r P r ot ei ns a n d its I m pli c ati o ns t o H u m a n Dis e as es.

R E F E R E N C E S

1.  Cl a r k e, H. T. ( 1 9 5 8 ). I m p r essi o ns of a n o r g a ni c c h e mist i n bi o c h e mist r y.

A n n u. Re v. Bi oc he m. 2 7 , 1 – 1 4. 

2.  K e n n e d y., E. P. ( 2 0 0 1 ). Hitl e r’s gift a n d t h e e r a of bi os y nt h esis. J. Bi ol. C he m. 2 7 6 , 

4 2 6 1 9 – 4 2 6 3 1.

3. Si m o ni, R. D., Hill, R. L., a n d V a u g h a n, M. ( 2 0 0 2 ). T h e us e of is ot o p e t r a c e rs t o st u d y 

i nt e r m e di a r y m et a b olis m: R u d olf S c h o e n h ei m e r. J. Bi ol. C he m. 2 7 7 (iss u e 4 3 ), e 1- e 3 

( a v ail a bl e o n-li n e at: htt p: / w w w.j b c. o r g ).

4. S c h o e n h ei m e r, R., R at n e r, S., a n d Ritt e n b e r g, D. ( 1 9 3 9 ). St u di es i n p r ot ei n 

m et a b olis m. VII: T h e m et a b olis m of t y r osi n e. J. Bi ol. C he m. 1 2 7 , 3 3 3 – 3 4 4.

5.  R at n e r, S., Ritt e n b e r g, D., K est o n, A. S., a n d S c h o e n h ei m e r, R. ( 1 9 4 0 ). St u di es i n 

p r ot ei n m et a b olis m. XI V: T h e c h e mi c al i nt e r a cti o n of di et a r y gl y ci n e a n d b o d y 

p r ot ei ns i n r ats. J. Bi ol. C he m. 1 3 4 , 6 6 5 – 6 7 6.

6. S c h o e n h ei m e r, R. T h e D y n a mi c St at e of B o d y C o nstit u e nts ( 1 9 4 2 ). H a r v a r d U ni v e rsit y 

P r ess, C a m b ri d g e, M ass a c h us etts, U S A.

7.  H o g n ess, D. S., C o h n, M., a n d M o n o d, J. ( 1 9 5 5 ). St u di es o n t h e i n d u c e d s y nt h esis of‚ 

- g al a ct osi d as e i n Esc heric hi a c oli: T h e ki n eti cs a n d m e c h a nis m of s ulf u r i n c o r p o r ati o n. 

Bi oc hi m. Bi o p hys. Act a 1 6 , 9 9 – 1 1 6.

8. d e D u v e, C., Gi a n ett o, R., A p p el m a ns, F., a n d W atti a u x, R. ( 1 9 5 3 ). E n z y mi c c o nt e nt of 

t h e mit o c h o n d ri a f r a cti o n. N at ure ( L o n d o n) 1 7 2 , 1 1 4 3 – 1 1 4 4.

9.  Gi a n ett o, R., a n d d e D u v e, C. Tiss u e f r a cti o n ati o n st u di es 4. ( 1 9 5 5 ). C o m p a r ati v e st u d y 

of t h e bi n di n g of a ci d p h os p h at as e, - gl u c o r o ni d as e a n d c at h e psi n b y r at li v e r p a rti cl es. 

Bi oc he m. J. 5 9 , 4 3 3 – 4 3 8.

1 0. Si m ps o n, M. V. T h e r el e as e of l a b el e d a mi n o a ci ds f r o m p r ot ei ns i n li v e r sli c es. ( 1 9 5 3 ). 

J. Bi ol. C he m. 2 0 1 , 1 4 3 – 1 5 4.

1 1.  M o rti m o r e, G. E., a n d P os o, A. R. ( 1 9 8 7 ). I nt r a c ell ul a r p r ot ei n c at a b olis m a n d its 

c o nt r ol d u ri n g n ut ri e nt d e p ri v ati o n a n d s u p pl y. A n n u. Re v. N utr. 7 , 5 3 9 – 5 6 4. 

1 2.  As hf o r d, T. P., a n d P o rt e r, K. R. ( 1 9 6 2 ). C yt o pl as mi c c o m p o n e nts i n h e p ati c c ell 

l ys os o m es. J. Cell Bi ol. 1 2 , 1 9 8 – 2 0 2.

1 3. S c hi m k e, R. T., a n d D o yl e, D. ( 1 9 7 0 ). C o nt r ol of e n z y m e l e v els i n a ni m al tiss u es. 

A n n u al Re v. Bi oc he m. 3 9 , 9 2 9 – 9 7 6.

1 4.  G ol d b e r g, A. L., a n d St. J o h n, A. C. ( 1 9 7 6 ). I nt r a c ell ul a r p r ot ei n d e g r a d ati o n i n 

m a m m ali a n a n d b a ct e ri al c ells: P a rt 2. A n n u. Re v. Bi oc he m. 4 5 , 7 4 7 – 8 0 3.

1 5. S e g al, H. L., Wi n kl e r, J. R., a n d Mi y a gi, M. P. ( 1 9 7 4 ). R el ati o ns hi p b et w e e n d e g r a d ati o n 

r at es of p r ot ei ns i n vi v o a n d t h ei r s us c e pti bilit y t o l ys os o m al p r ot e as es. J. Bi ol. C he m. 

2 4 9 , 6 3 6 4 – 6 3 6 5.

1 6.  H ai d e r, M., a n d S e g al, H. L. ( 1 9 7 2 ). S o m e c h a r a ct e risti cs of t h e al a ni n e- a mi n ot r a ns-

f er as e a n d ar gi n as e-i n a cti v ati n g s yst e m of l ys os o m es. Arc h. Bi oc he m. Bi o p hys. 1 4 8 , 2 2 8 – 2 3 7.

1 7.  D e a n, R. T. L ys os o m es a n d pr ot ei n d e gr a d ati o n. ( 1 9 7 7 ). Act a Bi ol. Me d. Ger. 3 6 , 1 8 1 5 – 1 8 2 0.

1 8.  M üll e r, M., M üll e r, H, a n d H ol z e r, H. ( 1 9 8 1 ). I m m u n o c h e mi c al st u di es o n c at a b olit e 

i n a cti v ati o n of p h os p h o e n ol p y r u v at e c a r b o x y ki n as e i n S acc h ar o myces cere visi ae.

J. Bi ol. C he m. 2 5 6 , 7 2 3 – 7 2 7.

1 7 2

K 5 _ 4 0 3 1 9 _ C i e c h a _ 1 2 6 - 1 7 5   0 5 - 0 8 - 1 9   1 6 . 1 3   S i d a  1 7 2



1 9.  H ol z e r, H. ( 1 9 8 9 ). P r ot e ol yti c c at a b olit e i n a cti v ati o n i n S acc h ar o myces cere visi ae.

Re vis. Bi ol. Cel ul ar 2 1 , 3 0 5 – 3 1 9.

2 0.  M aj es ki, A. E., a n d Di c e, J. F. ( 2 0 0 4 ). M e c h a nis ms of c h a p e r o n e- m e di at e d a ut o p h a g y. 

I ntl. J. Bi oc he m. Cell Bi ol. 3 6 , 2 4 3 5 – 2 4 4 4.

2 1.  C u e r v o, A. M., a n d Di c e, J. F. ( 1 9 9 8 ). L ys os o m es, a m e eti n g p oi nt of p r ot ei ns, 

c h a p e r o n es, a n d p r ot e as es. J. M ol. Me d. 7 6 , 6 – 1 2.

2 2.  H a y as hi, M., Hi r oi, Y., a n d N at o ri, Y. ( 1 9 7 3 ). Eff e ct of A T P o n p r ot ei n d e g r a d ati o n i n 

r at li v e r l ys os o m es. N at ure Ne w Bi ol. 2 4 2 , 1 6 3 – 1 6 6.

2 3. S c h n ei d e r, D. L. ( 1 9 8 1 ). A T P- d e p e n d e nt a ci di fi c ati o n of i nt a ct a n d dis r u pt e d 

l ys os o m es: E vi d e n c e f o r a n A T P- d ri v e n p r ot o n p u m p. J. Bi ol. C he m. 2 5 6 , 3 8 5 8 – 3 8 6 4.

2 4. d e D u v e, C., a n d W atti a u x, R. F u n cti o ns of l ys os o m es. ( 1 9 6 6 ).

A n n u. Re v. P hysi ol. 2 8 , 4 3 5 – 4 9 2.

2 5.  R a bi n o vit z, M., a n d Fis h e r, J. M. ( 1 9 6 4 ). C h a r a ct e risti cs of t h e i n hi biti o n of h e m o gl o bi n 

s y nt h esis i n r a b bit r eti c ul o c yt es b y t h r e o- - a mi n o- - c hl o r o b ut y ri c a ci d. 

Bi oc hi m. Bi o p hys. Act a. 9 1 , 3 1 3 – 3 2 2.

2 6.  C a r r ell, R. W., a n d L e h m a n n, H. ( 1 9 6 9 ). T h e u nst a bl e h e m o gl o bi n h e m ol yti c 

a n a e mi as. Se mi n. He m at ol. 6 , 1 1 6 – 1 3 2.

2 7.  H u e h ns, E. R., a n d B elli n g h a m, A.J. ( 1 9 6 9 ). Dis e as es of f u n cti o n a n d st a bilit y of 

h e m o gl o bi n. Br. J. He m at ol. 1 7 , 1 – 1 0.

2 8.  Etli n g e r, J. D., a n d G ol d b e r g, A. L. ( 1 9 7 7 ). A s ol u bl e A T P- d e p e n d e nt p r ot e ol yti c s yst e m 

r es p o nsi bl e f o r t h e d e g r a d ati o n of a b n o r m al p r ot ei ns i n r eti c ul o c yt es. 

Pr oc. N atl. Ac a d. Sci. U S A 7 4 , 5 4 – 5 8.

2 9.  H e rs h k o, A., H ell e r, H., G a n ot h, D., a n d Ci e c h a n o v e r, A. ( 1 9 7 8 ). M o d e of d e g r a d ati o n 

of a b n o r m al gl o bi n c h ai ns i n r a b bit r eti c ul o c yt es. I n: P r ot ei n T u r n o v e r a n d L ys os o m e 

F u n cti o n ( H. L. S e g al & D.J. D o yl e, e ds. ). A c a d e mi c P r ess, N e w Y o r k. p p. 1 4 9 – 1 6 9.

3 0.  K n o wl es, S. E., a n d B all a r d, F.J. ( 1 9 7 6 ). S el e cti v e c o nt r ol of t h e d e g r a d ati o n of n o r m al 

a n d a b e r r a nt p r ot ei ns i n R e u b e r H 3 5 h e p at o m a c ells. Bi oc he m J. 1 5 6 , 6 0 9 – 6 1 7.

3 1.  N eff, N. T., D e M a rti n o, G. N., a n d G ol d b e r g, A. L. ( 1 9 7 9 ). T h e eff e ct of p r ot e as e 

i n hi bit o rs a n d d e c r e as e d t e m p e r at u r e o n t h e d e g r a d ati o n of diff e r e nt cl ass es of 

p r ot ei ns i n c ult u r e d h e p at o c yt es. J. Cell P hysi ol. 1 0 1 , 4 3 9 – 4 5 7.

3 2. P o ol e, B., O h k u m a, S., a n d W a r b u rt o n, M.J. ( 1 9 7 7 ). T h e a c c u m ul ati o n of w e a kl y b asi c 

s u bst a n c es i n l ys os o m es a n d t h e i n hi biti o n of i nt r a c ell ul a r p r ot ei n d e g r a d ati o n.

Act a Bi ol. Me d. Ger m. 3 6 , 1 7 7 7 – 1 7 8 8.

3 3. P o ol e, B., O h k u m a, S. & W a r b u rt o n, M.J. ( 1 9 7 8 ). S o m e as p e cts of t h e i nt r a c ell ul a r 

b r e a k d o w n of e x o g e n o us a n d e n d o g e n o us p r ot ei ns. I n: P r ot ei n T u r n o v e r a n d L ys o-

s o m e F u n cti o n ( H. L. S e g al a n d D.J. D o yl e, e ds. ). A c a d e mi c P r ess, N e w Y o r k. p p. 4 3 – 5 8.

3 4.  M a n d elst a m, J. ( 1 9 5 8 ). T u r n o v e r of p r ot ei ns i n g r o wi n g a n d n o n- g r o wi n g p o p ul ati o ns 

of Esc heric hi a c oli. Bi oc he m. J. 6 9 , 1 1 0 – 1 1 9.

3 5. St ei n b e r g, D., a n d V a u g h a n, M. ( 1 9 5 6 ). O bs e r v ati o ns o n i nt r a c ell ul a r p r ot ei n 

c at a b olis m st u di e d i n vitr o. Arc h. Bi oc he m. Bi o p hys. 6 5 , 9 3 – 1 0 5.

3 6.  H e rs h k o, A., a n d T o m ki ns, G. M. ( 1 9 7 1 ). St u di es o n t h e d e g r a d ati o n of t y r osi n e 

a mi n ot r a nsf e r as e i n h e p at o m a c ells i n c ult u r e: I n fl u e n c e of t h e c o m p ositi o n of t h e 

m e di u m a n d a d e n osi n e t ri p h os p h at e d e p e n d e n c e. J. Bi ol. C he m. 2 4 6 , 7 1 0 – 7 1 4.

3 7.  G ol d b e r g, A. L., K o wit, J. D., a n d Etli n g e r, J. D. ( 1 9 7 6 ). St u di es o n t h e s el e cti vit y a n d 

m e c h a nis ms of i nt r a c ell ul a r p r ot ei n d e g r a d ati o n. I n: P r ot e ol ysis a n d P h ysi ol o gi c al 

R e g ul ati o n ( D. W. Ri b b o ns a n d K. B r e w, e ds. ). A c a d e mi c P r ess, N e w Y o r k. p p. 3 1 3 – 3 3 7.

3 8.  Ci e c h a n o v e r A., H o d, Y., a n d H e rs h k o, A. ( 1 9 7 8 ). A h e at-st a bl e p ol y p e pti d e 

c o m p o n e nt of a n A T P- d e p e n d e nt p r ot e ol yti c s yst e m f r o m r eti c ul o c yt es.

Bi oc he m. Bi o p hys. Res. C o m m o n. 8 1 , 1 1 0 0 – 1 1 0 5.

3 9.  Ci e c h a n o v e r, A., H ell e r, H., Eli as, S., H a as, A. L., a n d H e rs h k o, A. ( 1 9 8 0 ). A T P- d e p e n-

d e nt c o nj u g ati o n of r eti c ul o c yt e p r ot ei ns wit h t h e p ol y p e pti d e r e q ui r e d f o r p r ot ei n 

d e g r a d ati o n. Pr oc. N atl. Ac a d. Sci. U S A. 7 7 , 1 3 6 5 – 1 3 6 8.

4 0.  H e rs h k o, A., Ci e c h a n o v e r, A., H ell e r, H., H a as, A. L., a n d R os e, I. A. ( 1 9 8 0 ). P r o p os e d 

r ol e of A T P i n p r ot ei n b r e a k d o w n: C o nj u g ati o n of p r ot ei ns wit h m ulti pl e c h ai ns of t h e 

p ol y p e pti d e of A T P- d e p e n d e nt p r ot e ol ysis. Pr oc. N atl. Ac a d. Sci. U S A 7 7 , 1 7 8 3 – 1 7 8 6.

1 7 3

K 5 _ 4 0 3 1 9 _ C i e c h a _ 1 2 6 - 1 7 5   0 5 - 0 8 - 1 9   1 6 . 1 3   S i d a  1 7 3



4 1.  Ci e c h a n o v er, A., Eli as, S., H ell er, H., F er b er, S. a n d H ers h k o, A. ( 1 9 8 0 ). C h ar a ct eri z ati o n 

of t h e h e at-st a bl e p ol y p e pti d e of t h e A T P- d e p e n d e nt pr ot e ol yti c s yst e m fr o m r eti c ul o c yt es.

J. Bi ol. C he m. 2 5 5 , 7 5 2 5 – 7 5 2 8.

4 2.  Wil ki ns o n, K. D., U r b a n, M. K., a n d H a as, A. L. ( 1 9 8 0 ). U bi q uiti n is t h e A T P- d e p e n d e nt

P r ot e ol ysis F a ct o r I of r a b bit r eti c ul o c yt es. J. Bi ol. C he m. 2 5 5 , 7 5 2 9 – 7 5 3 2.

4 3.  G ol dst ei n, G. ( 1 9 7 4 ). Is ol ati o n of b o vi n e t h y mi n, a p ol y p e pti d e h o r m o n e of t h e 

t h y m us. N at ure ( L o n d o n) 2 4 7 , 1 1 – 1 4.

4 4.  G ol dst ei n, G., S c h ei d, M., H a m m erli n g, U., S c hl esi n g er, D. H., Ni all, H. D., a n d B o ys e, E. A. 

( 1 9 7 5 ). Is ol ati o n of a p ol y p e pti d e t h at h as l y m p h o c yt e- diff e r e nti ati n g p r o p e rti es a n d is 

p r o b a bl y r e p r es e nt e d u ni v e rs all y i n li vi n g c ells. Pr oc. N atl. Ac a d. Sci. U S A 7 2 , 1 1 – 1 5.

4 5. S c hl essi n g e r, D. H., G ol dst ei n, G., a n d Ni all, H. D. ( 1 9 7 5 ). T h e c o m pl et e a mi n o a ci d 

s e q u e n c e of u bi q uiti n, a n a d e n yl at e c y cl as e sti m ul ati n g p ol y p e pti d e p r o b a bl y u ni v e rs al 

i n li vi n g c ells. Bi oc he mistr y 1 4 , 2 2 1 4 – 2 2 1 8.

4 6.  L o w, T. L. K., a n d G ol dst ei n, A. L. ( 1 9 7 9 ). T h e c h e mist r y a n d bi ol o g y of t h y m osi n: A mi n o 

a ci d a n al ysis of t h y m osi n 1 a n d p ol y p e pti d e 1. J. Bi ol. C he m. 2 5 4 , 9 8 7 – 9 9 5.

4 7.  G ol d k n o pf, I. L., a n d B us c h, H. ( 1 9 7 5 ). R e m a r k a bl e si mil a riti es of p e pti d e fi n g e r p ri nts 

of hist o n e 2 A a n d n o n- hist o n e c h r o m os o m al p r ot ei n A 2 4. Bi oc he m. Bi o p hys. Res. 

C o m m u n. 6 5 , 9 5 1 – 9 5 5.

4 8.  G ol d k n o pf, I. L., a n d B us c h, H. ( 1 9 7 7 ). Is o p e pti d e li n k a g e b et w e e n n o n- hist o n e a n d 

hist o n e 2 A p ol y p e pti d es of c h r o m os o m e c o nj u g at e- p r ot ei n A 2 4. Pr oc. N atl. Ac a d. Sci. 

U S A 7 4 , 8 6 4 – 8 6 8.

4 9.  H u nt, L. T., a n d D a y h off, M. O. ( 1 9 7 7 ). A mi n o-t e r mi n al s e q u e n c e i d e ntit y of u bi q uiti n 

a n d t h e n o n- hist o n e c o m p o n e nt of n u cl e a r p r ot ei n A 2 4. Bi oc hi m. Bi o p hys. Res. C o m m u n. 

7 4 , 6 5 0 – 6 5 5.

5 0.  H e rs h k o, A., Ci e c h a n o v e r, A., a n d R os e, I. A. ( 1 9 8 1 ). I d e nti fi c ati o n of t h e a cti v e 

a mi n o a ci d r esi d u e of t h e p ol y p e pti d e of A T P- d e p e n d e nt p r ot ei n b r e a k d o w n. 

J. Bi ol. C he m. 2 5 6 , 1 5 2 5 – 1 5 2 8.

5 1.  H e rs h k o, A., a n d H ell e r, H. ( 1 9 8 5 ). O c c u r r e n c e of a p ol y u bi q uiti n st r u ct u r e i n 

u bi q uiti n- p r ot ei n c o nj u g at es. Bi oc he m. Bi o p hys. Res. C o m m o n. 1 2 8 , 1 0 7 9 – 1 0 8 6.

5 2.  C h a u, V., T o bi as, J. W., B a c h m ai r, A., M a ri ott, D., E c k e r, D., G o n d a, D. K., a n d 

V a rs h a vs k y, A. ( 1 9 8 9 ). A m ulti u bi q uiti n c h ai n is c o n fi n e d t o s p e ci fi c l ysi n e i n a 

t a r g et e d s h o rt li v e d p r ot ei n. Scie nce 2 4 3 , 1 5 7 6 – 1 5 8 3.

5 3.  Ci e c h a n o v e r, A., a n d B e n- S a a d o n R. ( 2 0 0 4 ). N-t e r mi n al u bi q uiti n ati o n: M o r e p r ot ei n 

s u bst r at es j oi n i n. Tre n ds Cell Bi ol. 1 4 , 1 0 3 – 1 0 6.

5 4.  M u r at a ni, M., a n d Ta ns e y, W. P. ( 2 0 0 3 ). H o w t h e u bi q uiti n- p r ot e as o m e s yst e m c o nt r ols 

t r a ns c ri pti o n. N at. Re v. M ol. Cell Bi ol. 4 , 1 9 2 – 2 0 1.

5 5.  Z h a n g, Y. ( 2 0 0 3 ). Tr a ns c ri pti o n al r e g ul ati o n b y hist o n e u bi q uiti n ati o n a n d 

d e u bi q uiti n ati o n. Ge nes & De v. 1 7 , 2 7 3 3 – 2 7 4 0.

5 6.  Osl e y, M. A. ( 2 0 0 4 ). H 2 B u bi q uit yl ati o n: T h e e n d is i n si g ht. Bi oc hi m. Bi o p hys. Act a.

1 6 7 7 , 7 4 – 7 8.

5 7.  Li p m a n, F. ( 1 9 7 1 ). Att e m pts t o m a p a p r o c ess e v ol uti o n of p e pti d e bi os y nt h esis. 

Scie nce 1 7 3 , 8 7 5 – 8 8 4.

5 8.  Ci e c h a n o v e r, A., Eli as, S., H ell e r, H. & H e rs h k o, A. ( 1 9 8 2 ). " C o v al e nt af fi nit y" 

p u ri fi c ati o n of u bi q uiti n- a cti v ati n g e n z y m e. J. Bi ol. C he m. 2 5 7 , 2 5 3 7 – 2 5 4 2.

5 9.  H e rs h k o, A., H ell e r, H., Eli as, S., a n d Ci e c h a n o v e r, A. ( 1 9 8 3 ). C o m p o n e nts of 

u bi q uiti n- p r ot ei n li g as e s yst e m: R es ol uti o n, af fi nit y p u ri fi c ati o n a n d r ol e i n p r ot ei n 

b r e a k d o w n. J. Bi ol. C he m. 2 5 8 , 8 2 0 6 – 8 2 1 4.

6 0.  C hi n, D. T., K u e hl, L., a n d R e c hst ei n e r, M. ( 1 9 8 2 ). C o nj u g ati o n of u bi q uiti n t o 

d e n at u r e d h e m o gl o bi n is p r o p o rti o n al t o t h e r at e of h e m o gl o bi n d e g r a d ati o n i n 

H e L a c ells. Pr oc. N atl. Ac a d. Sci. U S A 7 9 , 5 8 5 7 – 5 8 6 1.

6 1.  H e rs h k o, A., E yt a n, E., Ci e c h a n o v e r, A. a n d H a as, A. L. ( 1 9 8 2 ). I m m u n o c h e mi c al 

A n al ysis of t h e t u r n o v e r of u bi q uiti n- p r ot ei n c o nj u g at es i n i nt a ct c ells: R el ati o ns hi p 

t o t h e b r e a k d o w n of a b n o r m al p r ot ei ns. J. Bi ol. C he m. 2 5 7 , 1 3 9 6 4 – 1 3 9 7 0.

6 2.  M ats u m ot o, Y., Y as u d a, H., M a r u n o u c hi, T., a n d Y a m a d a, M. ( 1 9 8 3 ). D e c r e as e i n u H 2 A 

( p r ot ei n A 2 4 ) of a m o us e t e m p e r at u r e-s e nsiti v e m ut a nt. F E B S Lett. 1 5 1 , 1 3 9 – 1 4 2.

1 7 4

K 5 _ 4 0 3 1 9 _ C i e c h a _ 1 2 6 - 1 7 5   0 5 - 0 8 - 1 9   1 6 . 1 3   S i d a  1 7 4



6 3. Fi nl e y, D., Ci e c h a n o v e r, A., a n d V a rs h a vs k y, A. ( 1 9 8 4 ). T h e r m ol a bilit y of u bi q uiti n-

a cti v ati n g e n z y m e f r o m t h e m a m m ali a n c ell c y cl e m ut a nt ts 8 5. Cell 3 7 , 4 3 – 5 5.

6 4.  Ci e c h a n o v e r, A., Fi nl e y D., a n d V a rs h a vs k y, A. ( 1 9 8 4 ). U bi q uiti n d e p e n d e n c e of 

s el e cti v e p r ot ei n d e g r a d ati o n d e m o nst r at e d i n t h e m a m m ali a n c ell c y cl e m ut a nt ts 8 5. 

Cell 3 7 , 5 7 – 6 6.

6 5.  Ta n a k a, K., W a x m a n, L., a n d G ol d b e r g, A. L. ( 1 9 8 3 ). A T P s e r v es t w o disti n ct r ol es i n 

p r ot ei n d e g r a d ati o n i n r eti c ul o c yt es, o n e r e q ui ri n g a n d o n e i n d e p e n d e nt of u bi q uiti n. 

J. Cell Bi ol. 9 6 , 1 5 8 0 – 1 5 8 5 ( 1 9 8 3 ).

6 6.  H e rs h k o, A., L es hi ns k y, E., G a n ot h, D., a n d H ell e r, H. ( 1 9 8 4 ). A T P- d e p e n d e nt 

d e g r a d ati o n of u bi q uiti n- p r ot ei n c o nj u g at es. Pr oc. N atl. Ac a d. Sci. U S A 8 1 , 1 6 1 9 – 1 6 2 3.

6 7.  H o u g h, R., P r att, G., a n d R e c hst ei n e r, M. ( 1 9 8 6 ). U bi q uiti n-l ys o z y m e c o nj u g at es: 

I d e nti fi c ati o n a n d c h a r a ct e ri z ati o n of a n A T P- d e p e n d e nt p r ot e as e f r o m r a b bit 

r eti c ul o c yt e l ys at es. J. Bi ol. C he m. 2 6 1 , 2 4 0 0 – 2 4 0 8.

6 8.  W a x m a n, L., F a g a n, J., a n d G ol d b e r g, A. L. ( 1 9 8 7 ). D e m o nst r ati o n of t w o disti n ct hi g h 

m ol e c ul a r w ei g ht p r ot e as es i n r a b bit r eti c ul o c yt es, o n e of w hi c h d e g r a d es u bi q uiti n 

c o nj u g at es. J. Bi ol. C he m. 2 6 2 , 2 4 5 1 – 2 4 5 7.

6 9.  H o u g h, R., P r att, G., a n d R e c hst ei n e r M. ( 1 9 8 7 ). P u ri fi c ati o n of t w o hi g h m ol e c ul a r 

w ei g ht p r ot e as es f r o m r a b bit r eti c ul o c yt e l ys at e. J. Bi ol. C he m. 2 6 2 , 8 3 0 3 – 8 3 1 3.

7 0.  Wil k, S., a n d O rl o ws ki, M. ( 1 9 8 0 ). C ati o n-s e nsiti v e n e ut r al e n d o p e pti d as e: Is ol ati o n 

a n d s p e ci fi cit y of t h e b o vi n e pit uit a r y e n z y m e. J. Ne ur oc he m. 3 5 , 1 1 7 2 – 1 1 8 2.

7 1.  E yt a n, E., G a n ot h, D., Ar m o n, T., a n d H ers h k o, A. ( 1 9 8 9 ). A T P- d e p e n d e nt i n c or p or ati o n 

of 2 0 S p r ot e as e i nt o t h e 2 6 S c o m pl e x t h at d e g r a d es p r ot ei ns c o nj u g at e d t o u bi q uiti n.

Pr oc. N atl. Ac a d. Sci. U S A. 8 6 , 7 7 5 1 – 7 7 5 5.

7 2.  D ris c oll, J., a n d G ol d b e r g, A. L. ( 1 9 9 0 ). T h e p r ot e as o m e ( m ulti c at al yti c p r ot e as e ) is a 

c o m p o n e nt of t h e 1 5 0 0- k D a p r ot e ol yti c c o m pl e x w hi c h d e g r a d es u bi q uiti n- c o nj u g at e d 

p r ot ei ns. J. Bi ol. C he m. 2 6 5 , 4 7 8 9 – 4 7 9 2.

7 3.  H off m a n, L., P r att, G., a n d R e c hst ei n e r, M. ( 1 9 9 2 ). M ulti pl e f o r ms of t h e 2 0 S 

m ulti c at al yti c a n d t h e 2 6 S u bi q uiti n / A T P- d e p e n d e nt p r ot e as es f r o m r a b bit r eti c ul o c yt e 

l ys at e. J. Bi ol. C he m. 2 6 7 , 2 2 3 6 2 – 2 2 3 6 8.

7 4. S h a n kli n, J., J a b e n, M., a n d Vi e rst r a, R. D. ( 1 9 8 7 ). R e d li g ht-i n d u c e d f o r m ati o n of 

u bi q uiti n- p h yt o c h r o m e c o nj u g at es: I d e nti fi c ati o n of p ossi bl e i nt e r m e di at es of 

p h yt o c h r o m e d e g r a d ati o n. Pr oc. N atl. Ac a d. Sci. U S A 8 4 , 3 5 9 – 3 6 3.

7 5.  H o c hst r ass e r, M., a n d V a rs h a vs k y, A. ( 1 9 9 0 ). I n vi v o d e g r a d ati o n of a t r a ns c ri pti o n al 

r e g ul at o r: t h e y e ast 2 r e p r ess o r. Cell 6 1 , 6 9 7 7 0 8.

7 6. S c h eff n e r, M., W e r n ess, B. A., H ui b r e gts e, J. M., L e vi n e, A.J., a n d H o wl e y, P. M. ( 1 9 9 0 ). 

T h e E 6 o n c o p r ot ei n e n c o d e d b y h u m a n p a pill o m a vi r us t y p es 1 6 a n d 1 8 p r o m ot es t h e 

d e g r a d ati o n of p 5 3. Cell 6 3 , 1 1 2 9 – 1 1 3 6.

7 7.  Gl ot z e r, M., M u r r a y, A. W., a n d Ki rs c h n e r, M. W. ( 1 9 9 1 ). C y cli n is d e g r a d e d b y t h e 

u bi q uiti n p at h w a y. N at ure 3 4 9 , 1 3 2 – 1 3 8.

7 8.  Ci e c h a n o v e r, A., Di Gi us e p p e, J. A., B e r c o vi c h, B., O ri a n, A., Ri c ht e r, J. D., S c h w a rt z, 

A. L., a n d B r o d e u r, G. M. ( 1 9 9 1 ). D e g r a d ati o n of n u cl e a r o n c o p r ot ei ns b y t h e u bi q uiti n 

s yst e m i n vitr o. Pr oc. N atl. Ac a d. Sci. U S A 8 8 , 1 3 9 – 1 4 3.

7 9.  Mi z us hi m a, N., N o d a, T., Y os hi m o ri, T., Ta n a k a, Y., Is hii, T., G e o r g e, M. D., Kli o ns k y, 

D.J., O hs u mi, M., a n d O hs u mi, Y. ( 1 9 9 8 ). A p r ot ei n c o nj u g ati o n s yst e m ess e nti al f o r 

a ut o p h a g y. N at ure 3 9 5 , 3 9 5 – 3 9 8.

8 0.  A d a ms J. ( 2 0 0 3 ). P ot e nti al f o r p r ot e as o m e i n hi biti o n i n t h e t r e at m e nt of c a n c e r. 

Dr u g Disc o v. To d ay. 8 , 3 0 7 – 3 1 5.

8 1.  Gli c k m a n, M. H., a n d Ci e c h a n o v e r, A. ( 2 0 0 2 ). T h e u bi q uiti n- p r ot e as o m e p at h w a y: 

D est r u cti o n f o r t h e s a k e of c o nst r u cti o n. P hysi ol o gic al Re vie ws 8 2 , 3 7 3 – 4 2 8.

8 2. Pi c k a rt, C. M., a n d C o h e n, R. E. ( 2 0 0 4 ). P r ot e as o m es a n d t h ei r ki n: P r ot e as es i n t h e 

m a c hi n e a g e. N at ure Re v. M ol. Cell Bi ol. 5 , 1 7 7 – 1 8 7.

8 3.  Ci e c h a n o v e r, A. ( 2 0 0 5 ). F r o m t h e l ys os o m e t o u bi q uiti n a n d t h e p r ot e as o m e. 

N at ure Re v. M ol. Cell Bi ol. 6 , 7 9 – 8 6.

P o rt r ait p h ot o of P r of ess o r Ci e c h a n o v e r b y p h ot o g r a p h e r D a n P o r g es.

1 7 5

K 5 _ 4 0 3 1 9 _ C i e c h a _ 1 2 6 - 1 7 5   0 5 - 0 8 - 1 9   1 6 . 1 3   S i d a  1 7 5




