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ABSTRACT 

· Fructose- 1 , 6 - b i s phospha tase ( FBPas e , E . C .  3 . 1 . 3 . 11 )  has been puri fi ed 
from rat l i ve r  cytop l asm by a new puri fi cati on procedure . Mono s pec i fi c  
anti bodi es were rai sed to FBPase i n  rabb i ts to enabl e the i mmunochemi cal 
i s o l ati on and quanti tati on of  FBPase i n  p rotei n homogenates . 

P u l se l abel l i ng of  rat l i ver i n  vi v o  showed that the synthes i s  of  FBPase 

amounted to 0 . 89% of total sol ub l e  prote i n  synthe s i s .  New ly  synthe s i zed 
FBPase was found a l mos t enti re ly i n  l i ver cytopl asm i n  con tras t to serum 
a l bumi n wh i ch was assoc i a ted only wi th mi crosomes , and amounted to 16 . 7% 

of total mi crosomal prote i n  synthe s i s .  

I so l ated free and bound polysomes from l i ver  synthesi zed a l most equal  
amounts of  FBPase when i ncubated i n  v i tro ,  whereas albumi n synthes i s  wa s 
confi ned to bound polysomes . Premature termi na ti on o f  tran s l ati on l ed 
to the re l ease  o f  parti a l  prote i n  trans cri pts wh i ch were s pec i fi cal ly  
i mmunopreci p i tated . 

Affi ni ty- pur i fi ed 1 25r- l abel l ed anti bod i es to FBPase and a l b umi n were 
used to quanti tate nas cent  p rotei n chai ns on free and bound polysomes . 

FBPase an ti body bound to both cl asses  o f  po l ysome wi th a l mo st  equal  
a ffi n i ty but  al bumi n anti body was only associ ated  wi th bound po l ysomes . 

Po ly (A) + RNA i sol ated from free and bound po lysomes by po l y ( U ) -Sepharo se  
chromatography was trans l ated i n  a ce l l -free protei n-synthes i z i ng sys tem 

deri ved from wheat germ .  RNA from both cl as s es o f  po l ysome synthes i zed 
FBPase , b u t  a l bumi n was onl y synthes i zed i n  response to bound polysoma l 

RNA . Some fu l l  l engths  trans cri pts correspondi ng to b oth prote i ns were 
produced i n  wheat germ extracts , b ut  a l arge amount o f  smal l er mol ecu l ar  
wei ght mater i a l  was s pec i fi cal l y  i mmunopreci p i tated .  Tota l  trans l at ion  
products from both c l a s ses of  po l ysome a l so produced con s i derab l e 
abnormal l y s hort mol ecu l ar wei ght  mate ri a l , but only ful l l ength 
trans cri pts  were produced when the sys tem was programmed wi th TMV RNA . 

S i nce l i ver cel l s  conta i n  twi ce as  many bound polysomes a s  free , i t  

has been concl uded that about 70% o f  i ntracel l u l a r  FB Pase synthes i s  
takes p l ace  on  bound pol ysomes . I n  contras t ,  a l bumi n synthes i s  was 

a lmost  tota l ly  confi ned (>97%)  to bound po lysomes and new ly  synthes i zed 



iii 

al bumi n was s egreg ated i nto m i crosomes . The parti ti oni ng o f  syntheti c 

acti v i ty for a l bumi n i s  therefore a res u l t of the d i s tri buti on o f  mRNA 
codi ng for th i s  protei n .  
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CHAPTER ONE 

I NTRODUCT ION  AND H I STORI CAL REV I EW 

1 . 1  The i n tracel l u l ar s i tes  of  prote i n  synthesis i n  animal cel l s  

The l i ver i s  one of  a number o f  t i ss ues wh i ch exh i b i t a h i gh l evel  o f  
prote i n syn thes i s  i n  the adu l t  a n imal . Many d i fferent prote i n s  are 
produ ced by the hepa tocyte , and these fal l i nto two major  groups , namel y 

p l asma pro te i n s wh i ch are secreted , and pro te i ns  whi ch are requ i red 
for the i nternal functi ons of the cel l . These two groups  are produced 
i n  a bo u t  equal amounts  ( Ryoo a nd Tarver , 1968 ) . Examp l es of secretory 
p rote i n s  are serum a l bumi n ,  the  major product of  l i ver pro tei n synthes i s  
( Campbe l l and Stone , 1957 ; Peters , 1962 ) , g l ycopro te i n s  ( Redman and 
C heri an , 1972 ) , h i gh - and l ow-den s i ty l i po prote i n s  ( Bungenberg de Jong  

a nd Mar s h , 1968 ) · , transferr i n  (Ma suya e t  a l . ,  1963 ) and fi bri nogen 
( Straub , 1963 ) . 

The group  o f  prote i n s des t i ned to remai n  w i th i n  the cel l can be  
s ubd i v i ded i nto several groups: ( a )  t ho se  wh i ch wi l l  become compo nents 

of the endopl asmi c reti cul um membrane ; ( b )  tho se transferred to  
cel l u l ar organel l e s after synthes i s ,  such as  mi tochondr i a l  cytochrome 
c and perox i soma l cata l a s e ,  and  ( c )  tho se wh ich  funct i o n  i n  the 
cytopl asm . 

One of the mo st s tr i k i ng u l tra s tructural features o f  many types o f  
an ima l  cel l s , i nc l ud i ng l i ver cel l s ,  i s  the  presence o f  an extens i ve 
network  o f  i n tracel l u l ar membranes wh ich  form the endopl asmi c 
reti cu l um ( ER ) . The genera l s tructure o f  the  ER i s  that of a ' ne twork 
of  para l l e l membranes maki ng u p  tubul e s , c i s ternae and ves i c l e s , 
somewhat vary i ng i n  d i ameter and form , and a l l encl o s i ng s paces or  
channe l s s eparated from the  cytop l asm ' ( Gl aumann , 1973 ) .  A s tudy o f  
adj acent ser i al s ecti o ns of the E R  has demons trated that the membranes  
are connected wi th  o ne  ano ther to  form a conti nuum wh i ch separates 

the cytopl asm from the i ntermembrane space o f  the ER ( Pa l ade , 1956 ; 
Pal ade and Si ekev i tz ,  1956 ) . Ano ther p romi nant i n tracel l u l ar membrane 

structure is the Go l g i apparatus wh i ch i s  composed of  a ser i es of 
f l at tened or rounded , smoo th-surfaced c i s ternae, ves i cl es and vacuo l es ,  
often l ocated near the bi l e  cana l i cul i i n  hepatocytes . The Gol g i  
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compl ex s eems to be functi onal l y  rel ated to the ER i n  as much a s  bo th 
o rganel l e s partici pa te i n  the migrat ion  of secretory prote i n s .  I n  
add i t i on the i ntermembrane space of the devel op i ng Gol gi  vesicl e s  
appears to b e  conti nuous wi th the i n termembrane compartment of the ER . 

Pro te i n  synthes i s  i n  an imal  cel l s  ta kes pl ace on r i bosomes , which are 
organ i sed i nto pol ysomes by the i r  associ at ion  w i th mes senger RNA (mRNA ) 
duri ng prote i n  synthe s i s .  Two d i s ti nct popul at ions  of  po l ysomes are 
recogn i sed i n  a l l a n ima l  cel l s; those bound to the ER membrane ( formi ng 
t he rough ER ) , and tho se that do not appear to be bou nd to any membrane 
but are free i n  the cytopl asm , Both  cl asses of po lysome are acti ve 
i n  pro te i n synthes i s .  

S i ekevi tz and Pa l ade (1960 ) observed from el ectron mi croscope s tud i e s 

tha t  i n  cel l s  active i n  pro te i n  secretion a h i gh  ·proporti o n  of the 

r i bosomes were bo und to the ER membrane form i ng an exten s i ve rough  ER . 
I n  contra s t ,  cel l s  wh ich d i d  not secrete the i r  synthes i zed pro tei n 

s howed fewer membrane bo und r i bo somes , bu t numerous ri bo somes free i n  
the cytopl asm . Extreme exampl es o f  secretory cel l s  are the exocr i ne 
o r  ac i nar cel l s  of pa ncreas wh ich export zymogen granul e s  a nd pl a sma 
cel l s  wh ich are the s i te of immu nog l obul i n  synthes i s  ( Porter , 1961) .  

I n  these cel l s  mo s t  of  the r i bo somes are associ ated w i th membranes. 
The oppos i te extreme i s  found i n  rap idl y  growi ng embroyn ic cel l s  a nd 
i n  de-d i fferentiated tumour cel l s .  Very l i t tl e endopl asm i c  ret icu lum 

i s  ev i dent i n  these cel l s  and very few ri bo somes seem to be a s soci ated 
w i th membrane s tructu res . The parenchyma l cel l s  of l i ver are an 
exampl e o f  a cel l type i ntermedi ate between these two extremes ( Porter , 
1961 ; Porter and Bo nnev i l l e ,  1968 ) .  These observat ions have l ed to 
the co ncept  that pro t e i n s  des ti ned for export  are made on  bound 
pol ysome s ,  and pro te i n s retai ned by the cel l are made on  free pol ysome s . 

However , certai n observat ions  coul d no t be accounted for by th i s 
s uggest i on . The i ncrease i n  the synthes i s  of  pro tei n for the i nternal 

need s of cel l s  occur i ng after parti al hepatectomy (Zwei g and Gri s ham , 

197 1 ) ,  or  who l e  body exposure to i o n i z i ng rad i ati on  ( Ekren and Yatv i n , 
197 2 )  wa s no t accompa n i ed by a change i n  the rati o of  free to membrane­

b ound po l ysomes . Hela cel l s  appear morpho l og ical l y  to be de-di fferent­
i a ted w i th comparat i ve ly  l i ttl e endopl asmic reticul um , prom i nant 
Go l g i compl exes and smooth endopl a smic reticul um ( Eps tei n ,  1961; Fus e 

e t  al . ,  1963 ) .  Neverthel ess  abou t 15% of  the r i bosomes are found 
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a ssoci a ted wi th membranes (Attardi et al . ,  1969 ) , a l tho ug h  Hela ce l l s 
export l e ss  than 2% of the i r  newl y synthes i zed prote i n ( Rosbas h ,  1970 ) . 

Andrews and Tata ( 197 1a , b ) found tha t bra i n ,  a non-secretory ti ssue , 
conta i ned a bout  20% bou nd poly somes , and i so l ated bra i n  mi crosomes 
rel eased nascent pro te i n  i nto the i ncubat i on medi um on  treatment wi th 
puromyci n .  I n  contrast , l i ver mi cro somes di s charged na scent pro te i n  
to predomi nantl y i ns i d e  the ER  membrane ves i c l es  ( presumab ly  for 
transport outs ide the cel l ) . 

T he  i ntracel l u l ar s i te o f  synthes i s  ha s been reported for a n umber o f  
prote i n s . Rat l i ver mi crosomes , i ncubated i n  v i tro , synthes i zed 
a l bumi n and other serum prote i ns ( Campbel l et a l . ,  1960 , van der 
Decken and Campbel l ,  196 2 ;  Ganoza and Wi l l i ams , 1969 ) . I so l a ted bound 
pol ysomes i nc ubated i n  v i tro were al so found to be the major s i te o f  

a l bumi n and other serum protei n synthes i s  (Ta kagi a nd O gata , 1968 ; 
Redman , 1968 , 1969 ; Ta kagi  et a l . ,  1969 , 197 0 ;  H i cks et al . ,  1969 ; 
Gl aumann , 1 97 0 ;  Tana ka a nd Ogata , 1972 ) . The bi ndi ng o f  125 I -l abel l ed 
anti -a l bumi n to na scent prote i ns on pol ysomes was p redomi nantly  
a s soc iated wi th bound pol ysomes (Mclaug hl i n  and P i tot , 1976a ) . A l bumi n 
mRNA acti v i ty was restr i cted to pol y (A ) + RNA i sol a ted from bound 
pol ysomes , when trans l ated i n  a cel l -free prote i n - synthes i z i ng system 

deri ved from wheat germ ( Zahri nger et  a l . ,  1977 ) , o r  rabb i t  reti cu l o­
cytes ( Gol dman and B l o bel , 1978 ) . S imi l arl y a copy DNA ( cDNA ) s pec i fi c  
for a l bumi n mRNA confi rmed the a s soc i at ion  o f  a l bumi n mRNA wi th o n l y  

bound po l ysomes ( Yap et al . ,  1977 ) . As a quanti tat i v e  a s say of  mRNA 
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the l atter method i s  probab ly  the best , s i nce i t  does  not rel y o n  the 
rel at ive  tran s l atio na l eff i c i ency of  var i o u s  mRNA templ ate s ,  or the  
compl ete funct ion  i ntegri ty of  the  mRNA . A c DNA spec i fi c  for 
i mmunog l obu l i n  l i ght c ha i n  mRNA has been used to quanti tate the 

d i str i but i o n  of l i g ht chai n mRNA i n  a mouse  pl as tocytoma (O kuyama et  
a l . ,  1977 ) . Bound pol ysomes contai ned 3 time s more l i ght  cha i n mRNA 
than free , but  s i nce t h i s pl as tocytoma conta i ned more free tha n bou nd 
pol ysome s ,  bou nd po l ysomes as  a who l e  synthes i zed o nl y twi ce a s  much 

l i ght cha i n a s  free . Other secreted prote i ns shown to be predomi nantl y 

synthes i zed by bound po l ysomes ( by i n  v i tro protei n synthes i s  or 

quanti tat i o n  of na scent protei n cha i ns ) , i nc l ude rat l i ver g lycopro te i ns 

( Hal l i nan et a l . ,  1968 ) , mouse  myel oma immuno gl obul i n s ( Sheer and U h r ,  
1970 ) , sheep mammary g l and a-l actogl obul i n ,  a-l acta l bumi n ,  a51- , a82- , 

a- and K- ca se i n s  ( Gaye and Denamur , 1970 ;  Gaye et  a l . ,  1972 , 1973a , b ; 



Gay and Houdebi ne , 197 5 ) , and horse thyro i d  thyrogl o bul i n  ( Vassart 

and Dumont , 1973 ) .  

A grow i ng number of i ntracel lu l ar pro te i ns appear to be synthes i zed on 
both free and bound poly somes . I ncubat ion  of  i so l ated free and bound 

po lysomes and mi crosomes or quanti tati o n  of nascent prote i n  cha i ns 
have shown no preferred s i te of synthes i s  for rat l i ver m i tochondr i a l  
cytochrome c ( Go nzal ez -Cadav i d  e t  a l . ,  1974 ) ,  rat l i ver membrane NADP­

·cytochrome c reductase ( Ragno tt i  et a l . ,  1969 ) , rabb i t  ret i cu l o cyte 
g l o bi n  (Woodward et 'al . ,  1973 ) ,  rat 1 i v er ferr i t i n  ( H i cks et al . ,  
1969 ; Puro and R i chter , 197 1 ) ,  and rat l i ver peroxi somal cata l ase 
( H i ga s hi and Peters , 1963 ; Takag i et a l . ,  1970 ;  Ka s h iwag i et a l . ,  
1 97 1 ;  H i ga s h i  et al . ,  197 2 ;  Sa kamoto a nd H i gas h i , 1973 ) .  Gol dman 
a nd  Bl obel ( 1978 )  however reported that rat l i ver ca ta l ase  and 
perox i somal uri case were excl us ive ly  synthes i zed on  free po l ysomes 
when i so l ated po l ysomes were i ncubated i n  v i tro , or when i so l a ted 
pol y(A ) + RNA was trans l a ted i n  a rabb i t  reti cul ocyte cel l - free prote i n  
synthes i z i ng system . Kon i j i n  et a l . ( 1973 ) reported that 125 1 -l abel l ed 
ant i-ferri ti n bound to d i fferent s i ze cl asses o f  i so l ated free and 
bound pol ysomes . They po stul ated that each cl ass  of po l ysome was 
i nvo l ved i n  the synthes i s  of the 2 separate subun i ts .  Ferr i ti n  mRNA 

act i v i ty was equa l ly abundant i n  bo th c l asses of po l ysome when i so l ated 
po ly (A ) + RNA was transl a ted i n  v i tro i n  wheat germ extracts ( Zahri nger 
et a l . ,  1977 ) .  Rat l i ver ser i ne dehydratase was synthes i zed to a 

greater extent by rough m i cro somes tha n  free po lysomes dur i ng i n  v i tro 
i ncubati ons  ( P i tot and Jost , 1968 ) . The i nducti on  o f  thi s enzyme by 

g l ucagon and h i g h  protei n d i ets was associ ated i n i ti a l l y  w i th a n  
i ncrease i n  synthes i s  of  the enzyme o n  bound po l ysomes . These resul ts 
were confi rmed by stud i e s  on the b i nd i n g  of 1 25 1 -l abel l ed a nti body to 
nascent ser i ne dehydratase prote i n  cha i ns on i sol ated polysomes 

( Mclaugh l i n and P i tot , 1976b ) .  

Prote i n s , the synthes i s  o f  wh i ch seems to be sol el y a s so c i a ted wi th 
free po lysomes (when po lysomes are i ncubated i n  v i tro) i ncl ude rat l i ver 
a rg i nase  (Tanaka and Ogata , 197 1 ) , rat bra i n S - 100 prote i n (Amal di et 

a l . ,  1973 ) ,  and rat s kel eta l muscl e myos i n  ( N i hei , 197 1 ) .  t�ouse 
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myel oma mRNA for hi stone was found onl y i n  free po lysomal RNA after 

pul se l abel l i ng mouse myel oma RNA i n  vi vo ,  and subsequent i denti f i cat i on  

of  h i stone mRNA by sucro se  gradi ent ana lys i s  ( Zauderer et a l . ,  1973 ) .  



I n  some mi n ima l  dev i ati on rat hepatomas , wh i ch synth es i ze a l bumi n yet 
do not secrete i t ,  al bum i n  synthes i s  i s  a ssoci ated excl us i vely wi th free 
polysomes (Uenoyama and Ono , 197 2 ;  Schre i ber et a l . ,  1976 ; Mclaughl i n  

and P i tot ,  1976a ) .  

These fi ndi ngs s uggest that the functi ona l d i fferenti at ion  of  r i bosomes 

i nto two cl as ses i s  not as cl ear-cut as was fi rst thought . From the 
evi d ence avai l ab l e  so far i t  can be  concl uded that pro tei ns for export 
from the cel l are made predomi nantly i f  not excl us i ve ly  on membrane­
bound pol ysomes , and protei ns desti ned for i ntracel l u l ar use  are made 
on both free and bound polysomes . 

1 .2 The segregati on o f  secretory protei ns duri ng protei n  synthes i s  

For s evera l grou ps of protei ns , pas sage  across  an  i ntracel l u l ar membrane 

i s  an obl i gatory s tep i n  the pathway from synthes i s  to encl osure wi th i n  
a membrane-bound compartment . Exampl es are , secre tory prote i ns 
trans ferred to the i ntermembrane s pace bounded by the endopl asmi c 
reti cu l um ,  nucl ear , mi tochondri al and peroxi somal pro te i ns . Two 
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d i s ti nct mechan i sms have so far been uncovered for the transfer of  
prote i ns acro s s  i ntracel l u l ar membranes . I n  'eo-trans l ati onal • trans fer , 
passage across  the membrane i s  ti ghtly coupl ed to trans l ati on  and 
proceeds only duri ng synth es i s  of the pro tei n by membrane-bound 
polysomes ( B l obel  and Dobbers tei n ,  197 5 ) . I n  ' po s t- trans l ati onal  • 

transfer , pas s a ge through the membrane occurs after pro tei n synthes i s  
and i s  no t medi ated by a ri bosome-membrane j uncti on  ( Dobberste i n  et 
al . ,  1977 ) .  Transmembrane transport i s  a l so encountered i n  the entrance 

of  toxi c pepti des such a s  abri n ,  ri ci n and some co l i ci ns i nto cel l s .  
· I n  each case  there are p resumably  speci fi c membrane receptors that 
recogn i ze the prote i ns to be trans ported , and di rect them through  the 

memb rane . 

However , prote i n  synthe s i s on  membrane-bound po lysomes does not 

necessari l y  imply trans port o f  the newly synthes i zed protei n i nto 
the c i sternae of the endop l asmic  reti cul um . When rough mi crosomes 

were i ncubated i n  v i tro at l east hal f of the newly synthes i zed prote i n  
was trans ported i n s i de the ves i cl es dur i n g  trans l ati o n  ( Redman and 

Sabati ni , 1966 ; Andrews and Tata , 197 1 b ; Beva n ,  197 1 ) . Secreted 
protei n s were who l ly segregated i nto m i crosomes i n  these experiments . 



The b iochemi ca l mechani sms by wh i ch the syn thes i s of s peci fi c protei ns 

i s  part i ti oned between free and bound po lysomes is unknown . I t  i s  
not k nown whether the as soci at ion  o f  ri bosome and membrane i s  a 

consequence of the synthes i s  o f  a parti cul a r  protei n o r  whether the 
correspond i ng mRNA seeks out r i bosome-membrane comp l exes pri or  to 
pepti de chai n i n i ti ation . I t  i s  known , however , that the 60S r i brisome 
subuni t bear i ng the pepti dyl tRNA i s  bound to the endopl asmi c reti cul um 
membrane ( Sabati n i  et  al . ,  1966 ) , whi l e  the 40S subun i t whi ch b i nds 

the mRNA i s  not.  I t. i s  l i kely therefore , that the 60S subuni t or 
the nascent prote i n chai n on  the po lysome recogni ses the memb rane . 
The 60S subun i t  o f  rat l i ver bound po lysomes conta i n s  4 extra prote i ns 
not found i n  free po lysomes , and l acks 2 protei ns found on  free 

polysomes . There i s  no di fference i n  40S prote i n  components ( Ramsey 

and Steel e ,  1977 ) .  

I t  has been proposed that there i s  a channel between the l ar ge r i bosomal 
subun i t and the ci s ternae through whi ch the nas cent chai n pas ses . Th i s  
passage has been shown to be non-enzymati c  and not dependent on  any 
energy source ( Redman , 1969 ) . Stud i es w i t h  l i ver a l bumi n have 
demons trated that newly synthes i zed prote i n passes from the rough 

ER to the smooth ER to the Gol gi  comp l ex , where i t  i s  probab ly  
concentrated before re l ease i nto the ci rcul a ti on ( Peters , 1962 ; 
Gl aumann et a l . ,  1968 ;  Redman , 1969 ; Peters et a l . ,  197 1; Redman 

and Cher i an ,  197 2 ) . 

The trans l ati on of the mRNAs for numerou s  s ecretory protei ns i n  cel l ­
free trans l ati on  sys tems wh i ch l ack  membranes s howed that typ i ca l l y  

the synthes i zed pro tei n was l arger ( by up to 30 ami no aci ds ) at  i ts 
ami no termi nus than the correspondi ng i ntracel l ul ar or  s erum form of 

these prote i ns . Mi l s te i n  et a l . ( 1972 )  o r i gi nal l y  proposed that  

these extens i on s  mi ght act as 's i gna l sequences' wh i ch mi ght part i ci pate 

i n  the transport  of nascent chai ns of protei ns dest i ned for s ecret ion  
acorss  the rough ER . B l obel and  Dobberste i n ( 1975 )  devel oped th i s  

suggesti on  i nto a deta i l ed ' s i gnal hypothes i s ' . They postul a ted 
that the trans l ati on  of a uni que set  of codons l ocated after the 
i ni ti ati on codon of a mRNA resul ted i n  a s peci al ami no termi na l  

sequence o f  the nas cent polypeptide cha i n. Thi s  s i gnal  s equence woul d 
tri gger b i ndi ng o f  the ri bosome-mRNA-nascent polypepti de compl ex to 

the membrane , and the sequence woul d 'thread ' the nascent po lypepti de 
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into the ER .  Thi s s i gna l sequence wou l d  be proteo l yt i ca l l y  cl e aved 
shortly after i t  had crossed the membrane , a l l owi ng proper fol di ng of 
the emerg i ng peptide  chai n .  

Sequence analys i s  has been carri ed out o n  the ami no termi n i  
secretory protei ns  synthesi zed i n  cel l -free systems . These 

mouse i mmunogl obul i n  l i ght chai ns  ( Schechter et a l . ,  197 5 ; 

o f  many 

i ncl ude: 

Schechter 
and Burs te i n ,  1976a , b ;  Burste i n  a nd Schechter , 1976 . 1977 ; Burste i n 

·et a l . ,  1976 ,  1977 ) , dog pancreati c zymogens (Dev i l l ers -Thi erry et 
a l . ,  197 5 ) , bov i ne parathyro i d  hormone ( Kemper et a l . ,  19 74 , 1976 ) , 
rat pro i nsul i n  ( Chan et al . ,  1976 ) , bovi ne  pro i nsu l i n  ( Lomedi co et 
al . ,  1977 ) , f i s h  pro i nsul i n  ( S h i el ds and Bl o bel , 1977 ) , human pl acental 
l actogen ( B i rken et a l . ,  1977 ) , rat prol acti n (Maurer et a l . ,  1977 ) , 

rat proa l bumi n ( Strauss  et a l . ,  1977a , b ) , ch i ck oval bumi n ,  lysozyme , 
ovomuco i d  and cona l bumi n ( Pal mi ter et a l . ,  1977 , 1978 ; Th i bodeau e t  

al . ,  1978 ) , and s heep a- l acta l bum i n ,  S-l actog l obul i n ,  a51- ,  a52- ,  S-, 
and K-case i ns (Gaye et  a l . ,  1977 ; Merc i er et  al . ,  1978 ) . 

These add i ti onal am i no termi na l sequences were character i zed by a 
predomi nance and a cl usteri ng o f  hydrop hob i c re s idues , two feature s 
wh i ch were cons i stent wi th the proposed rol e  of the trans i ent ami no 
termi nal  exten s i o n  i n  bi ndi ng to presumed hydropho b i c  membrane 

receptors . The one notabl e excepti on  was oval bum i n ,  wh i ch l a cked 
any hydrophob i c extens ion  and d i d  not have a natural ly  hydropho b i c  
ami no termi nus . The s impl est  expl anat ion  for oval bumi n i s  that the 
normal ami no termi nal sequence may functi on  as  a s i gna l :  i t  may 

i nteract w i th membrane receptors  i n  a manner anal ogous  to o ther 's i g nal 
pepti des ' but i s  not cl eaved d ur i ng membrane trans port . The f i nd i ng 

that oval bumi n i s  not synthes i zed wi th a trans i ent hydrop hob i c  
sequence i ndi cates that a major  secretory pathway i n  the ov i duct do es 

not requ i re the typ i cal ' s i gnal pepti de ' tha t i s  subsequent ly  removed . 
I t  may be that speci a l  mechan i sms have evol ved for secret ion  o f  

oval bum i n ,  wh i ch represents nearly 50% o f  tota l pro te i n  synthes i s  i n  
the ov i duct . 

The s i gnal  hypo the s i s  pred i c ted that proteol yti c c l eavage o f  pre­
prote i n s  woul d occur dur i ng o r  i mmedi ate ly  fo l l owi ng tran s l ati on 

(Mi l s te i n  et al. , 197 2 ; Bl obel  and Dob berste i n ,  1975 ) . Severa l 
i nvest i g ators have shown tha t proces s i ng o f  pre-prote i ns by a rough  ER-

7 



associated pro tease occurs both i n  v i vo and i n  vi tro , y i el d i ng nascent 
peptides wi th the ami no term i nal sequence of the mature pro tei n or pro 

form (Blobel  a nd Dobbers tei n ,  1975 ; Schmekpeper , 197 5 ; Campbel l a nd 

B lobel , 1976 ; Habener e t  a l . ,  1976 ; L i ngappa et a l . ,  197 7 ;  B i r ken 
et  a l . ,  1977 ; Jackson and Bl obel , 1977 ; S h i el ds a nd B l o be l , 1977 ; 

Sh i e l ds and B l o bel , 1978 ) . Post- trans l ati onal cl eavage was not 
o bta i ned when compl eted pre-protei n s  were i ncubated w i th i ntact 

m i crosomal ves i cl es .  However  the i so l ated membrane protease s  cl eaved  
pre-prote i ns when aqded e i ther eo - or  post-trans l ational l y .  

The sequenc i ng o f  ' s i gnal peptides ' o f  several secreto ry prote i n s  from 

a si ngl e ti s sue has pro v i ded  add i t i o nal i nformatio n  on the nature o f  
such sequences .  I n  ov i ne mammary gl and the a51- ,  a52- ,  and S-case i n  
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s i gnal pep tide s  show a h �gh degree o f  homo l o gy ,  but tho se  o f  a-l a ctal bum i n ,  

a- l a ctog l o bul i n  and K-ca sei n are s i gn i f i cantly d i fferent i n  l ength and 
s equence . C l eavage of  the pre-prote i n  to the secreted ana l o gue i nvo l ves 
the c l eavage o f  an al anyl - ( argi nyl , l ysyl , g lutami nyl , gl utyl  or 
i so l eucyl ) bond . The cl eavage s i te i s  obv i ous ly  a s i gnal for the 
spec i fi c  removal of  the ami no termi nal exten s i on , a l though o ther 
factors mus t  p l ay a ro l e  s i nce secreted l actoprote i ns conta i n  several 
pept i de bonds of  the above type • .  A compari so n  of the precuros r  pept i des 
of  ch i ck o v i duct pro te i n s  l ysozyme and ovomuco i d  i nd i cate 6 i denti t i es  

in the sequence o f  ami no aci ds precedi ng the cl eavage s i te ,  but th i s  
homo l ogy i s  not shared w i th conal bum i n .  The ami no ac i ds a t  the c l eavage 

s i tes  are al a nyl -al an i ne { p re-conal bum i n ) , g l ycyl - l ys i ne ( pre-lysozyme ) , 
and g lycyl -al a n i ne { pre-ovomuco i d ) , a nd suggest tha t the protease ( s ) 
i nvol ved have somethi ng of  an el astase-l i ke speci f i c i ty .  

I n  some m i n imal  dev i atio n  rat hepatomas , al bum i n  i s  synthes i zed o n  
free polysomes but not s ecreted (Uenoyama a nd  Ono , 1972 ;  Schrei ber 

et a l . ,  197 6 ;  McLaugh l i n  and Pi tot , 1 976a ) . Al bum i n  mRNA from 
hepatoma 5123TC d i rected  the synthes i s  i n  v i tro of a pro te i n conta i n i ng 
a pre-pi ece i denti cal to that of  the normal rat l i ver pre- proal bumi n 

(Strauss et a l . ,  1977c ) . These resu l ts suggest  that some o ther 
component for bi nd i ng a l bum i n  synthe s i z i ng polysomes  to the rough ER  

i s  defi ci ent i n  thi s hepatoma , even though the ul trastructure o f  the 
hepatoma i s  s im i l ar to that of 1 i ver o btai ned from the host an ima l . 

/ 



The rat l i ver peroxi somal enzymes cata l ase and uri case are:synthesized 
enti rely on free pol ysomes ( Gol dman  and Bl obel , 1978) and are not co­

transl at ional l y  segregated i nto mi crosomes . These resul ts were 
surpr i s i ng because ul tras tructural s tud i es had shown tha t peroxi somes 
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bud from the ER  ( Nov i koff and Sh i n ,  1964 ) .  Transfer o f  peroxi soma l 

prote i ns across  the membrane must therefore be by a pos t-transl at i o nal 
mechan ism .  Al though the po ss i b i l i ty of  a precursor was no t reso l ved , 
such a precursor was cons idered l i kel y by these authors ,  s i nce mal ate 

dehydrogenase , a gl yoxysomal  enzyme ( the pl a nt equi va l ent of perox i some s )  
was synthes i zed i n  wheat germ extracts a s  a precursor ( Wa l k and Hock ,  
1978) . 



1 . 3 Obj ecti ves of  thi s  i nvestigati on 

The aim of th i s  pro j ect was to i nves ti gate the subcel l ul a r  s i te of 
synthes i s  of a rat l i ver cytopl asmi c enzyme . The reported var i ab i l i ty 
of  the syntheti c capaci ty of  free and bound pol ysomes for s peci fi c 
i ntracel l u l ar prote i n s  h as not prov i ded enough i nformati o n  to enabl e 

a ny conclus i ons to be  made regardi ng the s egregati on  of  s p eci fi c "'----

messengers cod i ng for th i s  cl as s of  protei n .  

Previ ous i nvesti gat i ·o ns o f  two rat l i ver  cytopl asm i c  enzymes , argi nase 
(Tanaka and Ogata , 197 1 } and s eri ne dehydratas e ( P i to t  and Jos t ,  1968 ; 

Mclaughl i n  and P i to t ,  1976b ) demons trated that  argi nase was synthes i zed 
predomi nantly on free po lysomes , and s er i ne dehydratas e  on both cl asses  
of polysome . However , o nly wi th the l atter enzyme were s everal 
i ndependent  techn i ques used to i denti fy enzyme synthes i s  on the two 

polysome types . 
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Fructose- 1 ,6-bi s phos phatase ( FBPase , E . C .  3 . 1 . 3 . 11 )  was chosen for 
further work , as th i s  enzyme p l ays an  e s senti a l  rol e  i n  g l uconeogenes i s ,  

a major function  of  l i ver i n  v i vo . 

Several d i fferent  techni ques were uti l i zed  to quanti tate the synthes i s 
of FBPase: 
( a )  The rate o f  enzyme synthes i s  dur i ng pul s e  l abel l i ng i n  v i vo and 

the subcel l ul ar di s tr ibuti on of newly synthes i zed enzyme were 
studi ed . 

( b )  I so l ated free and bound po lysomes were tested for the i r capaci ty 
to synthes i ze FBPase i n  v i tro . 

( c )  The b i ndi ng  of  aff i ni ty-pur i fi ed ,  125r- l abel l ed anti - FBPase to 
nascent polysomal protei n cha i n s  was i nvesti gated . 

( d) Poly (A )+ RNA i so l a ted from free and bound po lysomes was tran s l ated 
i n  v i tro i n  a cel l -free pro tei n-synthes i zing system deri ved from 

wheat germ , and  i ts capaci ty for FBPase synthes i s  was i nvesti gated . 

Al bumi n synthes i s  was studi ed i n  conjunct ion  w i th FBPase ,  as  the 

d i s tri buti on  and s i te of synthes i s  of thi s pro tei n are wel l documented. 

A prel i mi nary attempt to puri fy the mRNA for FBPase by i mmunochemi ca l  

i sol ati on of  pol ys omes was al so made . 



1 .4 The d i scovery and i sol ati on o f  fructose- 1 ,6-b i sphosphatase  

A s peci fi c phos phatase , catalys i ng the hydro l ys i s  o f  fructo se  1 , 6-

bi sphosphate ( FBP )  was f i rst reported i n  1943 by Gomori .  The  enzyme 
was separated from o ther phosphatases i n  l i ver and ki dney extracts 
from several mammal i an s peci es and was s hown to requi re a d i val ent 
cation such as Mg

2+ 
or Mn2+ for acti v i ty .  The importance o f  a s peci fi c 

FBPase i n  carbohydrate metabo l i sm was not recogni zed unti l s everal 
years after Gomori • s  ori g i na l  i so l ati o n  of the enzyme . Previ ous l y  
phosphatases  were genera l ly regarded as pri mari ly  catabo l i c  enzymes . 
The enzyme was shown to s peci fi ca l l y  hydrol yze the 1-phos phate group 
of  FBP to yi e l d  fructose 6-phos phate ( F6 P )  ( Roche and Bouch i l l oux , 
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1950 ; Pogel l  and McGi l very ,  1952 ) , and a rol e in  mamma l i an fructose  

metabo l i sm was es tab l i s hed ( Hers and  Kusaka , 1953 ; Leuthardt  et  a l . ,  
1953) . A spec i fi c  key rol e  i n  g l uconeogenes i s  was proposed  by Krebs 
( 1954) , and an i ncrease i n  enzyme acti v i ty was found under g luconeogeni c 

condi t ions  i n  rabb i t l i ver ( Mokrasch et  al . ,  1956 } . 

The d i scovery o f  FBPase acti v i ty i n  s kel etal mus cl e ( S al as et a l . ,  
1964 ; Krebs and Woodfo rd ,  1965 )  was unexpected , s i nce i ts functi on  was 
through to be confi ned to gl uconeogenes i s .  I t  has si nce b een found 
i n  the muscl es of a w i de vari ety of an ima l s ( Op ie  and News holme , 
1967a , b ;  Newshol me et a l . ,  1972 ) , and the a cti vi ty i n  many of  these 
ti s sues i s  remarkab ly  hi g h ,  sugges ti n g  that the enzyme has a s peci al 

function i n  these t i s sues . 

The enzyme preparati on  descr i bed by Gomori was characteri zed  by an 
al kal i ne .PH o pti mum and showed l i ttl e o r  no acti v i ty i n  the neutra l 

pH range . S i mi l ar pH- acti v i ty prof i l es were l ater reported  for 
parti al ly-puri fi ed enzyme prepara ti ons  from rabb i t  l i ver ( Pogel l and 

McGi l very , 1954 ; Mokrasch and McGi l very , 1956 ) and p i g k i dney 

(Mendi ci no a nd Vasarhe l y , 1963 ) , and for crystal l i ne enzyme from 
rabb i t  l i ver ( Pontremo l i et a l . ,  1965 ) .  Al though these resul ts  

i nd i cated that  an al kal i ne pH opti mum was a common pro perty of  
· mammal i an FBPases , evi dence was accumul at i ng to  suggest that  th i s pH  
optimum was not an  i ntri ns i c  property but rather was a resul t of  
structural modi fi cati on  of  the enzyme dur i ng the  i so l a ti o n  procedure . 
In  the Gomori  i sol a ti on  procedure , ti s sue was extracted for 3 days 
at 0°C at pH 3 . 5  fo l l owed by i ncubati o n  of the extract at the same pH 



for 6 hours at  37°C .  Dur i ng the auto lys i s  a t  37°C ,  the e nzyme acti v i ty 
at pH 9 . 2  i ncreased several fo l d  wh i l e  the acti v i ty at  pH 7 decreased 
( Pogel and McGi l very , 1952 ; Hers and Kusa ka , 1953 ; Byrne et a l . ,  
1961) . Th i s  change was attri buted to the acti o n  o f  proteo l yti c 
enzymes , and a s imi l ar acti vat i o n  at al kal i ne pH was o b served when 

extr acts were i ncubated wi th papa i n  ( Po gel l and McGi l very , 195 2 )  or  
wi th a parti cul ate fraction  from rabb i t  l i ve r  (Pogel l ,  1961) . 

Improved pur i fi cat ion  procedures emp l oyi ng heat steps a t  neutra l pH to 

destroy proteo lyti c acti vi ty ,  and b i o speci fi c  el uti o n  o f  FBPases from 
phospho- or CM-cel l ul o se  have enabl ed the i sol ation o f  undegraded 

FBPases wi th neutral pH optima from a vari ety of mammal i an ti s sues: 
p i g  k i dney ( Marcus , 1967 ; Mendi c i no et a l . ,  1968) , ox l i ver ( N immo 
and Ti pto n ,  1975) , s heep l i ver ( Chang et a l . ,  1974) , rabb i t  l i ver 
(Tran i el l o  et al . ,  197 1 ;  Car l son e t  al . ,  1973) , rabb i t k i dney (Ta sh ima 
et al . ,  1972), rabb i t  muscl e  ( B l ack  et  al . ,  197 2) , rat l i ver ( Tran i el l o ,  
1974 ; Tejwan i et a l . ,  1976 ; Ri ou et a l . ,  197 7 ) .  FBPas e  has recently 
been reported in  brai n and ha s been pur i fi ed from thi s source (Majumder 
and E i s enberg , 1977) . 

1.5 Phys i ca l  and enzymic propert i es o f  fructose-1,6- b i sphosphatas e 

All mamma l i a n  FBPases  i sol ated to date appear to be compos ed o f  4 
i denti cal subun i ts ,  30 000-40 000 dal tons i n  subuni t  mol ecul ar wei ght . 
Prel imi nary X-ray d i ffracti on s tud i es o n  the rabbi t l i ver  enzyme 
confirmed the subun i t i denti ty ( So l oway and McPherson , 1978) . Rabb i t 

l i ver and k i dney enzyme s have been s hown to be  identi cal  by immuno­
l og i ca l  techn i ques ( E ns er et a l . ,  1969 } a nd peptide a na l ys i s  ( Horecker 
et al . ,  1975) . The muscl e enzyme on the o ther hand s howed l i ttl e 
anti gen i c  cross -reacti o n  and yi e l d ed di st i nctl y di fferen t  peptide 
patterns . S im i l arly rat l i ver and k i dney enzymes were s hown to be 
immuno l o g i cal l y  ident ica l  and d i s t i nct from the rat muscl e  enzyme 
(Tejwan i et  a l . ,  1976) . Anti sera a ga i n st  pur i fied bra i n enzyme wa s 

s hown to quanti tati ve ly  preci p i tate FBPase act iv i ty from brai n ,  l i ver 
and ki dney (Majumder and Ei senberg� 1977) . Bl ocked ami no termi n i  have 

been found  i n  FBPases  f rom 1 i vers o f  ox  ( Byrne et al . ,  1 97 1 ; .N inmo 
and Ti pto n ,  1975 ) ,  rat (Tejwan i  et  al . ,  1976 )  and rabb i t ( Pontremol i 

et al . ,  1973, 1975) . I n  the case of  rabb i t l i ver , the am i no termi nal 

res i due has been i denti f ied a s  acetyl a l ani ne ( El -Dorry et  a l . ,  1977 ) .  
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Rabbi t l i ver FBPase i s  another i n  a growi ng l i st  of prote i ns havi ng 
acetyl ated ami no termi ni (Jornval l ,  1975 ) and conforms  to the general 
pattern of hav i ng a l an i ne , g lyc i ne , meth i oni ne ,  seri ne or threo n i ne as  
the ami no termi nal res i due .  I n  the present case the presence o f  the 
bl ocki ng group canno t be attri buted to the need to stab i l i ze the 
enzyme agai nst the action  of i ntracel l ul ar proteases , s i nce FBPa ses 
conta i n i ng bl ocked ami no termi n i  are sti l l  very sens i ti ve to 
proteo lytic cl eavage . Such a function has been impl i cated for 

·a-crysta l l i n  from cal f l ens  cel ls ,  whose  hal f-l i fe i s  several decades 
i n  a t i s sue wi th a hi gh l evel of ami nopepti dase  ( Bl oemendal , 1 977 ) .  
Thus the function  of  the b lock i ng grou p  i n  FBPases rema i ns unknown . 
The acetyl ation o f  a-crystal l i n and oval bumi n has been shown to take 
pl ace on  the nascent po l ypepti de from an acetyl coenzyme A donor 
(Berns et al . ,  1972a , b ,  1973;  Granger et al . ,  1976 ; Smeets et a l . ,  
1977; Palm iter et a l . ,  1978 ) . 
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FBPases from l i ver , k i dney and muscl e are h i ghl y  sens i ti ve  to i nh i b i tion  
by adeno s i ne 51-mono phos phate (AMP ) and FBP  ( Krebs , 1963; Mend i c i no 
and Vasarhe ly ,  1963;  Tageta and Pogel l ,  1963 , 1965 ; Underwood and 
Newsho l me ,  1965b ; Gancedo et al . ,  196 5 )  and thi s i s  cons i dered to be 
one of the essenti al contro l  mechan i sms· i n  the regul ation  o f  
gl uco neogenesi s (Atki nson , 1966 ; Horecker e t  al . ,  1966} . However 
AMP was wi thout effect on  the brai n enzyme (Maj umder and Ei senberg , 
1977 ) .  Zn2+ has been shown to be an al l o steri c  regul ator of l i ver 
a nd muscl e enzymes , and the commonly o bserved activation  at  neutral pH 
by EDTA , hi stid i ne a nd o ther chel ators i s  due to the removal  o f  
endogenous zn2+ by these agents (Tejwan i  e t  a l . ,  1976 ; Frey e t  a l . ,  
1976 ) . The phys i ol og i ca l  s i gn i fi cance , i f  any , of i nh i b i ti on by Zn2+ 

rema i ns to be e�tabl i shed . The fact that i t  i s  reversed by concentrations 
of  hi s t i d i ne found i n  l i vers o f  fast i ng rabbi ts ( Pontremo l i et  a l . ,  
1974 ) suggests that the i nh i b i tion by zn2+ and i ts reversa l by 
h i sti d i ne may pl ay a rol e i n  gl uconeogenes i s .  Ol eate and other fatty 
acids have been reported to acti vate rabb i t l i ver enzyme ( Baxter et  
al . ,  1972 ;  Carl son et  a l . ,  1 973 ,  1975 ) .  Ca2+ has been reported to 
be a po tent i nh i b i tor of rat l i ver and rabb i t  skel etal muscl e FBPases 
(Van To l et al . ,  197 2 ;  Tejwan i  et al . ,  1976} . 

/ 



1 .6 Metabo l i c  regu l ati on by fructose - 1 ,6-b i sphosphatase i n  v i vo 

S ubcel l ul ar fractionati o n  stud ies reveal ed that FBPase was present 
only  in rat l i ver cytopl asm (Hers et a l . ,  195 1 ) .  I n  i so l ated s uspended 
l i ver cel l s  evi dence has been obtai ned for the si mu l taneous action o f  · 

g lyco lysis and gl uconeogenesis ( Katz and Jungermann , 1976 ) , the net 
process bei ng dependent on rel ati ve subs trate concentrati ons . Th is 
mode of act ion of l i ver cel l s ,  and the hi stochemi cal ly determi ned 
heterogeneous d istri buti on o f  gl ucose-6-phosphatase ( Sasse et a l . ,  
1975 ) and of  g lycogen metabo l i sm between peri portal and peri venous 
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zones of l i ver  parenchyma ( S asse , 1975 ) ,  l ed to the proposal of 
metabol i c  zonation of the organ . I t  was proposed that i n  the peri portal 
zone , gl ucose formation by g l uconeogenesi s and glycogenol ysi s woul d be 
the predomi nant process , whi le i n  the peri venous zone g lyco l ysi s and 
l i pogenesi s shou ld  preva11 . The further demonstrati on tha t  phospho-

. enol pyruvate carboxyki nase ( Guder et a l . ,  1976} and FBPase ( Ka tz et 
a l . ,  1977} were predomi nantly l ocated i n  the peri portal reg ion  and 
pyruvate k i nase ( Guder et al . ,  1976} and  gl ucoki nase ( Katz et al . ,  
1977 ) i n  the per i venous zone l ent support to th is  hypothesi s .  

A major effect of gl ucagon i n  v i vo i s  the mobi l i zati on  o f  l i ver glycogen 
to ma i ntai n  b l ood gl ucose l evel s . ·  I t  has been reported that the 
acti v i ty of ,  and the fl ux through pyruvate ki nase , gl ucok i nase , 
phosphofructok i nase ( PFK)  and FBPase i s  affected by gl ucago n ( Taunton  
et  al . ,  1974 ; Cl ark et a l . ,  1974 ; P i l ki s  et al . ,  1976 ; Ri ou et  a l . ,  
1976; Fel i u  et  al . ,  1976 ; Rognstad and Katz , 1976 ; Bl ai r et al . ,  
1976; Dunn et a l . ,  1976} .  Wi thi n mi nutes of  an i ntravenous i nfusi on  
of  gl ucagon i n  humans ( Greene et  al . ,  1974} or  rats (Taunton  et  al . ,  
1972 ) ,  the acti v i ti es of these enzymes i ncreased . Gl ucago n  and i nsul i n  
had opposi te effects o n  these enzyme acti v i ti es. Furthermo re ,  the 

. g l ucagon-i nduced changes were compl etely reversed wi th i n  3 mi nutes 
o f  i nsul i n  i nfusi on . I n  rats i nfusi o n  of  cycl i c  AMP caused changes 
s imi l ar to those seen after gl ucagon admi nistrati on ( Greene et a1 . ,  
1974 ) .  The mechan ism whereby these enzyme acti vi ti es are a l tered by 

. g l ucagon i s  not known . It i s  concei vab l e that i n  addi t ion  to the 
acti vation of l i ver phosphoryl ase , certai n o ther key enzymes a re 
acti vated or i nacti vated by a simi l ar mechani sm. Both pyruvate ki nase 
and PFK are phosphoryl a ted i n  vi tro by the catalyti c subuni t of cyc l i c  
AMP-dependent protei n k i nase (Brand and Sol i ng ,  197 5 ; Ti tanj i et a l . ,  
1976; Riou et al . ,  1977 ) ,  however nei ther enzyme has yet been shown 



to be phosphoryl ated i n  v i vo . Rat l i ver FBPase on the other hand was 
s hown to be phosphoryl ated i n  vi vo and i n  v i tro , the l atter 
pho s phoryl ati on  be i ng associ ated wi th a 40% i ncrease i n  enzyme acti v i ty 
(R i ou et al . ,  1977 ) . Enzyme phosphoryl ation both i n  v i vo and i n  v i tro 
was speci fi c for a s i ngl e seri ne i n  each s ubuni t .  

I n  rabbi ts and rats , the adm i ni strati on  of  adrenal gl ucocorti coi d  
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hormones causes an i ncreased synthes i s  of gl ucose in  l i ver , accompan i ed 
by i ncreases i n  the l evel s o f  a number o f  gl uconeogen i c  enzymes 
i nc l uding FBPa se ( Kvam a nd Parks , 196 0 ;  Weber et a l . ,  1961 ) . These 
i ncreases i n  activ i ty were prevented by i nh i b i tors of protei n synthes i s  
{ Kvam and Park s , 1960 ; Weber et al . ,  1962 . 1964a , b ;  Shrago e t  al . ,  1963 ) . 
Di ets wi th l ow carbohydrate content (Mokrasch and McGi l very ,  1956 ; 
Fri edl and and Harper ,  1959 ) , fasti ng o r  al l oxan d iabetes (Weber et al . ,  
1965 ) al so caused i ncreaes i n  l evel s of  FBPase i n  l i ver . However the 
i nduction of FBPase i n  rat l i ver by d i etary and hormonal man i pu l ation  
has been d i sputed (Zal i ti s  and  Pi tot , 1977 ) . 

The proteolys i s of  FBPase dur i ng i so l ation  noted earl i er ,  has  been 
shown to be a s soci ated wi th l ysosomal  enzymes ( Pontremol i et a l . ,  197 3 ;  
Nakas hima and Ogi no ,  1974 ) . A number o f  observati ons suggested that 
s i mi l ar proteo l yt i c  mod i fi cations mi ght be as soci ated w i th g l u coneo ­
gen i c  condi ti ons . Traces o f  proteo l ys i s  were found i n  enzyme pur i f i ed 
from l i vers o f  rabbi ts exposed to col d ,  fasti ng , tr iamci nol one or 
a l l oxan . Under s uch condi t i ons , a 2 - to 3-fo l d  i ncrease in  FBPase 
l evel s  was noted ( Pontremol i et al . ,  1974 , 1975 ) . However , i t  was 
not demonstrated whether enzyme proteo l ys i s  was an i n  v i vo o r  an 
i n  v i tro phenomenon associ ated wi th enzyme pur i fi cati on . Enzyme 
proteolys i s  was only associ ated wi th a n  i ncrease i n  acti v i ty at al ka l i ne 
pH and not wi th an i ncrease at neutral pH . 

When two enzymes , catal ysi ng oppos i ng non-equ i l i br i um reacti ons  are 
, present i n  the same cel l compartment , substrate ( ' futi l e ' ) cycl i ng 

i s  a poss i b i l i ty .  The was first con s i dered for l i ver wi th respect to 
PFK and FBPase  (Cahi l l  et a l . ,  1959 ) . Hepat ic  PFK was shown to be 
i hn i b i ted by ATP .  c i trate a nd thi s  i nh i bi tion  was rel i eved by AMP , 

+ FBP , NH4 and phosphate (Underwood and Newsho l me ,  1965a ) , whereas FBPase 
was i nhi b i ted by AMP and FBP (Underwood and Newsho l me ,  1965b ) . On  the 
bas i s of these properti es i t  was proposed that the changes i n  the 



acti v i ty o f  one enzyme woul d  l ead to a change · i n  the concentrati on  o f  
FBP tha t woul d cause a n  oppos i te change i n  the acti v i ty of the o ther 
enzyme . Atki nson ( 1966 ) drew an anal o gy wi th an el ectroni c fl i p-fl o p ,  
and summari zed the current v i ew of  the probl em o f  the s imul taneous  
activi ty of  the two enzymes : ' S i mul taneo us acti v i ty o f  these two 
enzymes woul d obv ious ly  short-c i rcui t  the cel l ' s  energy metabo l i sm by 
catalys i ng the hydro lys i s  of ATP ' . 
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�he fl i p-fl op mechan� sm had to be abandoned when experiments wi th 
kidney-cortex sl i ces  reveal ed that fatty aci ds or ketone bod i es cou l d  
i nh i bi t g lycolys i s  wi thout  any change i n  the i ntracel l ul ar concentration  
of  FBP or  aden i ne nucl eotides . Th i s  i nh i bi tion  was expl a i ned by the 
i ncreased concentration  of  ci trate ( Newsho l me and Underwood ,  1966 ; 
Underwood and Newsho l me ,  1967 ) ,  l eadi ng to an i ncreased net rate o f  
FBP hydro lysi s ,  and hence a n  i ncrease i n  the rate o f  gl uconeogenes i s ,  
i . e .  a substrate cycl e  exi sted between F6P and FBP . Gevers and Krebs  
( 1966 ) o bta i ned i so top ic  ev idence for the exi stence of  th i s  cyc l e  i n  
pi geon l i ver homogenates . 

The s i gni f i cance of  substrate cyc l es i n  prov i d i ng sens i ti v i ty and 
fl exi bi l i ty in metabo l i c  contro l was fi rst d i scussed i n  a rev i ew by 
Newsho l me and Gevers ( 1967 ) . However the s i gn i ficant fi nd i n  rel ation  
to  the development o f  the theory was the d i s covery of  h i gh acti v i t i es  
of  FBPase i n  i nsect fl i ght muscl e ( Newshol me and Crabtree , 1970 ) . Th i s  
ti s sue i s  characteri sed by hi gh rates o f  g lycol ysi s dur i ng mechani ca l  
acti v i ty .  Consequently ,  the control mechani sm for F6P phosphory l a t ion  
has to  be very sens i ti ve and capa b l e  of  a h i gh  degree o f  ampl i fi ca ti on , 
so that i t  was proposed that greater ampl i fi cation o f  regul atory 
s i gnal s wa s obtai ned through the F6P-FBP s ub s trate cycl e .  Add i ti onal ly , 
thi s  substrate cycl e i n  i nsect fl i ght . musc l e  has been impl i cated i n  
the mai ntenance of thoraci c temperature by the contro l l ed hydro lys i s  
of ATP ( Newshol me e t  a l . ,  197 2 ; Newsho l me and Crabtree , 197 3 ,  1976 ) .  

However there i s  sti l l  great debate concern i ng thi s recycl i ng i n  the 
normal l i ver , where the predomi nant di recti on of  metabol i sm l i es 
toward gl uconeogenes i s  ( Kneer et a l . ,  1974 ; Hue and Hers , 1974a , b ;  
Cl ark e t  a l . ,  1975 ; Katz et al . ,  1975 ; Rognstad et a l . ,  1975 ) . The 
ev i dence for recycl i ng based on i sotop i ca l l y  l abel l ed substrates 
(Cl ark et a l . ,  1973 , 1974 ; Kneer et a l . ,  1974 ) has been subject to 
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crit ic i sm (Hue , 1976 ) . Other ev i dence aga i ns t  any important recycl i ng 
was the demonstration  that [ 1- 14CJg l ucose  ( Cook and Lorber , 1952 ; · Hers , 
1955 ) , and [ 1 -14CJgal actose (Topper and Stetten , 1951 ) were converted 
i nto [ 1 -14CJglycogen wi thout spec i f ic  racemi zat ion of carbon  between 
posi tions  1 and 6 .  The preferred anomeri c  spec ifi c i ty of PFK  and FBPases 
pose a constrai nt on any recycl i ng ,  s i nce the i r  preferred substrates 
are of  the oppos i te anomeri c confi gurati on ( 3-D-fructo se 6-phos phate 
for PFK; a-D-fructo se 1 , 6-bi spho spha te for FBPase ) .  Thi s means that 
a-D-fructo se 6-phosphate produced by FBPase wi l l  be a potent i a l ly  
better substrate of g l ucose-6-phos phate i somerase than i t  wi l l  be  for 
PFK ( Shray et al . ,  1973;  Benkov i c  et a l . ,  1974 ) .  



2 . 1  Introduct i on 

CHAPTER TWO 

GENERAL METHODS 

Unl es s otherwi se stated , a l l chemi ca l s  were of reagent-grade qual i ty .  
Aqueous  sol uti ons were made u p  i n  dei o ni zed gl ass-di s ti l l ed water . 
Buffers were cool ed to the temperature o f  u se  before bei ng adj usted to 
the requ i red pH . 

I n  experi ments i nvo l v i ng RNA , gl as sware was r i ns ed i n  0 . 1% d i ethyl ­
pyrocarbonate a nd dri ed a t  130°C .  Sol utions  were treated w i th d i ethyl ­
pyrocarbonate at 0 . 1% fi nal concentrat i o n  at l east 24 hours before u se .  

2 . 2  Experimenta l an imal s 

Sprague-Dawl ey rats were obtai ned from t he Sma l l  Ani ma l  Product ion Un i t  
at  Mas sey Uni vers i ty .  An imal s were ma i ntai ned a t  23°C i n  a room 
i l l umi nated from 6 . 00 a .m .  to 6 . 00 p .m .  dai l y .  Food and water were 
ava i l a bl e ad l i bi tum . Rabbi ts ( New Zea l and Whi te) were from the Sma l l 
Animal Product i on Un i t ,  and s heep ( Romney )  were from the Animal 
Phys i o l ogy U n i t  at  Massey Un i vers i ty .  

2 . 3  Centri fugati on 

Ul tracentr i fugati on was carri ed out on a Beckman Model L2-65B or L5-50 
ul tracentri fuge . Low s peed centr ifugat i o n  was performed i n  a Sorval l 
RC-28 centri fuge . Al l centri fugal forces are quoted as � val ues . max 

2 . 4 Ul trafi l trati on 

Protei n sol utio ns were concentrated by u l trafi l trat ion  in a 50  cm3 cel l 
( ChemLab I nstruments , I l ford , Essex )  f i tted wi th an XM-50 membrane  
(Ami co n ,  Lexington  Ma ssachusetts ) .  
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2 .5  Spectropho tometry 

Al l spectrophotometr i c  determi nati ons  were made on a U n i cam SP 500 
Ser i es 2 record i ng spectropho tometer. 

2 .6 Prote i n  and RNA determi nat ions 

Prote i n  concentrations  were determi ned by the B i uret procedure ( Gorna l l 
et al . ,  1949 ) ,  by prote i n  dye b i nd i ng u s i ng Coomass i e  Bl ue  G 250 
( Bradford , 1976 ) , or  by u l traviol et absorba nce measurement ( see text ) .  
Bov ine serum al bum i n  was u sed as the s ta ndard prote i n  i n  the B i uret 
a nd protei n dye bi nd i ng procedures. Sol ut i ons of bov i ne serum a l bum i n 
were prepared i n  0 . 01 M phosphate buffer , pH 7 . 2 and standa rd i zed 
assumi ng an A�

%
cm at  279 nm of 6.67 ( Fos ter a nd Sherman ,  1956 ) . 

RNA determi nations were a l l made by absorbance measurement ( s ee text ) . 

2 . 7  Polyacryl ami de gel el ectrophores i s  of  protei ns 

Pol yacryl ami de gel el ectrophores i s  was carr i ed o ut i n  0 .7 x 10 cm tubes 
and on 13 x 15 x 0. 15  cm s l abs. 

2 .7 . 1  Di sconti nuo us  non-denaturi ng gel s 

These were prepared es sential l y  a s  descr i bed by Dav i s  ( 1 964 ) . 

RESOLVI NG GEL 

Suffic i ent acryl am i de and N ,N ' -methyl ene-bi s-acryl amide to g i ve the 
desired gel concentration  and an acryl amide  to b i s-acryl ami de rat i o  
of 30 : 1  were d i ssol ved i n  sma l l  pore buffer [0 .48 M HCl , Tri s to 
pH 8 .9] ( 1 2. 5 cm3 per 100 cm3) ,  N , N , N '  , N ' -tetramethyl ethyl ened i ami ne 
[TEMEDJ ( 50 mm3 per 100 cm3) ,  and water to g i ve the requ i red vo l ume. 

STACKING GEL 

Suffi c i ent acryl am ide and bi s -acryl ami de to g i ve a gel concentrat ion  
of  2.5% and an  acry lam i de to b i s -acryl ami de ra tio of  4 : 1 were d i ssol ved 
i n  l arge pore buffer [0 .495 M Tri s ,  pH to 6 . 7 wi th HC1 ] ( 1 2 . 5  cm3 per 
100 cm3) ,  TEMED ( 50 mm3 per 100 cm3) ,  sucro s e  ( 1 .0  g per 100 cm3) ,  a nd 
water to gi ve the re qui red vol ume . 
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POLYMERIZATION 

Gel s were pol ymeri zed wi th ammoni um p ersul phate ( 100 mg per 100 cm3) 
whi ch was d i s so l ved i n  the gel so l u ti on  just  before pouri ng . 

ELECTRODE RESERVOIR  BUFFER 

El ectrode reservo ir  buffer [38 . 5  mM gl yci ne , Tri s to pH 8 . 3] was used 
i n  both upper and l ower reservo i rs ,  wi th the addi ti on of bromopheno l  
b l ue (5  cm3 of 0 .001% per  100 cm3) to  the u pper reservo i r .  

SAMPLE PREPARATION . 

Protei n sampl es ( 5- 150 �g i n  up to 1 50 mm3) were a ppl i ed i n  a sol uti o n  
conta i n i ng 20% glycerol and the same i oni c components a s  the stacki ng 

. gel . Sampl es were appl i ed by l ayer i ng between the upper reservo i r 
buffer and the s tacki ng g�l . 

2 . 7 . 2  Sodi um dod ecyl s ulphate conti nuous denaturi ng gel s 

RESOLVING GEL 

S uffi ci ent acryl amide and b i s -acryl ami de to gi ve the des i red gel 
concentrati on  a nd an acry l ami de to b i s -acryl ami de ratio of 30 : 1 were 
d i s sol ved i n  TEMED (50 mm3 per 100. cm3} ,  and denaturi ng  buffer [0 . 1  M 
Tri s ,  0 . 1  M glyci ne ,  0 . 1% sodi um dodecyl  su l phate ( SDS ) J  to g i ve the 
requ i red vol ume . 

POLYMERIZATION 

Gel s were polymeri zed wi th ammon i um perul phate { 100 mg per 1 00 cm3) ,  
whi ch was d i s so l ved i n  the gel sol uti on  just before pouri ng . 

ELECTRODE RESERVOIR  BUFFER 

Denaturi ng buffer ( see above) was used in both upper and l ower 
reservo i rs .  

SAMPLE PREPARATION 

Protei n sampl es (5- 150 �g  i n  up  to 1 00 mm3) were made u p  i n  a sol uti o n  
conta i ni ng 1 %  S OS ,  1% d i th i othre i to l  { OTT ) , 6 M urea , bromopheno l bl ue 
(5  mm3 of 0 . 001% per 100 mm3) ,  and the same i on i c  components as the 
resol v i ng gel . Before appl i cati on to the gel , the samp l e  was heated 
to 100°C for 5 minutes to denature the prote i n .  
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El ectrophoresis  

El ectrophoresi s was perfo rmed at  room temperature .  For d i sc gel s a 
current of  2 mA per tube was ma i nta i ned unt i l  the dye front had entered 
the resol v i ng gel , when the current was i ncreased to 4 mA per tube for 
the rema i nder of the run . At the concl usi on of the run ,  gel s  were 
removed from the tubes and the dye front marked by i nsert ion  of a th i n  
p i ece o f  w i re i nto the gel . 

Sl ab gel s were el ectrophoresed at 50 V u nti l the dye front had entered 
the reso l v i ng gel after whi ch t ime the vol tage was i ncreased to 1 50 V 
for the rema i nder of the run .  

Gel sta i n i ng 

Gel s were sta i ned for 1 hour at 50°C i n  freshly  prepared 0 . 125% 
Coomassi e Bri l l i ant Bl ue R 250 , i n  g l aci al aceti c aci d-methano l -water 
( 1 : 9 : 10 ,  v/v/v ) . Gel s were destai ned for several hours at 50°C i n  the 
same sol vent and stored i n  7% acet i c  ac i d .  

Gel scanni ng 

Stai ned gel s were scanned at 600 nm o n  a Bec�an ACTA I l l  spectro­
photometer fi tted wi th a gel scann i ng attachment . 

2.8 Estimation  of  protei n subun i t  mo l ecul ar we ights 

Subuni t mol ecu l ar we i ghts of prote i ns were estimated from SOS gel s 
cal i brated wi th pro te i ns of known subun i t  mol ecul ar wei ght ( Weber and 
Osborn , 1969 ; Darna l l and Kl otz , 1972 ) . M i xtures of standard 
protei ns ( each 10 �g ) were el ectrophoresed o n  gels and sta i ned . The 
mi gration o f  each pro tei n rel ati ve  to the bromo phenol bl ue  dye front 
was pl otted agai nst l og subun it  mo l ecu l ar weight .  The subuni t 
mo l ecul a r  wei ght of u nknown protei ns was estimated by i nterpol ati o n .  
Standards used were : bov i ne serum a l bumi n ( 68 000 ) , rat serum al bum i n  
( 6 5  000 ) ,  bov i ne l i ver catal ase ( 60 000 ) , rabbi t gamma g l o bul i n  heavy 
cha i n  ( 50  000 ) , hen oval bumin  ( 43 000 ) , bov i ne pancreas carboxy­
peptidase A ( 34 600 ) ,  rabbi t gamma gl obul i n  l i g ht cha i n  ( 23 500 ) 
bovine S- l actog l obu l i n  ( 18 400 ) , TMV coat prote i n  ( 17 500 ) , horse 
heart myogl ob i n  ( 17 200 ) , and bov i ne a-l actal bumi n ( 15 500 ) . 
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2.9 P olyacryl ami de gel el ectrophoresi s of RNA 

2 . 9 . 1  Conti nuous non-denatur i ng gel s 

These were prepared accordi ng to Loen i ng ( 1967 ) . El ectrophoresi s was 
carri ed out i n  0 . 6  x 10 cm quartz tubes wi th rubber ri ngs i nserted 
i nto the bases to prevent the soft gel s from sl id i ng o ut .  Acry l am i de 
a nd bi s-acryl ami de (el ectro phoresi s grade ) were obta i ned from B iorad 
_La boratories,  Ri chmond ,  Cal i forni a .  H i gh  pur i ty reagents were 
necessary as detection of the RNA was by d i rect scanni ng of the gel s 
i n  si tu at 280 nm . 

RESOLV I NG GEL 

Suffi ci ent acryl amide  and b i s-acryl amid e  to g i ve  a gel concentrat i on  
o f  2 .4%  and an a cryl amide  to b is-acryl amide  ratio of  20 : 1  were 
di sso l v ed in reso l v i ng gel buffer [0 . 4  M Tri s ,  0 . 2  M sodi um aceta te , 
0 . 02 M EDTA , pH to 7 . 8 wi th aceti c aci d ] (  10 cm3 per 1 00 cm3 ) ,  T EMED 
(80 mm3 per 100 cm3) ,  and water to g i ve the requ ired vol ume . 

POL Yt1ER IZATION 

After degassing for 20 seco nds , gel s were po l ymeri zed by the addi t ion  
3 . 3 of  ammonium persul phate ( 800 mm of 10% per 100 cm ) .  Water was 

carefu l l y  l ayered over the gel  sol uti o n  after pour i ng i nto the quartz 
tubes. 

ELECTRODE RESERVO IR  BUFFER 

El ectrode reservo i r  buffer [ 0 . 4  M Tr i s ,  0 . 02 M sod i um aceta te , 2 mM 
EDTA , 0 . 2% SOS , acet ic  ac id  to pH 7 . 8 ]  was used i n  both upper a nd 
l ower reservo i rs .  

SAMPLE PREPARATION  

RNA sampl es ( 5 -100 �g in  up to  100 mm3 ) were d i ssol ved in  1 : 10 d i l u ted 
reservo i r  buffer contai n i ng 1 0% glycerol , and heated to 65°C for 1 
mi nute to denature the RNA ( Groner et a l . ,  1977 ) .  

ELECTROPHORES IS 

Gel s were el ectrophoresed for 3 hours at 5 mA per tube before 
appl i cation of sampl es. After sampl e appl i cati on ,  gel s were 
e l ectrophoresed for 90 mi nutes at 5 mA per tube . 
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GEL SCANNI NG 

After el ectrophores i s ,  gel s were immedi ately scanned a t  280 nm on  a 
doubl e beam gel scanner ( ISCO Model 1310 ) . 

2 . 9 . 2  Formamide denatur i ng gel s 

These were prepared accordi ng to P i nder et al . ( 1974 ) a nd run i n  an  
apparatus emp loying revers ib l e external el ectrodes as  descri bed by the  
authors . Formami de was deioni zed by st irr i ng 50 cm3 wi th 2 g of  
mixed-bed ion-exchange resi n (Amberl i te MB- 1 , BDH , Poo l  e ,  Dorset ) for 
2 hours , dur ing wh i ch time the conducti v i ty dropped from 500 to 3 �mho . 

RESOLVING GEL 

Gel s were prepared by d i ssol v i ng 3 . 4  g o f  acryl ami d e ,  0 . 6  g of b i s­
acryl ami de ,  0 . 368 g of  diethyl barb i turi c  acid  and 240 mm3 of  TEMED 
i n  deioni zed formami de .  The sol ution  was adjusted to a n  apparent pH 
of 9 . 0  ( g l ass/ca lomel  el ectrodes ) wi th 1 M HCl and made up to 100 cm3 

wi th formamide . 

POLYMER IZATION 

Gel s were po l ymeri zed by the addi t ion  of freshy prepared ammonium 
persul phate ( 0 .8 cm3 of 18% per 100 cm3) .  Gel s were overl a i d  wi th 
70% aqueous  formamide . After pol ymeri zatio n ,  the aqueous  formamide  
was  repl aced w ith  1 cm of  0 . 02 M d i ethyl barb ituric ac id  i n  formamid e  
a t  a n  a pparent pH o f  9 . 0  (adjusted wi th 1 M NaOH) . 

RESERVO IR  BUFFER 

In  both upper a nd l ower reservo i rs 0 . 02 M sod ium chlor ide was used . 

SAMPLE  PREPARATION 

RNA sampl es ( 10- 100 �g in u p  to 100 mm3) were di ssol ved i n  0 . 02 M 
d iethyl barb i turi c  acid  i n  formami de ( pH 9 . 0 )  a l so conta i n i ng 5% 
glycerol and 0 . 0005% bromopheno l bl ue . Sampl es were appl i ed by 
l ayeri ng between the gel and buffered formamide . 

ELECTROPHORES IS  

Gel s were el ectrophoresed a t  5 mA per tube until  the bromopheno l  
bl ue dye front had a lmost  reached the bottom o f  the tube . 
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GEL STAINING 

Gel s were sta i ned for 1 hour i n  0 . 2% Tol u i d i ne Bl ue 0 { Eastman Kod.a k ,  · 

Rochester , New York) i n  0 .4 M acetate buffer , pH 4 . 7 , and desta i ned i n  
water ( Peacock and Di ngman , 1967) . 

2 . 10 Determi nati on of rad ioactiv i ty 

Beta emi tors were determi ned by l i qu i d  sci nti l l ation spectrometry i n  
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a Beckman Model LS-350 sc i nti l l ation  spectrometer . Aqueous sampl es 
were counted i n  Tri ton X-100-tol uene ( 1 : 2 , v/v ) , conta i n i ng 0 .4% 
2 , 5 -d i phenyl oxa zo l e  ( P PO ) and 0 . 01%  1 ,4-d i - ( 2- ( 5-phenyl oxazoy l } } benzene 
( POPOP} . Non-aqueous sampl e s  were counted i n  tol uene conta i n i ng 0 .4% 
PPO a nd 0 . 01% POPO P .  Counti ng eff ic i ency was determi ned by automa t i c  
external standard i zati o n .  

Gamma emi tors were measured o n  ei ther a Packa rd Model 5258 or  an  LKB­
Wal l ac Model 1 280 sci nti l l at i on spectrometer . 

2 . 10 . 1  Gel s l i ces 

Di sc gel s were sl i ced i nto 2 mm secti o ns wi th a mul ti pl e razor bl ade 
cutter . Each  s l i ce was transferred to a sci nti l l ati on v i al and 1 cm3 

of concentrated ammon ia -30% hydrogen peroxi de ( 1 : 9 9 ,  v/v ) was added . 
V i al s  were l oosel y capped and i ncuba ted a t  60°C overni ght , after whi ch 
time the gel s had comp l etel y di ssol v ed .  Radi oacti v i ty was determi ned 
by l i qu i d  sci nt i l l ation  spectrometry a fter the addi t ion  o f  10  cm3 of  
Tri ton-tol uene sci nti l l at ion  fl u i d .  

2 . 10 . 2  Tri ch l oroaceti c ac i d -prec ipi tab l e  protei n 

I ncorporati on o f  radi oacti v i ty i nto trichl oroacetic aci d  (TCA } 
i nsol ubl e products was determi ned by pl ati ng a l iquots onto 2 x 2 cm 
squares of Wha tman 3MM paper . Paper squares were dri ed u nder i nfra­
red l amps and then washed sequentia l l y  i n  the fol l owi ng sol vents 
( 10 cm3 per square ) : 30 mi nutes a t  0°C i n  7 . 5% TCA , 10 mM meth ion i ne , 
a nd then for 10  m i nutes i n  TCA-meth i o ni ne ,  i n  TCA�ethion i ne at  100°C ,  
i n  TCA-meth i on i ne ,  i n  ethano l , i n  ethanol -ether ( 1 : 1 ,  v/v) , a nd 
f i na l ly i n  ether . Ai r-dr i ed squares were pl aced i n  sci nti l l ation  
v i al s and counted in  10  cm3 of tol uene sc i nti l l at ion  fl u i d .  



CHAPTER THREE 

PUR IF I CATION  O F  FRUCTOSE- 1 , 6-BI SPHOS PHATASE FROM RAT L IVER 

3 . 1  I ntroduction 

A procedure for the pur i f i cati on  of FBPase from rat l i ver has  been 
publ i s hed by Tran i el l o { 1974 ) . Th i s  procedure was attempted but  was 

· found d i ffi cul t to reproduce and d i d  not g i ve pure enzyme . A new 
puri fi catio n  procedure was devel oped i ncorpora ti ng a h eat step at  
neutral pH to i nacti vate proteases , and a bi o s peci fi c el u ti o n  o f  the 
enzyme from phosphocel l ul ose w i th fructo se 1 , 6-b i sphos phate . These 
two s teps have been used extensi vely in  the pur i f i cati on of  mammal i an 
FBPases . Th i s  puri f i cati on  scheme gave h i ghl y-pur i fi ed ,  homogeneo u s  
enzyme i n  good yi el d .  

Duri ng the course o f  th i s  work , a further puri f i cation  scheme was 
publ i s hed by Tejwan i  et al . { 1976 ) , wh i ch had al so been develo ped i n  
response  to the non-reproduci b i l i ty of  the Trani el l o  procedure . I n  
thi s  puri f icati on , FBPase  was el uted from CM-cel l ul ose  wi th fructose  
1 ,6-bi s phosphate . H i g hl y-puri fi ed enzyme was obta i ned o f  s pec i f i c 
acti v i ty comparabl e to that reported i n  thi s work . 

Gl ucoco rti co id  hormo nes , parti cul arl y tri amci nol one , and al l oxan 
diabetes have been reported to i ncrease FBPase  l evel s i n  ra t l i ver 
( Kvam and Parks , 1960 ; Weber et al . ,  196 1 ,  1964 ) . However these 
fi nd i ng s  have been di sputed {Monder and Coufal i k ,  1972 ; Zal i ti s  and 
P i to t ,  1977 ) . Both these treatments were i nvesti gated as a pos s i bl e 
means of  i ncreas i ng FBPase l evel s i n  l i ver to faci l i ta te puri f i cati o n .  

3 . 2  Material s 
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Gl uco s ephosphate i somera se { E . C .  5 . 3. 1 . 9 ,  yeast ) , g l ucose-6-pho sphate 
dehydrogenase { E . C .  1 . 1 . 1 . 49 , Torul a yeas t ) , NADP+ { sod i um sal t ,  yeast ) , 
0-fructose 1 , 6-bi spho sphate { tetrasodi um sal t ) ,  tri amci nol one 
(9a-fl uoro-11 B ,  21 -di hydroxy-16a , 17a-i sopropyl idened ioxypregna - 1 ,4-
di ene-3 ,20-d ione ) ,  phenyl methyl sul phonyl fl uo ri de { PMSF )  and a l l oxan 
were o bta i ned from the S i gma Chemi cal Company , St Lou i s ,  M i ssour i . 
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Phosphoce l l u l o se ( P 1 1 )  was obta i ned from Whatman Limi ted , Ma idstone , 
Kent . The dry powder was sti rred i nto 15 vol umes of 0 . 5  M NaOH and 
l eft for 30 mi nutes . The fi nes were decanted and the res i n  wa s hed wi th 
water on a s i ntered gl ass funnel unti l the f i l tered effl uent reached 
pH 8 .  The res i n  was then sti rred i nto 15  vol umes of  0 . 5  M HCl and l eft 
30 mi nute s ,  then was hed wi th water unti l the f i l tered effl uent was near 
neutral . The resi n was di scarded after use . 

3 .3 Methods 

3 . 3 . 1  Assay of  fructose- 1 , 6-b i sphospha tase 

Fructose-1 , 6-bi sphos phatase wa s assayed spectrophotometri ca l l y by 
. fol l owing the rate o f  reducti on of  NADP+ a t  340 nm i n  the coupl ed 
enzyme system of Tran i el lo ( 1974 ) . Coupl i ng enzyme concentrations  
were optimi zed acco rdi ng to McCl ure ( 1969 ) . 

The reaction  mixture of  1 . 0 cm3 contai ned : 0 .04 M Tri s -HCl , pH  7 .4 ,  
0 . 1  mM NADP+ , 0 . 1  mM D-fructose 1 , 6-b i sphos phate , 0 . 1  mM EDTA , 2 mM 
MgC1 2 , 6 un i ts of  g l ucosephos phate i somerase  and 1 u n i t of  gl ucose-6-
phosphate dehydrogenas e .  The concentration  of ammon i um su l pha te 
i ntroduced wi th the coupl i ng enzymes was 9 . 1  mM [rat l i ver FBPase  has 
been shown to be activated by monoval ent cat ions , espec i a l l y  ammo n i um 
ion (Tejwan i  et al . ,  1976 ) ] .  The reaction  was started by the addi tion  
of enzyme . One  un i t o f  enzyme act iv i ty was defi ned a s  that amount 
that cata lyses the formation of  1 �mo l e of  product per mi nute at 30°C .  

3 . 3 . 2  Puri f i cation o f  fructose-1 , 6-b i spho spha tase  

Femal e rats , 200-300 g were stunned and  ki l l ed by cerv i cal  d i s l ocati o n .  
The l i vers were removed , ri nsed i n  water and stored on i ce .  A l l 
further operati ons were performed at 4°C .  The bul ked l i vers were 
blotted dry and mi nced i n  a chi l l ed sta i nl ess-steel ti s s ue press . 
After we i gh ing the mi nced l i vers were homogeni zed i n  2 . 2 vol umes of 
0 . 25 M s ucrose , 1 mM Tri s HCl , 0 . 1  mM EDTA , 1 mM PMS F ,  pH 7 . 0 wi th 
5 strokes of a Potter-El vehj em homogen i zer ( c l earance 0 . 23  mm ,  rotat i ng 
at 1700 rpm ) . The homogenate was centri fuged for 30  m i nutes at 
35 000 a ( Sorval l SS-34 roto r ,  17 000 rpm ) . The supernatant was 
fi l tered through ' M i racl oth ' to trap fat parti cl es , d i l uted 3-fo l d  
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with 0 . 1  mM EDTA , 2 mM MgC1 2 , and the pH adju sted to 7 . 3 wi th Tri s  base . 

The di l uted homogenate was heated to 60°C i n  an  80°C water bath a nd 
i ncubated at  60°C for 2 m i nutes . Batches of  500 cm3 were treated 
i n  thi s fash ion and then qu i ckly cool ed to 4°C .  The sol ut ion  was 
brought to pH 6 . 3  wi th  a ceti c aci d ,  and centri fuged for 10 mi nutes a t  
14 000 a ( Sorval l GSA rotor , 9500 r pm) . 

The heat-treated supernatant was adjusted to 2 mM EDTA and to pH 6 .8 
wi th Tri s base . Wet p ho sphocel l ul o s e  ( 100 g dry wei ght per 200 g of  
l i ver ) was added , the  pH bei ng kept at 6 .8 w i th Tri s  base . The  d i l u te 
sl urry was gentl y sti rred for 40 mi nutes , the pH bei ng adjusted to 6 .8 
as  necessary ,  and centr i fuged for 1 0  mi nutes a t  4470 a ( Sorva l l HG-4L 
rotor , 4000 rpm) . The phosphocel l ul ose was d i scarded , and the enzyme­
conta i n i ng supernatant  d i l uted wi th 1 . 5 vol umes  of 0 . 1  mM EDTA , a nd 
the pH adjusted to 6 . 3  wi th aceti c ac i d .  Fresh pho sp hocel l ul o se ( the 
same amount as used prev ious ly )  was added , the pH bei ng kept at 6 . 3 . 
The s l urry was sti rred for 40 mi nutes , after which time a l most  a l l 
the enzyme had adsorbed onto the res i n .  The phosphocel l ul o se was 
col l ected by centri fugati on and resuspended i n  20 mM Tri s-aceta te ,  
0 . 1  mM EDTA , 0 . 1  mM 2 -mercaptoetha nol , pH 6 . 3 ( 10 cm3 per g of p hospho­
cel l u l o s e ) , and resed imented . The res i n  was s uspended i n  the mi n imum 
vol ume of  65  mM Tr i s -acetate , 0 . 1  mM EDTA , 0 . 1  mM 2�erca ptoethano l , 
pH 6 . 3 ,  and deaerated for 15  mi nute s .  The phos phoce l l ul o se was 
packed u nder grav i ty i nto a 5 x 50 cm col umn a nd washed overn i ght w i th 
2500 cm3 of 65 mM Tri s-acetate buffer ( fl ow-rate 2-3 cm3 per m i nute ) . 

The enzyme was el uted wi th 2 mM 0-fructose 1 , 6-bi sphospha te i n  65  mM 
Tri s-acetate buffer ( 2  cm3 per gram of  l i ver ) . Hi gh spec i fi c  acti v i ty 
fractions  were combi ned ,  brought to 20 mM MgC1 2 and pH 7 . 5 ,  a nd a l l owed 
to stand 30 mi nutes a t  room temperature . 

The enzyme was preci p i tated by overni ght d ia l ys i s  agai nst 8 vo l umes o f  
saturated ammoni um sul phate . pH 7 . 0 .  The prec i pi tate , when stored a s  
a suspens ion  i n  80% ammo n i um sul phate at 4°C was stabl e  for many mo nths . 

3 . 3 . 3  Treatment o f  an imal s with tri amc i no l one and al l oxan 

Rats were i njected i nterperi toneal l y  wi th 1 mg per 1 00 g body we i ght 
of  triamc i nol one (2 mg per cm3 i n  60% propane- 1 ,2-d io l ) for 5 days 
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prior to sacr i fi ce .  Al l oxan di abetes was i nduced by the i nterperi toneal 
i njecti on of 1 2  mg per 100 g body wei gh t  of a l l oxan ( 60 mg per cm3 i n  
water) 5 days pri or to s acri fi ce . 

3 . 3 . 4  Quanti tati on o f  puri fi ed enzyme prote i n  

The protei n content o f  puri f i ed enzyme sol u ti ons was rel ated to the 
absorbance at 280 nm by dry wei ght  determi nati on . A sol uti on  of enzyme 
· ( approxi mately  30 mg , i n  65 mM Tri s -acetate buffer ) was di a l ys ed 
extensi vely agai nst �i sti l l ed water and lyoph i l i zed to cons tant we i ght 

3 . 4  Res ul ts and Di scuss i on  

Rats treated wi th tri amci no l one or made al l oxan di abeti c s howed no 
i ncrease i n  FBPase l evel s i n  crude homogenates , and puri fi ed enzyme 
from these ani mal s had the s ame speci fi c acti vi ty as  that from an imal s 
not rece i v i ng these treatments . 

The procedure fo r puri fyi ng the enzyme was repeated 8 ti mes and was 
found to be very reproduci b l e .  A typi cal pur i fi cati on s cheme i s  s hown 
i n  Tabl e 3 . 1 .  The speci fi c acti vi ty o f  the centri fuged homogenate was 
i n creased approximate ly  13% after di l uti on wi th 0 . 1  mM EDTA , 2 mM MgC1 2 • 
The heat step not only i nacti vated proteases , but was a l s o  found to be 
necessary for compl ete adsorpti on of the enzyme onto the phosphocel l u l o se . 
Thi s  was ascri bed to the presence o f  fructose 1 , 6-b i sphosphate i n  
crude homogenates , whi ch wou ld  presumabl y  have been hydro l ys ed under 
the i ncubati on condi ti on s  empl oyed . Th i s  s uggesti on  woul d a l so account 
for the qui te s ubstanti a l  rate of  NADP+ reducti on by crude homogenates 
i n  enzyme as says wi thout any added fructose 1 ,6-bi s phos phate . After 
thi s activi ty had subsi ded , addi tion o f  exogenous s ubs trate gave ri se 
to a rate of  NADP+ reduction  equ i val en t  to tha t  obtai ned when assays 
were started wi th addi ti on of homogenate to reaction mi xtures al ready 
conta i ni ng fructose 1 , 6-bi s phosphate . 

The enzyme was e l uted from the phosphocel l ul ose  at almost cons tant 
s peci fi c acti v i ty ( Fi gure 3 . 1 )  

The puri fi ed enzyme , when d i ssol ved i n  65 mM Tri s- acetate , 0 . 1  mM EDTA , 
0 . 1  mM 2-mercaptoethano l , pH 6 . 3 ,  and an A2 80 nm/A260 nm rati o of  2 . 0 
i n  agreement wi th Trani e l l o  ( 1974 ) . The absorbance at 280 nm for a 1 mg 



per cm3 so l uti on i n  the above buffer was 0 . 63  as reported by Tejwani  
et a l . ( 1976 ) . 

When puri fi ed enzyme was exam i ned by gel el ectrophores i s  u nder both 
non-denaturi ng (F i gure 3 . 2 ) and denaturi ng condi ti ons ( Figure 3 . 3) , 
a s i ng l e band was observed when up to 100 �g o f  protei n was appl i ed to 
the gel . The subuni t mol ecul ar w ieght ,  when es timated by SOS gel  
el ectrophores i s  was 40 000-41 000 dal tons ( Fi gure 3 .4 ) . Thi s  i s  i n  
cl ose agreement wi th the esti mate o btai ned by Tejwani e t  a l  ( 19 76 ) , 
who reported a subuni t mol ecu l ar wei ght of 38 000-39 000 dal tons . 

When assayed i n  the pres ence o f  2 mM Mg2+ and 0 . 1 mM EDTA , the puri f i ed 
enzyme had a s i ngl e acti v i ty maximum at  pH 7 . 5 ( Fi gure 3 . 5 ) . The rat 
l i ver enzyme may thus be cl as s i f ied  as a ' neutral • FBPase .  

/ 
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Fract ion  

Di l uted homogenate 
Heat treatment 
Fi rst P l l  supernatant 
Second P11 superna ta nt 
P11  affi n ity el ution  
M 2+ . b t '  g 1 ncu a 1 on  

Tab l e 3 . 1  

PURI FICATION O F  FRUCTOSE- 1 , 6-BISPHOSPHATASE FROM RAT L IVER 

Vol ume 

{ cm3) 

2060 
1979 
2200 
535 1  

380 
385 

Acti v i ty 

{ uni ts/cm3 ) 

1 . 190 
0 . 810 
0 . 794 
0 . 038 
2 . 120 
2 . 300 

Protei n* 

(mg/cm3 ) 

5 . 30 
1 . 58 
0 . 48 
0 . 1 1 
0 . 088 
0 . 088 

Spec if ic  
Act iv i ty 

( uni ts/mg ) 

0 . 22 
0 . 5 1 
1 . 65 
0 . 34 

24 . 09 
26 . 10 

Resu l ts are presented for an i n i t ia l  extract from 250 g of l i ver.  

Recovery Puri fication  

- ( % ) ( fol d )  

100 . 0  1 . 0  
65 . 6  2 . 3  
7 1 . 2  7 . 5  
8 . 3  

32 . 8  109 . 5  
36 . 1  118 . 6  

*Pro tei n  concentrati ons were measured by the B i uret method except for the pure enzyme wh ich  was determi ned by 
absorbance measurement at  280 nm . 
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Figure 3 . 1  

ELUT I ON OF  FRUCTOSE-1,6- B I S PHOS PHATAS E FROM PHOS PHOCEL LULOSE 

W I TH FRUCTOSE 1 ,6- B I S PHOS PHATE 
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Figure 3. 2 

NON-DENATURI N G  GEL (7% )  ELECTROPHORES IS O F  FRUCTOSE-1 ,6- B I SPHOSPHATAS E 

100 �g  o f  prote i n  were appl i ed to the gel  
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F igure 3 , 3  

SOS GEL ( 10% )  ELECTROPHORES IS  O F  FRUCTOSE- 1 ,6-B ISPHOS PHATASE 

100 �9 of prote i n  were appl i ed to the gel 
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Figure 3 . 4  

ESTIMATION O F  FRUCTOSE- 1 , 6-B ISPHOSPHATASE SUBUN I T  MOLECULAR WE IGHT BY SOS GEL ( 10% ) ELECTROPHORES IS  
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Fi gure 3 . 5  

EFFECT  OF pH ON FRUCTOSE- 1 , 6- B I S PHOSPHATASE ACT IV ITY 

Puri fi ed FBPase  was assayed i n  0 . 04 M Tri s acetate over the enti re 
pH ra nge 
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CHAPTER FOUR  

PUR I FICATION  O F  OVALBUM IN , RAT ALBUM I N  AND SHEEP GAMMA GLOBU L I N  

4.1 I ntroducti on  

Ova l bumi n ,  rat al bum i n  and sheep gamma gl obul i n  were pur i f i ed to 
homogenei ty for use i n  a nt i body producti on .  

4.2 Materia l s 

Oval bum i n  and rat a l bumi n were obta i ned from S i gma . DEAE-cel l ul o se 
( DE-32 )  was obta i ned from Whatman , and precycl ed accordi ng to the 
manufacturers i ns tructions . 

4.3 Methods and Resu l ts 

4 .3 . 1  Oval bumi n 

Commerc ial  oval bum i n  was further pur i fi ed by preparat i ve gel  el ectro­
phores i s  on  an a pparatus bu i l t  as descr i bed by Furl ong et a l . ( 1973) . 
A 25 mg sampl e o f  ova l bum i n ,  d i ssol ved i n  2 . 0 cm3 of  sampl e a ppl i cat ion  
buffer was puri f i ed by el ectrophoresi s through a 4 . 0 cm3 s tac k i ng gel 
a nd an  8 . 0  cm3 8% resol v i ng gel ( s ecti on  2 . 7 . 1 ) . El ectrophore s i s  
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was performed at 4°C wi th a current of 20 mA. A buffer s tream col l ected 
pro te i n  from the resol v i ng gel at a fl ow rate of 20 cm3 per hour . 
Fractions were co l l ected and mon i tored at 280 nm for pro tei n .  Tho se 
fractions that contai ned a substant i a l  amount of pro te i n  were exami ned 
by SOS gel el ectrophores i s  ( secti on 2 . 7 . 2 )  and homogeneous fracti ons 
combi ned ( Fi gure 4 . 1 ) . 

4 . 3. 2  Rat al bumi n 

Commerci a l  rat al bumi n wa s p uri f i ed by preparative gel  el ectrophoresi s 
a s  descri bed for oval bum i n  ( secti on 4 . 3 . 1 ) . A 25 mg sampl e of  rat 
al bumi n ,  di ssol ved i n  2 . 0 cm3 of  sampl e appl i cat ion  buffer was pur i fi ed 
by el ectrophores i s through a 4 . 0 cm3 s tacki ng gel and an 8 . 0  cm3 6% 
resol v i ng gel ( F i gure 4 . 1 ) . 



4 .3.3 Rabb i t  gamma gl obu l i n  

Gamma g lobu l i n  was s eparated from rabb i t serum accord i n g  to the 
ammoni um s u l phate fractionati on procedure o f  Pa lmi ter et al . ( 1971 ) . 
Further puri fi cati on , by chromatography on DEAE-cel l ul os e  was as  
descri bed by  Hudson and Hay ( 1976 ) . 

B l ood was obtai ned from non- immune rabb i ts by venepuncture o f  a 
marg i nal  ear vei n .  B l ood was co l l ected i n  p l asti c centri fuge tubes 
and a l l owed to c lot  1 hour at room temperature and overni ght at 4°C .  
Serum was separated from the c lot  by centri fugati on a t  35 000 � for 
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10 mi nutes (Sorval l SS- 34 rotor , 17 000 rpm ) . Compl ement was i nacti vated 
by heati ng the serum to 54°C for 10 mi nutes . 

The serum was d i l uted w i th an equal  vol ume of  10 mM Na2HP04 , 1 5  mM NaCl , 
pH 7 . 2  ( phos phate buffer ,  PB ) and saturated ammoni um su l phate ( pH 7 . 0 ) 
was added to 40% s aturati on .  After s ta ndi ng 30 mi nutes at  4°C ,  the 
preci p i tate was col l ected by centri fugat ion ,  d i ssol ved i n  2 . 5  vol umes 
(compared to the or i gi na l  serum vo l ume ) of  PB and repreci pi tated wi th 
ammoni um s u l phate a t  40% saturati on . The preci pi tate was col l ected by 
centr i fugation and d i sso l ved i n  a vo l ume of  0 . 005 M Na2HP04 , pH 8 . 0  to 
remove ammoni um su l phate .  

A sol uti on contai n i ng 200 mg o f  crude gamma g l obul i n  was appl i ed to a 
2 x 50 cm col umn of DEAE-cel l u l o se  equ i l i brated i n  0 . 005 M Na2HP04 , 
pH 8 . 0 .  El uti on was by means of  a co nvex sa l t gradi ent ( l i mi t buffer 
0 . 18 M Na2HP04 , pH 8 . 0 ,  mi xi ng vessel vol ume 110 cm3) .  A fl ow rate of 
2 cm3 per mi nute was ma i ntai ned duri ng l o adi ng  el uti on of the pro te i n .  
Those fracti ons that contai ned s ub s tanti al  amounts o f  prote i n were 
exami ned by SOS gel el ectrophores i s  and homogeneous fracti ons comb i ned 
(Fi gure 4 . 1 ) . 



Figure 4 . 1 

SOS GEL ANALYS I S  OF  PURI F I E D  OVALBUMIN , RAT ALBUMI N AND 
RABB IT  GAMMA GLOBULIN  

100 �g  of prote i n we re appl i ed to  each gel 

Oval bumi n ( 7% gel ) 

Rat al bumi n ( 7% gel ) 

Rabbi t  gamma gl obu l i n  ( 10% ge l ) 
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CHAPTER F IVE  

ANTIBODY PRODUCTION AND PURI FI CATION 

5 . 1  Introducti on  

Monospeci f i c anti bod i es  were ra i sed in  rabbi ts aga i ns t  rat  l i ver 
fructose- 1 ,6-b i s phosphatase , rat a l bumi n and hen oval bum i n a nd in s heep  

aga ins t  rabb i t  gamma g lobu l i n .  
' 

Gamma g l obul i n  was prepared from i mmune serum by ammoni um su l p hate 
fractionat ion  and further puri fication  was by a ffi ni ty chromatography 
on  Sepharose-bound anti gen . 

5 . 2  Mater i a l s 

Freund ' s  compl ete adjuvant was from Di fco Laboratori es , Detro i t ,  

M i ch i gan . Cyanogen brom ide  acti vated S epharo se  48-200 was obtai ned 
from Si gma o r  prepared accord ing to Porath ( 1970 ) . Agarose  was from 
S igma . 

5 . 3 Methods 

5 . 3 . 1  Immuni zati on  protoco l s 

Ant ibodies were rai sed i n  rab b i ts a nd s heep by procedures modi fi ed 
from those o f  Crowl e ( 1973 ) . 

Rabbits  

One mg o f  antigen,  d i s so l ved in  1 cm3 of 10  mM Na2HP04 , 1 50 mM NaCl , 
pH 7 .4 ( phos phate buffered sal i ne ,  PBS ) was emu l s i f i ed wi th a n  equal 
vol ume of  Freund ' s  compl ete adjuvant . On days 1 and 7 ,  ha l f  the 

1 emul s ion was i nj ected subcutaneous ly  i nto the bac k  s k i n  fl ap and hal f 
i ntramus cul ar ly i nto a back l eg .  O n  day 2 1 , 0 . 1  mg of  anti gen ( i n  
PBS ) was i nj ected subcutaneous ly  i nto the back  sk i n fl ap . O n  day 2 2 , 
1 . 0  mg of  anti gen was i nj ected i ntravenousl y i nto a marg i na l  ear ve i n .  

On day 2 3 ,  5 . 0 mg o f  anti gen was i njected i nto a marg i na l  ear vei n .  
Animal s were bl eed from a marg i na l  ear vei n a t  weekly i nterval s  

fol l owi ng the l ast i ntravenous i nj ecti on . At each bl eed i ng 30-40 cm3 
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of bl ood were obtai ned . 

Sheep 

Five  mg o f  anti gen , d i s so l ved i n  2 . 5  cm3 of  PBS , were emu l s i fi ed wi th 
an equa l vo l ume of Freund • s  compl ete adjuvant . On days 1 and 7 hal f 
the emu l s i o n  was i nj ected subcutaneous ly  i nto the back sk i n fl ap  and 

hal f i ntramuscul arly i n to a back l eg .  On  day 2 1 , 0 . 5  mg of anti gen 
. ( i n  PBS ) was i njected subcutaneous ly  i n to the back sk i n  fl a p .  On day 

22,  5 . 0  mg of antigen  was i nj ected i nto the jugu l ar ve i n .  On day 2 3 , 
25 . 0  mg o f  anti gen was i njected i n to the j ugu l ar vei n .  Ani ma l s wer e  
bl eed from the jugul ar v e i n  at  weekl y i nterva l s fol l ow i ng  the l ast  
i ntravenous  i njecti on . At each  bl eed i ng ,  400-500 cm3 of bl ood were 
obta i ned . 

5 . 3 . 2  Separat i on of gamma gl obul i n  from serum 

Gamma g l o bu l i n  was separated from serum by fra ctiona l ammo n i um sul phate 
prec i p i tat i o n  ( sect ion  4 . 3 . 3 ) . The f i nal prec i p i tate was d i ssol ved 
i n  a vo l ume of  PB equal  to ha l f  the o r i gi na l  vo l ume of  serum . After 
overn ight  d i a lys i s  a ga i n s t  PB to remove ammo n i um sul phate , a ny 
prec i pi tated mater ia l  was removed by centr i fugation . Pro te i n  was 
quanti tated by absorbance measurement at 280 u s i ng E�% cm = 14 . 3  
( Hudson a nd Hay , 1976 ) . After d i v i s i o n  i nto several a l i quots , gamma 
g l o bu l i n  was qu i ck-frozen  and stored a t  -20°C .  

5 . 3 . 3  Anti body speci fi c i ty 

Anti body s pec i fi ci ty was i nvesti gated by Ouchterl o ny doubl e immuno ­
d i ffu s i on . 

M icros cope sl i des were coated wi th 1 cm3 of hot 0 . 2% agaro se  i n  
d i sti l l ed water and heated to dryness . Sl i des  were then coated wi th 

2 .5 cm3 o f  ho t 1 . 0% agarose i n  sod i um barb i ta l , i on i c  strength 0 . 025 ,  

pH 8 . 2 , a nd a l l owed to s et o n  a l evel  surface . Coated s l i des were  

stored a t  4°C i n  a water- saturated atmo s phere , and wel l s  punched 

after a l east  4 hours s torage . 

After su i tabl e a l i quots of anti gen a nd anti body had been pl aced i n  
the wel l s ,  immunodi ffu s i o n  was al l owed to pro ceed at 4°C i n  a wa ter-
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saturated atmosphere . After prec i p i ti n  1 i nes  had formed , s l ides  were  
washed overn i ght in  PBS then sta i ned for 10 m i nutes in  0 . 1 2 5% Cooma s s i e 

Bri l l i ant Bl ue R 250 i n  gl ac i a l  a cet i c  aci d-methano l -water ( 1 : 9 : 10 ,  

v/v/v ) ,  and destai ned i n  7% a cet i c  a ci d .  

5 . 3 . 4 Preparat i o n  of Sepharose- bound antigen affi n i ty co l umn s  

Prote i ns were coupl ed to cya nogen b rom ide activated Sepharo se 48-200 

by methods  der i ved from those recommended by Pharma ci a .  

Thirty mg of  pur i f i ed oval bum i n , rat a l bum i n  or  rabbi t gamma g l o bu l i n  
were d i s so l ved i n  6 cm3 of 0 . 1  M NaHco3 , 0 . 5  M NaCl pH 8 . 3 . A s i mi l ar 

amount o f  fructose- 1 , 6-b i spho sphata se  was d i s so l ved i n  1 5  cm3 of 0 . 1  M 
NaHC03 , 1 . 0 M ( NH4 ) 2so4 , 0 . 05 M 2 -mercaptoethano l , pH 8 . 0  because  o f  
i ts l ow so l ub i 1 i ty i n  buffers o f  l ow i oni c s trength wi thout  2-mercapto­
ethano l . 
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One a nd a hal f grams of freeze-dr i ed cyanogen brom i de acti vated 
Sepharo se  48-200 was swo l l en by wa s hi ng wi th 300 cm3 o f  1 mM HCl on a 
s i ntered g l ass  funnel  for 30 mi nutes . Acti vated Sepharose and buffered 
prote i n  so l uti on  were m i xed and rotated end-over-end for 2 hours at 
room temperature . The coupl ed Sepharo se was co1 1 ected by centr i fugat i o n  
and washed twi ce wi th 10 cm3 of  coup l i ng buffer to remove u nreacted 
prote i n .  Excess act i ve groups o n  t he Sepharose  were bl ocked by 
resuspens i on  of the coupl ed Sepharo se i n  10 cm3 of 1 . 0  M ethano l ami ne , 

0 . 1  M Na2co3 , pH 9 . 0  a nd rotati ng e nd-over-end fo r 2 hours a t  room 
temperature . The f i nal product was washed 3 t imes , a l ternatel y  wi th  

10  cm3 of  0 . 1  M Tr i s -HC1 , 0 . 5  M NaCl , pH  8 . 3  a nd 10 cm3 of  200 mM 
glyc i ne-HCl , pH 2 . 9 .  The Sepharose  was equ i l i brated i n  PB  and packed 

into a 10  cm3 pl asti c syri nge barrel fi tted wi th a 3 -way fl ow adapto r .  
When not i n  use , co l umns  were stored a t  4°C i n  the presence o f  0 . 02% 
sodi um a z i d e .  No detectabl e deter i oration  of  col umns was found  after 

4 months u se .  

5 . 3 . 5  Aff i n i ty chromatography 

Ant ibody was further pur i fi ed o n  S epharose-bound ant i gen fol l owi ng i n  
general the method descri bed by Tayl or and  Schimke ( 1974 ) . Al l 
operat i o ns were performed at  room temperature . 
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Gamma g l o bul i n  ( i n  PB ) was app l i ed to an appropr iate Sepharo se-anti gen 
col umn at 5 cm3 per hour . The col umn was then washed wi th the fol l owi ng 
buffers at 60 cm3 per hour : 10 cm3 o f  PB ,  10  cm3 of  0 . 1  M sod i um 
acetate , 0 . 5  M NaCl , pH 4 . 0 ,  10 cm3 o f  0 . 1  M Tri s -HCl , 0 . 5  M NaC l , 

pH 8 . 3 , and 10 cm3 o f  0 . 1  M sod i um acetate , 0 . 5  M NaCl , pH 4 . 0 .  The  
pure anti body was el uted from the matr i x  wi th  20  cm3 o f  200 mM glyc i ne­

HCl . pH 2 . 7 .  The col umn effl uent was moni tored for pro te i n  at 280 nm . 
Fract ions o f  3 cm3 were col l ected a nd i mmed i atel y neutral i zed wi th 5 M · 

K2HP04 • Combi ned fracti ons were d i a l ysed overn i ght a ga i ns t  PB , a nd 
any prec i p i tate removed by centr i fu gati o n .  The pnotei n was concentrated 

by ul trafi l trati on ( section 2 .4 }  to a t  l ea s t  1 mg per cm3 , and s tored 
at -20°C .  

5.3 .6  Anti body ti tre 

Crude gamma gl obu l i n  fractions  and aff i ni ty pur i fi ed anti bod i es were 

quanti tated by i mmunopreci p i tat ion  o f  125r -l abel l ed anti gens . 

Pur i f i ed oval bum i n ,  rat al bum i n ,  fructose-1 .6-b i sphos phatase and rabb i t  

gamma gl obul i n  were l abel l ed wi th 0 . 1  �Ci  o f  125iod i ne per 10 mg o f  
pro te i n  and pur i f i ed o n  B iogel  P 1 50 ( secti o n  8 . 3 . 2 ) . 

Di s conti nuous sucrose  gradi ents were prepared i n  500 mm3 p l a sti c 
centri fuge tubes . I n  each tube was p l aced 100 mm3 of  1 M s ucrose , 
1% sodi um deoxychol ate , 1% Tri ton X-100 i n  PBS , 150 mm3 o f  0 . 5  M 
sucrose  i n  the same detergent buffer , lOO mm3 of  PB , fol l owed by 1-20 

�g of 125r -l abel l ed anti gen and a s u i tabl e amount o f  a nt i body . Tubes 
were i ncubated at 37°C for 1 hour and overni ght at  4°C .  Capped tubes 
were fl oated i n  water-conta i n i ng 40 cm3 centri fuge tubes and immune­
preci pi tates  pel l eted through the sucro se  gradi ents by  centr i fuga tion  
at 27  000 � for 10  mi nutes ( Sorval l HB-4 rotor , 13  000 rpm ) . After 
qu i ck-freezi ng i n  l i qu i d  a i r ,  tubes were sheared just  above and pel l et ,  
and both secti ons were pl aced i n  v i al s i n  preparatio n  for gamma count i ng .  

5.4 Resul ts and D i scus s i on 

Monospec i f i c  ant i bod i es were ra i sed aga i ns t  a l l four protei ns a s  shown 
by Ouchterl ony doubl e immunodi ffus i o n  o n  serum samp l es  ( Fi gure 5 . 1 ) . 



Gamma g l obu l i n  was separated from other serum pro te i n s  by fract i o na l 
ammo n i um su l phate prec i pi tati o n .  Further p ur i fi cat ion  of  anti bod i es 

by affi n i ty chroma to graphy on  Sepharo se-bound anti gen i s  summar i zed i n  
Tab l e 5 . 1 .  A typ i ca l  aff i n i ty el ut ion  of  ant i body i s  s hown for ant i ­
fructo se-1 ,6-bi sphosphatas e ( Fi gure 5 . 2 ) . Non-spec i f i c  gamma g l o bu l i n  
was not bo und to the anti gen-Sepharose ,  but spec i fi c  a nti bod i es were 
compl ete ly  removed from the sampl e appl i ed to the col umn . Spec i f i c  
anti body was el uted a t  both pH 4 . 0  and pH 2 . 7 ,  the anti body el u ti ng 
·a t  the l ower pH bei ng of h i g her s pec i fi c act i v i ty .  Crude a nd pur i f i ed 
anti bod i e s  were shown to be  i mmunolog i ca l l y  i denti cal by Ouchterl o ny 
doubl e immunod i ffus i o n  ( Fi gure 5 . 3 ) .  The l ow recover i es o f  both a nti ­

ova l bum i n and anti -fructose-1 ,6-b i sphos phata s e  were caused by 
denaturati o n  of the anti body dur i ng el ut i o n  at  pH 2 . 7 ,  a nd i ts 
subsequent removal by centr i fugat ion  before quanti tat i o n  of  a nt i body 
yi el ds . 

Quant i tat i ve immunopreci p i tat i on  of 1251 -l abel l ed a nt i gens demonstrated 
a 3 . 6  to 14 . 6  fol d  pur i fi cati o n  of affi n i ty-pur i f i ed a nti bod i es bas ed 

on  equ i val ence-poi nt compar i so ns (Tabl e 5 . 2 ) . The preci p i t i n curve  
for 125 1 -l abel l ed fructo se-1 ,6-bi sphosphatase  wi th both crude a nd 
affi n i ty-pur i fi ed ant i bod i es i s  s hown i n  F i gures 5 . 4 a nd 5 . 5 .  For a l l 
four ant ibodi es , there was compl ete preci p i tation  of a nti gen a t  a l l  
l evel s of anti gen below the equ i val ence po i nt .  A noti c eabl e 
characteri sti c of  a ff i n i ty-pur i fi ed anti bod i es was the i r  res i s ta nce to 

sol ub i l i zation  i n  a nt i gen excess . 

Denaturi ng gel el ectrophores i s  i n  SOS ( sect i o n  2 . 7 . 2 ) of  a ff i n i ty­

puri fi ed antibod i es revea l ed onl y two band s ,  correspo nd i ng to the 

heavy a nd l i ght cha i n s  of gamma globul i n  ( Fi gure 5 . 6 ) . 
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Figure 5 . 1  

OUCHTERLONY I MMUNOD I FFUS ION  ANALYS I S  O F  ANT IS ERA AGAINST OVALBUMI N ,  
RAT ALBUMIN , FBPase AND RABB IT  GAMMA GLOBULI N 

albumin 

Ovalbumin E gg whi te 

0 0 
1 . 0  � g  2 0  � g  

antiserum 0 4 . 0  nnn 3 

Egg white Ovalb umin 

0 0 
20 �g 1 . 0  �g 

Rat albumin Rat s erum 

0 0 
3 1 . 0  �g . 03 nnn 

Rat albumin anti s erum 0 3 . 0  nnn3 

Rat serum 

0 3 . 03 nnn 

Rat FBPase 

0 
1 . 0 � g  

Ra t albumin 

0 
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c e l l  sap 

0 3 8 . 0  mm 
Rat FBPas e  antis erum 0 4 . 0  nnn3 

Rat liver 
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0
3 8 . 0  nnn 
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Rabbit 
y globulin Rab b i t  s e rum 

0 0 3 1 . 0  �g 0 . 1  nnn 
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Tabl e 5 . 1  

ANT IBODY PURI FICATION BY AFF IN ITY CHROMATOGRAPHY 

Antibody Co l umn fraction (mg )  
Load Unbound Acetate/Tr i s  Glyci ne-HCl 

anti -Fructo se- 1 . 6-bi sphosphatase 300 . 0  226 . 0  22 . 1  10 . 0  

anti -Ova l bumi n  300 .0  202 . 0  2 5 . 8  25 . 0  

anti -A l bum i n  400 . 0  335 . 0  28 .0  36 . 0  

anti -Rabb i t  gamma gl o bu l i n  1000 . 0  909 .0  27 . 3  20 . 6  

·,, 

Recovery 

( % )  

87 
86 
99 

96 

� U1 



Figure 5.2 

PURI FICATION OF ANTIBODI ES TO FRUCTOSE-1 .6-BISPHOSPHATASE BY AFFINITY CHROMATOGRAPHY ON SEPHAROSE-BOUND ANTIGEN 

300 mg of crude anti - FBPase were appl i ed to a 5 cm3 col umn of  Sepharose-bound FBPase 
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Figure 5 . 3  

OUCHTERLONY I MMUNODI FFUS I ON ANALYS I S  OF  AFF I N ITY-PURI FI ED ANT I BOD I ES 

Load Unb ound 

0 0 
33 � g 3 3  � g  

Ovalbumin 0 1 . 0 ).l g  

Gly cine-HCl Tris /Ace t ate 

Ra t  alb umin 

Rat FBPase 

0 0 
8 . 0  �g 15 ).lg 

0 0 
2 2  � g 22 ).l g  

0 1 . 0  ).l g  

0 0 
6 . 2 � g  1 2  l-l g  

0 0 
33 �g 33 l-lg 

0 1 . 0  l-lg 

0 0 
4 . 7  l-Jg 9 . 0 ).l g  

0 0 
6 6  l-l g  6 6  l-J g 

Rabb it y globulin 0 1 . 0  ).l g  

0 0 
4 . 5  l-lg 9 . 0  l-J g 
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Anti body 

a nt i - Fructo se-1 ,6-bi sphospha tase 
a nti -Oval bumi n 
anti -Al bumi n 
anti -Rabbi t gamma gl obul i n  

Tabl e 5 . 2  

ANTIBODY QUANTITATION 

�g of anti gen prec i pi tated by 1 mg of anti body at equ i va l ence 
crude gamma g l obu l i n  affi n i ty-pur i fi ed anti body 

30 214 
30 124 
44 160 
15 220 

Pur i f i cati on 
( fo l d )  

7 . 1  
4 . 1  
3 . 6  

14 . 6  

� 00 
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Figure 5 . 4  

IMMUNOPRECI PITATION O F  1251-LABELLED ANTI-FRUCTOSE- 1 ,6-BISPHOSPHATASE BY CRUDE GAMMA GLOBULI N  

500 �g o f  gamma gl obul i n  was added per i ncubation  
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Figure 5 . 5  

IMMUNOPRECIPITATION OF 1251-LABELLED ANTI-FRUCTOSE- 1 ,6-BISPHOSPHATASE BY AFFI NITY-PUR I F I ED ANTIBODY 

50 �g o f  affi n i ty-puri fi ed anti body was added per i ncubati on 
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Figure 5 . 6 

SDS G EL ( 10% ) ANALYS IS  OF AFFI N ITY-PURI F I ED ANT I BOD I ES 

100 �g  of  prote i n were appl i ed to each gel 

Ant i -oval bumi n 

Ant i - ra t  al bumi n 

Ant i -rat FBPase 

Anti - rabbi t gamma g l obul i n  
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CHAPTER S I X  

LABELLI NG OF  L IVER PROTEI NS I N  V IVO 

6 . 1  I ntroduction 

The capaci ty of  rat l i ver in  v i vo for the synthes i s  o f  al bumi n and 
FBPase was i nvestigated by the i mmunochemi cal i sol ation  of these 
·protei ns after admi n i strati on of i sotope . 

The spec if i c i ty of  immunopreci pi tation was exami ned by the i so l at ion  
of  al bumi n and FBPase from rat s erum and  l i ver homo genates a fter a 
l ong term ( 24 hour ) i nterperi toneal admi n i s trati on of i soto pe .  Non­
spec i fi c  trapp i ng of l abel l ed pro tei n in  anti gen-anti bdy compl exes 
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was mi n imi sed by the add i tion  of 1% Tri ton  X- 100 and 1%  sod i um 
deoxychol ate pri or to immunopreci p i tati on (Schimke et a l . ,  1974 ) . 
Tra pp i ng was further decreased by centr i fugi ng the immunopreci p i tates 
thro ugh d i sconti nuous  sucrose gradi ents contai n i ng the a bove detergents . 
Oval bumi n and i ts a nt i body were chosen as a control s i nce they do not 
cros s-react wi th mammal i an protei ns  ( Pa lm i ter et al . ,  197 1 ) and pro v i de 
an estimate of non-speci fi c i mmunopreci pi tation . An amount of oval b umi n 
and i t s  anti body that gave a preci pi tate comparabl e i n  s i ze to that 
obta i ned from al bumi n and FBPa se immunopreci p i tation  was added to the 
l abel l ed extract and carr i ed through the same i ncubati on  and wa shi ng 
procedure s .  The speci fici ty of i mmunopreci p i tation was exami ned by 
el ectrophoresi s of d i srupted i mmunoprec i p i tates on denaturi ng SOS gel s .  
Thi s  procedure i s  the most sens i t ive i nd i ca tor of the speci f ic i ty o f  
the immunopreci p i tati on techn i que ( Cashman and Pi to t ,  1971 ) . 

The rate of synthes i s  of  al bumi n and FBPase was measured after s hort 
term i ncorporati on  of  i sotope in vi vo .  Add i tional l y ,  the i so l at ion  
of  subcel l ul ar fracti ons from l i ver homogenates permi tted the i ntra­
cel l u l ar l ocal i zati on  of  newl y synthes i zed FBPase and  a l bum i n .  The 
i ncorporation of i sotope i nto spec i fi c  prote i ns was expressed as a 
percentage of  the i ncorporati on i nto tota l prote i n  i n  a parti cu l ar 
subcel l ul ar fractio n .  Thi s a s sumes that al l prote i ns are synthes i zed 
from the same ami no acid pool and that t he spec if ic  pro te i ns i n  
quest ion  do not have a s i gni fi cantly d i fferent ami no aci d compos i tion  
.to the total subcel l u l ar prote i ns wi th respect to the l abel l ed ami no aci d .  



The maximum permi ss i bl e  t ime between i sotope adm i n i stration  and 
subcel l ul ar fractionatio n  i s  imposed by the secretion t ime of a l bumi n 
from the l i ver . Newly synthesi zed al bum i n  i s  reta i ned wi th i n  the l i ver 
for a pproxima te ly  15 minutes before be i ng rel eased i nto the b l oodstream 
( Peters et al . ,  197 1 ) . A l abel l i ng time of l es s  than th i s  mus t be u sed 
to prevent contami nation o f  supernatant preparations wi th  radi oact ive  
a l bumi n secreted i nto the  bl ood , and to enabl e an estimate of  rel ati ve  
al bumi n synthes i s  to be  made , s i nce protei ns are secreted at  di fferent 
rates from the  l i ver ( Peters et  al . ,  1971 ) .  
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I soto pe admi n i stration was by i ntraportal i nj ection as thi s has been 
s hown to be an excel l ent route ( Gl aumann , 1970 ; Schre i ber et a l . , 1970) . 
The h i gh speci f i c acti v i ty of the i so to pe used g i ves a true tracer dose 
after i ntravenous i njection  (Morgan and Peters , 1971 ) ,  a nd there i s  
a negl i b i b l e  change i n  p l asma meth ion i ne l evel s .  Free i so tope has 
been s hown to be cl eared from the b l ood wi th i n  5 mi nutes of i njectio n  
( Peters e t  a l . ,  197 1 ) , and maximal  s pec i fi c  acti v i ty o f  nascent prote i n  
o ccurs wi thi n  1 to 1 . 5  m i nutes after i njection  (Takag i e t  a l . ,  1970 ) . 

6 . 2  Materi a l s  

L-[35s JMeth i on i ne (600 C i  per mmo l e )  was o bta i ned from the Radiochemi cal 
Centre , Amersham , and was stored at - 196°C .  

6 .3  Methods 

6.3 . 1 I nterper i toneal (24 hour) l abel l i ng 

A mal e rat ( 150 g )  was s tarved overn i ght ( 16 hours ) and i njected 
i nterper i to nea l ly at 9 . 00 a . m .  wi th  100 �Ci of L-c35s Jmeth i oni ne i n  
0.4 cm3 o f  PBS . Food was returned to the an imal at 6 . 00 p . m  • •  At 
9 . 00 a .m .  o n  the fol l owi ng day the rat was ether i zed and exsangui nated 
from the j ugul ar vei n .  Bl ood was col l ected and serum obta i ned ( sect i on  
4 .3 . 3 ) for the determi nati on of i ncorporation  of  radioacti v i ty i nto 

- serum pro te i n  and immunopreci p i tabl e al bumi n .  The l i ver was perfused 
via the porta l vei n wi th  10 cm3 of  250 mM sucro se ,  1 mM MgC1 2 to 
remove b loo d  from the l i ver . The l arge amounts of al bumi n i n  bl ood 
necess i tates l i ver perfus ion  i n  order that a l bumi n immunopreci p i tates 
from l i ver supernatant fracti ons wi l l  not be too l arge . The l i ver was 
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exci sed , b l otted dry , wei ghed ( 5  g )  and chopped up wi th  sci s sors . The 
l iver was homogeni zed wi th 3 vol umes ( 15 cm3 } of 250 mM sucrose ,  1 mM 
MgC1 2 , 1 mM PMSF ,  wi th 5 stro kes o f  a Potter-El vehjem homogeni zer 
( cl earance 0 . 23 mm , rotati ng at 1700 rpm ) .  The homogenate was 
centri fuged at 12 000 .9. for 10 mi nutes ( Sorval l  SS-34 rotor , 10 000 
rpm} . The supernatant was removed and centri fuged at 250 000 � for 2 
hours ( Beckman 60 T i  rotor ,  50 000 rpm ) to pel l et mi crosomes . The 
supernatant was careful ly removed , adjusted to 1% Tr i to n  X- 100 and 1%  
sod i um deoxycho 1 ate '· and centri fuged at  250 000 � for 1 hour . The 
supernatant was removed , and used for the determi nati on  of i ncorporation 
of radi oacti v i ty i nto total prote i n  and immu nopreci p i tab l e fructose-
1 ,6-b i sphosphatase .  

6 . 3 . 2 l ntraportal (10 mi nute } l abel l i ng 
6 

A mal e rat ( 150 g )  was starved overn i ght and anaestheti zed by the 
i nterperi toneal i nj ecti on of 7 . 5 mg o f  sodi um pentabarb i ta l  i n  0 . 75  cm3 

of  PBS . The per i toneal cav i ty was exposed and 50 �Ci  o f  L-c 35s Jmethioni ne 
in  0 .4 cm3 of  PBS was i nj ected i nto the portal vei n .  Ten mi nutes l ater , 
the l i ver was perfused and processed as  descri bed above ( secti on  6 . 2 . 1 ) . 
The m i cro somal pel l et was resuspended i n  20 cm3 of cel l sap contai n i ng 
250 mM KCl ( secti on 7 . 3 . 1 )  wi th 5 stro kes o f  a Potter-El vehjem 
homogeni zer (c l earance 0 . 36 mm , rotati ng at  1000 rpm } . The mi crosomes 
were repe l l eted by centri fugation at 250 000 .9.. for 1 hour . The 
supernatant was removed and the pel l et resuspended by homogeni zat ion  
i n  10 cm3 of  50 mM Hepes , 250 mM KCl , 5 mM MgC1 2 , pH  7 . 2 ( H K( 250)M ) , 
conta i ni ng  250 mM sucrose a nd 1 mM PMS F .  The homogenate was adjusted 
to 1% Tri ton X- 100 a nd 1% sod i um deoxycho l ate , and centr i fuged at 
250 000 � for 2 hours to pel l et pol ysomes . The supernatant was 
removed and used for the determi nat ion  of  radioacti ve  i ncorporation  
i nto total prote i n ,  immunopreci pi tabl e  al bumin  and fructose-1 ,6-bi s ­
phosphatase . 

6 . 3 . 3  Ana lys i s  o f  l abel l ed products 

Prote i n  was prec i p i tated from dupl i cate a l i quots of subcel l ul ar 
fract ions  ( 100 mm3 } by the addi tion o f  a 20 vol ume excess of  10% TCA , 
10 mM methioni ne , heati ng to 90°C for 10 mi nutes to hydro l yse  meth i oni ne ­
tRNA , and standi ng overn i ght at  4°C .  Preci p i tated prote i n  was 
col l ected by centri fugati on and the pel l et washed by suspen s i o n  and 



recentr i fugat ion  twi ce i n  TCA-methi oni ne , and o nce i n  i ce-co l d  water . 
Pel l ets were di s sol ved i n  1 .0 cm3 o f  0 . 1  M NaOH i n  preparat ion  for 
l i quid  sci nti l l ation counti ng ( s ecti on  2 . 10 ) · , or analysed by SDS gel 
e l ectrophores i s  ( section  2 . 7 . 2 )  and the radi oacti v i ty i ncorporated 
i nto i ndi v i dual gel s l i ces  determi ned ( section  2 . 10 . 1 ) . 

6 . 3 .4 I mmunoprec ipi tati on assay 

A 1 . 5  fol d  excess o f  spec i fi c  anti body was added to dupl i cate 0 . 25-1 . 0  
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cm3 al i quots of l i ver subcel l ul ar homogenate fractions . Serum ( 2-3 mm3 ) 
was d i l uted wi th PBS conta i ni ng 1% Tr i ton X- 100 and 1% sod i um deoxycho l ate 
to a vol ume of 0 . 25 cm3 before the add i tion of anti body . Suffic i ent 
homogenate or s erum was taken to g i ve i mrnunopreci pi tates conta i n i ng 
about 70 �g o f  anti gen . Non-spec i f i c  i mmunopreci p i tat ion  was quanti tated 
wi th oval bum i n  contro l s .  Seventy �g o f  pur i fi ed oval bum i n  was added 
to 1 . 0 cm3 o f  detergent-treated supernatant before the add i t ion  of  
i ts anti body .  Immunopreci pi tati on was al l owed to proceed a t  37°C for 
30 mi nutes and overn ight  at 4°C .  Immunoprec i p i tates were l ayered over 
d i s conti nuous  sucrose grad ients cons i sti ng of  2 . 0  cm3 of 1 . 0 M and 
3 .0 cm3 o f  0 . 5  M sucrose  i n  PBS conta i ni ng 1% Tri ton X- 100 , 1% sodi um 
deoxychol ate , and 10 mM methioni ne . Immunopreci pi tates were pel l eted 
by centri fugation at 13 000 � for 10 mi nutes ( Sorval l HB-4 roto r ,  
9000 rpm ) . Pel l ets were washed twi ce by suspens ion a nd recentri fugat ion  
i n  2 . 0  cm3 o f  PBS . Pel l ets were d i s so l ved i n  1 . 0 cm3 o f  0 . 1  M NaOH 
i n  preparat ion  for l i q u i d  sci nt i l l at ion  counti ng , or  analysed by SDS 
gel el ectropho res i s  and the radi oacti v i ty i ncorporated i nto i nd i v i dua l 
gel sl i ces determi ned . Rad ioacti ve  a l bumi n and fructo se- 1 , 6 -bi s­
phosphatase  were i denti fi ed by compar i son  wi th stai ned gel s on  wh i ch 
authentic  pro tein  had been el ectrophoresed . 

6 .4 Resul ts  and D i scuss ion 

SDS gel  analyses of  immunoprec ip i tates from rat l i ver homogenate and 
serum were carri ed out  after a 24 hour i nterper i toneal l abel l i ng .  
Immunoprec i pi tates o f  FBPase ( Fi gure 6 . 1 ) , a l bumi n ( Fi gure 6 . 2 )  and 
o val bumi n ( F i gure 6 . 3 )  s howed that for both l i ver-synthesi zed pro tei ns  
each anti body preci p i tated a s i ngl e rad ioact ive protei n tha t correspo nded 
i n  mob i l i ty to the appropriate anti gen and a major prote i n  band on  
immunoprec i p i tate gel s .  The speci fi ci ty o f  i mmunoprec i p i tation was 



al so demonstrated by the absence o f  any rad i oacti vi ty associ ated w i th 
oval bumi n immunopreci p i tates . At l eas t 90% o f  the preci pi tated 
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. radioacti v i ty mi grated w i th FBPase  subun i ts , and an even h i gher 
percentage  w i th a lbumi n monomer . I n  add it i on  a l l  gel s had two other 
major protei n-stai ni ng bands , wh i ch probab ly  represented heavy and l i ght 
anti body cha i ns . The presence of  addi tiona l  h i gher mo l ecul ar wei ght  
mater i a l s in  these gel s was probabl y  due to mi nor amounts of  associ a ted 
heavy and l i ght chai ns  ( Cashman and P i to t ,  1971 } ,  however l i ttl e 
·radioact i v i ty was as sociated wi th these bands . The tentati ve band 
i denti fi cati ons were tested by p l otti ng the l o g  mol ecu l ar wei ght  versus 
the ir  rel ati ve mi grat ion . As shown in  Fi gure 6 .4 the i denti fi cat i o n  
correl ates wel l w ith the known mo l ecu l a r  we i ghts o f  these protei ns . 

The quanti tation of radi oact i ve immunopreci p i tates i s  s hown i n  Tabl e 
6 . 1  The s peci fi ci ty o f  immunoprec i p i tati on wi th regard to oval bumi n 
control s  was agai n demonstrated . The i ncorporation of  i sotope i nto 
FBPase rel ative to total supernatant protei n ( 0 . 88% } , gave some 
i nd i cati on of the rel a ti ve syntheti c rate , a l though the l abel l i ng t ime 
( 24 hour s }  was a s i gn i f i cant fracti on of  the reported hal f- l i fe o f  thi s 
enzyme (45 . 7  hours , Za l i t i s  and Pi tot , 1977 } . 

A more accurate es ti mate of FB Pase and al bumi n synthes i s was achi eved 
by pul s e  l abel l i ng the l i ver v i a  the porta l  vei n for 10 m i nutes . The 
subcel l u l ar fracti onati on scheme appl i ed to l i ver homogenates is  s hown 
i n  F i gure 6 . 5 ,  and the di str i bution  of rad i oacti vi ty i n  TCA-preci pi tab l e  
prote i n  i n  each fraction i s  summari zed i n  Tab l e 6 . 2 .  The l arge amounnt 
of radi oact ive prote i n  non- spec ifi cal ly adsorbed to the mi crosomes and 
rel eased by suspens i on i n  cel l sap confi rms the resu l ts of Gl aumann 
and Da l l ner ( 1968 } . Removal of th i s  protei n was neces sary to mi n imi ze 
contami nation  of mi crosomes wi th s upernatant prote i n .  TCA- preci p i tabl e 
prote i n  i n  l i ver supernatant and mi crosome fracti ons was exami ned by 
SOS gel el ectrophores i s  ( Fi gure 6 . 6 } . Mi crosome-deri ved ma teri al 
s howed a h igher mo l ecul ar wei ght di str i but ion  than supernatant mater i al . 
The promi nant pea k at  65 000 dal tons i n  mi crosomal fracti ons was a l most  
certai n ly  al bumi n .  

FBPase and al bum i n  were immunoprec i p i tated from l i ver supernatant a nd 
mi crosome fracti ons . The . di stri bution of  radioact iv i ty i s  summari zed 
i n  Tabl e 6 . 3 .  I t  was necessary to add carr i er FBPase (70  �g ) to the 



mi crosome fraction to obtai n any i mmunopreci pi tate . Al bumi n was found 
to be almost  excl u s i vel y associ ated wi th mi crosomal prote i n and FBPase 
with  supernatant protei n .  On  a rel ati ve syntheti c  bas i s , m i crosomes 
conta i ned 63 t imes more al bumi n ,  and supernatant 25 times more FBPase .  
Thi s di str i bution  woul d not b e  s i gn i fi cantl y  al tered on  an abso l ute 
basi s ,  s i nce t he di stri bution  of rad i oact iv i ty i nto mi cro somal  prote i n  
was only 26% h i gher than i nto supernatant pro te i n .  The speci fi c i ty of 
the immunopreci p i tation and the cl ear-cut segregation  o f  al bumi n and 
FBPase  i nto mi crosomal and s upernatant fracti ons was al so demonstrated 
by gel el ectro phores i s  ( F i gures 6 . 7 and 6 . 8 ) . 

The rel ati ve rate o f  FBPase synthesi s ,  0 . 89% rel ati ve to total 
supernatant protei n ,  agrees wel l wi th the 0 . 8- 1 . 0% rel ative  synthes i s  
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of thi s  prote i n  reported by Zal i ti s  and Pi tot ( 1977 ) .  Al bum i n  synthes i s ,  
16.7% of tota l mi crosoma l· protei n represents 9 . 7% of  total synthes i s  
i n  combi ned mi crosomes and s upernatant . Thi s agrees favourabl y wi th 
the resul ts of Kel l er and Tayl or ( 1976 ) who reported a val u e  o f  11 . 3% 
of total synthes i s  i n  postmi tochondri al supernatants . 



Figure 6 . 1  

SOS GEL ( 10% ) ANALYS IS  O F  FBPase  IMMUNOPRE C I P ITATED FROM L I V ER 

POST-MI CROSOMAL SUPERNATANT AFTER A 24 HOUR I NTERPERITONEAL 

LABE LL I NG W I TH c
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Figure 6 . 2  

SOS GEL ( 10% )  ANALYS I S  O F  ALBUMI N I MMUNOPREC I P I TATED FROM SERUM AFTER 

A 24 HOUR  I NTERPERITON EAL LABELL I NG W I TH c
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Figure 6 , 3  

S OS GEL ( 10%) ANALY S I S  O F  OVALBUM I N  ADDED TO AND IMMU NOP REC I P I TATED 

FROM L I V E R  POST-M I CROSOMAL SUPERNATANT AFTER A 24 HOUR 

I NTERPERITONEAL LABELLI NG WITH c 35s JMETHION I NE  

300 

.......... 200 :E: 0... 
Cl 

>-
1-....... 
> 
....... 
1-
u 
c::( 
0 
....... 
Cl 
c::( 
0::: 

100 

1 10 

absorbance 

o---o rad i oacti vi ty 

20 

GEL SLI CE  

30 40 

1 . 5  

1 . 0  

0 . 5  

60  

.......... 
E 
c 

0 
0 \0 

w 
(._) 
z: 
c::( 
CD 
0::: 
0 
V) 
CD c::( 



-
� 

I 
0 
-

X 
en 
z 
0 
t-
-1 
ex: 
c 

-

t-
:X: 
(!) 
-
1.1..1 
3: 
0::: ex: -1 :;:) u 1.1..1 
-1 0 ::E: 

Figure 6 . 4 

SEM I LOG PLOT O F  MOLECULAR WEIGHT VERSUS RELATIVE  MIGRATION  FOR PROTEI N 
SUBUN ITS I N  ALBUM I N , FBPase AND OVALBUM IN  IMMUNOPRECI P I TATES ON  

10% SOS  GELS 
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Tab l e  6 . 1  

IMMUNOPRECI P ITATI ON OF ALBUM I N  FROM SERUM , FBPase AND CARRI ER 
OVALBUMI N  FROM L I V ER POST-M I CROSOMAL SUPERNATANT AFTER A 24 

HOUR I NTERPERITONEAL LABELLI NG  W ITH c35sJMETH IO N I N E  

Radi oacti vi ty i n  

62 

· Fractio n  Total protei n Al bumi n FBPas e Ova l bumi n 

Serum 

Post-mi crosoma 1 
supernatant 

231 680 

109 000 

( DPM/cm3 ) 

168 750 ( 72 . 8% )  

956 ( 0 . 88% ) 16 ( 0 . 0 15% ) 

/ 



Figure 6 . 5  

FRACTIONATION  SCHEME FOR THE I SOLATION  O F  SUBCELLULAR FRACTIONS 

FROM RAT L I VER 

LIVER HOMOGENATE 

POSTMITOCHONDRIAL 
SUPERNATANT 

12 000_&, 1 0  min 

PELLET OF MITOCHONDRIA, 
NUCLEI AND WHOLE CELLS 

250 000_&, 2 hrs 

POSTMICROSOMAL 
SUPERNATANT 

1 d etergent 
250 OOO_a, 

DETERGENT TREATED 
POSTMICROSOMAL 

SUPERNATANT 

treatment 
1 hr 

CELL SAP 
SUPERNATANT 

MICROSOME 
PE�LET 

resuspension in cell sap 
250 000_&, 1 hr 

WASHED 
MICROSOMES 

resuspension and 
detergent treatment 
250 000_&, 2 hrs 

MICROSOMAL CONTENTS , 
SOLUBILIZED MEMBRANES 

POLYSOME 
PELLET 
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Tabl e 6 . 2 

D I STRIBUT ION OF  TCA-PREC I P ITABLE PROTEIN  I N  L IVER SUBCELLULAR 
FRACTIONS AFTER A 10 MI NUTE PULSE LABEL O F  [ 35S JMETH ION I N E  

V IA  THE PORTAL VE I N  

Subcel l ul ar fraction 

Pel l et of  mi tochondr i a ,  
nuc l e i  a nd whol e cel l s  

Detergent-treated pos t-
mi crosomal supernatant 

Cel l sap  wa s h  supernatant 

M icrosoma l contents and 
sol ubi l i zed membranes 

Polysome pe 1 1  et 

Rad ioact i vi ty 
(DPM ) 

5 115 250 

1 160 820 

232 120 

1 566 870 

1 16  200 

Pro tei n Spec i fi c  Act i v i ty 
(mg ) (DPM/mg ) 

215 .0  5 399 

1 000 . 5  232 

83 . 6  1 8  734 

9 . 3  12  495 

/ 
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Figure 6 . 6  

SOS GEL { 7% )  ANALYS IS  O F  TCA-PREC I P ITABLE PROTE I N I N  L I V ER SUPERNATANT 

AND MICROSOME FRACTIONS AFTER A 10 MI NUTE PULSE LABEL O F  [3 5SJMETH ION I N E  
� VIA THE PORTAL VE I N 

Data has been normal i zed to 10 000 dpm per ge l  for each fracti o n  
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Tabl e 6 . 3  

D ISTRI BUTION O F  RAD IOACTI V ITY IN ALBUMI N  AND FBPase I MMUNOPRECI P I TATES 

FROM L IVER SUPERNATANT AND MI CROSOME FRACTIONS AFTER A 10  M I NUTE 
PULS E  LABEL OF c35s JMETHION I N E  V I A  THE PORTAL VEI N 

Detergent-treated pos t­
mi crosomal s upernatant 

Mi crosomal contents and 
sol ubi l i zed membranes 

Rad i oacti vi ty i n  
Total prote i n  Al bumi n FBPase  

( DPM/cm3 ) 

152 040 4 16 ( 0 . 27%)  1 348 ( 0 . 89% ) 

193  000 32 200 ( 16 .  7% ) 67 ( 0 . 035% ) 
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Figure 6 . 7  

SOS GEL ( 7% )  ANALYSIS  OF FBPase IMMUNOPRECI P ITATED  FROM L IVER 

SUPERNATANT AND MI CROSOME FRACTIONS AFTER A 10 M I NUTE PULSE 
LABEL OF c 35SJMETH I ON INE  V I A  THE PORTAL V E I N  
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FBPase was preci p i tated from 83 680 dpm of total prote i n  i n  each fracti on 
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· · figure 6 . 8  

SOS GEL (7% ) ANLAYS I S  O F  ALBUMI N I MMUNOPREC I P ITATED FROM L I VER 

SUPERNATANT AND �H CROSOME FRACT IONS AFTER A 10 M I NUTE PULS E 
LABEL OF c35sJMETH ION I NE  V IA THE PORTAL V E I N  
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Al bum i n  was preci pi tated from 48 260 d pm of  total pro te i n  i n  each fract i o n  
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7 . 1  Introduction 

CHAPTER S EV EN 

POLYSOME ISOLATION 

Membrane-bo und and free po lysomes can be  separated by expl o i ti ng the 
d i fference i n  dens i ty or  sed i mentat i o n  rate of  free po lysomes a nd 
rough  mi crosome s .  Method s  bas ed o n  both these approaches have been 

devel o ped to separat� and qua nti tate rat l i ver polysomes ( Bl o emendah l  
et  a l . ,  1964 ; Webb e t  a l . ,  1964 ; Howel l e t  a l . ,  1 964 ; Lawford et 

al . ,  1966 ; Bl obel a nd Potter , 1967 ; Venkatesan and Steel e ,  197 2 ;  
Ramsey a nd Steel e ,  1976 ; Rams ey a nd Steel e ,  1977 ) .  
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Conventiona l l y  rat l i ver po lysomes separated by i sopycn i c  centr i fugat ion  

have been prepared from a po stmi tocho ndr ia l  fractio n ,  whi c h  i s  
rel at ively free of nucl ease-r ich  s ubcel l ul ar organel l e s ( Ro th , 1967 ) , 
a nd wh ich  conta i ns a na tural nucl eas e  i nh i b i tor (Roth , 1956 ; Bent et  
al . ,  1965 ) . Postmi tochondr i a l  fract i o ns however conta i n  about 90% o f  
the free a nd o nly 30% of  the bound po lysomes . Thi s a pproach i s  
subject to the cri ti c i sm that the pos tmi tochondr i a l  supernatant 
conta i ns o nly a smal l ,  po s s i b ly  no nrepresentat ive  port ion  of the bound 
po lysomes ( Pal ade a nd S i e kevi tz , 195 6 ; Bl obel a nd Potter , 1 967 ; 

Vankatesan and Steel e ,  1972 ) . I t  i s  thus i mpo ss i bl e to esti mate the  
total amo unts of free a nd bound po lysomes i n  such  a supernatant . The  

com�l eteness  of  separati on of polysomes by i sopycn i c centri fugati on h as 
a l so not been ver i fi ed .  

The a l ternati ve approach for pol ysome separa t io n ,  based on  s i ze 
d ifferences , has been i nvesti gated extens i vel y by Steel e and coworkers 

(Venkatesan  a nd Steel e ,  197 2 ;  Ramsey a nd Steel e ,  197 6 ;  Ramsey a nd 
Steel e ,  1977 ) . Free a nd bound po lysomes were  prepared from who l e 
l iver homogenates by sa l t  extract i o n  a nd d i fferent i al centr i fugatio n .  
Polysomes prepared i n  th i s manner were reported to be u ndegraded , 

both type s  equa l ly  acti ve  i n  cel l -free pro te i n synthes i s ,  a nd v i r tua l l y  

free o f  r i bo nucl ea se ,  membraneous  ma teri a l , g l ycogen , deoxycho l ate , 
compl eted pro te i n  a nd cross -contam i nati on . 
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The fol l owi ng procedure for the preparat ion  of free a nd bound po l ysomes 
was based as cl o sely as pos s i bl e  on the methods of Steel e and coworkers . 

7 . 2 Mater i a l s 

Sucro se (dens i ty-grad i ent grade , RNas e-free ) was obtai ned from 
Schwartz/Man n ,  Orangeburg , New York , and g l utath i one ( reduced ) from 
Si gma . 

7 . 3 Methods 

7 . 3 . 1  Preparati on  of  free and  bound po lysomes 

Mal e  rats , 1 50-200 g were starved overn i ght ( 1 6 hours ) , s tu nned and 

ki l l ed by cerv i cal d i sl o cation , Ice-co l d  250 mM sucro s e ,  1 mM MgC1 2 
was perfused v i a  the portal ve i n  unt i l  the l i ver bl eached . L i vers 
were exci sed and poo l ed i n  the same med i um .  Al l further o perat ions  

were performed at 4°C .  

L ivers were trimmed , bl o tted dry and mi nced i n  a chi l l ed sta i n l es s ­
s teel ti s sue press to remove fi brous ti s sue . The mi nced l i ver was 
homogen i zed w i th 3 vol umes (w/v ) of 250 mM sucro se , 3 mM g l u tath i o ne 
i n  5 0  mM Hepe s , 250 mM KCl , 5 mM MgC 1 2 , pH 7 . 2 ( HK(250 ) M ) , wi th 5 
s tro kes of a Po tter-El vehj em homogen i zer ( cl earance 0 . 23 mm ,  rotati ng 
at 2700 rpm) . 

Al iquots of the homogenate ( 13 cm3) were centri fuged at 740 � for 2 

m inu tes ( Beckman S . W .  4 1T i  ro to r ,  2000 rpm )  and then the centr i fugal  
force was i ncreased a nd ma i nta i ned at  135 000 � for 1 2  mi nutes 

( 28 000 rpm) . The supernatant was d ecanted and us ed for the 
pur i fi catio n  of  free pol ysomes . The  pel l et was suspended i n  cel l sap 

modi fi ed to contai n 250 mM KCl ( see bel ow ) to a total vol ume of  1 1  cm3 • 

A o ne-n i nth vol ume of  10% (w/w ) Tr i to n  X-100 was added , the  mi xture 

homogen i zed wi th 3 stro kes of a Potter-El vehj em homogeni zer ( cl earance 
0 . 36  mm , rotat i ng at 1000 rpm ) ,  and then centr i fuged at 1470 � for 

5 m i nutes ( Sorval l HL-8 rotor , 2500 rpm) to  sed iment nucl e i . Tr i to n  
X-100 parti a l l y  so l ub i l i zes rough membranes , but nucl e i  reta i n  the i r  

s tructural i ntegri ty and l oose  thei r outer membrane and attached 
r i bo somes ( Hymer and Kuff , 1964 ; Bl obel and Potter , 1966 ) . The 



supernatant was d ecanted a nd mi xed w i th a one-n i nth vol ume of  13% (w/w) 
sod i um deoxycho l ate to free bound pol ysomes from membraneous  materi a l . 

Al i quots of  the supernatants ( 7 . 0  cm3 ) conta i n i ng e i ther free or  bound 
polysomes were l ayered over d i sconti nuou s  grad i ents compr i sed of  3 . 0  
cm3 each o f  1 .38 M and 2 . 00 M sucro se  (modifi ed to conta i n  cel l sap ,  
see bel ow) a nd centri fuged a t  174 000 � for 20 hours ( Beckman 50Ti 
roto r ,  44 000 rpm )  to pel l et pol ysomes . After centr i fugatio n  the 
·supernatant l ayers were as p i rated , the tubes i nverted and drai ned for 
10 minutes . The tube wal l s  were washed wi th swabs mo i stened w i th 
HK(7 5 ) M . Two cm3 of HK( 75 ) M  were carefu l ly  run down the s i de of  the 

tube o ppo s i te the pel l et ,  the tube gentl y rotated a nd then i nverted 
to dra i n .  The po lysome pel l ets were suspended i n  HK ( 7 5 )M a nd 
homogeni zed by hand i n  an a l l g l ass  homo g en i zer . For sedimentat ion  
analys t s ,  the suspens i ons were cl ar i fi ed by centr ifugati on at 4000 � 
(Sorva l l HB-4 roto r ,  5000 rpm) for 5 mi nutes . 

Pol ysomes prepared i n  thi s  manner were found to have the same s i ze 
di stri buti on  when anal ysed e i ther immedi ately after i so l at i o n  o r  
after storage  ( 48 hours a t  4°C ,  8 weeks at  -20°C ,  or  6 months a t  

-196°C ) .  

Cel l sap preparat i on 

Cel l sap  was u sed as a natura l source of  RNase i nh i b i tor . A 50% 

homogenate was prepared i n  HK (75 )M  from fasted rats , centri fuged 
first at 35 000 � for 10 m i nutes ( Sorva l l SS-34 ro tor ,  17  000 r pm )  a nd 
the resul ti ng supernatant at 361 000 � for 100 mi nutes ( Beckman 60Ti 

rotor , 60 000 rpm ) . The supernatant ( u pper three-quarters , exc l ud i ng 
the l i p i d  l ayer ) was removed and stored at -20°C for no l o ng er than 

7 1  

two months . Before use , thawed cel l sap was cl ar i fi ed by centr i fugatio n  
at 3 5  000 � for  10 mi nutes . 

Di sconti nuous gradi ent preparatio n  

Di sco nti nuous  gradi ents were perpared by the addi t i on  o f  suffi c i ent 
50% cel l sap to 2 . 3M sucrose  sol uti ons i n  HK( 7 5 ) M  to g i ve the des i red 
sucrose concentrati on . KCl was added to  g ive  a fi nal concentrat ion  
of  250  mM .  



7 . 3 . 2  Preparati o n  of  total po lysomes 

L iv er ti s sue was prepared and homogen i z ed as descri bed . The  separat ion  
of  free po lysomes from rough mi crosomes by d i fferent i a l  centr i fugat i on  

was omi tted and the to tal homogenate processed by the detergent 
treatment outl i ned for bound polysomes . Further puri f i cat i o n  by 
sed imentation  through cel l sap-conta i n i ng d i scont inuou s  sucro s e  
gradients was as  descr i b ed ( secti o n  7 . 3 . 1 ) .  

7 .3 . 3 Po lysome sed imentatio n  analys i s 

Fi ve A260 nm un its of pol ysome su spens i on  i n  a vo l ume of not l es s  than 
50 mm3 were  l ayered over 1 5% i sok i net i c  sucro se grad i ents conta i n i ng 
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10 mM Hepes , 7 5  mM KCl , 5 mM MgC1 2 , 0 . 5  mM EDTA , pH 7 . 2 and centr i fuged 

at 286 000 � for  50 mi nut¥s ( Beckman S . W .  4 1T i  rotor ,  41 000 rpm ) 
(Ramsey and Steel e ,  197 6 ; McCarty et al . ,  1974) . After centr i fugat ion , 
grad ients were moni tored a t  254 nm o n  an automat ic  dens i ty gradi ent 
ana lyser ( I SCO Model 640 ) . 

7 .4 Resu l ts and D i scus s ion 

The method ado pted for the separati on  of  free and bound po l ysomes i s  
s ummari zed i n  F i gure 7 . 1 ,  and produced essenti a l ly  undegraded po lysomes 
in each cl a s s  ( F i gure 7 . 2 ) . A not i ceabl e feature of  po l ysomes pur i fi ed 

through 250 mM KCl was the presence o f  peaks wi th i ntermedi ate 
sedimentati on coeff i c i ents , wh i ch have been a scr i bed to i n i t i at i on  
compl exes ( Hoerz and McCarty ,  1969 ) .  The s i ze d i stri but ion  of  both 

cl asses of po l ysomes i s  g i ven i n  Tabl e 7 . 1 .  Compared to the  data 

presented by Ramsey and Steel e ( 1976 ) , i t  can be seen that the 

preparat ions  d escri bed h ere gave an  even greater  proport i on  of 
r i bosomes sedimenti ng i n  the pol ysome reg i o n  of  the gradi ent  ( >2-somes ) . 
For free po lysomes thi s represented 87% and bound 94% o f  the  total 

r i bosome popu l ation . 

The A260 nm/A2 80 nm ratios  of  both free and bound pol ysomes  were 1 . 78-
1 .82 . A val u e  of  1 . 7 i s  genera l l y  cons i dered to be i nd i ca t i ve of a 

h igh ly  pur i fi ed po lysome preparat ion  ( Nol l ,  1969 ) . The A2 6 0 nm/A320 nm 
ratios i nd i ca ted very l i ttl e ferr i ti n contam i nati on .  For bound 
polysomes the rat io  was always greater than 24 , and for free po l ysomes 



greater than 15 . Th i s i s  presumabl y due  to the use of  mal e  rats 
(Hel gel a nd ,  1968 ) . 

The recovery of  bound pol ysomes compared to free vari ed from 1 .85 to 
2 . 10 , compared to an average val ue of 2 . 10 reported by Ramsey a nd 
Steel e ( 1977 ) .  About  90 A260 nm un i ts  of total pol ysomes were 
routi nely obta i ned per gram wet wei gh t  of l i ver . 

An esti mate of  the contam i nat ion  of  bound po l ysomes by free was 
obta i ned by resuspend i ng the m i crosome-conta i n i ng pel l et i n  cel l sa p 
conta i n i ng 250 mM KCl to the or i g i na l  homogenate vol ume .  After 
resedimentation at 135 000 � for 12 m i nutes , the supernatant  was 

decanted and treated as  for free po l ysomes . From the pol ysomes 
pel l eted from t h i s i ntermed i a te supernatant , i t  was conc l uded that 

bound po lysomes were contam i nated by a t  mo st 1 2% free po l ysomes . 

The contam inati o n  o f  free pol ysomes by bound shoul d be  negl i g i bl e , 
s i nce a ny contam i na ti ng mi crosomes present i n  the free polysomal 
supernatant woul d not be sedimented through  the 2 .00 M sucro se  l ayer , 

but wou l d  band a t  the 1 . 38-2 . 00 M sucrose i nterface . Ramsey a nd 
Stee l e { 1976 ) o bta i ned a more accura te est imate of cro ss -contami nat ion  

by measur i ng the  d i s tr i bution of  puri f i ed ,  rad ioact ive  free pol ysomes 
and microsomes . They concl uded that there was about 3% contami na ti o n  

of  bound po l ysomes wi th free and l ess than 1 %  co ntami nati on  of  free 
polysomes wi th bound . 

/ 
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Figure 7 . 1  

I SOLATION SCHEME FOR FREE AND BOUND POLYSOMES FROM RAT L I VER 

LIVER HOMOGENATE 

135 000_&, 1 2  min 
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PELLET OF MICROSOMES , 
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FREE 
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resuspension in cell sap 
1% Triton X-100 
1470_&, 5 min 

SUPERNATANT 
(BOUND POLYSOMES) 

1% sodium deoxycholate 
27 000_&, 10 min 
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(BOUND POLYSOMES) 

PELLET OF DEOXYCHOLATE 
INSOLUBLE MATERIAL 

174 000� 20 hrs over 
dis continuous sucrose 

gradients 
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Figure 7 .2  

SEDIMENTATION PROFI LES OF FREE AND BOUND POLYSOMES ON ISOKI NETIC SUCROSE GRAD I ENTS 
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Tabl e 7 . 1  

SED IMENTATION D I STRI BUTION O F  POLYSOME S IZE  CLASSES 

Po l ysome cl ass  % of tota l  absorbance encompassed by 

Free po lysomes 

Bound po lysomes 

� to 2-somes 

13 
[ 20] 

6 
[ 12 ]  

[Data of  Ramsey and Steel e ( 1 976 ) ]  

3- to 8-somes 

35 
[30] 

37 

[38] 

>8-somes 

52  

[ 50] 

57 
[ 50]  
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CHAPTER E I GHT 

1251 -LABELLED ANTI BODY B I ND ING TO POLYSOME$ 

8 . 1  I ntroducti on 

The i denti f i cat i on , l ocal i zati o n  and quanti tation of  spec i fi c  mRNA 
templ ates can be ach i eved i n  part through the use  of immunochem i ca l  
techn i q ues wh i ch per�i t  i nd i rect recogn i t ion  o f  the nascent pro te i n  

cha i ns o f  po lysome-mRNA compl exes . 

I t  has  been shown that anti bod i es ra i sed a ga i nst  compl eted protei ns 

wi l l  b i nd to the nascent cha i ns of pol ysomes synthes i z i ng those  
prote i ns : rat a l bumi n ( Warren and Peters , 1965 ) ;  i mmunogl o bu l i n  
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l i ght and heavy cha i ns ( Ho l me et al . ,  197 1a , b ;  Al exander et a l . ,  1978 ) ; 

ch i c ken  ova l bumi n ,  muscl e myos i n ,  neura l reti nal  g l utami ne synthetase  
and reti cul ocyte h i s tone H5 ( Pa l aci os et a l . ,  1972 ;  A l l en a nd Terrence , 

1968 ; Sarkar and Moscona , 1973 ; Scott a nd Wel l s ,  197 5 ,  1976 ) ;  bov i ne 
thyrogl obul i n  (Vassart and Dumont ,  1973 ) ;  a nd sheep case i ns ( Ho udeb i ne 
and Gaye , 1976 ) . 

The b i nd i ng of rad i o l abel l ed a nti body mo l ecul es to pol ysomes has been 
used to study both the qual i ta tive  and quanti tat ive  a spects of the 
synthes i s  of spec i f i c  protei ns . In parti cul ar ,  b i nd i ng to po l ysomes 

from an imal s under var ious  hormona l and d i etary regi mes and the 
rel at i v e  bi nd i ng to free a nd bound pol ysomes have been stud i ed :  

chi c ken ov i duct [oval bumi n ,  conal bumi n ,  ovomuco i d  and lysozyme] 
( Pa l m i ter et a l . ,  1972 ; Pal m i ter a nd Ha i nes , 1973 ; Gonz�l ez et  a l . ,  

1974 ; Groner et a l . ,  1977 ; SchUtz et a l . ,  1977 ) ;  rat l i ver [a l bumi n ,  
ferr i ti n ,  seri ne dehydratase , fibr i nogen , fatty ac i d  syntheta s e , 

a-fetoprote i n ,  cata l ase  a nd acetyl CoA carboxyl aseJ ( Hi gash i  et a l . ,  

197 2 ;  Ikehara a nd Pi tot , 197 3 ;  Kon i j i n  et a l . ,  1973 ; Tayl or  and 

Schimke , 1974 ; Bouma et al . ,  197 5 ;  Al berts et al . ,  1975 ; Kel l er 
and Tayl or , 1976 ; Mclaughl i n  and P i tot , 1976a , b ;  Na ka n i s h i  e t  a l . ,  
197 6 ;  Tanabe et a l . ,  1976 ; I nni s and M i l l er ,  1977 ) ; mous e  myel oma 

[ immunog lobu l i n  l i ght chai n J ( Schecter , 1 974 ) ; and ch i cken l i ve r  
[vi tel l ogeni n J ( Jos t and Pehl i ng ,  1976 ) . 
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The extent of anti body b i nd i ng to i so l ated po lysomes has been found 
to correl ate wel l w i th fl ucuations i n  the l evel of synthes i s  of 
parti cul ar prote i ns . Anti bod i es to exported prote i ns bound predomi nantl y 

� bound po lysomes , whereas i ntracel l u l ar protei ns bound to both cl asses 

of po lysome . 

A s tudy of the b i nd i ng of 125 r -l a bel l ed anti -FBPase to free and bound 
polysomes was undertaken i n  order to es t imate the ir  rel ati v e  syntheti c 

capac i ty for FBPase .  Label l ed anti -al b umi n b i ndi ng to free and bound 
polysomes was s tudi ed i n  conjunction , s i nce the bi ndi ng  chara cteri s ti cs 

for th i s  prote i n have al ready been extens i vely stud ied and have 
confi rmed tha t bound polysomes are the s ol e s i te of al bumi n synthes i s  

(Warren and Peters , 1965 ; I ke hara and P i tot , 1973 ; Tayl or and Sch imke , 
1974 ; Kel l er and Tayl o r ,  1976 ; Mclaug l i n  and Pi to t ,  1976a , b ) . 

' 

Label l ed anti -oval bumi n was us ed to assess  non- speci fi c i nteractions , 
s i nce i t  does not cross -react w i th mammal i an prote ins  ( Pa lm i ter et a l . ,  

197 1 ) .  In  general the reactio n  condi ti o ns of Taylor  a nd Sch imke ( 1974 )  
were fol l owed . Non-spec i fi c  i nteracti o ns reported by Holme et a l . ,  

( 197 1 a , b )  and I kehara and P i tot  ( 1973 ) were mi n im i sed by the u s e  of 
anti body preparat ions that had been pur i fi ed by affi n i ty chromography . 

The bas i c  pri nci pl e i nvol ved i n  the quanti tation  of the spec i fi c 
pol ys omes synthes i z i ng a parti cul ar protei n i s  that the pol ysomes are  

added at  l evel s such that they are the  l imi ti ng reactant . Es t imates 
of the rel ative amount of acti vel y trans l at i ng polysomal un i ts 
synthes i z i ng a s i ng l e protei n can be made wi th the prov i so tha t changes 

in a nt i body b i nd i ng do not necessar i ly  refl ect changes i n  the quant i ty 

of trans l atabl e RNA for the prote i n  be i ng stud i ed .  However , the 
bi nd i ng woul d  not be  affected by var i at ions i n  the rate of trans l ati on , 
prov i ded that such a var i ati o n  d id  not resul t i n  changes i n  the number 

of r i bosomes per u n i t  l ength of pol ysome . 

8 . 2  Materi a l s 

1 25Iod i ne ( 100 mCi per cm3 , carri er free i n  NaOH sol ut ion , pH 8- 1 1 )  
was o btai ned from the Rad iochemi cal Centre . Lactoperoxidase  ( E . C .  

1 . 1 1 . 1 . 7 ,  bov i ne m i l k ) was from S i gma a nd was d i al ysed aga i ns t  PB 
before  use .  Sucro se  ( dens i ty grad i ent grade , RNase-free ) was from 
Schwartz/Mann and B iogel P150 ( 100-200 mes h )  was from B iorad Laborator i es .  
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Ri bonucl ease I ( E . C .  3 . 1 . 4 . 22 ,  bov i ne pancrea s )  was from BDH . DEAE-
and CM-cel l u l ose  ( DE-23 and CM-23) were obtai ned from Whatman , precycl ed 

acco rd i n� to the manufacturer ' s  i nstructions and equ i l i brated i n  PB . 
Cel l u l o se s l urr i es were treated wi th 0 . 1% d i ethyl pyrocarbonate 24 hours 

before use to i nacti vate any RNase . 

8 . 3  Methods 

8 . 3 . 1  Po lyso�e preparation  

Free and bound po lysomes were prepared as  descri bed ( sect ion  7 . 3 . 1 )  

w ith  one mod i fi cati on : cel l sap was omi tted from the 1 . 38 M and 2 . 00 M 
sucrose so l ut ions . Th i s was necess ary to ensure that cytopl a sm i c  
FBPa se  and serum al bumi n d i d  not contam i nate the po l ysome pel l et and 
i nterfere wi th subsequent ant i body-po l ysome bi nding . Such contami nat i on  

was ev i denced by  a pel l et of  anti gen- 125 1 -anti body sed imenti ng to the 
bottom of sucro se grad i ents i n  anti body-po l ysome bi ndi ng experiments . 

8 . 3 . 2  Anti body iod i nati on 

Ant ibod ies  were i odi nated by the l actoperoxi dase method of Tayl or and 
Schimke ( 1973 ) . To 10 mg of affi n i ty -puri fi ed anti body i n  3 cm3 of PB 
were added 100 mm3 of l actoperox idase ( 2 . 5 mg per cm3 ) ,  90 mm3 of 0 . 1  M 
NaOH , 300 mm3 o f  fresh l y-prepared 100 �M H2o2 , and 1 mCi o f  125i od i ne .  
The mi xture was a l l owed to stand at room temperature for 30 m i nutes , 

fol l owed by the addi ti on  of an equa l  vol ume o f  saturated ammo n i um 
su l phate ( pH 7 . 0 ) . After an addi ti o na l  30 mi nutes a t  4°C ,  the 
prec i pi tate ( contai n i ng the 125 1 -anti body ) was col l ected by centr i fugati on  
and  d i s sol ved i n  the m i n imum vo l ume o f  PB . Th i s  mater ia l  was appl i ed 
to a 1 . 6 x 40 cm col umn o f  B i ogel P 1 50 equ i l i brated i n  PB , and el uted 
at 10 cm3 per hou r .  Fractio ns of 1 cm3 were col l ected and mo n i tored 
for prote i n  and rad ioacti v i ty .  The four fracti o ns centered a round the 
anti body prote i n  peak were comb i ned and made RNa se-free by a pp l i cat i on 
to a col umn of  1 cm3 of both DEAE- and CM-cel l u l o se and e l uted wi th PB . 

8 .3 . 3  Polysome b i ndi ng experiments 

Anti uody was m i xed wi th pol ysomes and the reaction mi xture brought to 
150 mm3 wi th HK ( 7 5 ) M .  After standi ng o n  i ce for 30 mi nutes , the 
mi xtures were l ayered over 1 5% i so k i net i c  sucro se  gradi ents ( s ecti on  

7 . 3 . 3 ) and centr i fuged at  286 000 � for  50 mi nutes (Beckman S .W .  41T i  



rotor , 41  000 rpm} . I n  experiments i nvol vi ng  RNase treatment o f  
po lysome-anti body compl exes , reacti on mi xtures were i ncubated w i th 10 
llg of  RNase for 30 mi nutes  at 0°C a fter the i n i t i a l  30 mi nute b i ndi n g  
s tep . Reacti on mi xtures were then  centri fuged a t  286 000 � for 65 
mi nutes . After centri fugati on , tubes were pi erced and gradi ents 

pumped out a t  0 . 6 cm3 per mi nute on a modi fi ed dens i ty gradi ent 
fracti onator ( I SCO Mode l 640 ) . Fracti ons of 0 . 4  cm3 were mon i tored 

for radi oacti v i ty and RNA at 254 nm . 

8 .4 Resul ts  and Di scus s ion  
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F i gures 8 . 1  and 8 . 2  s how the bi ndi ng  o f  10 llg each of ant i -al bumi n ,  

a nti -FBPase a nd anti -oval bumi n to 1 0  A260 nm uni ts of  free and bound 
po lysomes . The speci fi c i ty of b i nd i ng was demonstrated by the l a ck of 
b i nd i ng to l i ver po l ysomes of  anti -oval bumi n ,  a non-mammal i an prote i n .  
An important character i s t i c  of the b i nd i ng curves was tha t rad i oact i v i ty 
was not un i fo rml y d i stri buted a long the absorbance profi l e  but was 
a ssociated wi th  the l arge polysome fracti o n .  The rad ioacti v i ty i n  the 
supernatant at the top of the gradi ent represented unreacted gamma 
g l obul i n  mo l ecul e s .  That the bi ndi ng s i tes were spec i f i c  was further 
i nd i cated by the fact that the extent of bi ndi ng of both anti -al bumi n 
a nd anti -FBPas e  was unaffected by the i ncl us i o n  of 250 llg of  u nl abe l l ed 
oval bumi n i nto the reacti on mixture .  B i nd i ng s i tes were apparently  
l imi ted under the  experi mental cond i ti o ns ,  s i nce when pol ysomes were 
i ncubated for 30 mi nutes wi th 500 llg  of  spec i f i c  unl abel l ed anti body 

prior  to add i ti o n  of 125 r -anti body , no bi nd i ng to pol ysomes was found .  

The  sucrose dens i ty grad i ent d i s tri buti on of  anti body i nd i cated tha t 

both anti bod i es are bound to polysomes of l arge s i ze ,  a l though  the 

p ea k  of ant i - a l bumi n radi oacti vi ty d i d not correspond to the expected 
19 to 20-some s i ze cl ass that woul d have been postul ated o n  the bas i s  
of anti body b i nd i ng to other nascent protei n .  A genera l rel a t i o ns h i p 
rel ati ng polysome s i ze c l ass and the s i ze of  the p rote i n  be i ng 

synthes i zed ha s been establ i s hed for oval bumi n ( Pa lmi ter et  a l . ,  197 2 ;  
Gonzal ez e t  a l . ,  1974 ; Schiltz et a l . ,  1977 ; Groner et a l . ,  1977 ) , 
o vomuco i d  and l ysozyme ( Groner et a l . ,  1977 ) ,  g l ob i n ( Warner et a l . ,  

1962 ) ,  case i n  ( Ho udebi ne and Gaye , 1976 ) a nd pro i nsul i n  ( Tj i o e  and 
Kroon ,  1973 } .  The s i ze c l a ss i s  rough l y the prote i n  mol ecu l ar  we i gh t  

d i v i ded by 3300 ( i . e .  a spa c i ng of about 9 0  bases between r i bo somes ) .  



Electron mi cro s copi c analys i s  of ch i ck ovi duct confi rmed the 
i n  v i vo po lysome s i ze c l ass synthes i z i ng oval bumi n to be 12- 13 

ri bosomes ( Pal mi ter et a l . ,  1970 ) . The b i ndi ng of  anti -al bumi n 
( l kehara and P i tot , 1973 ; Tay lor and Schi mke , 1974 ; Kel l er and 
Tayl or , 1976 ) , anti -fi bri nogen (Bo uma et al . ,  197 5 )  and anti - fatty aci d 
syn th etase  ( Al b erts et a l . ,  1975 ) to rat l i ver po lysomes gave a 
heterodi sperse  di s tri buti on of  l abel , w i th a peak as soci ated wi th a 
sma l l er polysome s i ze cl as s than woul d have been pos tul ated by the 

rel ati onsh i p  above . Thyrogl obul i n  synthes i s  on thyroi d  po lysomes has 
al s o  b een shown to be predomi nantly associ ated  wi th a much smal l er 
s i ze c l as s  than expected (Vassart and Dumon t ,  1973 ) . I n  contras t ,  
ferr i t in  i soenzyme synthes i s  on rat l i ver free and bound po lysomes 
correl ated wel l wi th the mo l ecul ar we i ght  of the syntheti zed prote i n  

( Ko n i j n  e t  al . ,  1973 ) . Th i s  may i nd i cate a breakdown of the rel ati on­
s h i p  between mRNA s i ze anti the number of  ri bosomes associ ated wi th i t  

as the s i ze of  the messenger i ncreases . Thi s cou l d  be attri buted to 
a h i gher rati o of el ongati on to i n i ti at i on for such messengers . The 
bi ndi ng of anti -FBPase to bo th free and bound po lysomes di d not show 
any pronounced peak but was r ather broad  and heterodi spers e .  However 
the posi ti on o f  maxi mum b i nd i ng for anti -FBPase al so corres ponded to 
a sma l l er polysome s i ze c l as s  than woul d have been expected from the 

mol ecu l ar wei ght  of the enzyme subun i ts .  The bi ndi n g  of anti body 
throughout the po lysome profi l e  may a l s o  i ndi cate extens i ve immuno­
l og i cal  cros s- l i nki ng between nascent protei n chai ns on adjacent  

po lysomes . The b i ndi ng of  anti body to  i nd i v i dual ri bosomes shou ld  not 
al ter the sedi mentation characteri s ti cs of the po lysome , s i n ce the 

change in mo l ecul ar wei gh t  u pon b i ndi ng  i s  l es s  than 1 % .  

To demonstrate that anti body was bound to nascent prote i n  cha i ns  o n  
polysomes , ant i body-po l ysome compl exes were treated wi th RNa se . Bou nd 

pol y somes were i ncubated wi t h  125 r -anti body fol l owed by 10 �g  of  RNase 
before sucro se grad i ent centri fugat i o n  ( Fi gure 8 . 3 ) . The a bsorbance 
profi l e  i nd i ca ted extens i ve enzymati c breakdown to r i bosome mo nomers 

a nd smal l po l ysome s i ze c l asses . The pea k of radi o acti v i ty for anti ­
al bum i n  was pr imari ly  i n  the 2-some reg i on ,  wi th a consi derabl e amount 
of  rad ioact i v i ty bound to l arger aggregates , as was  the cas e  for ant i ­
FBPa s e .  Th i s  was probab ly  i ndi cati ve  o f  irrmuno log i cal cro ss-l i nki ng  
between nascent prote i n  cha i ns .  Treatment of pol ysomes wi th  RNase 

caused an  enha ncement of  anti body b i nd i ng .  I t  i s  conce i vab l e that 
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formati on of monomeri c ri bosomal uni ts reduced s teri c h i ndrance wh i ch 

mi ght affect the i n teracti on of  the anti body wi th nas cent pro te i n  
chai ns attached to l arge po lymeri c ri bosomal compl exes (Mclaugh l i n  and 
Pi tot , 1976a , b ) . I t  wou l d  al s o  appear that the potenti al l y  RNa se  
sens i ti ve phos phodi es ter bond i n  the tRNA porti on  of  the pepti dyl - tRNA 

mol ecul e i s  protected from attack , pres umably by ster i c h i ndrance 
res u l ti ng from anti body b i nd i ng . 

The spec i fi c i ty of  anti body bi ndi ng to nascent prote i n  cha i ns shoul d 
al l ow a quanti tati ve estimate of the synthes i s  of  bot h  al bumi n and 
FBPase on both free and bound polysomes (Tayl or  and Sch imke , 1974 ; 
Kel l er and Tayl or , 1976 ) . Constant amounts of polysome were i ncubated 

with  varyi ng amounts of anti body and the mi xtures exami ned by sucro se 
den s i ty gradi ent centri fugati o n .  The rad i oact i v i ty bound to pol ysomes 
l arger than 2-somes was summed , and the resu l t s  are s ummari zed i n  
Fi gure 8 . 4 .  I ncreas i ng amounts of anti body added resul ted i n  an 
i ncrease in the amount of  anti body bound . The b ind i ng of anti -al bumi n 
predom i nantly to bound po lysomes was preserved over the range of  
anti body added ( bound to  free ra ti o of  19 . 2-25 . 3 ) as was the  b i nd i ng 
of  anti -FBPase to bo th c l asses  of po lysome ( bound to free rat io  of 
0 .85-1 . 32 ) . When the amount of bi nd i ng was expressed as  a percentage 

·of the quanti ty of ant i body added ( Fi gures 8 . 5  and 8 . 6 ) , rel at i vel y 
l es s  anti body was bound at  h i gher concentrati ons , sug gesti ng that 

bi nd i ng to pol ysomes was approachi ng sa turati on . Tayl or and Sch i mke 

( 1974 ) reported that for anti -al bumi n ,  satura tion  was not read i l y 
achi eved i n  such s hort term i ncubati ons , a nd l onger i ncubat i ons 
resul ted i n  polysome degradat i on .  Th i s non-achi evement of  s aturat ion  

cou l d  be  a functi on of  the heterogenei ty of  b i nd i ng s i tes on  both 
pol ysomes and ant ibody . 

The a l ternative  approach to q uanti tati ng b i nd i ng , namely  exam i n i ng 
the bi ndi ng to varyi ng amounts of po lysomes at a f i xed anti body 
concentration was a l so i nvest i gated . Aga i n  a much greater degree of 

b i nd i ng of ant i -al bumi n to bound po lysomes and an a l most  equa l degree 
of bi nd i ng of  ant i -FBPa se  to both c l a s ses of polysome was demons trated 

( F i gure 8 . 7 ) . A greater var i ati on i n  the bound to free b i nd i ng 
rat io  for anti -al bumi n ( 5 . 1 - 18 .8 ) was a refl ection o f  the i ncreased 
b i nd i ng of anti body to free , al bumi n-synthes i z i ng po l ysomes a t  h i gh 

anti body to po l ysome rat ios . 
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Figure 8 . 1  

BINDING OF  1 251- LABELLED ANT I BODI ES TO FREE POLYSOMES  

10  �g  of  affi n i ty-puri fi ed anti body were i ncubated w i th 

10 A260 nm uni ts of  po lysomes 
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· Figure 8 . 2  

B IND ING OF 125 I -LABELLED ANTIBODI ES TO BOUND POLYSOMES 

10 �9 of affi n i ty-puri fi ed anti body were i ncubated w i th 
10 A260 nm uni ts of po lysomes 
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Figure 8 . 3  

EFFECT OF RNase  ON THE B IND I NG OF  125I -LABELLED ANTI BODI ES TO BOUND POLYSOME$ 
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Figure 8 . 5  

RELATIVE  AMOUNT O F  125 I -LABELLED ANT I- FRUCTOSE- 1 , 6-BISPHOSPHATASE 
BINDING TO FREE AND BOUND POLYSOMES 
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RELATIVE  AMOUNT O F  125 1 - LABELLED ANTI -ALBUM I N  BI NDI NG 
TO FREE  AND BOUND POLYSOMES 
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B INDI NG OF 125I-LABELLED ANTI-ALBUMI N  AND ANTI-FRUCTOSE- 1 , 6-BISPHOSPHATASE TO DI FFERENT CONCENTRATIONS OF 
FREE AND BOUND POLYSOME$ 
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CHAPTER N I N E  

PROTE I N  SYNTHES I S  BY  ISOLATED POLYSOME$ I N  V ITRO 

9 . 1  I ntroducti o n  

The i so l at i on of free and bound pol ysomes , wi th i ntact  mRNA and nas cent 
pepti de  chai ns , s hou l d a l l ow such pepti de  cha i ns to be compl eted 
i n  v i tro  to g i ve ful ) -l ength prote i n  tra nscri pts . The  s ubsequent 
i mmuno chemi cal  i so l a tion of spec i fi c  pro tei ns from such transcri pts 
shoul d prov i de an  estimate of  the rel a ti ve syntheti c capaci ty of free 
and bound pol ysomes for a parti cul ar prote i n .  Th i s  s ho ul d refl ect the 
i n  v i vo s i tuat ion  at  the t ime o f  polysome i so l at ion . 
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The abi l i ty of  i so l a ted free and bound po l ysomes from rat l i ver to 

i ncorporate ami no ac i ds i nto pro te i n  has been found to d i ffer i n  ma ny 
studi es . Depend i ng o n  the po l ysome i sol at i o n  procedure and i ncubat i on  

condi t i o ns , bound po lysomes ha ve been reported to  be  more act i ve  
( Campbel l et  a l . ,  1964 ; Ha l l i na n  and Munro , 1964 ; Ta kagi  a nd Ogata , 
1968 ; Tana ka and  Ogata , 197 1 ) ,  equa l l y  acti ve (Mangan i el l o  and Ph i l l i ps ,  

196 5 ;  Kwan e t  a l . ,  1968 ) , a nd l ess acti've ( Ganoza a nd Wi l l i ams , 1969 ; 
Sabati ni  and Bl obel , 1970 ;  Uenoyama and Ono , 197 2 ;  Venkatesan and 
Steel e ,  1972 )  than free po lysomes . 

Of a l l the data d i st i ngu i sh i ng free and bo und po lysomes , the most  

compel l i ng i n  s i g n i fi cance has been t he  demonstrat ion  o f  speci a l  
templ ate acti v i t i es di spl ayed by these two c l asses . A number o f  
exported prote i ns i nc l udi ng  a l bumi n ( Redma n ,  1968 ; H i cks  et a l . ,  1969 ; 
Takag i  a nd Ogata , 1968 , 1969 ; Ganoza and Wi l l i ams , 1969 ; Ta ka g i  et  

al . ,  1969 , 197 0 ;  G l aumann , 1970 ; Tanaka and Ogata , 1 97 2 ;  Ueoyama and 
Ono , 1 97 2 ; Zahr i nger et a l . ,  1977 ) , a nd vari ous g lycoprote i ns 
( Ha l l i nan  et a l . ,  1968 )  have been reported to primar i l y  synthes i zed o n  

bound pol ysomes . The i ntra.cel l ul ar prote i ns ferri t i n  ( Redman , 1969 ; 
Zahri nger et a l . ,  1977 ) and arg i nase  ( Tana ka and Ogata , 197 1 )  have been 
reported to by synthesi zed predomi nantl y on free pol ysomes . However 

the i n tracel l ul ar protei ns seri ne dehydratase ( P i tot  a nd Jost , 1968) , 
cata l a s e  (Ono , 1970 ; Takag i  et a l . ,  1970 ; Kash iwag i  et a l . ,  197 1 ) , 
NADPH-cytochrome c reductase ( Ragnotti et al . ,  1969 ) a nd cytochrome c 

( Gonzal ez-Cadav i d a nd Saez de Cordova , 1974 ) were s hown to be synthes i zed 



on both free and bound po lysomes , but no t exported from the l i ver . 

In  addi t ion , the regul ati on o f  synthes i s  o f  h epati c acetyl CoA 
carboxyl ase  ( Hor i kawa et al . ,  1977 ) ,  phosphoenol pyruvate carboxyki nase 
( Iynedj i an and Hanson , 1977 ) and fatty ac i d  synthetase  ( Strauss et a l . ,  
1975 ) have been stud i ed i n  unfracti onated po l ysomal prepara tions . 
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Several reports dati ng back to 1954 ( Zamecni k and Kel l er )  have descri bed 
condi ti on s  for as say i ng ami no aci d i ncorporation by rat l i ver pol ysome 
preparat ions i n  v i tro , i n  the presence of cel l sap or  ' so l ub l e factors ' .  
Hus ton e t  a l . ( 1970 )  have extens i vely i nvesti gated the rat l i ver 
system and have  reported opti mal cond i t i ons for pro te i n  synthes i s .  

Cel l -free prote i n  synthes i s  was performed accordi ng to Husto n  e t  a l . 
( 1970 }  wi th mod i fi ca tions descr i bed by Ramsey and Steel e ( 1976 ) . To ta l  

' 
rel eased products , as  wel l as immunopreci p i tabl e al bumi n and FB Pase 

from free and bound po lysome-co nta i ni ng i ncubati on mi xtures were  

analysed by SOS gel el ctrophores i s .  

9 . 2  Mater i a l s 

Hepes , OTT , GTP ( d i Na sal t) , g l utath ione ( reduced ) , creati ne phosphate 
(d i Na sa l t }  and creati ne pho s phok i na se ( E . C .  2 . 7 . 3 . 2 ,  rabb i t mus cl e )  
were obta i ned from S i gma . ATP ( d i Na sa l t)  was from Fl u ka A . G . , Buchs , 
a nd unl abel l ed ami no acids  from Schwartz/Mann . Sephadex �G10  was from 
P harmaci a ,  Uppsal a ,  and L-c35s Jmeth ion i ne was from the Radi ochemi ca l  
Centre . 

9 . 3  M ethods 

9 . 3 . 1  Cel l sap preparation  

Cel l sap  was prepared just  before use a s  descri bed ( s ec tion  7 . 3 . 1 ) . 

Cel l sap ( 15 cm3 was l oaded o nto a 2 . 0  x 40 cm co l umn o f  Sephadex G10  

equ i l i brated i n  HK ( 75 )M , conta i ni ng 250 mM s ucrose and 3 mM g l u tath ione . 
The col umn of devel oped at 1 . 0 cm3 per mi nute wi th the same buffer . 
The f i r s t  10 cm3 o f  protei n-conta i n i ng el uate wa s col l e cted , whi ch was 
essentia l l y  free of ami no ac i d s  ( Huston  et a l . ,  1970 ) 



9 . 3 . 2  Trans l ation assays 

A reaction  mi xture o f  1 . 0 cm3 wi th a fi nal pH of 7 . 3  (30°C )  conta i ned : 
50 mM Hepe s , 250 mM sucrose , 80 mM KCl , 5 mM magnes i um acetate , 1 mM 
ATP ,  0 . 1  mM GTP , 20 mM creat ine  phosphate , 20 �g of creati ne phospho ­
ki nas e ,  20 �M  each o f  the 1 9  ami no aci ds  requi red for prote i n  synthes i s  
( no methion i ne ) , 1 0  m g  o f  Sephadex-treated cel l sap , and about 5 �Ci of 
L- [ 35s Jmeth i on i ne .  Pol ysomes ( 7 . 5  A260 nm un i ts )  were added as 
i nd i cated in  the tex t .  
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The reacti o n  mi xtures were i ncubated at 30°C for 40 mi nutes . Dup l i cate 
al i quots of  10 mm3 were spotted onto 2 x 2 cm squares of  Whatman 3MM 
paper at  the  times i nd i cated and processed a s  descri bed ( secti on 2 . 10 . 2 ) . 

· 9 . 3 . 3 Ana lys i s  o f  trans l ati on  products 

Ri bosomes were removed from the fi na l react ion  mixture by centr i fugat ion  
at  200 000  � for 1 hour  at  4°C ( Beckman S .W .  41  T i  roto r , 4 1  000 rpm ) . 
Centri fugation was performed i n  500 mm3 con i ca l  pl a sti c tubes , fl oati ng 

in  water-fi l l ed ul tracentrifuge tubes . 

The po stri bosomal s upernatant , contai n i ng the rel eased rad ioacti ve 
peptides  was carefu l l y removed . Dupl i cate al i quots were s potted o n  
3MM paper a s  above .  P rotein  was preci p i tated from dupl i cate a l i quots 

( 90 mm3 ) by the addi t ion  of a 20 vo l ume exce s s  of 10% TCA , 10  mM 
methion i ne , heat i ng to 90°C for 10 mi nutes to hydro lyse methioni ne­
tRNA, and stand i ng overn i ght at 4°C .  Preci p i tated prote i n  was 
co l l ected by centri fugation and the pel l et washed by suspens i on and 

recentrifugati on  twi ce i n  TeA-meth ion i ne a nd once i n  i ce-co l d  water .  
Pel l ets were d i s so l ved in  1 . 0  cm3 of  0 . 1  M NaOH i n  preparation  for 
l i qu id  sc i nti l l ati o n  counti ng ( section 2 . 10 ) , or anal ysed by SOS gel 

el ectrophores i s  ( section  2 . 7 . 2 ) and the rad i oactiv i ty i ncorporated  
i nto i nd i v i dua l ge l  s l ices was determi ned ( section 2 . 10 . 1 ) . 

9 . 3 . 4 Immunoprecipi tation  as say 

Tri ton X-100 and sodi um deoxycho l a te were added to the pos tri bosomal 

s upernatant  to g ive  a fina l  concentration of 1% i n  each .  Suffi c i ent 
a nti body was added to dupl i cate al i quots ( 0 . 2 5-1 . 0  cm3 ) of detergent­

treated supernatant to g ive an  i mmunopreci pi tate conta i n i ng about 
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70 ll9 of ant i gen . After i ncubati on  a t  37°C for 30 mi nutes and overn i ght  
at 4°C ,  i mmunopreci p i tates were col l ected by centri fugati on through  
di s conti nuous  sucrose gradi ents ( sect ion  6 . 2 . 4 ) . Immuno prec i p i tates 

were analysed by SDS gel el ectrop ho res i s  or the radi oact i v i ty determi ned 
by l i qu i d  sc i nti l l at i o n  counti ng after d i sso l ution i n  1 . 0  cm3 of  0 . 1  M 
NaOH . I mmu nopreci pi tated FBPase  and al bumi n from l abel l ed rat l i v er 
homogenate were used to i denti fy FBPase and al b umi n synthes i zed i n  v i tro . 

9 . 4  Resu l ts and Dtscuss ion 

Both  free a nd bo und po lysomes were acti ve  i n  prote in  synthes i s  ( Fi gure 
9 . 1 ) . I so tope was i ncorporated i nto protei n at a l i near rate for 20 

mi nutes , and i ncorpo rat ion  was compl ete at a bout  40 mi nute s . Free and 
bound pol ysome preparati ons showed s i mi l ar i ni t ia l rates of  i ncorporat i on , 

however the i ncorporati ng abi 1 i ty of bound polysomes decreased more 
rapid ly  than that of free po lysomes . These resu l ts are i n  l i ne wi th 
the observati ons of o ther workers ( MacDond and Korner , 197 1 ;  Sabati n i  
and  Bl obel , 1970 ; Chu  et al . ,  1978 ) . The  l ower i ncorporation  
exhib i ted by bound po lysomes was not due  to detergent treatment dur i ng 
i so l ation , s i nce i so l ated total pol ysomes i ncorporated i so to pe at l evel s 

i ntermed i a te between free and bound pol ysomes . The ma i ntenance of 
active prote i n  synthes i s  for as l ong as 20 mi nutes probabl y refl ects a 
rate of pept ide el ongation sl ower than i n  v i vo .  

Approximatel y 70% of rad i oact i vi ty i ncorporated i nto TCA-preci p i tabl e 
prote i n  wa s rel ea sed from free pol ysomes and 65% from bound po lysomes . 

Rel eased po lypepti des were ana lysed by SDS gel el ectro phores i s  ( Fi gure 

9 . 2 ) , and were shown to mi grate over a wide range of mo l ecul ar we i ghts . 
The profi l es for free and bound pol ysomes were cl earl y d i fferent . 

However , the mol ecul ar  wei ght d i s tr i buti on  of peptides  synthes i zed d i d  

not corres pond to the d i stri buti o n  o f  pul se  l abel l ed cytop l asmi c a nd 
mi cro somal prote i ns ( section 6 . 4 ) , parti cul ar ly  at h i gher mo l ecul ar  
wei ghts . Th i s phenomenon has been reported to be caus ed by a dec l i ne 

i n  the rate of el ongati on and rel ease of prote i ns wi th  i ncreas i ng 
po lysome s i ze ( Ramsey and Steel e ,  1976 ) . Another noti ceab l e  feature 
was  the l arge amount of radi oact i v i ty a ssoc i ated wi th very short 
peptides that mi grated near the bromopheno l bl ue dye front . Th i s  s eems 
to be a common feature of i n  v i tro polysomal protei n- synthes i z i ng 

systems ( Ramsey and S teel e ,  1976 ) ,  and probab ly  repre sents prematurely 



termi nated peptidyl tRNAs . The l ow mol ecu l ar wei ght a nd h i g h rad io­

activ i ty of  these pepti des may be  due to  rei n i ti ati on of  mRNA fol l owed 
by only l im i ted el ongat i on before rel ease .  

Addi tion of  anti -al bumi n or  anti - FBPa s e  to postr i bosoma l supernatants 

immunoprec i p i tated substanti a l  amounts of rad ioa cti vi ty wh i ch wa s not 
quant i tati vel y recovered on SOS gel s .  Add i t i on of carr i er oval bumi n 
to superna tants fo l l owed by anti -oval bumi n a l so gave r i se to 

substantia l  rad ioac�i v i ty in immunopreci p i tates , al though  s ubsequent 
gel  el ectrophoret i c  ana l ysi s revea l ed no rad i oacti vi ty .  Th i s  was most  
pro bably due  to a non-speci f i c  i n teracti on between meth i on i ne t RNA or  
free methi o n i ne and i mmunopreci pi tates . Becau se  of  th i s ,  q uanti tat i on 
of  i mmunoprec i p i tated peptides was performed after gel  e l ectrop hores i s .  
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SOS gel ana lys i s of immunoprec i p i tates from free and bound po lysome 

i ncubation s  are shown for FBPase ( F i gure 9 . 3 )  a nd al bumi n ( F i gure 9 . 4 ) . 
Rad i oacti v i ty was a s soc i ated wi th FBPas e  i n  immunoprec i p i tates from 
both free and bound po lysome i ncubati ons , whereas rad ioact i v i ty 

a s sociated wi th a l bumi n i n  immunoprec i p i tates was a lmost  tota l ly  
confi ned to bound po l ysome i ncubat ions . Al though a pea k o f  rad io­
acti v i ty m i grating wi th authentic  .prote i n  was seen,  a con s i derab l e 
amount of l ower mol ecul a r  we i ght meteria l  wa s s peci f i ca l l y  i mmune­
prec i p i ta ted . These  were probab ly  fragments of  authenti c prote i n  that 
were rel eased duri ng premature termi nati on , as  has been reported 

prev ious ly  ( Strauss et a l . ,  1975 ; Hori kawa et al . ,  1977 ) .  

Quanti tat i on of both total i mmuno prec i p i tates , and materi a l  mi grati ng 

wi th authent ic  protei n i s  summari zed i n  Tabl e 9 . 1 .  On  a rel at i ve 

synthet i c  ba s i s , FBPase synthesi s was a s soci ated 1 . 23 t ime s  more wi th 
free than wi th bound po l ysomes when total i mmunopreci p i tated ma ter i a l  
was taken i nto account . Al bumi n synthes i s  was associ a ted 20 . 9  times 
more wi th bound po lysomes when cal cul a ted on  a simi l a r  bas i s .  When 

only mater i a l  mi grati ng with authenti c protei n was used i n  the 
cal cu l ati o n ,  FBPase synthesi s was assoc i ated 1 . 5  times  more wi th  
free pol ysomes and a l bumi n synthes i s 18 . 0  ti mes more wi th bound 

po lysomes . The rel ati v e  synthes i s of FBPase and al bum i n  pepti des 
was l ower than the i n  v i vo va l ues obta i ned ( section 6 . 4 ) , espec i a l l y  

for the l atter . Th i s  may be the resul t o f  the decl i ne i n  e l o ngati o n  
a nd rel eas e  o f  pepti des from l arger po l ysomes , as noted earl i er .  



A further con s iderat ion  was the non- immunoprec i p i tab i l i ty of  some 
speci fi c  pepti de materi a l  whi ch may l ac k  a ny anti gen i c determi nants . 

An i n  vi tro syntheti c rate 5 to 10  t imes l ower than the correspondi ng 
i n  v i vo rate has been reported by other workers ( Iynedj i a n  a nd Hanson , 

1977 ; Zahri nger et a l . ,  1977 ) .  
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Figure 9 . 1  

TIME COURS E O F  PROTE IN  SYNTHES I S  ON I SOLATED FRE E  
AND BOUND POLYSOMES I NCUBATED I N  VITRO 
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Fi qure 9 . 2  

SOS GEL ( 1 0% )  ANALYS I S  OF  TCA-PREC I P ITABLE PROTE I N  

PRODUCED I N  FREE AND B OUND POLYSOME I NCUBATI O N$ 
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Figure 9 . 3 

SOS GEL ( 10% )  ANALYS I S  OF  FRUCTOSE - 1 ,6-B I SPHOSPHATASE  I MMUNOPREC I P I TATED  
FROM FREE AND BOUND POlYSOME I NCUBATION$ 
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Figure 9 . 4  

SOS GEL ( 10%)  ANALYS I S  O F  ALBUM I N  I tiMUNOPREC I P I TATED 

FROM FREE AND BOUND POLYSOME I NCUBATIONS 
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Tabl e 9 . 1  

DISTRIBUTION O F  IMMUNOPREC I P ITABLE ALBUM IN  AND FRUCTOSE- 1 ,6 - B I SPHOSPHATASE 
PEPTI DES SYNTHESI ZED  BY I SOLATED  FREE AND BOUND POLYSOME$ IN V I TRO 

Po 1 ysome type 

Free 
Bound 

Total protei n 

251 720 
201 080 

Rad ioacti v i ty i n  
Al bumi n 

(DPM/cm3 ) 

588 ( 0 . 22% ) 

9 240 ( 4  . 6% )  

FBPase  

1 7 7 2  ( 0 . 70% ) 
1 1 53 (0 . 57%)  

Di s tri but ion  of i mmunopreci p i tabl e a l bumi n a nd FBPase mi grati ng wi th 

authent i c  prote i n  on the above SOS gel s 

122 ( 0 . 05%)  
1 760 ( 0 . 88% )  

5 9 1  (0 . 23% ) 
306 (0 . 1 5% )  



CHAPTER TEN 

PROTE I N  SYNTHES IS  IN WHEAT GERM EXTRACTS IN V ITRO 

10 . 1  I ntroducti on 

101 

The trans l ation  of  eukaryoti c mRNAs i n  cel l -free mRNA-dependent 

pro te i n-synthes i zi ng systems has been an i mportant techni que for 
exam i ni ng certa i n regul atory events i n  prote i n synthes i s .  I n  such 

systems the mechani sms of  transl ati onal  control of s peci fi c mRNAs and 
post-trans l ati onal  proces s i ng can be studi ed i n  detai l .  I n  parti cul ar , 

any functiona l  d i fferences between free and bound po lysomes wh i ch 
coul d affect anti body b i ndi ng to nascent prote i n  cha i ns , or prote i n 
synthes i s  i n  v i tro , s hou l d be el imi nated by mRNA i so l ati o n  a nd 
trans l a tion  i n  a n  exogenous cel l -free sys tem . 

Cel l -free protei n-synthe s i zi ng extracts prepared from untoas ted  
commerci al wheat germ have been devel o ped i n  s everal l aboratori es 

( Efron and Marcus , 1973 ; Roberts and Paterson ,  1973 ; Marcu a nd 
Duco c k ,  1974 ) .  These extracts have been found to dependent upon the 
add i ti o n  of exogenous  mRNA for pro te i n syntheti c acti v i ty ,  and have 
been appl i ed to a w i de vari ety of trans l ati ona l  probl ems . Such 
extracts fai thfu l ly  trans l ate crude and puri fi ed mRNA preparati o ns 

from an imal , pl ant and v i ra l  sources i nto i ntact functi onal prote i ns .  

Wheat germ sys tems typi cal l y  l ack some post- syntheti c processes 
(Campbel l  and Bl obel , 1976 ) , a nd thi s  l ack has been a n  important 

factor in the i so l ati on of  pri mary transcri pts of secreted pro te i ns 
conta i n i ng • s i gnal  pepti des • .  However cl eavage  of N-term i na l  i n i ti ator 

meth ion i ne and N-termi nal acetyl ati o n  have been observed i n  s uch 
extracts ( B l oemendal , 1977 ) .  

Wheat germ extracts have been used to tra ns l ate several mRNAs cod i ng 
for speci fi c protei ns from rat l i ver a nd hepatoma . Al bumi n has been 

· spec i f i cal l y  immunopreci pi tated from extracts programmed wi th po ly ( A) + 

RNA (As tel and Ganoza , 1974 ; Peterson ,  19 76 ; Sonnenshei n and Brawerman , 
197 7 ; Stri ar et al . ,  1977 ; Kiouss i s  et a l . ,  1978 ) ,  and programmed 
wi th puri fi ed a l bumi n mRNA ( Tse and Tayl or , 1977 ) . Al bumi n synthes i s  
has been found to be associ ated only wi th RNA from bound po lysomes 

( Zahri nger et al . ,  1977 ) .  The • s i gnal pepti de • for a l bumi n ha s a l so 



been el uc i dated by sequence a na l ys i s of the pro tei n synthes i zed by 
wheat germ ( Strauss et a l . ,  1977a , b ) . 
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The i nduct ion  of phosphoenol pyruvate carboxyki nase has been correl a ted 
wi th an i ncrease i n  trans l atab l e mes senger ( Ki ou s s i s  et a l . ,  1978 ; 
Iynedj i an and Hanson , 197 7 )  a s  has the i nducti o n  of  tyro s i ne ami no ­

transfera se ( Rether et  a l . ,  1978 ) . Ferr i ti n subun i ts have been 
i mmunoprec i pi tated from extracts programmed wi th tota l po l y (A) + RNA 
(Aros i o  et a l . ,  1978 ) , and ferri t i n mRNA acti v i ty was found to be 
equa l l y  as soci ated wi th RNA from free and bound pol ysomes ( Zahr i nger 
et a l . ,  1977 ) .  The i nducti o n  o f  ferri ti n synthes i s  was as soci ated 
only wi th an i ncrease i n  mRNA acti v i ty from bound po lysoma l RNA . The 

i ntracel l ul ar s i te of  synthes i s  of two rat l i ver peroxi somal enzymes , 
cata l ase and uri case has been determi ned to be on free pol ysomes by 
transl at i o n  of  i so l a ted polysoma l RNA i n  a cel l -free prote i n-synthe s i z i ng 
system der i ved from rabb i t  reti cul o cytes ( Go l dman and Bl obel , 197 8 ) . 

Free and bound polysomal po l y ( A) + RNA from rat l i ver was i so l ated and 

transl ated i n  v i tro i n  wheat germ extracts to further i nvesti gate 
the i ntracel l u l a r  po l ysomal d i str i but i on  of FBPase mRNA . Al bum i n  

synthes i s  was used a s  a n  i nternal control t o  show tha t i ts mRNA 
act i v i ty was associ a ted wi th bound pol ysomes . The transl a ti o n  of 
i so l ated mRNA i n  wheat-germ extracts s houl d el imi nate any effect due 

to d i fferences in trans l ati onal eff i c i ency between free and bound 
polysomes .  

10 . 2  Mater i al s 

Tobacco l eaves ( N i co ti ana tabacum L . )  systemi cal ly i nfected wi th 
Tobacco Mo sa i c  V i rus  (TMV ) were k i ndly prov i ded by Mr H .  N i el so n  of  
the Pl ant  Heal th Department , Mas s ey Uni vers i ty .  Rol l ed wheat germ 

was o bta i ned from the Manawatu Mi l l s  Ltd . , Pal mers ton  North , a nd was 
stored des i ccated a t  4°C .  Hepes , OTT , GTP ( d i Na sal t ) , creati ne 
phosphate ( di Na sal t } ,  sperm i ne a nd creati ne phospho k i nase  ( E . C .  2 . 7 . 3 . 2 ,  
rabbi t muscl e were o bta i ned from S i gma . ATP ( d i Na sal t }  was from F l uka , 
unl abel l ed ami no aci ds  from Schwartz/Mann , and r i bo nuc l ease I ( E . C .  

3 . 1 . 4 . 2 2 , bov i ne pancreas ) from BDH . B iogel P6 wa s o btai ned from 

B iorad , a nd cel l ul o se-coated th i n  l ayer p l ates from Eas tman Koda k .  



L-[35s Jmethi o n i ne (775 C i  per mmol e) was from the Rad i ochemi ca l  Centre 
and was s tored at -196°C .  Pol y(U ) -Sepharo se 4B was from Pharmaci a .  
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EDTA-washed phenol was p repared as fol l ows : to 500 g o f  pheno l were 
added 300 cm3 of water , a nd the mi xture mel ted at 30°C .  Twel ve  cm3 

of  0 . 5  M EDTA , pH 7 . 4 and 8 cm3 o f  1 . 0 M KOH were added and the 
suspens i o n  st i rred for 10 mi nutes at room temperature . The emul s i on 

was a l l owed to separate and the top l ayer was removed and d i s carded . 
Four hundred cm3 o f  water were added to the bottom l ayer and the 
suspens i on  st i rred for 2 m i nutes . After stand i ng i n  the dark for 30 
mi nutes , the top l ayer was removed and d i s carded , and the bottom l ayer 

s tored i n  a brown bottl e at 4°C .  

10 .3  Methods  

10 . 3 . 1  Rad i ochemi cal pur i ty of  L-c35sJmeth i o n i ne 

The rad iochemi cal pur i ty o f  L-c35s Jmethi o n i ne was ver i fi ed accord i ng 
to the manufacturer's i nstructi ons . Ce l l u l o se thi n l ayer p l a tes 
( 20 x 5 cm ) were pre-run i n  �-butano l - pyri d i ne-water ( 1 : 1 : 1 ,  v/v/v ) ,  
spotted wi th 2 5  nmo l es each o f  L-meth ion i ne ,  L -meth ion i ne su l phone 

and L-meth i on i ne DL-sul phoxi de , and a bout 1 �C i of i so tope . Pl ates 
were devel o ped i n  the same sol vent , dr ied and s prayed wi th a sol uti o n  

o f  17 parts 1 %  ni nhydri n i n  acetone  - 3 parts 1 . 5% cadmi um acetate i n  
67% acet i c  ac i d .  After the spots had devel oped , the pl ates were 
scanned o n  a Packard Model 7200 Rad i o chromatogram scanner ( s l i t  w idth 

2 . 5  mm , scan  s peed 1 cm per m i nute , range 3 x 104-105 cpm , t i me con stant 
of 1 ) ( Fi gure 9 . 1 ) .  The areas under t he rad i oactive pea ks were 

determi ned by cutt i ng out  the appropr iate secti ons and wei gh i ng .  
I so tope was u sed i n  tran s l at i on experiments when the rad i o chemi cal 
pur i ty was greater than 90% , s i nce rad i oacti ve  decompo s i t i o n  products 
have  been s hown to i nh i b i t  transl ati on  i n  wheat germ sys tems ( Cashmere , 

1978 ) . 

10 . 3 . 2  Preparat i on o f  Tobacco Mosa i c  V i rus RNA 

TMV was prepared from systemi cal l y  i nfected tobacco l eaves accord i ng 
to Goadi ng and Herbert ( 1967 ) . RNA was extracted from puri fi ed TMV by 

the method o f  Marcus et  a l . ( 1974 ) . 
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The fol l owi ng procedure was carr i ed out at room temperature . Frozen 
tobacco l eaves  were homogeni zed in  1 vo l ume ( w/v ) of  0 . 5  M Na2HP04 -

KH2Po4 , 1% 2-mercaptoethano l , pH 7 . 2 i n  a War i ng bl endor for 5 m i nutes . 

The homogenate was stra i ned through mus l i n ,  a nd the f i l trate st i rred 
dur i ng the addi ti on of 8 cm3 o f  �-butano l per lOO cm3 • After the 
chl oropl a s ts had coagul ated , the extract wa s s ti rred for a n  add i t i o na l  
1 5  mi nutes and then centri fuged a t  1 0  000 � for 30 mi nutes ( Sorva l l 
SS-34 roto r ,  12  000 rpm) . The supernatant was d ecanted and 4 . 0  g o f  

f i nel y gro und po lyethyl ene gl yco l ( P EG )  MW 6000 per 100 cm3 added over 
15 mi nutes wh i l e  s t i rr i ng .  After centr i fugat i o n  at 10  000 � fo r  15 
mi nutes , the pel l et wa s resuspended by sti rri ng for 40  mi nutes i n  20 cm3 

o f  0 . 01 M pho spha te buffer , pH 7 . 2 per lOO cm3 o f  i n i t i a l  extract . The 
sol uti o n  wa s cl ar i fi ed by centr i fugat ion  at 10 000 � for 15 mi nutes . 
T he supernatant was decanted and 0 . 4 g each o f  NaCl a nd PEG per 10 cm3 

added over 1 5  mi nutes wh i l e  sti rr i ng .  After centri fugati o n  at  10 000 � 
for 15 m i nute s ,  the pel l et was resuspended i n  2 cm3 o f  0 . 0 1 M pho sphate 
buffer , pH 7 . 2 per lOO cm3 of i n i t i a l  extract . After s ta nd i ng overn i ght ,  
the sol ut ion  was cl ar i fi ed by centr i fugat ion  and  stored a t  -20°C .  
Approximately  1 mg o f  TMV , hav i ng a n  A260 nm/A2 80 nm rat i o  o f  1 . 16 - 1 . 24 
was obta i ned per gram of  ti ssue . 

A suspen s i o n  of TMV at  20 mg per cm3 was brought to 5 . 0  mM EDTA and 
0 . 5% SDS . An equa l vo l ume of  EDTA-washed phenol was added and the 
mi xture s t i rred for 10  mi nutes . The emul s i on was separated by 
c entr i fugati on  at 27 000 i for 10 mi nutes ( Sorval l HB-4 roto r ,  13 000 
rpm) , and the upper l ayer reextracted twi ce wi th  EDTA-wa s hed pheno l . 
The RNA was preci pi tated from the aqueous phase by the add i ti on o f  
2 . 5 vol ume s  o f  0 . 1  M potass i um acetate , pH 5 . 5  i n  ethano l , and stand i ng 
o verni ght at  -20°C .  The RNA was co l l ected by centri fugat i on and 

d i sso lved i n  0 . 5  vol umes of 0 . 1  M pota ss i um acetate , pH 5 . 5  and 
repreci p i tated overni ght at - 20°C ,  fol l owi ng the add i ti o n  of  2 . 5  
vol umes o f  ethano l . From 150 mg o f  TMV , 7 . 2 mg of RNA was obta i ned 
wi th an  �2 60 nm/A280 nm ratio  of 1 . 99 . 

1 0 . 3 . 3  Extra ct i on o f  po ly(A)+ RNA from polysomes 

Polysomes were deprotei n i zed by the pheno l -chl oroform method and 
pol y(A) + RNA i so l ated by chromatography o n  po ly ( U ) - Sepharose  ( Kel l er 

and Tayl or , 1976 ; Tayl or  and Tse ,  1976 ) .  
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Free , bound or  total po lysomes were di s sol ved i n  50 mM Hepes , 25 mM NaCl , 

5 mM MgC1 2 , pH 7 . 2  ( HNa ( 25 ) M ) , to gi ve a so l ution contai ni n g  not more 

than 25 A260 nm uni ts per cm3 • A one-n i nth vol ume of 10% (w/v ) SOS was 
added and the s o l uti on mi xed for 1 mi n ute at room temperature . A one­
hal f vol ume of fresh ly-di s ti l l ed ,  buffer s aturated pheno l  was added , and 

the mi xture s haken for 1 mi n ute , fo l l owed by the addi t ion  of a vol ume 
of  freshly-di s ti l l ed ch l orofrom equal to that  of the phenol . The pr ior  
add i t ion  of phenol was found to be neces sary to prevent pro te i n-RNA 

aggregati on and l oss  of the RNA i nto the pheno l phas e ( Brawerman et a l . ,  
1977 ) .  After v i gorous shak i ng for 10 mi nutes at room temperature , the 
emul s i on was centri fuged at 13 000 � fo r  10 mi nutes ( Sorva l l HB-4 rotor , 
9000 rpm) . The aqueous phase was careful ly removed , adjusted to 0 . 2  M 
NaCl , and the RNA preci p i tated overni ght  at - 20°C by the addi ti on o f  
2 . 5  vo l umes of  ethanol . The preci p i tated RNA was co l l ected by 
centri fugati on at 13 000 ·� for 10 mi nutes , washed twi ce wi th 0 . 2  M NaCl 
i n  70% ethanol ( at -20°C ) , red i s so l ved i n  0 . 2  M NaCl and preci p i tated 
aga i n wi th ethanol . 

Depro te i n i zed RNA was d i s so l ved i n  20  mM Hepes , 10  mM EDTA , 1% SOS pH 
7 . 2 to g i ve a sol ut ion  o f  not more than 50 A260 nm un i ts per cm3 • The 

sol ut i on wa s heated at 65°C for 10 mi nutes , then qui c kl y  cool ed to 
room temperature . The RNA s o l ution was then d i l uted wi th an  equal 
vol ume of water and adj us ted to 300 mM in NaC l . Samp l es conta i n i ng 
up to 3000 A260 nm un i ts of RNA were a ppl i ed to a 10 cm3 co l umn of  
pol y (U ) -Sepharo s e ,  equ i l i brated in  the  above fi nal buffer , a t  a fl ow 
rate o f  1 cm3 per mi nute . The co l umn was was hed w ith  10 cm3 o f  the 
above  fi nal buffer , fo l l owed by 15 cm3 pf the same buffer mi nus the 
NaC l . The po l y (A ) + RNA was e l uted wi t h  20 cm3 of  70% formami de  
( fresh ly de i o n i zed , sectio n  2 . 9 . 2 ) , co nta i n i ng 1 mM Hepes , 2 mM EDTA , 
pH 7 . 2 .  The el uate wa s adju sted to 0 . 2  M NaCl and the RNA preci pi tated 

overn i ght at -20°C after the addi t ion  o f  2 . 5  vol umes of ethano l . R NA 
was col l ected by centr i fugat i o n ,  d i sso l ved i n  0 . 2  M NaCl , and  

reprec i p i tated wi th ethano l . Prec i p i tates o f  pol y�A )+ RNA were 

d i s sol ved i n  water at about 2 0  A260 nm uni ts per cm , and s tored at  
-20°c .  RNA i so l ated i n  th i s  manner had a typ i ca l  A2 60 nm/A280 nm 
rat i o  of 2 . 0-2 . 1 .  



10 . 3 . 4  Prepara ti on of wheat  germ extracts 

lM . 

Cel l -free extracts from untoasted commerci a l  wheat germ were prepared 

accordi ng to Roberts and Paterson ( 1 973 ) . 

S i x g o f  wheat germ ( Tr i t i cum vulgar i s )  were ground i n  a chi l l ed mortar  

wi th an equa l  wei ght of aci d-was hed sand and  28 cm3 of  a so l ut ion  
contai n i ng 20  mM Hepes ( pH 7 . 6 ,  adju sted wi th KOH ) , 100  mM  potas s i um 
acetate , 1 mM magnesi um acetate , 2 mM CaC1 2 , and 6 mM 2-mercaptoethano l . 

The homogenate was centri fuged at 30 000 � for 10 mi nutes at 4°C 
( Sorval l SS-34 rotor ,  16  000 rpm ) , and  the s upernatant was removed , 
avo i di ng both the surface l i pi d  l ayer and the pel l et .  The superna tant 
was made up to 3 . 5  mM magnes i um acetate,  1 mM ATP , 25  �M GTP , 2 mM OTT , 

8 mM creati ne phosphate a nd 40 �g o f  creati ne phosphok i nas e  per cm3 , 

and i ncubated for 15 mi nutes at 30°C .  Fi nal l y ,  10 cm3 o f  the pre­
i ncubated extract was pas sed through a col umn ( 50 x 2 cm ) of Bi ogel P6 
equ i l i brated i n  20 mM Hepes , 120 mM potass i um acetate , 5 mM magnes i um 
acetate and 6 mM 2-mercaptoethanol , pH 7 . 6 ,  at  a fl ow rate o f  1 . 3- 1 . 4  
cm3 per mi nute .  The peak of  the turb i d  fracti on  el uti ng from the 
col umn was col l ected and s tored i n  0 . 5  cm3 a l i quots at  - 196°C .  No 
l os s  of  acti v i ty was ev i dent i n  thes e extracts after s evera l months 

storage .  The fi nal wheat germ extract had an  A260 nm/A2 80 nm rati o o f  

1 . 5  and a concentrat ion  o f  about 70 A260 nm un i ts per cm3 . 

10 . 3 . 5  Trans l ati on  assays 

Transl ati o n  as says were based on  thos e of Roberts a nd Paterson ( 1 973 ) 
wi th modi fi cati ons descr i bed by Tse  a nd Tayl or  ( 1 977 ) . 

A reacti on mi xture of  1 00 mm3 wi th a f i nal pH of  7 . 5  conta i ned : 20 mm3 

of pre i ncubated wheat germ extract ,  28 mM Hepes , 2 mM OTT , 1 mM ATP , 

25 �M GTP ,  8 mM creati ne phosphate , 25 �M of each o f  the 1 9  ami no aci ds 
requi red for protei n synthes i s  ( no meth i oni ne ) , 0 . 5-5 .0  uCi of  

L-[35sJmeth i oni ne ,  magnesi um acetate , potas s i um acetate,  s permi ne and  
RNA as i nd i cated in  the  text. Potas s i um acetate was used to  repl ace 
the u sual potass i um chl or ide  as i t  has been s hown to enhance ami no 

aci d  i ncorporati on ( Gazes et a l . ,  197 5 ) . 

Reacti on  m i xtures were i ncubated at  25°C for 120 mi nutes . Al i quots o f  

1 0  mm3 were s potted onto 2 x 2 cm squares of  Whatman 3MM paper a t  the 



times i nd i cated , a nd processed as  descri bed ( s ecti on 2 . 10 . 2 ) . The 
rema i n i ng react i o n  materi al was used i mmedi ately or s to red at  -20°C .  

10 .3 . 6  Analys i s  of  trans l ati o n  products 
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Ri bosomes were removed from the fi nal react ion  mi xture by centri fugat ion  
at 200 000  � for  1 hour at  4°C ( Beckman S . W .  41Ti rotor , 41  000 rpm ) . 
Centr i fugat ion  was performed i n  500 mm3 coni cal centr i fuge tubes 
.f loati ng i n  wa ter-fi l l ed ul tracentr i fuge tubes . 

The pos tr i bosomal supernatant , conta i n i ng the rel eas ed rad i oact i ve 
pepti de s  was careful l y  removed . Dupl i cate al i quots o f  10  mm3 were 
spotted onto 3MM paper squares as above and the rema i nder adj usted to 
25 mM EDTA , 25 mM meth ion i ne ,  pH 7 . 4 and i ncubated w i th 1 �g of RNa s e  
for 1 5  m i nutes at  37°C .  Protei n  was preci p i tated from dupl i cate 
a l i quots ( 1 00 mm3 ) by the add i ti on of a 20 vol ume excess of  10% TCA , 
10 mM meth ion i ne ,  and standi ng overn i g h t  at 4°C .  Prec i pi tated protei n 
was col l ected by centri fugat i o n  an� the pel l et was hed by sus pens i on  
and recentr i fugat i on  tw ice  i n  TCA-meth i o n i ne and once i n  i ce-co l d 
water . Pel l ets were d i s sol ved i n  1 . 0 cm3 o f  0 . 1  M NaOH i n  preparat ion  
for l i qu i d  sc i nti l l a tion  cout i ng ( sect ion  2 . 10 ) , or ana lysed by SOS 

gel el ectrophores i s  ( sect ion  2 . 7 . 2 )  and the rad ioacti v i ty i ncorpora ted 
i nto i nd i v i dual gel  s l i ces determi ned ( sect ion  2 . 1 0 . 1 ) . 

10 . 3 . 7  Immunoprecipi tati on  a s say 

Postr i bosomal s upernatants ( 50- 100 mm3 ) were treated w i th EDTA , meth i on i ne 
and RNas e as descr i bed above . Ten �g o f  the appropr i a te carr i er ant i gen 
were added fol l owed by Tri to n  X- 100 and sodi um deoxychol ate to g i ve 

a concentrat ion  o f  1% i n  each .  Su ffi c i ent anti body to assure 
quant i tat i ve prec i pi tati on of the trans l ated products a nd carr i er was 
added . After i ncubation at 37°C for 30 m i nutes and overn i ght  at 4°C ,  

immunoprec i p i tates were col l ected by centr i fugati o n  through  smal l 
d i scont i nuous  s ucro se  grad i ents ( sect i o n  5 . 3 . 6 ) . Preci pi tates were 

ana l ysed by S OS gel el ectrophores i s  or the rad i oacti v i ty determi ned 

by l i qu i d  s c i nti l l at ion  count i ng after d i ssol ut ion  i n  1 . 0 cm3 of 1 . 0 M 
NaOH . Immunoprec i pi tated FBPase and a l bum i n  from l abel l ed rat l i ver 
homogenate were used to i denti fy FBPase a nd al bum i n synthes i zed i n  

wheat germ extracts . 



10 .4  Resul ts and D i scuss ion  
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I n  devel o p i ng the wheat germ i n  v i tro .trans l ati o n  system ,  three major  
probl ems were encountered concern i ng the source of var i ous mater i al s .  
TMV RNA was us ed to ver i fy the f i del i ty of  trans l ati o n ,  as thi s 
messenger i s  easy to pur i fy and i s  trans l ated effi c i ently i nto pept i des 

i n  wheat germ extracts ( Roberts et al . ,  1973 ) . 

O ne parti cul ar batch o f  wheat germ whi ch  was obta i ned fres h and unro l l ed 
from the m i l l  and so·rted by hand , produced extracts hav i ng a very 
h igh  endogenous background . Add i ti on o f  e i t her TMV or pol y (A) + RNA gave 
only a 2-fo l d i ncrease  i n  i ncorpo ration  over background . The l evel o f  
i ncorporat ion  found on  addi t i on  of  RNA was found to be  comparabl e w i th  
l ater · resul ts u s i ng a d i fferent batch of  ro l l ed ,  unsorted wheat germ 
which  had been stored de�i ccated at  4°C for several yea�s . Th i s  batch 

of wheat germ wh i c h  had been used for the successfu l  trans l at ion  o f  

several pl ant mRNAs , had a l ow endogenous background , a nd was u sed i n  
a l l subsequent work . 

Di fferent batches o f  creati ne pho s pho k i nase from Si gma were found to 
cause major var i ati o ns i n  the stimu l atio n  of i ncorporat ion  by TMV RNA . 
A systemat i c  i nves t i gat ion  reveal ed that at  4 �g o f  enzyme per lOO mm3 

assay , the stimul ati o n  under optimal trans l ati on condi t i on s  vari ed 
between 1 . 4 and 53-fo l d  over background , dependi ng on  the batch u s ed . 
The l ow l evel of  i ncorporati o n  supported by some batches was correl ated 
with the t ime of  ces sat ion  o f  tran s lat ion  dur i ng the i ncubati on . Wi th 
a l l batches of  enzyme however , as the concentrati on of creati ne 
phos phok i nase  was i ncreased to 40 �g per 100 mm3 assay ,  the l evel o f  
i ncorporat i on dropped t o  about o ne -quarter that at 4 � g  per 1 00 mm3 

assay . Th i s  probl em i s  most probabl y caused by nucl eas es contam i nat i ng 

the commer i cal enzyme . Th i s  v i ew i s  s upported by the recent f i nd i ng s  
of H i ckey e t  a l . ( 1 978 ) , who found that the l evel o f  nucl ease i n  
commerci a l  creati ne pho spho k i nase  preparat i o n s  correl ated wi th  thei r 
abi l i ty to support pro tei n synthes i s  i n  cel l -free systems prepared 
from Hela cel l s , and  Gazes et  al . ( 1975 )  who reported that h i g h  l ev e l s 

of creat i ne  phospho k i nase to be i nhi b i tory i n  wheat germ systems . 

Simi l ar probl ems were encountered wi th batches of creati ne pho sphate 

from S i gma . W i th s ome sampl es , i ncrea s i ng the concentrat ion  o f  
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creat i ne phosphate from 0 to 8 mM was accompan i ed by a depres s i on i n  

i ncorporation . Gel el ectrophoreti c analys i s of  the trans l at ion  
products reveal ed that  more l ow mol ecul ar wei ght  products were produced 
by batches that poorly  supported transl a ti o n .  

Pos s i bl e  ri bonuc l ease contam i na tion of  reagents i n  a wheat germ system 

was reported to render i t  un su i tabl e for mRNA trans l at ion  (Hutc hi son 
and Hol ten , 1978 ) . 

Protei n  synthes i s  d i rected by TMV RNA 

TMV RNA was pur i f i ed to homogenei ty as s hown by the s i ngl e h i g h  
mol ecul ar  we i ght band on  el ectrophores i s  i n  the presence o f  formami de 
( F i gure 10 . 2 ) 

The i ncorporatio n  o f  i sotope by the pre i ncubated wheat germ extract 
was greatl y  enhanced by the add i tion  of TMV RNA . The time course of 
the reaction  s howed l i near i ncorporat ion  for 60 mi nutes and no further 

i ncrease i n  rad i oactive products after about 120 mi nutes ( F i gure 10 . 3 ) . 
The sys tem was satura ted by 5 �g of  TMV RNA ;  further addi t ion  l ed to 

a decrease i n  i ncorporation  ( F i gure 10 . 3 ) . U nder o pt imal cond i t ions , 

i ncorporation  o f  i sotope d i rected by TMV RNA was more tha n  40-times 
t hat  of  reacti on s  i ncubated i n  the absence of added RNA .  Stimu l ati on  
o f  i ncorporat ion  was o ptima l  at  a po ta s s i um concentrat ion  of  140  mM 

a nd a magnes i um concentrati on of 2 . 5  mM ( F i gure 10 . 4 ) . The pota s s i um 
opt imum i s  somewhat d i fferent from the o ptima g i ven i n  the l i terature 
for wheat germ systems programmed wi th the same messanger ( Sh i h a nd 

Kae sberg , 1973 ; Roberts and Paterso n ,  1973 ; Marcu a nd Dudock , 1974 ) . 
Th i s  may be a resul t of  the substi tut i on  of  potas s i um acetate for 
the chl or ide sa l t ,  wh i c h  has been s hown to g i ve a broader potas s i um 
optimum for some messengers (Gozes et a l . ,  1975 ) . Abo ut 40% of  the 
i so tope was i ncorporated i nto pro te i n ,  o f  whi ch  38% was rel eased from 
the r i bosomes . Thi s compares wi th a 5 6 . 6% rel ease wi th endogenous  

mes senger . Sal a -Trepat et a l . ( 1 978 ) reported a 36 . 5 %  rel ease  wi th 
TMV RNA i n  a rye embryo trans l ati on  system , and a much h i g her rel ease 
wi t h  endogenous messanger . The pol ypepti des  synthes i zed in  v i tro i n  

res ponse to TMV RNA are shown i n  F i gure 10 . 5 .  The presence o f  e i ght  

d i screte rad ioacti ve bands wa s confi rmed by rad i oautography of  dri ed 
' s l ab gel s .  A pea k o f  rad i oacti v i ty was a l so found m i grati ng  wi th the 

bromopheno l  b l ue  dye front .  The decrea s i ng i ncorporation  a t  h i g h  RNA 
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concentration  was refl ected i n  a un i fo rm  decrease i n  i ncorporati on i nto 

a l l the rad ioact ive pol ypept i de band s . The absence of  any rad i oact i ve 

materi al eo-mi grati ng wi th au thenti c TMV coat protei n was due to the 

absence of meth i on i ne i n  thi s prote i n  (W i ttman-L i ebo l d  and W i ttman , 
1975 ) . The s pectrum of  pol ypepti des produced co ntra sts s ha rply wi th 
that of Roberts et al . ( 1973 ) , who obtai ned a very l arge number of 

po l ypepti des rang i ng in mo l ecul ar wei g ht from 10 000 to 140 000 dal tons . 
Dav i e s  and Kae sberg ( 1974 ) a l so reported a di sperse , heterogeneous  

·m i xtu re o f  products of  mostly l ess  than  50  000 dal tons , wi th a 
cons i derabl e amount of mater i a l  mi grat i ng wi th the bromophenol b l ue 
dye f ront .  These di fferi ng resu l ts may be due i n  part to the  d i ffer i ng 
potas s i um concentrat i ons used ( see be16w ) . 

Prote i n  synthes i s  di rected by ra t l i ver po lysomal RNA 

Po l ysomal RNA from rat l i ver was fract i onated by chromatogra phy on 

po l y ( U ) -Sepharo se ( Fi gure 10 . 6 ) . Pol y (A ) + RNA e l uted wi th the 
formami de buffer front ,  a nd represented approximate ly  1 . 3% of total 

pol ysomal RNA for both free and bo und po lysomes . The percentage of 

pol y ( A) + RNA reported i so l atabl e from rat l i ver po l ysomal RNA var i es 
from about 0 . 7 to 2 . 0% ( Sonnenshe i n  and Brawerman ,  1977 ; Zahr i nger 
et a l . ,  1977 ) .  Exam i nat ion  of  both pol y (A) + and po ly (A ) - RNA from 

free and bound po l ysomes by nondenatur i ng gel e l ectrophore s i s i s  
s hown i n  F i gures 10 . 7  a nd 10 . 8 .  The major peaks  for po ly ( A ) - RNA were 

i denti fi ed as 28s , 18s and Ss ri bo soma l  RNAs , a nd a broader 4 s  pea k 
of ami noacyl tRNAs . The pol y(A ) + RNA was al so contam i nated wi th 
r i bosomal RNAs , wh i ch i s  typi cal for a s i ngl e pur i f i cati on  o f  pol y ( A ) + 

RNA by affi n i ty chromato graphy (Ts e  a nd Tayl or , 1977 ; Sa l a-Trepat et 
a l . ,  1978 ) . An al tered di str i buti on  between 28s and 18s RNA was a l so 
noted between poly (A )+ a nd po ly (A ) - RNAs , a nd probabl y represented 
the associ a t i o n  between 18s RNA and mRNA noted by other workers i n  

· parti al l y  pur i fi ed mRNA preparati ons  ( Hai nes et a l . ,  197 2 ; Palm i ter , 
1973 ; Rosen  et a l . ,  197 5 ;  Groner et al . ,  1977 ) .  The s i ze d i s tri buti o n  
of  the pol y ( A )+ RNA was heterodi sperse and s howed a broad d i str i but ion  

· rang i ng from about Ss  to  30s , s im i l ar to that observed by Sa l a-Trepat 

et a l . ( 1978 ) i n  denatur i ng sucro s e  g rad i ents . The i so l a t i o n  of h i g h 

mo l ecul ar we i ght poly ( A )+ RNA i nd i cated very l i ttl e degradat ion  had 

occured dur i ng po lysome i sol ati on , RNA extract ion , and aff i n i ty 
chromatography .  A s econd cycl e of  pol y ( U } -Sepharose  chromatography was 
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omi tted to avo i d  po s s i bl e  degradati on wh i c h  m i ght  be  caused by further 

man i pu l ati o n .  

. + I n  the pre i ncubated wheat germ extract , free polysomal pol y (A )  RNA 
enhanced the i ncorporation  of i sotope a bout 16 t imes over background , 
and bound po l ysomal po l y(A ) + RNA about 1 1 . 5  times ( F i gure 10 . 9 ) . Free 
pol ysomal RNA has been reported to be more acti ve in wheat germ extracts 

(Zahri nger et al . ,  1977 ) .  The time course  of the reacti on  was s im i l ar 

· to that exh i b i ted by TMV RNA , wi th a l i near i ncrease i n  i ncorporat i on  
for 40-60 mi nutes a�d termi nation at  about 1 20 mi nutes ( F i gure 10 . 9 ) . 
Sperm i ne was found to have a s timu l atory effect on the i ncor porati on 

of  i sotope when extracts were programmed with to tal pol ysomal pol y(A ) + 

RNA as ha s been reported ( Atki ns et al . ,  197 5 ;  Tse and Tayl o r , 1977 ; 
Hunter et al . ,  1977 ; Sal a -Trepat et a l . ,  1978 ;  Rether et  a l . ,  1978 ) . 
Spermi ne was optimal at  about  80 �M ( F i gure 10 . 9 ) . Sal a-Trepat et al . ,  
( 1978 )  reported a s imi l ar opt imum for s perm i ne i n  wheat germ extracts 
programmed wi th total po lysomal po ly (A )+ RNA , and s howed that po l y­
pepti des synthes i zed i n  the presence o f  s permi ne showed a s i ze 
d i s tr i buti on marked ly s h i fted towards h i gher mol ecu l ar wei ght . The 
optimum concentrati on for po tas s i um and magnes i um was shown to be 
110 mM and 2 . 5  mM respecti vel y ( F i gure 10 . 10 )  for to tal po l ysomal 

+ pol y ( A) RNA . The optimum potass i um i on concentrati on was h i g her 
than prev i ous ly reported for the trans l at ion  of  tota l rat l i ver  
po lysoma l RNA ( Astel l and  Ganoza , 1974 ; Roewekamp et  al . ,  197 6 ;  Sal a­

Trepat et al . ,  1978 ; Tse and Tayl or , 1977 ) ,  but may be the resul t 
o f  us i ng potas s i um acetate i nstead o f  the usual  chl ori de sa l t .  The 

dependence of protei n syntheti c  acti v i ty on di fferent po lysomal RNA 
fracti ons i s  shown i n  F i gure 10 . 1 1 . Both free and bound po lysomal 
po ly (A )+ RNA s aturated at 3 �g per lOO mm3 assay ,  and the rel a ti vely 
greater i ncorporati on s upported by the free fracti on was ma i ntai ned 
over the enti re RNA concentra tion range used .  Poly (A) - RNA exhi bi ted 
l i ttl e syntheti c acti v i ty ( about one-s i xth that of po ly (A ) + RNA a t  
optimal RNA concentrati ons ) ,  saturati ng at 1 0  � g  per 100 mm3 assay .  

RNA concentrati ons greater than optimum caused a decrease i n  
i ncorporati on as noted for TMV RNA. Th i s seems to be a genera l  

feature i n  the trans l at ion  o f  both crude and puri f i ed mRNAs i n  
wheat germ extracts , and has been ascr i bed to an  effect by RNA on  
pepti de i n i t iat ion  ( Rhoads et al . ,  1973 ) . A maximum of 33% o f  the 

i soto pe was i ncorporated i nto prote i n u s i ng free po l ysoma l po ly (A )+ 
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RNA , of  wh i ch 54% was rel eased from the ri bosomes . For bound po lysomal 

RNA 4 5% was rel eased ; for free po l ysoma l  pol y (Ar RNA 40% ; and for 
bound polysoma l po ly(A} - RNA 38% . The rel eased po lypepti des synthes i zed 

i n  v i tro i n  response to pol y ( A}+ RNA from free and bound po lysomes are 
s hown separated by SOS gel e l ectrophores i s  i n  F i gure 10 . 12 .  As 
expected from a heterogeneou s  RNA temp l ate , cons i derabl e heterogene i ty 

i n  the pept ide s  produced was observed . The d i fference i n  syntheti c 
capac i ty between free and bound po l ysomal po ly (A )+ RNA was no t 
ev i dent i n  the hi gh mol ecu l ar  wei ght reg ion , but was shown i n  the 

l ower l evel o f  smal l fragments rel eased i n  extract programmed w i th 
bound po lysoma l RNA . An exam i nation  o f  the peptide materi al s t i l l  

bound to r i bosomes after i ncorporati o n  o f  i sotope had ceas ed revea l ed 
a greater pro port ion o f  h i g her mo l ecu l ar wei ght peptides assoc i ated wi t h  

i ncubations us i ng free polysoma l RNA , a nd an  a lmost  equal amount  o f  
s horter fragments assoc i ated wi th both types of po l ysoma l RNA ( F i gure 
10 . 13 } . These  short pepti des , about 10 000 to 20 000 da l ton s , domi nate 
the profi l e  of synthes i zed p roducts a nd coul d resul t from e i ther 
endonucl eolyti cal l y  cl eaved mRNA or premature termi nati on and rel ease 
of  peptidyl tRNAs i nto the i ncubati on  med ium .  The l atter i s  probab ly  
the case , s i nce the gel el ectrophoret i c  anal ysi s of  the po l y ( A }+ RNAs 
s howed a pro portion  of RNA which shou l d code for l arge pol ypeptides  
( c . f .  al bumi n (MW 65 000 }  RNA  i s  18s ) ( Tayl or  and Sch imke , 1973 } .  The 
phenomenon of premature termi nat i on  ha s al so been no ted by other workers 

i n  some wheat germ trans l ati on systems ( Sonnens he i n  and Brawerman , 197 7 ;  

Hofer and Sekeri s ,  1977 ; I ynedj i an and Han son , 1978 ; Rether et  a l . ,  
1 978 ; Sal a-Trepat et a l . ,  1978} , and was s hown to be due to premature 
termi nat ion , s i nce trans l ation  of  the same mess enger fracti on s  in a 
cel l -free sys tem der i ved from rabb i t reti cul ocytes d i d  not demonstrate 

the phenomenon ( Hutch i son  and Ho l ten , 1978 } . 

The spec i fi c  i mmunoprec i p i tation o f  re l eased polypept i des by a nti - FBPase 
and anti -al bum i n i s  summari zed in  Tab l e 1 0 . 1 .  On a rel at i ve  syntheti c 

bas i s ,  po ly (A ) + RNA deri ved from bound pol ysomes was 130 t imes  more  
acti ve i n  a l bumi n synthesi s than that from free po l ysomes .  For FBPase , 
poly (A} + RNA from bound pol ysomes was 1 . 8 times more acti ve  i n  synthes i s  

that that from free pol ysomes . SOS gel  el ectrophoret i c  a na lys i s  i s  
s hown for FBPase  ( Fi gure 10 . 14 )  and a l bumi n ( F i gure 10 . 15 )  i mmunopre� 
ci p i tates . For FBPase immunoprec i p i tates a major pea k of  rad i oacti v i ty 
comi grati ng w i th the authent ic  pro te i n wa s found i n  i ncubati on s  wh i ch 



113  

conta i ned ei ther free or  bound po lys omal po ly(A) + RNA . However 
con s i derab l e  amounts of radi oacti v i ty were as soci ated  wi th s horter 
mol ecul ar wei ght fragments that appeared to have been speci fi cal l y  
i mmunopreci pi tated , s i nce they were not presen t i n  i mmunopreci pi tates 
deri ved from those i ncubati ons that di d not contai n any added RNA . 
For al bumi n immunopreci pi tates radi oacti v i ty was on l y  associ ated w i th 
po ly ( A) + RNA deri ved from bound polysomes , and was found i n  a peak 
comi grati ng wi th authenti c a l bumi n p rote i n  as wel l as  wi th sma l l er 
mol ecul ar wei ght fragments . The i denti ty of these sma l l er fragments 
as prematurely  termi'nated authenti c pro te i n was sugges ted by the 
absence of any s uch materi a l  i n  al bumi n i mmunopreci pi tates from . 
i ncubati ons contai n ing  po l y ( A) + RNA from free polysomes . The s peci fi c 
i mmunopreci p i tati on of authenti c pro tei n fragments has al so  been 
reported for wheat germ sys tems programmed wi th var i ous mRNAs ( Roberts 
and Paterson , 1973 ; Hori kawa et al . ,  197 7 ;  Sonnenshei n and Brawerman , 

1977 ; Iynedj i an and Hanson , 1978 ;  Ki ous s i s  et al . ,  1978 ;  Hutch i son 
and Hol ten , 1978 } .  The absence o f  s uch i ncompl ete fragments i n  
i mmunopreci p i tates however , does not necessari ly  i mp ly  that they were 
absent i n  trans l ati on mi xtures . The nature of  the anti gen i c 
determi nants and thei r dependence on the conformati on  o f  the pepti des 
woul d affect any s uch immunopreci pi tati on . I f  on ly  the radi oacti vi ty 
mi grati ng at the pos i ti on o f  authenti c prote i n  i s  used i n  cal cul ati ng 
the di s tri buti o n  of FBPase and al bumi n synthes i s  between free and 
bound po lysoma l po ly(A) + RNA , the res u l ts presented i n . Tabl e 10 . 1  
are obtai ned . Al bumi n synthes i s  was who l ly associ ated wi th i ncubati ons  
contai ni ng po ly (A) + RNA from bound po lysomes whi l e  FBPase synthes i s  
was as soci ated wi th i ncubati ons contai ni n g  po ly (A ) + RNA from both free 
and bound polysomes . On a rel ati ve syntheti c bas i s ,  FBPase synthes i s 

was 1 . 78- fo l d  greater us i ng poly (A) + RNA from bound po lysomes compared 
to that from free po lysomes . The amount of immunopreci p i tab l e  a l bumi n 
and FBPase ( compared to total protei n synthes i zed ) was l es s  than the 
comparab l e  i n  v i vo rates of synthes i s  ( ch apter 6 ) , a l though i t  was 

hi gher than a l i terature report compar i n g  i n  vi tro and i n  v i vo rates 

( Iynedj i an and Hanson , 1977 ) 

The producti on of  premature ly  termi nated prote i n ,  and the rel ati ve 
amounts of s peci f i c protei n produced i n  wheat germ extracts may be 
rel ated to the trans l ation  condi ti ons . Tse and Tayl or ( 1977 ) , whi l e  

exami n i ng the trans l ati on o f  al bumi n mRNA i n  wheat germ extracts found 
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premature termi nati o n  if  trans l ati ons were performed under optimal  
condi ti ons for total pol y (A)+ RNA trans l ati on . Optimal condi ti o ns for 

s peci fi c al bumi n trans l ation were at h i gher potassi um and magnesi um i o n  
concentrati ons . The s i ze  di s tri buti on  o f  the trans l ated p roducts as  
wel l as  the rel ati ve effi ci enci es of trans l at ion  were markedly al tered 
by vari ati ons i n  the concentrations  o f  potas s i um and magnes i um i ons . 

The synthes i s  of l arge po lypepti des coded by co l l agen mRNA al so requ i red  
a h i gher potass i um i o n  concentrati on than the op0 mum for trans l ati on 

· o f  total po ly (A )+ RNA ( Harwood et al . ,  1975 ; Benev i ste et  a l . ,  1976 ) .  
Several v i rus mRNAs 'have al so  requ i red di fferent po tas s i um and magnesi um 
i on concentrati ons for optimal trans l ati on i n  wheat germ extracts . The 
recovery o f  fu l l  l ength trans cri pts of  rat hepatoma tyros i ne ami no­

transferase at the expense of premature ly termi nated fragments was 
reported when a hepatoma cel l di aysate was added to wheat germ 
i ncubations  conta i ni ng hepatoma polysomal RNA ( Rether et a l . ,  1978) . 

I n  short , i t  appears that di fferent opti mal condi ti ons exi s t  fo r the 
trans l ati o n  of i ndi v i dual mRNAs i n  wheat  germ extracts . 

The rel ati vely l ow percentage o f  products o f  l arge mol ecul ar  wei ght 

d i d not adequately refl e ct the s i ze di s tri bu ti on  of po ly ( A ) + RNA 
o bserved by gel el ectrop horesi s .  Thi s may have been due to a l ess  
effi ci ent trans l ati o n  of  l arge mRNAs in  wheat germ extracts ( Kl e i n  et 
a l . ,  1972 ; Davi es and Samuel , 19 75 ; Sal a-Trepat et al . ,  1978 ) . I t  
has al so been reported that smal l mRNAs prevent the tra ns l at ion  of 
l arger mRNAs i n  unfracti onated mi xtures . Th i s  coul d account for the 
l ow percentage of  hi g h  mol ecu l ar wei ght products i n  the synthes i s  
programmed wi th pol y ( A) + RNA preparati ons . I ncorporati on  o f  ami no 

aci ds i nto i ncompl ete protei ns , whi ch are sometimes formed i n  the 
wheat germ sys tem by defecti ve term i nation  resu l ti ng from a ' ri bosome 
jam '  near the 3 '  end of the mRNA ( Dav i es and Samuel , 1975 ) , coul d a l so 
contr i bute to th i s  p henomenon . 
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Figure 10 . 2  

FORMAMI DE GEL (3 . 4% )  ANALYS I S  OF TMV RNA 

10 �g o f  RNA was appl i ed to the ge l  
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Figure 10 . 3  

T IME COURSE O F  PROTEIN  SYNTHES I S  AND E FFECT O F  RNA CONCENTRATION O N  THE TRANSLATION O F  TMV RNA I N  WHEAT GERM EXTRACTS 

RNA was trans l ated at optimum Mg2+ , K+ and 40 �M spermi ne i n  the s tandard assay 
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F igure 10 .4  

EFFECT O F  K+ AND Mg2+ CONCENTRATION  ON  THE  TRANSLATI ON O F  TMV RNA I N  WHEAT GERM EXTRACTS 

10  �g o f  TMV RNA were trans l ated i n  the s tandard assay 
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Figure 10 . 5  

SOS GEL ( 7% )  ANALYSI S  O F  TRANSLATION PRODUCTS PRODUCED I N  
WHEAT GERM EXTRACTS PROGRAMMED W I TH TMV RNA 

10 �g of TMV RNA were trans l ated at opti mum Mg2+ , K+ and 40 �M 
s permi ne i n  the s tandard as s ay 
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: Figure 10 . 6  

ISOLAT I ON O F  POLY ( A )+ RNA BY CHROMATOGRAPHY O F  RAT L IVER  POLYSOMAL RNA 
ON POLY ( U ) -SEPHAROS E 

1200 A260 nm uni ts of RNA from free po lysomes were chromatographyed on 
a 10 cm3 co l umn o f  po ly (U ) -Sepharose 
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Figure 10 . 7  

NON- DENATURI NG GEL ( 2 . 4% )  ANALYS I S  O F  POLY ( A) + AND POLY (A) - RNA 
FROM FREE POLYSOMES 
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Figure 10 . 8  

NON-DENATUR I NG GEL ( 2 . 4% )  ANALYS I S  O F  POLY (A ) + AND POLY (A ) - RNA 
FROM BOUND POLYSOMES 
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F igure 10 . 9  

T IME COURSE OF PROTEIN SYNTHES IS  AND EFFECT O F  SPERM INE  CONCENTRATION O N  THE TRANSLATION O F  POLY (A)+ RNA 

I N  WHEAT GERM EXTRACTS 

3 �g o f  RNA was trans l ated at optimum Mg2+ t K+ and s permi ne concentra ti on s  i n  the standard assay 

.-4 

0::: 1 0  L I / o--o free po lysoma l RNA 
w 
a.. I r /' 
z 
...... 
w I I / ..__ 0 5 0::: 
a.. 

• • bound po lysoma l RNA 

• • no RNA 

1 2 3 

TIME ( HOURS ) 

80 160 240 

SPERM I NE  ( �M )  

320 
� N w 



M
- 12 
I 
0 
..-.. 

>< 

:::E 
0.. 
u 
........... 

M 8 E 
E 

0 
..-.. 

0::: 
1.J.J 
0.. 

z 
...... 
1.J.J 
1- 4 0 
0::: 
0..· 

F igure 10 . 10 

THE E FF ECT O F  K+ AND Mg2+ CONCENTRAT IONS ON THE TRANSLATION O F  POLY (A )+ RNA FROM TOTAL POLYSOME$ 
I N  WHEAT GERM EXTRACTS 

3 �g of RNA were tran s l ated  at opti mum sperm ine  concentrati on i n  the standard assay 
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Figure 10 . 1 1 

EFFECT OF RNA CONCENTRATI ON ON  THE TRANS LAT ION OF POLY (A ) + AND POLY (A ) ­
RNA FROM FREE AND BOUND POLYSOMES I N  WH EAT GERM EXTRACTS 
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F igure 10 . 1 2 

SOS GEL ( 7% )  ANALYS IS  OF RELEASED TRANS LATION PRODUCTS PRODUCED I N  WHEAT 

GERM EXTRACTS PROGRAMMED W ITH POLY (A )+ RNA FROM FREE AND BOUND POLYSm�ES 
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in the s tandard as say 

30  

...._... 

o--o 

....... 
M I 

20 0 
....... 

X 
::E: 0... Cl -

>-t-
...... 
> 
...... 
t-u 
<( 0 1 0  ...... 
Cl <( 0:: 

0 

1 

0 0  0 0 0 0  0 0 0 0  0 \0 
CO 0 M ...;t \0 \0 ...;t M 
I I 

bound po 1ysoma 1 RNA 

free po 1ysoma 1 RNA 

1 0  20 

GEL SL ICE  

0 0 V'l ,.0 
....... p. .-4 ,.0 

30 40 



Figure 10 . 13 

SDS GEL ( 7% )  ANALYS I S  OF  RIBOSOME-BOUND TRANSLATION PRODUCTS PRODUCED 
IN WHEAT GERM EXTRACTS PROGRAMMED W I TH POLY ( A )+ RNA FROM 

FREE AND BOUND POLYSOMES 
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RNA was trans l a ted at optimum Mg2+ , K+ , spermi ne and RNA concentrat i o ns 
i n  the standard assay 
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Tab l e  10 . 1  

D ISTRIBUTI ON O F  IMMUNOPREC IP ITAB LE ALBUMI N AND FRUCTOSE- 1 ,6-BI SPHOSPHATASE 
PEPTI DES P RODUCED I N  viH EAT GERM EXTRACTS PROGRAMMED WI TH POLY (A ) + RNA 

FROM FREE AND BOUND POLYSOMES 

RNA fracti on 

No RNA 
Free po lysoma 1 
Bound po lysomal 

Radi oacti v i ty i n  
Total protei n Al bumi n 

( DPM/ 100 mm3 ) 

12 496 30 ( 0 . 25% ) 
248 200 1 1 8  ( 0 . 04% ) 
1 18 680 6 9 1 3  ( 5 . 22% ) 

FBPase 

14 (0 . 12% ) 
555 (0 . 22% ) 
478 (0 . 40% ) 

Distri buti on of i mmunopreci p i tab l e  al bumi n and FBPase mi grati ng  w i th 

authenti c prote i n  on the above SOS ge l s  

0 ( 0 . 00% ) 
0 (0 . 00% ) 

9 1 1  ( 0 .  77% ) 

0 (0 . 00% ) 
181 (0 . 07% ) 
148 (0 . 12% ) 



Figure 10 . 14 

S OS GEL ( 10% ) ANALYS IS  OF TRANSLAT ION P RODUCTS PRODUCED I N  WH EAT GERM 
EXTRACTS PROGRAM!'1ED VJ ITH POLY (A)+ RNA FROM FREE AND BOUND POLYSOMES 
WH I CH WERE I MMUNOPREC I P ITATED WITH ANT I - FRUCTOS E- 1 , 6-BISPHOS PHATASE 
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RNA was trans l ated at optimum Mg2+ , K+ , s permi ne and RNA concentrati ons 
i n  the standard assay .  100 mm3 of supernatant were immunoprec i pi ta ted . 
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, Figure 10 . 1 5 

SOS GEL ( 10%) ANALYSIS  OF  TRANSLATION PRODUCTS PRODUCED I N  WHEAT GERM 
EXTRACTS PROGRM�MED  W ITH POLY ( A )+ RNA FROM FREE AND BOUND POLYSOMES 

WH I CH WE RE I MMUNOP RECI P I TATED W ITH ANT I -ALBUt� I N  
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RNA was  trans l ated at  opti mum Mg2+ ,  K+ , s permi ne and RNA concentrati ons 

i n  the s tandard assay. 50 mm3 of  supernatant were immunopreci p i tated . 
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CHAPTER ELEVEN 

DI SCUS S I ON 

Th i s  i nvesti gation has been di rected towards several aspects of the 
b i ochemi stry and mol ecul ar  b i ol ogy of  rat l i ver  FBPase . 

tnduct i on and puri fi cati on of FBPase 

Previ o u s  reports have i nd i cated that  the l evel of FBPase in rat l i ver  
coul d  be  i ncreased by  a l l oxan di abetes and tri amc i nol one treatment 
( Kvam and Parks , 196 0 ;  Weber et al . ,  196 1 , 1962 , 1964 , 1965 ) .  These 
resul ts were i n terpre ted  as a s peci fi c adaptat i on of FBPase l eve l s to 
condi t i on s  favouri ng gl uconeogene s i s .  Howeve r i n  the present s tudy 
ne i ther the i nduct ion o f  enzyme by al l oxan di abetes or tri amc i nol one 
treatment cou l d  be demonstrated . The non- i nduci b i l i ty o f  the enzyme 
under such cond i t i on s  was supported by the work o f  Zal i t i s and P 1tot 
( 1977 ) . In de ta i l ed stud i e s of the rate o f  synthesi s and degradat ion  
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of  the enzyme they conc l uded that  the  enzyme was produced const i tut i ve ly .  
Several po ss i b i l i ti es exi st  for d i s crepanci es regardi ng the i n duci b i l i ty 
of FBPase i n  rat l i ve r .  C lass i cal l y ,  FBPase was assayed by fo l l owi ng  
the rate of  phospha te re l ease from FBP at pH  9 . 5 .  The choi ce of pH , 
2 un i t s above the enzyme optimum , and the pos s i b i l i ty of i nte rference 
from non-spec i fi c  pho spha tases make s such data di ffi cul t to i n terpret .  
The pract i ce of repo rti ng  enzyme l eve l s  a s  un i ts of enzyme acti vi ty 
per 100 g body we i ght or per l i ver i s  compl i cated by the qui te marked 
chan ges i n  body and l i ver  weight i n  al l oxan di abetes and dur i n g  
tri amc i no l one treatment , whi ch woul d tend t o  i n fl ate apparent  FBPase 
leve l s  under such condi t i ons . 

The rate o f  FBPase synthes i s ,  determi ned by pul se l abe l l i ng l i ver 
prote i n  synthes i s ,  was 0 . 89% re l at i ve to the synthesi s of total sol ubl e  
prote i n .  Th i s  fi gure i s  i n  good aggrement  wi th the 0 . 8% reported by 
Zal i t i s and P i tot ( 1977 ) , who al so reported that the hal f-l i fe of the 
enzyme was 46 ho urs under steady state condi t i on s .  Th i s  i s  con s i derably 
shorter than the hal f-l i fe of total so l ub l e  l i ver pro te i ns ,  est i mated 

at 120 ho urs ( Schi mke et al . ,  1968 ;  Stark and Fren kel , 1978 ) , and 89 
hours (Gl ass  and Doyl e ,  1972 ) . 
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The producti on of anti bodi es for s ubsequent i nVesti gati ons i nto the 
s ubcel l ul a r  l ocat i on of  FBPase synthes i s  requ i red the i sol ation of th i s  
enzyme a t  a h i gh degree  of pur i ty .  

The  rat l i ver cytopl asmi c enzyme FBPase was puri fi ed to homogenei ty 
from rats fed ad l i b i t um. An approxi mate ly  lOO-fol d puri fi cati on gave 
r i se to a preparat i on whi ch appeared homogeneous when exami ned by both 
denatur i n g  and non -denaturi ng gel el ectropho resi s .  The enzyme showed 

� 

no evi dence of proteo l ys i s  and had a s i n g l e  acti vi ty optimum at pH 7 . 5  
i n  the presence o f  EDTA. Previ ous  workers have reported that pro teo lyti c 
c leavage of the enzyme occ�red duri ng puri fi cati on . These probl ems were 
overcome by incorpo rati ng

-
a heat step at neut ral pH i n to the puri fi cati on . 

The prob l em of  endogenous FB P i nterfe ri ng wi th the enzyme assay was 
· a l so ove rcome by the heat step wh i ch des troyed  th i s  substrate . The 

s pec i fi ci ty of e lut i on from phosphocel l ul ose enab l ed the preparati on of  
the  enzyme to  beJ accompl i shed i n  24 hours , wh ich further  reduced the 
chances of proteo lys i s occuri n g  duri ng preparati on . Th i s  degradati on 
was ev i dent i n  earl i er preparat i on s  of th i s  enzyme us i ng procedures 
wh i ch took several days to compl ete . The use of chow-fed rats may 
a l so decrease the chance of proteolysi s .  The enzyme prepared from 
rabbi t l i ver after i nducti on wi th al l oxan , fasti ng or tri amci nol one 
treatment  showed con s i derab ly more proteolys i s  in the puri fi ed mate ri al 
( Pontremo l i et  al . ,  1973 ,  1974 , 1975 ) . Th i s  may have been caused by 
i ncreased lysosomal fragi l i ty under these condi t i ons and a consequen t 
re l ease of lysosomal enzymes duri ng homogeni zat ion of the l i ve r .  

I ntracel l u l ar protei n  synthes i s  and degradat i on 

Prote i ns are synthes i zed by r i bosomes i n  the cel l cytopl asm . Al though 
many prote i n s  remai n  there , others have to be segregated to ach i eve 
thei r characteri s ti c location i n  vari ous i ntrace l l ul a r  and extracel l ul ar 
compartments . I n  many cases , protei ns ha ve to be transfered across  
one or  two membrane s .  Exampl es are secretory,  lysosomal , perox i somal , 
g lyoxysomal and nucl ear protei ns ; certa i n  mi tochondri a l and ch l oropl ast  
prote i n s  whi ch are synthes i zed i n  the cytopl asm , a s  we l l  a s  membrane 
prote i ns whose part i al or compl e te penetrati on of the hydrophobi c co re 
of the l i p i d  b i l ayer i s  a prerequi s i te for the i r  asymmetri c d i s tri buti on 
in the membrane . Two di sti nct mechan i sms have so far been uncovered 
for the transfer of prote ins  across i ntrace l l ul ar membranes .  In  eo­
trans l at ional trans fer ,  pas sage acros s the membrane i s  ti ghtly coup l ed 



to trans l ation and proceeds onl y  duri ng synthes i s  of the protei n  on 
membrane-bound ri bosomes { B l obel and Dobbe rs te i n ,  1975 ) . I ni post­
trans l a t i onal trans fe r ,  pass age through membranes occurs after pro te i n  
synthes i s and i s  not med iated by a ri bosome - membrane j uncti on. 
{ Dobbers te i n  et  al . ,  1977 ) . 

The s i gnal hypo thes i s  was fi rst proposed by Mi l s te i n  et al . ,  { 1972 ) to 

�account for the sel ect i ve tran s l a t ion of  mRNAs for secretory pro tei ns 
on membrane-bound polysomes . They po stul a ted that mRNAs for secretory 
prote i ns  contai ned a sequence o f  codons l ocal i zed at the 3 '  end of the 
AUG i n i t i at i on codon . Tran s l ati on of the se codons wou l d  g i ve r i s e  to 
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a s i gnal  sequence wh i ch woul d tr i gger b i nd i ng of the nas cent chai n to 
the ER membrane . Ri bo some receptor prote i ns i n  the membrane were al so 
postul ated , and i t  was proposed that they wo u l d  aggergate to form a 
protei naceous tunnel i n  the memb rane upon i nteract ion wi th the s i gnal  
pept ide . These even ts  woul d effect i ve ly  segregate the s i gnal pept i de 
from the l i p i d  b.i l aye r i n  prepa rati on for i ts own exi t as we l l  a s  the 
eo -trans l ational  pas sage of the rema i nder of the nas cent chai n .  Duri ng 
or soon after trans fer  of the s i gnal pepti de i n to the l umi nal space of 
the ER , a ' s i gnal peptidase ' wou l d c leave the si gn al pepti de from the 
s t i l l  uncompl eted chai n .  

Cons i derabl e experi mental evi dence has lent  support to th i s  hypothes i s .  
I t  has  been s hown now for a great number o f  secretory prote i n s  that 
when the i r mRNAs are transl ated in a cel l - free system , l arger mo l ecul es 
are synthes i zed wh i ch conta i n  an ami no termi nal extens i on of up to 30 
ami no aci d res i dues . These s i gnal sequences were characteri sed by a 
predomi nance and c l u steri ng o f  hydrophob i c  res i dues , two features 
cons i s tent wi th the proposed rol e of the transi ent ami no termi nal  
extens i on i n  b i nd i ng to presumed hydrophobi c membrane receptors . 
Further evi dence for the s i gnal  hypothes i s  came from exper iments i n  
wh i ch microsomes were added to cel l - free transl ati on experi ments . The 
po lysomes trans l ati ng  secretory prote i ns became bound to the mi crosomal 
membrane and these prote i ns were segregated i n  the l umi nal s pace of the 
microsomal ves i c l es . Such a segregati on was no t ob served when mi crosomal 
ves i cl es were added after pro te i n synthes i s  was compl e te . The prote i n  
recovered from i n s i de the mi crosomes i ndi cated that the s i gnal pepti des 
had been cl eaved to gi ve the no rmal mature form of the prote i n  { B l obel 
and Dobbers tei n ,  1975 ; Schmekpeper , 197 5 ;  Campbel l and B l obe l , 1976 ;  



Habener e t  al . ,  1976 ; Li ngappa et  a l . , 1977 ; B i rken. et  a l . ,  1977 ; 
Jackson and B l obe l , 1977 ; Sch i e l ds and B l obel , 1977 ,  1978) . 
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A l arge number of chl o ropl as t  prote i ns are synthes i zed i n  the cytopl asm 
and have to cros s one or two membranes i n  order to reach the chl oropl ast  
s troma . S i nce ri bosome s  do not appear to be associ ated wi th the 
ch l oropl a s t  enve l ope ,  the si gnal hypothes i s  cannot app ly  to the 

?egregati on  of  the se protei ns . When the mRNA fo r the smal l s ubuni t of 
ri bu lose- 1 , 5 -b i sphos phate carboxyl ase was tran s l ated i n  v i tro ,  an 
N -termi na l  extens i on of 40-50 ami no aci d res i dues was detected . I n  
contrast  to secretory prote i ns , th i s prote i n was synthes i zed ent i re ly  · ­

on  free po lysomes and cl eavage of the N- termi na l extens i o n  cou l d  be 
achi eved pos t-trans l at i onal l y  ( Dobbers tei n et  al � ,  197 7 ) . I t  has been 

' 
further s ugge sted tha t th i s  extens i on functi ons  i n  a receptor  med i ated 
transfer of the prote i n  through the ch l oropl as t envel ope . Th i s  exampl e 
of post -tran s l ati onal trans fer does howeve r share some conceptua l l y  
common features wi th eo- trans l at i onal transfer .  The i nformat i o n  fo r 
membrane trans fer i s  encoded i n  part i n  the newly synthes i zed pro te i n  
a s  a s i gna l  s equence that i s  removed dur i ng o r  after pas sage acro s s  the 
membrane . There shoul d be several s tructura l l y  di sti nct s i gnal 
sequences , d i fferent for eo- and po st-trans l ati onal transfers , and 
speci fi c for each of the i n trace l l u l ar membranes across  wh i ch transf� 
proceeds .  I t  woul d a l so  seem l i ke ly  that addi t ional factors are 
operati n g  to account fo r the fact that only some s i gna l  sequences ( i . e .  
for secretory prote i ns ) cause b i nd i ng of po lysomes to membranes . 

Furthe r examp l es of pos t-trans l ati onal trans fer  are encountered i n  the 
' 

synthe s i s of the peroxi soma l prote i ns uri case and catal ase ( Go l dman and 
B lobe l , 19 78 ) . These  prote i ns are synthes i zed enti re l y  on free po lysomes 
and are not segrega ted ei ther  eo- or po s t-trans l ati onal l y  i n to mi crosomal 
ves i c l es . These res ul ts are s urpri s i ng because ul tras tructural s tud i es 
had s hown that peroxi somes bud from the ER ( Novi koff and Sh i n ,  1964 ) , 
and the synthe s i s of peroxi somal prote i ns had been as s umed to take pl ace 
i n  a manner anal ogous  to secreted prote i ns , except that perox i somal 
prote i n s  were segregated i n to i n tracel l u l ar ves i cles · after b� i n g 
re l ea sed i nto the i n traci sternal s pace . N-termi nal extens i ons acti ng  
a s  putati ve s i gnal s were al so i mp l i cated i n  the pos t-trans l ati onal 
transfe r  of these  pro tei ns . An analogous  s i tuation exi s ts wi th mal ate 
dehydrogenase from g lyoxysomes ( the pl ant equ i va l en t  of peroxi somes ) 



whi ch i s  i n i ti al l y  synthes i zed wi th a N-tenni nal extens i on (Wal k and 
Hock , 1978 ) . 

The asymmetri c d i s tri buti on of membrane pro tei ns has been accoun ted 
for by propo s i ng three d i fferent types of synthes i s  and transfer .  
Prote i ns exposed to the ce l l  cytopl asm wou l d  be  synthes i zed by free 
po lys omes , and after fol di ng  wou l d  be i nserted from the cytopl asm i nto 
appropri ate s i tes . I n  contras t ,  the schemes formu l ated i n  the s i gnal 

� 

hypo thes i s  coul d  account fo r those protei ns  exposed to the l umen s i de 
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of membranes . Such a scheme cou l d  a l so account for prote i n s  wh i ch span 
the membrane . Synthesi s wo u l d  proceed i n  a manner ana l ogous to that of 
a secretory prote i n ,  except that the trans fer of nascent cha i ns across 
the ER coul d be i ncompl ete . Cessati on o f  trans fer cou l d  be caused by a 
porti on of  the nas cent chai n ( pos s i b ly  hydrophob i c  i n  na ture ) caus i n g 
di s rupti on of the tunnel and the ri bosome -membrane juncti on . Evi dence 
for th i s  mechan i sm has come from stud i es on the ves i cul ar s tomati ti s 
v i rus membrane g lycoprotei n G .  Trans l ati on of the mRNA for th i s  pro tei n 
i n  v i tro gave ri se to an ungl ycosyl ated p rote i n  wi th an N-termi nal  
extens i on . eo- transl ati onal  add i t i on of mi crosome s from Hela cel l s  
res ul ted i n  the b i ndi ng o f  ri bosomes synthes i z i ng th i s  pro tei n to the 
membrane . Segregati on of the prote i n occured as noted i n  v i vo ; a 
port i on of the pol ypepti de chai n ( about 3000 dal tons ) rema i ned exposed 
on the cytopl asmi c s i de o f  the mi crosomes and the ami no termi nus 
pene trated i n to the mi crosomal l umen and became glycosyl ated ( Katz et 
al . ,  1977 ; Toneguzzo and Ghosh , 1978 ) . 

I t  remai ns to be seen whether the compartmenta t i on of those  mi tochondri al 
protei ns synthesi zed i n  the cytopl asm fol l ow a s i mi l ar pattern to that 
proposed for the topol ogi ca l ly anal ogous ch l oropl asts . As yet there 
i s  no experi mental ev i dence pertai ni ng to the segregat i on of nucl ear 
prote i ns .  Nucl ear po res cou l d  pos s i b ly  pl ay some rol e i n  sorti ng  out 
t hose prote i n s  desti ned for compartmen ta ti on i n s i de the nucl eus . 

I t  i s  a poss i b i l i ty that a l l prote i n s  are synths i zed wi th a N-termi nus 
carryi ng the i nformati on concern i ng the requi red fate of the prote i n _..._ 
whether i t  i s  to be cytopl asmi c ,  secreted , o r  i ncorporated i n to a 
spec i fi c  s ub cel l u l ar organel l e .  Th i s  may be achi eved by a N-termi nal 
extens i on wh i ch is subsequenti al ly  cl eaved , or al ternati vely the norma l 
N -termi n i  of some prote i ns may act as the s i gnal as seems to be the case 
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for oval bumi n .  Presumabl y  d i fferent s i gnal pepti des coul d carry such 
i nformation ; the fate of  the protei n bei ng dependent on s peci fi c 
cel l u l ar receptors for parti cul a r  s i gnal  pepti des . There s houl d be 
seve ral s tructural ly d i s ti nct s i gnal s equences , d i fferent for eo- and 
pos t-traris l at ional trans fer , and s peci fi c for each of the i n trace l l u l ar 
membranes ac ross  whi ch transfer proceeds .  The fai l ure to fi nd any 
d i fference between the s i ze o f  mature cytopl a sm i c prote i ns and those  
synthes i zed in  v i tro , may be  due to  endogenous proteases present i n  
i n  v i tro trans l ati onal sys tems . Evi dence for the cl eavage o f  N-termi nal 
s i gnal pepti des of g lyoxi s omal mal ate dehydrogenase (Wal k and Hock , 
1978) , and human pl acenta l  l actogen ( Peeters et  al . ,  1979 ) , and cl eavage 
of N-termi nal  methi on i ne and ace tyl ati on  ( Pal mi ter et al . ,  1977 , 1978 ) 
have been reported from wheat germ trans l at ion  sys tems . Al l these events 
occured wi th the same degree of speci fi ci ty as i n  the ti ssue from wh i ch 
the RNA was extracted . D i rect i nformation about  i n i ti a l prote i n 
N -termi nal sequences wi l l  come from the sequence analys i s  of  spec i fi c  
mRNAs . The s •  end of human gl ob i n  a and B chai ns have been sequenced 
and s hown not to have any sequences codi ng for a poss i bl e l eader 
sequence ( Chang et al . ,  1977 ) . 

Prev i ous s tudi es on the s i te of synthes i s  of cytop lasmi c prote i ns have 
yi e l ded confl i cti ng resu l ts . E lectron mi crograph studi es showed that 
ce l l s  acti ve i n  protei ri secreti on contai ned a h i gh proporti o n  of 
ri bosomes bound to the ER .  I n  contra s t ,  cel l s  wh i ch d i d  not  secrete 
thei r synthes i zed prote i n showed fewer membrane -bound ri bos omes , but 
numerous ri bosomes free in  the cytopl asm ( S i ekevi tz and Pal ade , 1960 ) . 
These observat ions  l ed to the concept that protei ns des ti ned for 
export from the cel l · were made on bound polysomes , and pro tei ns retai ned 
by the cel l were made on free polysomes . However experiments des i gned 
to l ocate the si te of synthes i s  of s peci fi c cytop l asmi c prote i ns have 
shown that th i s  hypothes i s  i s  not co rrect for al l cytopl asmi c prote i ns .  
Rabb i t reti cu l ocyte g l ob i n  (Woodward et al . ,  1973 )  and rat l i ver  ferr i ti n 
( H i cks et al . ,  1969 ; Puro and Ri chter ,  1971 ; Koni j i n  et  al • •  1973 ; 
Zahri nger et al . ,  1977 ) have been s hown to be synthes i zed on both free 
and bound po lysomes . Rat l i ver  seri ne dehydratase  was synthes i zed to 
a greater extent on bound po lysomes , and the i nducti on of thi s enzyme 
by g l ucagon and h i gh protei n d i ets was associ ated i n i ti al l y  wi th an 
i ncrease i n  synthes i s  on bound polysomes ( P i tot  and Jos t ,  1968 ; 
Mclaughl i n  and Pi tot , 1976b } .  However rat l i ver arg i nase synthes i s  



appears on ly  to be as soci ated wi th free polys omes (Tanaka and Ogata , 
197 1 } . 

�xperi mental objecti ves and concl us i ons 
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A majo r obj ecti ve of th i s  i nvesti gat i on was the s tudy of the i ntrace l l u l ar 
l ocat i on o f  FB Pase synthes i s ,  i n  parti cul ar to determi ne o n  whi ch c l as s  
o f  pol ysome thi s prote i n  i s  synthes i zed . 
� 

The b i nd i ng o f  affi ni ty-puri fi ed 1 25r -l abel l ed antibod i es agai ns t FB Pase 
and a l bumi n to i s ol ated free and bound po lysomes s howed that nascent 
a l b umi n chai ns  appeared to be a l mos t ent i re ly confi ned to bound po lysomes , 
as has been s hown by o ther workers us i ng thi s method (Mclaugh l i n  and 
P i tot , 1976a } . FB Pase anti body bound wi th a lmos t equal affi n i ty to both 
c l as ses  o f  po lysome . An advantage of  th i s  me thod for quanti tati ng 
prote i n synthes i s  is that the functi onal ab i l i ty of  po lysomes for 
prote i n  synthesi s i n  v i tro i s  not requi red . To compare amounts of  
b i ndi ng us i ng th i s  method i t  i s  necessary to  ass ume that  messengers 
on  both free and bound po lysomes are trans l ated wi th equal effi ci ency .  

Incubati on  o f  i sol ated free and bound po lysomes i n  a cel l -free sys tem 
deri ved from rat l i ver cytopl asm confi rmed that a l bumi n synthes i s  was 
confi ned to bound po lysomes ( Zahri nger et al . ,  1977 ; Go l dman and Bl obe l , 
1978 ) , and FBPase synthes i s  was found to be associ ated wi th both types 
of po lysome . Al though some fu l l - l ength protei n transcri pts eo-mi grati ng 
wi th authenti c prote i n  were fo und i n  ·immunopreci p i tates , a l arge amount 
of s horter po lypepti de materi al was s peci fi cal ly i mmunopreci pi tated . 
These  shorter po lypepti des were pres umed to ari se from premature 
termi nati o n  and re l ease of nascent a l bumi n and FBPase cha i ns .  To be 
immunoprec i p i tated they mus t  obvi ous ly  contai n anti geni c determi nants 
recogn i sab l e  by the s peci fi c anti sera . The l ower l eve l s of rel ati ve 
synthes i s  of  FBPase and a l bumi n on i sol ated pol ysomes i n  v i tro compared 
to i n  vi vo , may have resu l ted from s everal factors i ncl udi ng : ( a ) , the 
i ncubati on  condi ti ons i n  vi tro favouri ng the synthes i s  of parti cul ar 
protei ns , ( b ) , the fa l l -o ff i n  e l ong ati on and re l ease of  protei ns 
synthes i zed on  l arge po lysomes ( Ramsey and Steel e ,  1976 ) , and ( c ) , the 
prod ucti on  of a lbumi n and FBPase pepti des wi thout any recogni zab l e  
anti geni c determi na nts . The synthes i s of some ful l - l ength transcri pts 
of both a l bumi n and FB Pase was an i nd i cati on of the funct ional i n tegri ty 
of  the i so l ated po lysome s .  



.. 

Both anti body b i nd i n g  to pol ysomes , and i n  vi tro prote i n  synthes i s  by 
po lysomes showed al bumi n synthe s i s  to be as soci ated on l y wi th bound 
po lysomes , and FBPa se synthe s i s  to be associ ated wi th both free and 
bound po lysomes . However the trans l at ion  o f  i so lated mRNA from each 
type of polysome i n  a ce l l -free prote i n  synthes i zi ng system shou l d 
gi ve an i nd i cat i o n  as  to whethe r the synthe si s was a resul t of the 
part i t ion i ng of s pec i fi c  messen gers betwe,en free and bound po lysomes , 
o r  a trans l ati onal phenomenon . The pos s i b i l i ty exi sts that s pec i fi c 
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me s sengers may be present on free or bound pol ysomes , but the expre ss i on 
of the messenger i s  bei ng  affected by the rate o f  i n i ti ati on and/o r 
el o ngation of tha t  mes senger . Th i s  s i tuat i on appears to be the case wi th 
rat l i ver ferri ti n mRNA , wh i ch i s  equal l y  abundant i n  both free and 
bound pol ysomes , However i so l ated free po l ysomes synthes i ze three ti mes 
more ferri t i n  than bound po lysomes when i ncubated in vi tro ( Zahri nger  
et  al . ,  1977 ) . 

Pol y (A ) + RNA was i so l ated from free and bound pol ysomal RNA by po ly ( U ) ­
Sepharose chromatography , and was found t o  contai n mos t  o f  the mRNA 
act i v i ty when trans l ated i n  a cel l -free protei n-synthes i z i n g  system 
deri ved from wheat germ .  Al bumi n mRNA acti v i ty was confi ned to  bound 
po l ysoma l  po ly(A) + RNA , and FBPase  mRNA acti vi ty was present i n  

'
po ly (A) + 

RNA from both cl asses  of  po lysome . As wi th po lysomes i ncubated i n  vi tro ,  
wheat germ extracts programmed wi th mRNA produced both ful l -l ength 
transcri pts and premature ly-termi nated a l b umi n and FBPase peptides , 
wh i ch were immunopreci pi tated .  The abi l i ty of such extrac ts to produce 
ful l - l ength transcri pts has been repo rted to be dependent on the 
i ncubati on  cond i ti ons empl oyed , and the mes senger bei ng  trans l ated 
( Tay l o r  and Tse ,  1977 ) .  Premature termi nqti on and re l ease may be 
associ a ted wi th the cho i ce of trans l at ion  condi ti ons , speci fi cal ly the 
potas s i um and magnes i um i on concentrat ions . Endonucl eo lyti cal l y-cl eaved 
mRNA cou l d  al so have g i ven ri se to smal l mol ecu l ar wei ght pepti de s , 
al though th i s  was con s i dered unl i kely on the bas i s of the mol ecul ar 
we i gh t  di s tri buti on of po l y(A) + RNA on po l yacryl ami de gel s .  TMV RNA 
when tran s l ated i n  the same wheat germ sys tem , di d not gi ve ri se to 
premature ly-termi nated pept ides . 

Al l three types of experi ment  have demons trated that al bumi n i s  
synthes i zed only on  bound polysomes , whereas FBPase synthes i s takes 
pl ace on both fre� and bound pol ysomes . Th i s  segregati on of syntheti c 

.· 
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act i v i ty was s hown to be a refl ecti on of mRNA d i s tri buti on and was not 
due to d i fferen ti al tran s l at i on of mRNA. However pul se-l abel l i ng of 
l i ver prote i n synthes i s  i n  v i vo reveal ed that newly synthes i zed FBPase 
was segregated i nto the ce l l  cytopl asm , whereas al bumi n was associ ated 
w i th i n  the mi crosomal ves i c l es ,  and amounted to 16 . 7% of tota l mi cro soma l 
prote i n  synthe s i s .  Cl ear ly  the synthes i s  of prote i n s on bound po lysomes 
does not necess ar i ly resu l t i n  thei r  segregat i on i nto the i n termembrane 
s pace of the ER • 

.. 

The concl us i ons reached i n  th i s  i nves ti gati on are cri ti cal l y  dependent 
on the  separati on of free and bound po lysomes . I t  i s  of cons i derab l e  
i mpo rtance to real i ze tha t these po lysomes subcl asses are pure ly  
operati onal defi n i t i ons . As yet n o  evi dence i s  avai l ab l e  to prec i se ly  
l i n k  the u l tras tructural observati ons o f  e l ectron mi croscopy -- whi ch 
shows po lysomes apparent ly  free i n  the cel l cytopl asm , and bound to 
membrane structures -- to the po lysome s ubcl asses i so l a ted by vari ous 
centri fugat i on techn i ques . The ul tras tructural observati ons al s o  do 
not s how whether the free and bound po lysomes v i sual i zed are homogeneous 
sub  cl  asses'. 

Pol ysomes were prepared by the di fferent i a l  centri fugation method of 
Stee l e  et al . ( Vankatesan and Stee l e ,  1972 ;  Rams ey and Steel e ,  1976 , 
197 7 ) ,  rather than by a i sopycn i c  method ( B l obe l and Potter ,  1967 ) .  
The l a tter method , i n  wh i ch po lysomes are prepared from a po st­
mi tochondri al s upernatant , l eads to  the  l oss of up to 70% of the  bound 
po l ysomes and about  10% of the free pol ys omes i n to the mi tochondr i a l 
pe l l et .  Thi s approach i s  s ubject to the cri ti c i sm that the po s t­
mi tochondri al supernatant contai ns on ly  a smal l ,  poss i b ly  non­
representati ve po rt i on of the bound po lysomes ( Pa l ade and S i ekev i tz ,  
19 56 ; Bl obe l and Potter , 1967 ; Vankatesan and Steel e ,  1972 ) , and that 
free  r i bosomes can account for up to 30% of the bo und fracti on ( B l obel 
and Potter , 1967 ; Lowe et  al . ,  1970 ; Bont  et  al . ,  1972) . In the 
present  i nvest i gati on , attempts made to prepare free and bound po lys omes 
u s i ng  i sopycn i c  procedures met wi th l i ttl e succes s .  Pol ysomes prepared 
i n  th i s manner a ppeared to be s i gn i fi cant ly  degraded · when exami ned on 
i so k i neti c sucrose  gradi ents i n  compari son to those i sol ated by 
d i ffe renti al centri fugat i on . The degradati on most  probab ly s temmed 
from the l ong centri fugati ons neces s ary i n  th i s  method , and appears to 
be d i ffi cul t to avo i d  us i ng th i s  procedure judg i ng  from pub l i shed 
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pol ysome profi l es ( No l l , 1969 ) . The separati o n  of free and bound 
polysomes by d i fferenti al centri fugati on however , �roduced undegraded 
pol ysomes i n  y ie lds  i denti cal to tho se  publ i shed for th i s  method 
( Ramsey and S teel e ,  197 6 ,  1977 ) . Both cl asses of pol some were very 
act i ve i n  protei n synthe s i s .  An es t imate of  the contami nat i on of bound 
po l ysomes by free was obta i ned by s us pendi ng  the mi crosomal pel l et and 
recentri fugi ng . Les s than 12% of the po lysomes remai ned i n  the 
�upernatant . A second res uspens i on of the pel l et and recentri fugation  
showed that about 1% of the po lysomes rema i ned in  the s upernatan t .  
Th i s  resul t sugges ts that a maximum of  12% o f  the bound po l ysome 
fracti on norma l ly  i so l ated coul d be free polysomes . S i nce the rat io  
o f  bound to  free po lysomes i n  th i s  t i s sue i s  approxi mately 2 : 1 ,  th i s  
mean s  that approximate ly  24% of the free pol ysomes coul d be i n  the 
bound fract i o n .  S i nce al l three methods used td s tudy the d i stri buti on 
of  FBPase syn th esi s sho1�ed that both types of pol ysome were about 
equa l ly acti ve , i t  i s  un l i kely that th i s was due to contami nati on  of  
bound po lysomes by free .  The cl ear-cut segregati on of  al bumi n synthes i s  
on bound pdlysomes duri ng transl ati on exper i ments was i ndi cati ve of 
very l i ttl e contami nat ion  of  free po l ysomes by bound . 

The poss i b i l i ty that there are two d i fferent types of FBPase s ubun i ts 
( i mplyi ng two di fferent mRNAs ) ,  one synthei szed on bound po l ys omes , 
and the other o n  free , s eems unl i ke l y .  The rat l i ver enzyme appears 
to be composed of  four i denti cal s ubun i ts wi th bl ocked N-termi ni  and 
C-te rmi nal l eu c i ne ( Tejwan i et al . ,  1976 ) .  The ami no aci d compo s i ti on  
i nd i cates a c l ose homol ogy wi th the rabbi t l i ver enzyme , the subun i ts 
of wh i ch have been shown to be i denti cal by X-ray di ffract i o n  s tud i e s  
( Sol oway and  McPherson , 1978 ) . 

There i s  no reason to pres ume that because bound pol ysomes are the 
excl us i ve s i te of synthes i s  of secreted protei ns , that thes e po lysomes 
are only i nvol ved i n  th i s  functi on . The presence of a hydro phobi c 
l eader sequence for s ecreted protei ns  has l ed to the concl u s i o n  that  
th i s  i s  the mode of attachment of  po l ysomes , i . e . , that whether a 
ri bo some i s  free or bound i s  determi ned by a hydrophob i c  s i gnal sequence 
at the N-termi nus  of the nas cent pepti de . Th i s  vi ew mus t  be abandonded 
i n  the l i ght o f  recent  experiments . The mos t  convi nci ng ev i dence comes 

from the observati on that when i s ol ated mi crosomes were i ncubated 
i n  v i tro , o n ly  about hal f the newly synthes i zed protei n was trans ported 



i ns i de the ves i c l es duri ng tran s l ati on ( Redman and Sabati n i , 1966 ; 
Andrews and Tata , 197 1b ; Bevan , 1971 ) . I n  these experi ments , tho se 
protei ns  desti ned for export from the cel l were who l ly  s e gregated i nto 
the mi crosomal ves i cl es . Al though Hela ce l l s  export l es s  than 2% of  
thei r new ly  synthes i zed pro te i n ( Rosbash , 1970 ) ,  abo ut 15%  of  the 
ri bosomes are fo und to be associ ated wi th membranes ( Attardi et al . ,  
1969 ) . The trans l at i on of ova l bumi n on bound pol ysomes ( Penneq ui n et 
al . ,  1978} a l so  rema i ns to be expl a i ned , as  th i s  prote i n i s  trans l a ted 

� 
wi thout a N-termi nal  hydrophob i c sequence ( Pal mi ter et al . ,  1978 ) . 
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The exi s te nce of a prev i ous ly unrecogni zed cl ass  of po lysomes that i s  
bound to the ER has been reported ( Pa lmer et al . ,  1978 ) . These  
centri fugal l y- l ab i l e  polysomes were suscepti b l e to carci nogen-i nduced 
degranul at i on , and i ncl uded those suscepti b l e to degranu l ati on by l i p i d  
peroxi dati on . These po l ysomes were not detached from membranes by 
exposure to h i gh KCl concentrat i o n  ( ' l oose ly  bo und ' ) ,  o r  h i gh KCl 
concentrat i ons i n  the presence of puromyci n  ( ' t i ghtly bound ' ) .  The 
polysomes res pons i b l e for h i s tone synthe s i s appear to be i n  th i s  cl ass 
( Zauderer et a l . ,  1973 ) .  

How the d i s tr i b ut i on of  FBPase mRNA between free and bound pol ysomes 
i s  achi eved remai ns  unresol ved . The pos s i b i l i ty exi s ts that the 
b l ocked N- termi nus of the enzyme s ubuni t i s  acetyl ated ( S i nce the 
enzyme from rabbi t l i ver has been shown to be acetyl ated ) ,  and i t  
coul d be env i s i oned that acetyl at ion  of the enzyme may proceed v i a  a 
membrane-bound acetyl a se . Th i s  wou l d  sugges t  a new type of membrane­
protei n i nteracti on , anal ogous to the s i g nal hypothes i s ,  i n  whi ch the 
s equence of the newl y-synthei s i zed N- termi nus tri ggers a trans i en t  
as soci ati on  wi th the ER , and acetyl at i on of  the nascent pept i de chai n ,  
Such a theory mus t however account for the fact that about  hal f the 
po lysomes synthes i z i n g FB Pase appear to be free i n  the cytop l asm . 
Perhaps these polysomes contai n nas cent cha i ns wh i ch have yet to be 
acetyl ated . A paral l e l may exi st  i n  the membrane assoc i at i o n  and 
transport of oval bumi n i n to the i n traves i cul ar space i n  ov i duct ti s s ue . 
The ab sence of  any hydrophobi c extens i on and o f  any na tura l l y  hydrophob i c  
reg ion  a t  the N- termi nus  ( Palmi ter et a l . ,  1978 ) , sugges ts that a 
feature of  the norma l N- termi nal sequence may functi on as  a s i gnal . 
Perhaps the N-term i nal acetyl ati on of th i s  protei n ,  whi ch has been 
s hown to occur  ( at l eas t i n  vi tro ) when the nascent cha i n i s  about 44 



ami no aci d res i dues l ong , may funct i o n  as a putati ve s i gnal , but wh i ch 
i n  thi s case a l s o  resu l ts i n  the trans port of the oval bumi n across  the 
membrane , rather than rema i ni ng i n  the cytopl asm as i s  the case for 
FBPase .  
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The s equence ana lys i s  of  a number o f  acetyl a ted protei ns ha s s hown that 
the N-termi na l  acetyl ated ami no aci d i s  e i ther al ani ne , g l yci ne , s er i n e  
or  meth i oni ne ( Jornval l ,  1975) . Add i ti ona l  factors i n  determi n i ng 

� 

whether a prote i n  i s  to be  acetyl ated must  be i nvo l ved , as not al l 
prote i ns wi th the above N- termi n i  are acetyl ated . The N- termi nal 
d i s tri but ion  of branched-chai n resi dues i s  d i fferent i n  acetyl a ted 
prote i n s t han tha t  found i n  general . I sol euci ne i s  over-repres ented , 
l ong hydrophob i c  segments are ab sen t ,  and at some pos i ti ons  charged 
res i dues are common . These propert ies  are observed regard l e ss of  the 
or i g i n  or  fun cti on of  the protei n ( Jornval l ,  1975 ) . I t  i s  a l so of . 
i n tere st  to no te that vertebrate cytochrome c ,  bovi ne fi bri nopepti de B ,  
mammal i an a-MSH , sheep , p i g and bo vi ne l utei ni zi ng hormone B-cha i n  and 
a bovi ne mi tochondri al s tructural pro tei n are acetyl ated ( Jornval l ,  1975 ) . 
These protei ns  are e i ther secreted from vari ous ti ssues or are segregated 
i nto organel l es .  Some h i s tones are a l so acetyl a ted , and th i s  may be 
rel ated to the i r synthes i s  on a spec i a l  type of bound po lysome ( Zauderer 
et al . ,  1973 ) . Thi s may be anal ogo us to the fi nd i ng that  FB Pase 
synthei s takes p l ace ,  i n  part ,  o n  bound po lys omes . 

A cri t i c i sm of  th i s  hypothes i s  i s  that  oval bumi n synthesi zed i n  v i tro , 
i n  a rabb i t  ret i cu l ocyte cel l -free prote i n-synthes i z i ng system , i s  
acetyl ated by a so l ubl e enzyme ( Pa l mi ter et a l . ,  1978) . However i t  
cannot be  rul ed out  that the enzyme was so l ub i l i zed i n  the preparati on 
o f  the reti cul ocyte l ysate , as  has  been s uggested for the pu tati ve 
s i gnal pept i das e res pons i b l e  for cl eav i ng cata l ase  and u ri cas e N- termi nal 
extens i ons �ol dman and B l obel , 1978 ) . 

Future work 

Log i ca l  extens i ons to the present work wou l d  i ncl ude. a more systemati c 
i nvest i gati on i nto the trans l ati o n  of FB Pase and al bumi n mRNAs i n  an 
in v i tro trans l ati on sys tem .  The trans l at i o n  of po ly (A )+ RNA at  o n ly  
a s i ng l e Mg2+ and K+ concentration { opti mal for total po lysoma l po ly (A) + 

RNA ) i mposes l i mi tat ions on the i nterpretati on  of a lbumi n and FB Pase 
synthes i s , a l though  the ab so l ute parti ti oni ng of  syntheti c  acti v i ty 
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s hou l d  not have been affected . A more thorough i nvest i gati on  of  the 
spec i fi c  ion requ i rement  for the trans l a t i on of  these two prote i ns i n  
t h i s part i cul ar wheat germ system i s  needed , as  th i s  was most  probabl y 
the reason for prema ture term i na t i o n .  Due to severe l i m i tati ons on  
sci nti l l a t ion  count i ng fac i l i t i e s  avai l abl e ,  th i s i nves ti gation  was not 
attempted . Premature terminat i on  probl ems as soc i ated wi th wheat germ 
systems may be overcome by empl oy i ng the cel l - free pro te i n-synthes i z i ng 

�ys tem deri ved from rabb i t  reti cul ocytes . 

The recent demons trati on that the peroxi soma l protei ns u r i case and 
catal as e are synthes i zed excl us i ve ly on  free po lysomes ( Go l dman and 
Bl obel , 1978) , w i l l  provide a further i nterna l co ntrol to veri fy the 
separat i on of free and bound po lysomes . The excl us i ve synthes i s o f  
a l b umi n on bound po lysomes confi rmed that free po lysomes were not 
contami na ted by .bound po lysomes . These two peroxi soma 1 prote i ns s houl d 
permi t an answer to the unresol ved questi on o f  contami nat i o n  of bou nd 
po l ysomes by free po lysomes . 

Prel i mi nary attempts were made to pur i fy FBPa se  mRNA by i mmunol ogi cal 
met hods . Immunopreci p i tati on o f  affi ni ty-pur i fi ed anti - FB Pase bound 
to po lysomes by sheep anti -rabb i t  gamma g l o bu l i n ,  accord i ng to the 
met hod of  Tayl or and Tse ( 1976 ) was uns ucces s ful becaus e  of the l ow 
av i d i ty of  the s heep anti body a nd a cons equent ia l  l o ng i ncubat i o n  t ime 
requ i red for prec i p i tat ion , wh i ch res ul ted i n  po lysome degradati o n .  
The cova l ent attachment o f  affi n i ty-puri fi ed sheep anti - rabbi t gamma 
gl obu l i n  ( SchUtz et a l . ,  1977 ) to �-ami nobenzyl oxymethyl cel l ul os e  
(Mougda l and Po rter , 1963 ) a l s o  fai l ed to g i ve suffi ci ent b i nd i ng to 
po l ysomes i n  the short i ncubati on times neces sary to pre serve po l ysome 
i ntegri ty .  Thi s prob l em may be c i rcumvented by the use  of Prote i n  A ,  
the membrane prote i n  from Staphyl ococcus aureus , whi ch acts i n  a manner 
anal ogous to a·nti -gamma gl obu l i n  anti body . 

Ul t imate ly  the mRNA for FB Pase mi ght be pur i fi ed and sequenced , w h i ch 
wou l d prov ide i nfo rmation on  s tructure-funct ion  rel ati o nsh i ps . 
Sequenc i ng of the mRNA woul d · enabl e any trans i ent s i gnal  pepti des to be 
i dent i f i ed .  Po ss i b l e mechan i sms of mRNA-membrane i nteract ions may al so 
become ev i dent when more eukaryo ti c mRNAs are sequenced . 
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l ocat i on  i s  badly  needed . I n  parti cul a r  the rel ationsh i p between the 
as soc i at ion  o f  po lysomes wi th membranes , and the protei n bei ng trans l ated 
from parti cul a r  mRNAs shou l d s hed some l i gh t  on the nature of polysome­
membrane i nteracti ons , espec ia l ly as more i nformation  on eukaryo t i c  mRNA 
structure becomes avai l abl e .  

� 
Bi nd i ng of  el ectron-dense l abel l ed speci fi c ant i bod i es to el ectron 
mi croscope secti ons  i n  s i tu shou ld  enabl e some correl ati on of  u l tra­
s tructural observati ons to the ce l l ul ar s i te of synthes i s  of speci fi c 
protei ns . Further work on protei n synthes i s  by i so l a ted m i crosomes i s  
necessary to el uci date the features wh i ch determi ne the i ntracel l ul ar 
l ocati on  of newly  synthes i zed prote i n .  Speci fi cal ly what determi nes the 
segregat ion  of synthes i s  o f  cytopl asmi c  protei ns onto po lysomes as soc i ated 
wi t h  membranes needs to be i nvesti gated . Th i s  s peci fi ci ty coul d res i d e  
i n  e i ther the sequence o f  the protei n bei ng trans l ated , or  the mRNA 
cod i ng for that protei n .  The d i fferent types of na scent pepti de chai ns 
synthes i zed on membrane-bound polysomes , v i z . , whether they are bei ng 
vec tori al ly d i s charged acros s  a membrane , or rel eased i nto the cytopl asm ,  
sho u l d enab l e  some d i fferenti at i on and separati on of  membrane-bound 
po lysomes accordi ng to the type of prote i n bei ng synthes i zed . 



B IBL IOGRAPHY 

Adelma n ,  M . R . , Saba t i n i , D . D .  and B l obel , G .  ( 1973 )  J .  Cel l B i o l . 56 , 

206-229 

Al berts , A . W . , S traus s ,  A . W . , Hennes sey ,  S .  and Vagel o s , P . R . ( 19 7 5 )  
Pro c .  Nat .  Acad . Sc i . U . S .  7 2 , 3956-3960 

Al exander , A . , Barr 1 taul t ,  D .  and Buxbaum , J .  ( 1978 } Proc . Nat .  Acad . 
Sc i . U . S .  7 5 ,  4774-4778 

Al l en ,  E . R .  and Terrence , C . F  ( 1968 ) Pro c .  Nat .  Acad . Sc i . U . S .  60 , 
1209-12 15  

Ama l d i , P . , Rusca , G .  and Cal i ssano , P .  ( 1973 ) B ioch im .  B i ophys . Acta 
299 , 634-641 

Andrews , T . M .  a nd Tata , J . R .  ( 197 1a ) B i ochem . J .  1 2 1 , 683-694 

Andrews , T . M .  a nd Tata , J . R .  ( 197 1 b )  B i ochem .  J .  124 ,  883-889 

Astel l ,  C . R . and Ganoza , M . C .  ( 1974 ) Mol . B i o l . Rep . 1 ,  483-491 

Aro s i o , p . , Adel man , T . G .  and Drys dal e ,  J .W .  ( 1978) J .  B i o l . Chem . 253 , 
445 1 -4458 

Atki ns , J . F . , Lew i s ,  J . B . ,  Anderson , C . W .  a nd Ges tl e l a nd ,  R . F .  ( 1 97 5 )  
J .  B i o l . Chem . 250 , 5688-5695 

Atki nson , D . E . ( 1966 ) Annu . Rev . B i ochem . 3 5 ,  84- 124 

Attard i ,  B . , Crav i oto ,  B .  and Attardi , G .  ( 1969 ) J .  Mo l . B i o l . 44 , 

47-70 

Baxter , R . C . ,  Carl son ,  C . W .  and Pogel l ,  B .M .  ( 1972 )  J .  B i o l . Chem .  247 , 

2969-2971 



137 

Bl ack , W . J . , Van  Tol , A . , Fernando , J .  a nd Horecker , B . L .  ( 197 2 )  Arc h .  
Bi o chem . B i o p hys . 1 5 1 , 576-590 

Benkovi c ,  P . A . , Bul l ard , W . P . , deMa i ne ,  M . , F i s hbei n ,  R . , Schray , K . J . , 
Steffens , J . J .  and Benkov i c ,  S . J .  ( 1974 ) J .  B i o l . Chem . 249 , 930-93 1 

Benven i ste , K . , Wi l czek ,  J . ,  Rugg i er i , A .  and Ster n ,  R .  ( 19 7 6 )  
B i ochemi s try 1 5 ,  830-835  

Berns , A . J . M . , Strous , G . J . A . M .  and B l oemendal , H .  ( 1972a )  Nature New 
B io l . 236 , 7 -9 

Berns , A . J . M . , Van Kraa i kamp , M . W . G . , Bl oemendal , H .  a nd La ne , C . D .  
( 1972b )  Proc . Nat .  Acad . Sci . U . S .  69 , 1606- 1609 

Berns , A . J . M . , Schreurs , V . A . M . , Van  Kraa i kamp , M . W . G . a nd B l o emenda l , 
H .  ( 1973 ) Eur . J .  B i ochem . 33 , 55 1 -557 

Bevan , M . J .  ( 197 1 )  B i ochem . J .  122 , 5 - 1 1  

B i rken , S . , Smi th , D . L . , Canfi el d ,  R . E .  a nd Bo ime ,  I .  { 1977 ) B i ochem . 

B iophys . Res . Commun . 74 , 106-112  

Bl a i r ,  J . B . , C i mbata , M . H . , Foster , J . L .  and Morgan ,  R . H .  { 1976 )  J .  
B i o l . Chem . 251 , 3756-3762 

B l o bel , G .  a nd Dobberste i n ,  B .  { 19 7 5 )  J .  Cel l B i o l . 67 , 835-85 1 

B l o bel , G .  and  Potter , V . R .  { 1966)  Sc i ence 1 54 ,  1662-1665 

B l o bel , G .  and Potter , V . R .  { 1967 ) J .  Mol . B i o l . 26 , 293-301  

· B l oemendal , H .  { 1977 ) Sc i ence 197 , 1 27 - 138 

Bl oemendah l , H . , Bont , W . S . and Benedett i , E . L .  ( 1964 ) B i och i m .  

B i ophys . Acta 87 , 177-180 

Bon t ,  W . S . ,  Rezel man , G .  a nd B loemenda l . H .  ( 1965 ) B i ochem . J .  9 5 ,  
15c-17c 



Bouma , H . , Kwan , S . -W .  a nd Ful l er ,  G . M .  ( 1975 ) B i ochemi s try 14 , 

4787 -4792 

Bradford ,  M . M .  ( 1976 )  Anal . Bi ochem . 72 , 248-254 

Brand , I . A .  a nd Sol i n g ,  H . D .  ( 19 7 5 )  FEBS Let t .  57 , 163- 168 

Bungenberg de  J ong , J . J .  a nd Marsh , J . B .  ( 1968 ) J .  B i o l . C h em .  243 , 

192-199 

Burste i n ,  Y .  and Schech ter , I .  ( 1976 )  B i ochem .  J .  157 , 145- 15 1  

Burstei n ,  Y .  a nd  Schechter , I .  ( 1977 ) Proc . Nat .  Acad . Sc i .  U . S . 74 , 

7 16-720 

Burs te i n  Y . , Kantor , F .  a nd Schechter , I .  ( 1976 ) Proc . Nat .  Acad . Sc i . 
u . s .  73 , 2604-2608 

Burs te i n ,  Y . , Zemel l ,  R . , Kantor , F .  a nd Schechter , I .  ( 1977 ) Proc . 
Nat .  Acad . Sc i . U . S .  74 , 3157 -3161 

Byrne , W . L .  ( 196 1 )  i n  Fructose- 1 ,6-D i phos phatase  a nd i ts rol e i n  
G l uco neogenes i s  ( McGi l very , R . W .  and Pogel l ,  B . M .  ed s . ) ,  p p  89 - 100 , 
Amer i can I n s t i tute of  B i ol og i ca l  Sc i ences , Was h i ngton , D . C .  

138 

Byrne , W . L . , Rajagopa l a n , G . T . , Gri ffi n ,  L . D . , El l i s ,  E . H . , Harri s ,  T . M . , 
Hochachka , P . , Rei d ,  L .  a nd Gel l er ,  A . M .  ( 197 1 )  Arch . B i oc hem . B io phys . 
146 , 1 18- 133 

Cahi l l ,  G . F . , Ashmore , J . ,  Rendel , A . E .  a nd Hasti ng s ,  A . B .  ( 1959 )  Am . 
J .  Med . 26 . 264 -282 

Campbel l ,  P . N .  and B l obel , G .  ( 1976 ) F EBS Lett . 7 2 ,  2 15 -226 

Campbel l ,  P . N .  a nd Stone , N . E .  ( 1957 ) B i ochem . J .  66 , 19-31  

Campbel l ,  P . N . , Greengard , 0 .  and Kernot ,  B .A .  ( 1960 ) B i o ch em .  J .  74 , 

107- 1 17  



Campbel l ,  P . N . , Cooper ,  C .  and Hi cks , M .  { 1964) B i ochem . J .  92 , 
225-234 

139 

Carl son , C . W . , Baxte r ,  R . C . , Ul m ,  E . H .  and Pogel l ,  B . M .  ( 19 7 3 )  J .  B i o l . 
Chem. 248 , · 5555-556 1  

Car l son , C .W . , Tejwani , G . A . , Baxter , R . C . , U lm , E . H .  and Poge l l ,  B . M .  
( 1975 )  J .  B i o l . Chem . 250 , 4996-5002 

Cas hma n ,  D .  and P i tot ,  H . C .  ( 197 1 )  Ana l . B i ochem .  44 , 5 59 -569 

Cashmore ( 1978)  Pers . Commun . 

Chan , S . J . , Kei m ,  P .  and Ste i ner , D . F . ( 1976)  Proc . Na t .  Acad . Sci . 

u . s .  73 , 1964- 1968 

Chan g ,  Y . K . Y . , Thompson , E . O . P .  and Zal i ti s ,  J .  ( 1970 )  Proc . Aus t .  

B i ochem .  Soc .  7 ,  5 

Chu , M . -L . , Jern i gan , H . M .  and Fri ed , M .  ( 1978)  Bi och im .  B i ophys . Acta 

5 18 ,  298-307 

C l ark ,  D . G . , Rogns tad , R .  and Katz , J .  ( 1973 )  B i ochem .  B i ophys . Res . 

Commun .  54 , 1 141- 1148 

Cl ark , �1 . G . , Kneer , N . M . , Bosch , A . L .  a nd Lardy , H . A . ( 1974 )  J .  B i o l . 

Chem .  249 , 5695-5703 

Cook , M. and Lorber , V .  ( 19 52)  J .  B i o l . Chem . 199 , 1 -8 

Crow l e ,  A . J . ( 1973 )  Immunod i ffus i on 2nd e d .  545 p .  Academi c Pres s , 
N ew York . 

Dal l ner , G . , S i e kevi tz , P .  and Pal ade , G . E .  ( 1966)  J .  Ce l l .  B i o l . 30 , 

73-96 

Darnal l ,  D . W .  and Kl otz , I . M .  ( 1972 )  Arch . B i ochem . B i ophys . 149 , 1 - 14 



Dav i es , J .W .  and Kaesberg , P .  ( 1974) J .  Gen . V i rol . 25 , 1 1 -20  

Dav i es ,  J .W .  and Samue l , C . E .  ( 1 975 ) B i o chem .  B i ophys . Res . Commun . 

65 , 788-796 

Dav i s ,  B . J .  ( 1964 ) Ann . N . Y .  Acad . Sci . 121 , 404-427 

von der Decken , A .  and Campbel l ,  P . N .  ( 1962 )  B i ochem.  J .  82 , 448-454 

Devi l l ers -Thi ery ,  A . , Ki ndt , T . , Scheel e ,  G .  and Bl obel , G .  ( 19 7 5 )  
Proc . Nat .  Acad . Sci . U . S .  7 2 ,  5016-5020 

Dobbers tei n ,  B .  and Bl obel , G .  ( 1977 ) B i o chem . Bi ophys . Res . Commun . 
74 ' 1675- 1682 

140 

Dobbers tei n ,  B . , B l obel , G .  and Ch ua , N . H .  ( 1977 )  Pro c .  Nat .  Acad . Sci . 

u . s .  74 , 1082- 1085 

Dunn , A . , Chenoweth , M. and Bever , K. ( 1 976 ) Fed . Proc . 35 , 1427 

E l - Dorry , H . A . , Chu , D . K . , Dzugaj , A . , Bo tel ho , L . H . , Pontremol i ,  S .  
and Horecker , B . L .  ( 1977 ) Arch . B i ochem . B i ophys . 182 , 763-773 

Ekren , T.  a nd Yatvi n ,  M . P .  ( 1972 )  B i o ch i m .  B i ophys . Acta 281 , 263-269 

Enser , M . , Shapi ro , S .  and H orecker , B . L .  ( 1969)  Arch . B i ochem . B i ophys . 

1 29 , 377-383 

Epste i n ,  M .A .  ( 19 6 1 )  J .  B i ophys . B i ochem . Cytol . 10 , 153 - 162 

Fel i u ,  J . F . , Hue , L .  and Hers , H . G . ( 1976 ) Proc .  Nat .  Acad . S ci . U . S .  
73 , 2762-2766 

Fos ter , J . F .  and Sherman , M . D .  ( 1956 ) J .  Amer . Chem .  Soc .  7 8 ,  

3656-3660 

Frey , \LA . ,  Caperel l i , C . A .  and Benkov i c ,  S . J .  ( 1976 )  Fed . Pro c . 35 , 1705 



141 

Furl ong , C . E . , Ci rako gl u ,  C . , Wi l l i s ,  R . C .  and Santy ,  P .A .  ( 1973 ) Ana l . 
B i ochem . 5 ,  297-311  

Fuse , Y . , Pr i ce ,  Z .  and Carpenter , C . M .  ( 1963 )  Cancer Res . 2 1 ,  1658- 1664 

Gancedo , C . , Sal as , M . C . , Gi ner , A .  and So l s ,  A .  ( 1965 )  B i o chem . 

B iophys . Res . Commun .  20 , 15-20 

Ganoza , M . C . and Wi l l i ams , C . A .  ( 1969 ) Proc . Nat .  Acad . Sc i . U . S . 6 3 ,  

1 370- 1376 

Gaye , P .  and Denamur , R. ( 1970)  B i o chem .  B i o phys . Res . Commun . 41 , 
266-272 

Gaye , P .  and Houdeb i ne ,  L . -M . ( 197 5 )  Nuc l e i c Acids Res . 2 ,  707-722 

Gaye , P . , V i ennot ,  N .  and Denamur ,  R .  ( 1972 )  B i och i m .  B i ophys . Acta 
262 , 37 1 -380 

Gaye , P . , Houdeb i ne ,  L . -M . , Petri s s an t , · G .  and Denamur , R .  ( 1973a ) 
Acta Endocri nol . ( Pro te i n synthes i s i n  reproducti ve ti s s ues . V I  

Karol i ns ka Sympos i um )  4 26-448 

Gaye , P . , Houdeb i ne , L . -M .  and Denamur , R .  ( 1973b ) B i ochem . B i o phys . 

Res . Commun . 51 , 637-644 

Gaye , P . , Gautron , J . -P . , Merc i er ,  J . -C .  and Haze , G.  ( 1977 ) B i ochem . 

B i ophys . Res . Commun . 7 9 ,  903-9 1 1  

Gevers , W .  a nd Krebs ,  H .A .  ( 1966 ) B i ochem . J .  98 , 7 20-735 

G l as s ,  R . D .  a nd Doyl e D .  ( 19 7 2 )  J .  B i ol . Chem . 247 , 5234-5242 

Gl aumann , H .  ( 1970 )  B i o ch i m .  B i ophys . Acta 224 , 206-218 

G l aumann , H .  ( 1973 )  i n  Techni ques of  Pro te i n B i osynthes i s  ( Campbel l 

P . N . and Sargent , J . R .  eds . ) ,  pp 19 1-248 , Academi c Pres s , London . 



G l aumann , H .  a nd Dal l ne r , G .  ( 1968 ) J .  L i pi d Res . 9 ,  7 20-729  

Gl aumann , H . , von der  Decken , A .  a nd Dal l ner , G .  ( 1968) L i fe Sc i . 7 ,  

9 05-911  

Gol dman , B . M .  and B l obel , G .  ( 1978) Pro c .  Nat .  Acad . Sci . U . S .  7 5 , 
5066-5070 

Gomor i , G .  ( 1 943 )  J .  B i o l . Chem . 148 , 139 - 149 

Gonzal ez , C . , Pal aci o s , R .  a nd Sch imke , R . T .  ( 1 974 ) B i och i m . B i ophys . 
Acta 366 , 424- 434 

Gonzal ez-Cadav i d ,  N . F .  and Saez de C6rdova , C .  ( 1 974 ) B i ochem .  J .  140 , 

1 57- 167 

Good i ng ,  G . V .  and Herbert , T . T .  ( 1967 ) Phytopathol o gy 57 , 1 285 

Gornal l ,  A . G . , Bardawi l l , C . J .  and Davi d ,  M . M .  ( 1949 )  J .  B i o l . Chem . 

177 , 751-766 

Gozes ,  I . ,  Schmi tt , H .  and L i ttauer , U . Z .  ( 1 97 5 )  Proc . Na t .  Acad . Sc i . 
u . s .  7 2 ,  701-705 

Gran ger , M . , Tesser , G . I . ,  deJong W . W .  and Bl oemendal , H .  ( 19 7 6 )  
Pro c .  Nat .  Acad . Sci . U . S .  7 3 , 30 10-3014 

Groner ,  B . , Hynes , N . E . , S i ppel , A . E . , Jeep , S . ,  Nguyen Huu , M . C .  and 

SchUtz , G .  ( 1977 )  J .  B i o l . Chem . 252 , 6666-6674 

Greene , H . L . , Taunton , O . D . , Sti fel , F . B .  and Herman , R . H .  ( 1974 ) 

J .  C l i n .  I nve s t . 53 , 44-51 

Guder , W . G . , Schmi d t ,  U . , Fun k ,  B . , We i s ,  J .  and PUrschel , S .  ( 1976 )  

Z .  P hys i ol . Chem .  357 , 1793- 1800 

Habener , J . F . , Pott s , J . T .  a nd R i c h , A .  ( 1976 ) J .  B i o l  Chem . 2 5 1 , 
3893-3899 

142  



Hai nes , M . E . , Carey , N . H .  and Pal m i ter , R . D .  ( 1974 ) Eur .  J .  B i ochem . 
43 , 549-560 

143 

Hal l i nan , T . H .  and Munro , H . N .  ( 1964 ) B i och im . B iophys . Acta 80 , 166 - 168 

Hal l i nan , T . H . , Murthy , C . N .  and Gra n t ,  J . H .  ( 1968 ) Arch . B i ochem . 

B i ophys . 1 25 , 7 15-720 

Harwood , R . , Grant , M . E .  and Jackson , D . S .  ( 1975 )  FEBS Lett . 57 , 47-50 

Hel gel and , L .  ( 1968 ) FEBS Lett . 1 ,  308-310 

Hers , H . G .  ( 1955 ) J .  B i o l . Chem . 214 , 373-381 

Hers , H . G .  and Kusaka , T .  ( 1953 )  B i oc h i m .  B i ophys . Acta 1 1 ,  427-437 

Hers , H . G . , Berthet , J . , Berthet ,  L. and deDuve , C. ( 1951 ) Bu l l . Soc . 

C h im .  B i o l . 33 , 21-41 

H i ckey , E . D . , Weber , L . A .  and Bagl i o n i , C .  ( 1978) B i ochem . B i ophys . 
Res . Commun . 80 , 377 -383 

Hi cks , S . J . , Drysdal e ,  J . W .  and Munro , H . N .  ( 1969 ) Sci ence 164 , 584-585 

H i gash i , T .  and Peter s , T .  ( 1963 ) J .  B i ol . Chem . 238 , 3952-3954 

H i gashi , T . , Kudo , H .  and Kas iwag i , K .  ( 19 7 2 )  J .  B i ochem . 7 1 ,  463 -470 

Hoerz , W .  and McCarty , K . S .  ( 1969 ) Proc . Nat .  Acad . Sc i . U . S .  63 , 

1206- 1213 

Hofer , E .  a nd Seker i s ,  C . E .  ( 1977 ) B i ochem . B i ophys . Res . Commu n .  77 , 

352-360 

Hol me , G . , Boyd , S . L .  and Sehon , A . H .  ( 1971a ) B iochem . B i ophys . Res . 
Commun . 4 5 , 240-245 

Hol me ,  G . , Del ov i tch , T . L . , Boyd , S . L .  and Seho n , A . H .  ( 19 7 1 b )  B i o ch i m . 

B i ophys . Acta 247 , 104- 108 



Horecker , B . L . , Mel l on i , E .  and Pontremol i ,  S .  ( 1975 ) i n  Advances i n  
Enzymo l ogy (Mei ster , A .  ed . } ,  vol 42 , pp 193-226 , Wi l ey-I ntersc ience , 

New York  

Horecker ,  B . L . , Pontremo l i ,  S . , Rosen , 0 .  and Rosen ,  S .  ( 1 966 ) Fed . 

Proc . 25 , 1 52 1- 1528 

Hor i kawa , S . , Nakani s h i , S .  and Numa , S .  ( 1977 ) FEBS Lett . 74 , 55-58 

Houdeb i ne ,  L . -M .  and Gaye , P .  ( 1976 }  Eur . J .  B i ochem . 63 , 9 - 14 

144 

Howel l ,  R . R . , Loeb , J . N .  and Tomk i ns , G . M .  ( 1 964 ) Pro c .  Nat .  Acad . Sci . 

u . s .  52 , 1 24 1 - 1248 

Hudso n ,  L .  and Hay, F . C .  ( 1976 }  Practi cal Immunol ogy ,  298 p .  Bl ackwel l 

Sc i enti f i c Publ i cati ons , Oxford . 

Hue , L .  ( 19 7 6 )  B i ochem . Soc .  Trans . 4 ,  994 -998 

Hue , L .  and Hers , H .  ( 1974a)  B i ochem .  B i ophys . Res . Commun .  58 , 532- 539 

Hue , L .  and Hers , H .  ( 1974b }  B i ochem . B i ophys . Res . Commun . 58 , 540-548 

Hunter ,  A . R . , Farrel l ,  P . J . , Jackso n , R . J . and Hunt , T .  ( 1977 ) Eur . J .  

B i ochem . 7 5 ,  149-157 

Hus ton , R . L . , Schrader , L . E . , Hono l d ,  G . R . , Beecher , G . R . , Cooper , W . K . 
and Sauber l i ch ,  H . E .  ( 1970}  B i o ch i m .  B iophys . Acta 209 , 220-239 

Hutchi son , J . S .  and Hol ten , D .  ( 1978}  J .  B i ol . Chem . 253 , 52 -57 

Hymer , W . C .  and Kuff , E . L .  ( 1964 ) J .  H i stochem. 12 , 359-363 

l kehara , Y .  and Pi tot , H . C .  ( 1973 ) J .  Cel l . B i ol . 59 , 28-44 

I nn i s ,  M . A .  and Mi l l er ,  D . L .  ( 1977 ) J .  B i o l . Chem . 252 ,  8469-8475 

Iynedj i an ,  P . B .  and Hanson , R . W .  ( 1977 } J .  B i o l . Chem .  252 , 665-662 



145 

Iynedj i a n , P . B .  and Hanson , R . W . ( 1978 ) Eur . J .  B iochem . 90 , 123-130 

Jornval l ,  H .  ( 1975 ) J .  Theor . B io l . 5 5 , 1-12  

Jost , J . -P .  and  Peh l i ng ,  G .  ( 1976 ) Eur . J .  B iochem . 66 , 339-346 

Kas h iwag i ,  K . , Tobe , T .  and H i gash i , T .  ( 197 1 ) J .  B i ochem .  70 , 785-793 

Katz , N .  and Jungermann , K .  ( 1976 ) Z .  P hys i ol . Chem . 357 , 359-375 

Katz , J . , Wal s ,  P . A . , Go l den , S .  and Rogns tad , R .  ( 1975 ) Eur . J .  B i o chem . 

60 , 9 1- 101 

Katz , N . , Teutsch , H . F . , Jungermann , K.  and Sasse , D .  ( 1977 ) FEBS Lett . 
83 ,  272-276 

Kel l er ,  G . H .  and Taylor , J . M .  ( 1976 ) J .  B io l . Chem . 25 1 ,  3768-377 3 

Kemper ,  B . , Habener , J . F . , Mu l l i g�n , R . C . , Potts , J . T .  and Ri c h , A .  

( 1974 ) Proc . Nat .  Acad . Sci . U . S .  7 1 ,  373 1 -3735 

Kemper ,  B . , Habener , J . F . , Ernst , M . D . , Potts , J . T .  a nd R i c h ,  A ( 1976 ) 
Bi ochemis try 15 , 1 5 -19 

Ki ou s s i s ,  D . , Resh ef , L . , Cohen , H . , T i l ghman , S . M . , Iynedj i an ,  P . B . , 
Bal l ard , F . J .  a nd Hanson , R . W .  ( 1978 ) J .  B io l . Chem . 253 , 4327 -4332 

Kl e i n ,  W . H . , N ol an ,  C . , Lazar , J .M .  a nd C l a r k ,  J . B .  ( 1 972 ) B i ochemi s try 
11 , 2009-2014 

Kne�r , N . M . , Bo sch , A . L . , C l a rk ,  M . G .  a nd Lardy , H . A .  ( 1974 ) Proc .  Nat . 

Acad . Sci . U . S .  7 1 ,  4523-4527 

Kon i j n ,  A . M . , B al i ga ,  B . S .  and Munro , H . N .  ( 1973 ) FEBS Lett . 37 , 
249-259 

Krebs , H . A .  ( 1954 ) Bul l . John  Hopk i ns  95 , 19-33 



146 

Krebs , H . A .  ( 1963 ) Pro c .  Royal Soc . ,  London  Ser . B .  1 59 , 545-564 

Krebs , H . A .  and Woodford , M .  ( 1965 ) B i ochem .  J .  94 , 4 36-445 

Kvam , D . C . , and Par ks , R . E .  ( 1960 ) Am . J .  Phys i ol . 198 , 2 1 -24 

Kwan , S . -W . , Webb , T . E .  and Morri s ,  H . P .  ( 1968 ) B iochem . J .  109 , 617 -623 

Lawford , G . R . , Langford , P .  and Schachter , H .  ( 1966 ) J .  B i o l . Chem . 
24 1 , 1835 - 1839 

Leuthard t ,  F . , Testa , E .  and Wol f ,  H . P .  ( 1 953 ) Hel v .  C h im .  Acta 36 , 
227-251 . 

L i ngappa , V . R . , Devi l l ers-Th i ery , A .  and B l obel , G .  ( 1977 ) Pro c .  Nat . 

Acad . Sc i . U . S .  74 , 2432-2436 

Loen i ng ,  U . E .  ( 1967 ) Bi ochem . J .  102 , 251 -257 

Lomed i co ,  P . T . , Chan , S . J . , Ste i ner ,  D . F .  and Saunders , G . F .  ( 1977 ) 
J .  B i o l . Chem . 252 , 7971-7978 

MacDond , R . I .  and Korner , A. ( 197 1 ) FEBS Lett . 13 , 6 2- 64 

McCarty , K . S . , Vo l lmer , R . T .  and McCarty , K . S .  ( 1974 ) Anal . B i ochem . 

6 1 , 163- 183 

McC l ure , W . R .  ( 1969 ) Bi ochemi stry 8 ,  2782-2786 

Mclaughl i n ,  C . A .  and Pi tot , H . C .  ( 1976a ) Biochemi s try 15 , 354 1 -3549 

Mclaughl i n ,  C . A .  and Pi tot , H . C .  ( 1976b ) Bi ochemi s try 15 , 3550-3556 

Maj umder , A . L .  and E i senberg , F. ( 1977 ) Proc . Nat .  Acad . Sci . U . S .  74 , 
3222-3225 

Mangan i el l o , U . C .  and Ph i l l i ps ,  A . H .  ( 1965 ) J .  B i o l . Chem . 240 , 394 1 -3959 



Marcu , K .  and  Dudock , B .  ( 1974 ) Nucl e i c  Acid s  Res . 1 ,  1398- 1397 

Marcus , F .  ( 1967 ) Arch . B i ochem .  Bi ophys . 122 , 393-399 

Marcu s ,  A . , Efron , D .  and Weeks , D . P . ( 1974 ) i n  Methods i n  Enzymo l ogy 

( Grossma n ,  L .  a nd Mo l dave , C .  eds . ) , vol . 30 , pp 75 1-7 52 , Academ i c  
Pre s s , New York . 

· Masuya , T . , Kozura , M . , Nakash ima ,  A . , H i rats u ka , S .  a nd Umeda , T .  
( 1963 ) Kyus hu J .  Med Sc i . 14 , 243-252 

Ma ruer , R . A . , Gorski , J .  and McKean , D . J .  ( 1 977 ) B i ochem .  J .  161 , 

189- 192 

Mend i ci no ,  J .  and Vasarhe l y ,  F .  ( 1953 ) J .  B i o l . Chem .  238 , 471-49 1 

147 

Mendi ci no ,  J . ,  Beaudreau ,  C . , Hsu , L . L .  and Med i cus , R. ( 1968 ) J .  B i ol . 
C hem . 243 , 2703-2709 

Merci er , J . -C . , Haze , G . , Gaye , P .  and Hue , D .  ( 1978 ) Bi ochem .  B i ophys . 

Res . Commun .  82 , 1236-1245  

Mi l ste i n ,  C . ,  Brown l ee ,  G . C . , Harr i son , T . M .  a nd Mathews , M . P .  ( 197 2 ) 
Nature New B i ol . 239 , 1 1 7 - 120 

Mokrasch , L . C .  a nd McGi l very , R . W .  ( 1 956 ) J .  B i o l . Chem . 22 1 ,  909-917  

Mokrasch , L . C .  Dav i dson ,  W . D .  and  McGi l very , R . W .  ( 1956 ) J .  B i ol . Chem .  
222 , 179-184 

Monder , C .  and Coufal i k ,  A .  ( 1972 ) J .  B io l . Chem . 247 , 3906-36 1 7  

Morgan , E . H .  and Peters , T .  ( 197 1 ) J .  B io l . Chem .  246 , 3500- 3507 

Moudgal , N . R .  and Porte r ,  R . R .  ( 1963 ) B ioch i m .  B i ophys . Acta 7 1 , 185  

Nakani sh i , s . , Ta i i ,  S . , H i ra ta , Y . ,  Matsu kura , S . , Imura , H .  and  
Numa , S .  ( 1976 ) Proc . Nat .  Acad . Sci . U . S .  7 3 , 4319-4323 



Newsho l me ,  E . A .  and Cra btree , B .  ( 1970 )  FEBS Lett 6 ,  195- 198 

Newshol me ,  E . A .  and Crabtree , B .  ( 1973 ) Symp . Soc .  Exp . B i o l . 26 , 
429-460 

Newsho lme ,  E . A .  and Crabtree , B .  { 1976 }  B i ochem .  Soc . Symp . 4 1 , 61 - 110  

Newsho lme ,  E . A .  and Gevers , W .  { 1967 ) V i tam . Harm . 25 , 1 -87 

Newsho lme ,  E . A .  and Underwood ,  A . H .  { 1966 ) B i ochem .  J .  99 , 24c-26c 

148 

Newsholme , E . A . , Crabtree , B . ,  H i gg i ns ,  S . J . , Thornton , S . D .  and Star t ,  

C .  ( 1972 ) B i ochem .  J .  1 28 ,  87-97 

N i he i , T .  ( 197 1 )  B i ochem . B i ophys . Res . Commun .  43 , 1 139- 1 144 

N immo ,  H . G .  and Ti pton , K . F .  { 1975 )  B i ochem . J .  145 ,  323-334 

No l l , H .  { 1969 ) i n  Techn i ques  i n  Prote i n  B i o synthes i s  { Campbel l ,  P . N .  
a nd Sargents , J . R .  ed s . ) , p p  10 1-207 , Academi c Press , New York 

Nov i koff , A . B .  and Shi n ,  W . Y .  { 1964 ) J .  M icro sc .  { Pari s )  3 ,  187-206 

O pi e ,  L . H .  and Newshol me ,  E . A .  { 1 967 a }  Bi ochem. J .  103 , 39 1 -399 

Op i e ,  L . H .  a nd Newsho lme ,  E . A .  { 1967 b )  B i ochem .  J .  104 , 353-360 

O kuyama , A . , Mc l nnes , J .  , Green , M .  and Pestka , s .  ( 1977 ) B i ochem . 
B i ophys . Res . Commun .  77 , 347 -351 

Pal acio s ,  R . , Palm i ter , R . D .  and Schi mke , R . T . { 1972 ) J .  B i ol . Chem .  
247 , 23 16-23 2 1  

Pal ade , G . E .  { 1956 ) J .  B i o phys . B i ochem . Cyto l . 1 ,  567 -582 

Pal ade , G .  E .  and S i ekev i tz ,  P .  { 1956 ) J .  B i ophys . B i ochem .  Cyto l . 2 ,  

171 -198 



I . 

Pal mi ter , R . D . , and Ha i nes , M . E .  ( 1973 ) J .  B i ol . Chem . 248 , 2107 - 2 1 16 

Pa lm i ter , R . D . ,  Chr i stensen , A . K. and Schi mke , R . T .  ( 1970)  J .  B i o l . 

C hem . 245 , 833 -845 

Pal m i ter , R . D . , Oka , T .  a nd Sch imke , R . T .  ( 197 1 )  J .  B i ol . Chem .  246 , 

724-737 

Palm i ter , R . D . , Pa l ac i o s , R. a nd Sch imke R . T .  ( 1972 ) J .  B i o l . Chem .  
247 , 3296-3304 

Palm i ter , R . D . , Gagno n ,  J . ,  Er i csson , L . H .  and Wal s h , K . A .  ( 1977 )  J .  
B i o l . Chem .  252 , 6386-6393 

149 

Pal mi ter ,  R . D . , Gagnon , J .  and Wal sh , K . A . ( 1978)  Proc . Nat .  Acad . Sc i . 
u . s .  7 5 ,  94 -98 

Peacock ,  A . C . ,  and D i ngman , C . W. ( 1967 ) B i ochemi stry 6 ,  18 18- 1827 

Peters , T. ( 1 96 2 )  J .  B i ol . Chem .  237 , 1 18 1 - 1185 

Peters , T . , F l e i s cher , B .  and Fl ei scher , S �  ( 197 1 )  J .  B i o l . Chem . 246 , 

240 -244 

Peterson , J . A .  ( 1976 ) Nucl ei c Ac i ds Res . 3 ,  1427 - 1436 

Pi l ki s ,  S . J . , R i o u , J . -P .  and Cl aus , T . H .  ( 1976 ) J .  B i o l . Chem . 251 , 

7841 -7852 

Pi nde r ,  J . C . , Staynov , D . Z .  and Gratzer , W . B .  ( 1974 ) B i ochems i try 13 , 
5373-5378 

P i to t ,  H . C . a nd Jos t ,  J . -P .  ( 1968) i n  Regul atory Mechan i sms for Pro te i n  
Synthes i s  i n  Mammal i an  Cel l s  (San P i etro , A . , Lamborg , M . R .  a n d  Kenney , 
F . T .  eds . ) ,  p 283 , Academ i c  Press , New York . 

Pogel l ,  B . M .  ( 19 6 1 )  i n  Fructose-1 , 6 -D i phos phatase and i ts rol e i n  

G l uconeogene s i s (McG i l very , R . W .  and Pogel l ,  B .M .  eds . ) ,  pp 89- 100 , 

Ameri can I nst i tute o f  B i o l o g i a l  Sc i ences , Was h ington D . C .  



Pogel l ,  B . M .  and McGi l very , R . W .  ( 1952 ) J .  B i o l . Chem .  197 , 293-302 

Pogel l ,  B . M .  and McG i l very , R . W .  ( 1954 ) J .  B i ol . Chem . 208 , 149- 1 57 

Pontremo l i ,  S . , Luppi s ,  B . , Wood , W . A . , Tran i el l o ,  S .  and Horecker , 

B . L .  ( 1 965 ) J .  B i o l . Chem . 240 , 3464 -3468 

Pontremo l i ,  S . , Mel l on i , E . , De Fl ora , A .  and Horecker , B . L .  ( 1973 ) 

Proc . Nat .  Acad . Sc i . U . S .  70 , 661-664 

Pontremo l i � S . , Mel l on i , E . , De Fl ora , A .  and Horecker , B . L .  ( 1974 ) 
Proc . Nat .  Acad . Sc i . U . S .  7 1 , 2 166-2 168 

Pontremol i ,  S . , De Fl ora , A . , Sal ami no ,  F . , Mel l on i , E .  and Horecker , 

B . L .  ( 1 97 5 )  Proc . Na t .  Acad . Sci . U . S .  7 2 ,  2969-2973 

Porath , J .  ( 1970 )  i n  Methods i n  Enzymo l ogy ( Jackoby , W . B .  and W i l ce k ,  

M .  eds . ) , vo l . 34 , p 23 , Academi c Press , New York . 

Porter , K . R .  ( 1961 ) i n  The Cel l ( Brachet , J .  and M i rs k i , A . E .  ed s . ) , 

p 6 ,  Academi c Pre s s ,  New York . 

Porter , K . R .  and Bonnev i l l e ,  M . A .  ( 1968 )  F i ne Structure o f  Cel l s  and 
T i ssues , Lea and Feb i ger , Ph i l adel ph i a .  

Puro , D . G .  and R i chter ,  G . W .  ( 197 1 )  Proc . Soc .  Exp . B i o l . Med . 138 , 
399-403 

Ragnotti , G . , Lawford , G . R .  and Campbel l ,  P . N .  ( 1969 ) B i o chem . J .  1 1 2 ,  
139 -147  

Ramsey , J . C .  and Steel e ,  W . J . ( 1976 ) B i ochemi stry 15 , 1704 - 1712  

Ramsey , J . C .  and  Steel e ,  W . J . ( 1977 )  B i ochem . J .  168 ,  1-8 

Redman ,  C . M .  ( 1968)  Bi ochem .  B i o phys . Res . Commun . 3 1 , 845-850 

Redman ,  C .M .  ( 1969 )  J .  B i o l . Chem .  244 , 4308-4715 

150 



Redman , C . M .  and Cheri an , M . G .  ( 1972 )  J .  Ce l l . B i o l . 52 , 321 -345 

Redman , C . M .  and Sabati n i , D . D .  ( 1966 )  Pro c .  Nat .  Acad . Sci . U . S .  5 6 , 

608-6 15  

Rether , B . ,  Bel arb i , A .  and B eck , G .  ( 1978)  FEBS Lett . 93 , 194- 199 

Rhoads , R . E . , McKni ght ,  G . S . and Sch i mke , R . T .  { 1973 )  J .  B i o l . Chem . 
0 248 , 2031-2039 

Riou ,  J . -P . , Cl aus , T . H .  and P i l ki s ,  S . J .  ( 1976 ) B i o chem .  B i o phys . 
Res . Commun . 73 , 59 1 -600 

Ri ou , J . - P . , Cl a us , T . H . , F l o ckhart , D . A . , Co rb i n ,  J . D .  and Pi l k i s , 
S . J .  ( 1977 ) Proc . Nat . Acad . Sci . U . S . 74 , 4615-4619 

Roberts , B . E .  and Paterson , B . M .  ( 1973 ) Pro c .  Nat . Acad . Sc i . U . S .  
70 , 2330-2334 

15 1  

Roberts , B . E . , Mattews , M . B .  and Bruton , C . J .  ( 1973 ) J .  Mol . B i o l . 80 , 
733-742 

Roch e , J .  and Bouchi l l oux , S .  ( 1950 )  Bul l . Soc .  Ch i m .  B i o l . 32 , 739-750 

Roewekamp , W . G . , Hofer , E .  and Sekeri s ,  C . E .  ( 1976 ) Eur . J .  B i o chem . 
70 , 2 59-268 

Rognstad , R .  and Katz , J .  ( 1976 )  Arch . B i ochem. Bi ophys . 177 , 337-345 

Rogns tad , R . , Wal s ,  P .  and Katz , J .  ( 197 5 )  J .  B i o l . Chem .  250 , 8642-8646 

Rosbash , M ( 1970 )  P h . D .  thes i s . Massachus sets I nsti tute o f  Tech nol o gy 

Rosen , J . M . , Woo , S . L . C . , Ho l der , J .W . ,  Means , A . R .  and 0 1 Ma l l ey ,  B . W .  
( 19 7 5 )  B i ochemi s try 14 , 69-78 

Roth , J . S .  ( 19 56 )  B i och i m .  B i ophys . Acta 21 , 34-43 

Roth , J . S .  ( 1967 ) i n  Methods i n  Cancer Research ( Bus ch , H .  ed . ) ,  vo l . 3 ,  

p p  153-242 , Academi c Press , New York . 



Ryoo , H .  a nd Tarver , H .  ( 1968)  Pro c .  Soc . Exp . B iol . Med . 128 , 760-772  

Sabati n i , D . D . and Bl obel , G .  ( 1970) J .  Ce l l . B i o l . 45 , 146- 157 

Sabati n i , D . D . , Tas h i ro ,  Y .  and Pa l ade , G . E .  ( 1966 ) J .  Mol . B i o l . 1 9 , 
503-524 

Sakamoto , T .  and H i �as hi , T .  ( 1973 }  J .  B i ochem .  73 , 1083- 1088 

152  

Sal as , M . , V i nuel a ,  E . , Sal as , J .  and Sol s ,  A .  ( 1964 ) Bi ochem. B i ophys . 

Res . Commun . 17 , 150-155  

Sal a-Trepat,  J . M . , Savag� , M . J .  a nd Bonner , J .  ( 1978 )  B i ochi m .  B i op hys . 
Acta 5 19 , 173- 194 

Sarkar , P . K . and Moscona , A . A .  ( 1973 ) Pro c .  Nat . Acad . Sci . U . S .  70 , 

1667- 167 1 

Sas se ,  D .  ( 19 7 5 )  H i s tochemi s try 45 , 237 -254 

Sas se ,  D . , Katz , N .  and Jungerma nn ,  K. ( 19 7 5 )  FEBS Lett . 57 , 83-88 

Schechter , I .  ( 1974 ) B iochemi stry 13 , 1875- 1885 

Schechter ,  I .  and Burste i n ,  Y .  ( 1976a ) Bi ochem .  B i ophys . Res . Commun .  

68 , 489-496 

Schechter , I .  and Burstei n ,  Y .  ( 1976b ) Proc . Nat .  Acad . Sci . U . S .  7 3 , 
3273-3277 

Schechter , I . ,  McKea n ,  D . J . , Guyer , R .  a nd Terry , W .  ( 19 7 5 )  Sci ence 

188 , 160- 162 

Sch imke , R . T . , Ganshow , R . , Doyl e ,  D .  and Ari as , I . M .  ( 1968 ) Fed . P ro c .  

27 , 1 223- 1230 

Sch i mke , R . T . , Pal ac ios , R . , Sul l i van , D . , Ki ely , M . L . , Gonz&l e s , C .  

and Tayl or ,  J . M .  ( 1974 ) i n  Methods i n  Enzymol ogy ( Mo l dave , K a nd 

Gro s sman , L .  eds . ) ,  vol . 30 , pp 631 -648 , Academi c Pres s ,  New York . 



1 53 

Schmeckpepper , B . J . , Adams , J . M .  and Harri s ,  A . W .  ( 19 7 5 )  FEBS Lett . 53 , 
95-98 

Schray , K . J . ,  Benkov i c ,  S . J . , Benkovi c ,  P . A .  and Rose , I . A .  { 1 973)  J .  
B i o l . Chem .  284 , 2219-2224 

Schre i ber , G . , Urban , J . , Edwards , K. and Dryburgh , H .  ( 1976 } Adv .  
Enzyme Regul . 14 , 163- 184 

Scott , A . C .  and We l i s ,  J . R . E . W .  ( 1975 )  B i ochem .  B i ophys . Res . Commun . 
64 , 448-455 

Scott , A . C .  and Wel l s ,  J . R . E . W .  ( 1976 )  Na ture 259 , 635 -638 

SchUtz , G . , Ki eval , S . , Groner , B . , S i ppel , A . E . , Kurtz , D . T .  and 
Fei ge l son , P .  ( 1977 ) Nucl ei c Aci ds Res . 4 ,  71 -84 

Sherr , C . J .  and Uhr , J . W .  ( 1970 ) Proc . Nat . Acad . Sci . U . S .  66 , 1 183 - 1 189 

Shi el ds , D .  and B l o bel , G .  ( 1977 ) Proc . Nat . Acad . Sci . U . S . 74 , 
2059-2063 

Sh i e l ds , D .  and B l obel , G .  ( 1978)  J .  B i o l . Chem . 253 , 3753- 37 56 

Sh i h ,  D . S .  and Kaesberg , P .  ( 1973 ) Proc . Nat .  Acad . Sci . U . S .  7 0 ,  

1799- 1803 

Si ekev i tz ,  P .  and  Pal ade , G . E .  ( 1960)  J .  B i ophys . B i o chem . Cytol . 
7 ,  619-630 

Smeets , M . , Granger , J . W . , Van Hi s pen , J . W . , Bl oemenda l , H .  and 

Tes s er , G . I .  ( 1977 ) I n t .  J .  Pept .  Pro tei n Res . 9 ,  52-56 

Sol oway , B .  and McPherson , A .  { 1978)  J .  B i o l . Chem . 253 , 246 1-2462 

Sonenshei n ,  G . W .  and Brawerman , G. ( 1977 ) B i ochemi s try 16 , 5445- 5448 

S tar k , M . J .  and Frenkel , R .  ( 1978)  B i och im .  B i ophys . Acta 520 , 452-459 



1 54 

Strai r ,  R . K . , Yap , S . H .  and Shafr i tz ,  D . A .  ( 1977 )  Proc . Nat .  Acad . Sc i . 

u . s .  74 , 4346-4350 

Straub , P . W .  ( 1963 ) J .  Cl i n . I nves t .  42 , 130- 136 

Straus s ,  A . W . , Al berts , A . W . , Hennes sy , S .  and Vagel o s , P . R .  ( 1975 )  
Pro c .  Nat .  Acad . Sci . U . S .  72 ,  4366-4370 

Straus s ,  A . W . , Donohue , A .M . , Bennett , C . D . , Rodkey ,  J . A .  a nd Al berts , 
A . W .  ( 1977a ) Pro c .  Nat .  Acad . Sci . U . S .  74 , 1358- 1362 

Straus s ,  A .H . ,  Bennett , C . D . , Donohue , A . M . , Rodkey ,  J . A .  a nd Al berts , 

A . W .  ( 1977b ) J .  B i o l . Chem .  252 , 6846-6855 

Strauss , A . W . , Bennett , C . D . , Donohue , A .M . , Rodkey , J . A .  a nd Al berts , . 
A . W .  ( 1977c )  B iochem . B i ophys . Res . Commun .  77 , 1224- 1230 

Takagi , M .  and Ogata , K. ( 1968 ) B i ochem . Bi op hys . Res . Commun .  33 , 
5 5-60 

Takag i , M .  and Ogata , K. ( 1969 ) J .  Biochem . 65 , 651-653 

Takagi , M . , Tanaka , T .  and Ogata , K.  ( 1 970 ) B i ochem . B i ophys . Acta 

2 17 , 148- 158 

Taketa , K.  and Pogel l ,  B . M .  ( 1963 ) B iochem . B i ophys . Res . Commun .  1 2 , 

229-235 

Taketa , K .  and Pogel l ,  B . M .  ( 1965 ) J .  B i o l . C hem . 240 , 651 -661 

Tanabe , T . , Hor i kawa , S . , Nakan i s h i , S .  and Numa , S .  ( 1976 ) FEBS Lett . 
66 , 70-72  

Tanaka , T .  and Ogata , K .  ( 1 97 1 )  J .  B i ochem .  70 , 693-697 

Tanaka , T.  and Ogata , K.  ( 1972 ) B i ochem . B i ophys . Res . Commun .  49 , 

1069- 1074 



Tash ima , Y . , Thol ey , G . , Drummond , G . , Bertrand , H . , Rosenberg , J . S .  

and Horecker , B . L .  ( 1972 )  Arch . B i o chem . B i ophys . 149 , 1 18- 126 

Taunton , O . D . , Sti fel , F . B . , Greene , H . L .  a nd Herman , R . H .  ( 1972 ) 
B iochem .  B i ophys . Res . Commun .  48 , 1663- 1670 

Taunton , O . D . , Sti fel , F . B . , Greene , H . L .  and Herma n ,  R . H .  ( 1 974 ) 
J .  B i o l . Chem .  249 ' 7228-7239 

Tayl o r ,  J . M .  and Sch imke , R . T . ( 1973)  J .  B i  o l . Chem . 248 ,  7661-7668 

Tayl or , J . M .  and Schi mke , R . T .  ( 1974 )  J .  B i o 1 . Chem . 249 , 3597-3601 

Tayl or , J . M .  and Tse ,  T . P .  ( 1976 ) J .  B i ol . Chem .  251 , 7461-7467 

Tejwani , G .A . , Pedrosa , F . O . , Pontremol i ,  S .  and Horecker , B . L .  ( 19 76 )  
Arch . B i ochem . B i o p hys . 177 , 253-264 

Thi bodeau , S . N . , Lee , D .  C .  and Pa l mi ter , R . D .  ( 1978 )  J .  B i o l  Chem . 
253 ' 377 1 -377 4 

Ti tanj i ,  V . P . K . , Z etterqv i st ,  0 .  and Engs trom , L .  ( 1976 }  B i ochi m .  

B i ophys . Acta 422 , 98- 108 

Tj i o e , T . O .  and Kroon , A . M .  ( 1973 ) FEBS Lett . 33 , 225-228 

Topper , Y . J .  and S tetten , D .  ( 1951 ) J .  B i o l . Chem . 193 , 149- 155 

Trani e l l o , S .  ( 1974 ) B i ochem .  B i ophys . Acta 34 1 ,  129- 137 

Tran i e l l o ,  S . , Pontremol i ,  S . , Tash ima , Y .  a nd Horecker , B . L .  ( 1971 ) 

Arch . B i o chem . B i ophys . 146 , 161 -166 

Tse ,  T . P . H .  and Tayl or , J .M .  ( 1977 ) J .  B i ol . Chem . 252 , 1272-1278 

Uenoyama , K .  and Ono , T .  ( 19 7 2 )  B i och i m .  B i ophys . Acta 281 , 1 24- 129 

Underwood ,  A . H .  and Newsho lme , E . A .  ( 1965a )  B i ochem . J .  95 , 767-774 

155 



Underwood , A . H .  and Newsho l me ,  E . A .  ( 1965b )  B i ochem .  J .  9 5 , 868-875 

Underwood ,  E . A .  and Newsholme , E . A .  ( 1967 )  Bi ochem .  J .  104 , 300-305 

Van  Tol , A . , B l ack , W . J . and Horecker , B . L .  ( 1972 )  Arch . B i o chem . 
B i ophys . 151 , 59 1-596 

Vas sart , G .  and Dumont ,  J . E .  ( 1973 ) Eur . J .  B i ochem .  3 2 ,  322-330 

Venkatesan , N .  and Steel e ,  W . J . ( 1 972 ) B i ochim . B i ophys . Acta 287 , 

526-537 

Wal k ,  R . A .  and Hock , B .  ( 1978 ) B i ochem . Bi ophys . Res . Commu n .  81 , 
636-643 

Warner , J . R . , R i ch , A. a nd Ha l l , C . E .  ( 1962 ) Sc i en ce 138 , 1399-1403 

Warren , W . A .  and Peters , T. ( 1965 )  J .  B io l . Chem . 240 , 3009 -3015  

Web b ,  T . E . , B l obel , G .  and  Potter , V . R .  ( 1964 ) Cancer Res . 24 , 
1229 - 1237 

Weber ,  G . , Banerjee , G .  a nd Bronste i n ,  S . B .  ( 1961 ) J .  B i o l . Chem . 236 , 
3 106-31 1 1  

Weber , G . , S i nghal , R . L .  and Sr ivastava , S . K . ( 1965 ) Proc . Nat . Acad . 
Sci . u . s . 53 , 96- 104 

Weber , K .  and Osborn , M .  ( 1969 ) J .  B i ol . Chem . 244 , 4406-4412  

W i ttman-L i ebo l d ,  B .  and W i ttman , H . G .  ( 1965 )  Z .  Vererbungs l ehre 97 , 

305-326 

1 56 

Woodward , W . R . , Adamson , S . D . , McQueen , H . M . , Lar son , J . W . , Estvan i k ,  
S . M . , Wi l a i rat , P .  and Herbert , E .  ( 1973 ) J .  B i ol . Chem . 248 , 1556- 1561  



Yap ,  S . H . ,  Stra i r ,  R . K . and Shafri t� ,  D .A .  ( 1977 ) Pro c . Nat .  Acad . 
Sci . U . S .  74 , 5397- 5401  

Zahri nger ,  J . , Bal i ga ,  B . S . , Drake , R . L .  and  Munro , H . N .  ( 1 977 ) 

B iochim . B i ophys . Acta 474 , 234-244 

Zal i ti s ,  J .  and Pi to t ,  H . C .  ( 1977 ) Proc . Au st . Bi ochem . Soc . 10 , 7 

Zamecn i k ,  P . C .  a nd Kel l er ,  E . B .  ( 1954 ) J .  B i o l . Chem . 209 , 337-354 

Zauderer , M . , Li berti , P .  and Bagl ion i , C .  ( 1973)  J .  Mo l . B i ol . 79 , 

577- 586 

Zwei g ,  M .  and Gri s ham , J . M .  ( 197 1 )  B ioch i m .  B io phys . Acta 246 , 70-80 

157 



ADDENDUM 

Chang ,  J . C . , Templ e �  G . F . , Poon , R . , Neuman , K. H .  and Kan , Y .W .  ( 1977 )  
Proc .  Nat.  Acad. Sci . U . S .  74 , 5 145-5 149 

Katz , F . , Rothman , J . E . , L i ngappa , V . R . , Bl obel , G. and Lodi s h ,  H . F . 
( 1977)  Pro c .  Nat. Acad . Sci . U . S .  74 , 3278-3282 

Palmer ,  D . N . , Rab i n ,  B . R .  and Wi l l i ams , D . J .  ( 1978) B iochem .  J .  176 , 
9-14 

Peeters , B . , Mons , J . ,  Van Be l l e gem , H .  and Rombauts , W. ( 1979 ) B i ochim . 
B iophys . Acta 56 1 ,  502-516 

Pennequ i n ,  P . , Robi ns , D . M .  and Schi mke , R . T .  ( 1978 ) Eur . J .  B i ochem . 
90 , 5 1-58 

Tonneguzzo , F. and Gosh , H . P .  ( 1978)  Proc . Nat. Acad. Sci . U . S .  75 , 
7 15-719 


	10001
	10002
	10003
	10005
	10006
	10007
	10008
	10009
	10010
	10011
	10012
	10013
	10014
	10015
	10016
	10017
	10018
	10019
	10020
	10021
	10022
	10023
	10024
	10025
	10026
	10027
	10028
	10029
	10030
	10031
	10032
	10033
	10034
	10035
	10036
	10037
	10038
	10039
	10040
	10041
	10042
	10043
	10044
	10045
	10046
	10047
	10048
	10049
	10050
	10051
	10052
	10053
	10054
	10055
	10056
	10057
	10058
	10059
	10060
	10061
	10062
	10063
	10064
	10065
	10066
	10067
	10068
	10069
	10070
	10071
	10072
	10073
	10074
	10075
	10076
	10077
	10078
	10079
	10080
	10081
	10082
	10083
	10084
	10085
	10086
	10087
	10088
	10089
	10090
	10091
	10092
	10093
	10094
	10095
	10096
	10097
	10098
	10099
	10100
	10101
	10102
	10103
	10104
	10105
	10106
	10107
	10108
	10109
	10110
	10111
	10112
	10113
	10114
	10115
	10116
	10117
	10118
	10119
	10120
	10121
	10122
	10123
	10124
	10125
	10126
	10127
	10128
	10129
	10130
	10131
	10132
	10133
	10134
	10135
	10136
	10137
	10138
	10139
	10140
	10141
	10142
	10143
	10144
	10145
	10146
	10147
	10148
	10149
	10150
	10151
	10152
	10153
	10154
	10155
	10156
	10157
	10158
	10159
	10160
	10161
	10162
	10163
	10164
	10165
	10166
	10167
	10168
	10169
	10170
	10171
	10172
	10173
	10174
	10175
	10176
	10177
	10178
	10179
	10180
	10181
	10182



