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ABSTRACT 

Hydros t a t i c  p r e s s u r e  has  been shown t o  i n h i b i t  p r o t e i n  s y n t h e s i s  

i n  Esche r i ch i a  c o l i  by reducing t h e  a c t i v e  t r a n s p o r t  of amino a c i d  i n t o  

whole c e l l s  and t o  i n h i b i t  amino a c i d  a c t i v a t i o n  and polypept ide  s y n t h e s i s  

i n  c e l l - f r e e  systems. P r e s s u r e  dec reases  t r a n s l a t i o n a l  ambiguity by 

suppress ing  t h e  non-spec i f ic  a c t i v i t y  of phenylalanyl-tRNA s y n t h e t a s e  

and by p r e f e r e n t i a l l y  decreas ing  t h e  s t a b i l i t y  of leucyl-tRNA. 
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INTRODUCTION 

Hydros t a t i c  p r e s s u r e  i s  an important  p h y s i c a l  f e a t u r e  of t h e  marine 

environment,  where p r e s s u r e  i n c r e a s e s  from 1 atm a t  t h e  ocean s u r f a c e  

t o  approximately 1150 atm i n  t h e  g r e a t e s t  depths  ( 7 ) .  The e f f e c t s  of 

t h i s  range of p re s su re s  on t h e  growth of marine and t e r r e s t r i a l  microbes 

have been determined, and t h e s e  organisms have been c l a s s i f i e d  according 

t o  t h e i r  t o l e r a n c e s  (34, 35) .  F i r s t l y ,  t h e r e  a r e  t h e  barophobes, which 

a r e  organisms unable t o  grow a t  p r e s s u r e s  g r e a t e r  t han  400 t o  600 atm. 

Secondly, t h e r e  are t h e  b a r o p h i l e s ,  organisms which r e q u i r e  p r e s s u r e s  

of 500 t o  1100 a t m  f o r  growth and s u r v i v a l .  T h i r d l y ,  a  ve ry  few s p e c i e s  
b 

of ba rodur i c  b a c t e r i a  have been r epor t ed  t o  grow over  t h e  e n t i r e  p r e s s u r e  

range  of 1 t o  1100 atm. 

Hydros t a t i c  p re s su re  is  be l i eved  t o  suppress  t h e  growth of barophobic 

b a c t e r i a  i n  a  v a r i e t y  of ways. The d a t a  p r e s e n t l y  a v a i l a b l e  sugges t  t h a t  

t h e  most important  of t h e s e  a r e  t h e  fol lowing.  F i r s t l y ,  p r e s s u r e  appears  

t o  reduce t h e  a c t i v e  t r a n s p o r t  of n u t r i e n t s  and t o  d iminish  c e l l  perme- 

a b i l i t y  (26) .  Secondly, p r e s s u r e  is  known t o  i n h i b i t  macromolecular 

s y n t h e s i s  (I., 2,  16-18, 28, 32 ) ,  and i n  p a r t i c u l a r ,  t o  i n h i b i t  p r o t e i n  

s y n t h e s i s  t o  a  g r e a t e r  e x t e n t  than  e i t h e r  DNA o r  RNA s y n t h e s i s  (1,  2, 18 ,  

33) .  T h i r d l y ,  through i t s  i n f l u e n c e  on molecular  volume changes, p r e s s u r e  

i n t e r f e r e s  w i th  c e l l u l a r  metabolism by a l t e r i n g  t h e  r a t e s  of a c t i v i t y  of 

v a r i o u s  anabo l i c  and c a t a b o l i c  enzymes (9 ,  12 ,  1 3 ,  15 ,  22-24, 27). The 

s t u d i e s  r epo r t ed  h e r e  d e a l  w i t h  a s p e c t s  of t h e  f i r s t  and second processes  

as they  r e l a t e  t o  p r o t e i n  s y n t h e s i s .  The experimental  organism was t h e  



t e r r e s t r i a l  barophobic bacter ium Esche r i ch i a  c o l i  ~ / r ,  which grows a t  

p re s su res  of 1 t o  500 atm. 

P r o t e i n  s y n t h e s i s  by i n t a c t  b a c t e r i a l  c e l l s  i s  dependent ,  a t  l e a s t  

i n  p a r t ,  on exogenous sources  of amino a c i d s .  Evidence of s i g n i f i c a n t  

i n h i b i t i o n  a t  t h e  l e v e l  of a c t i v e  t r a n s p o r t  could provide ,  t h e r e f o r e ,  

an important  segment of t h e  t o t a l  exp lana t ion  of t h e  e f f e c t s  of p r e s s u r e  

on p r o t e i n  s y n t h e s i s .  Moreover, i f  p r e s s u r e  were demonstrated t o  in-  

a c t i v a t e  t o t a l l y  t h e  t r a n s p o r t  mechanisms r equ i r ed  by t h e  c e l l  t o  o b t a i n  

polypept ide  p r e c u r s o r s ,  t h e r e  would be l e s s  j u s t i f i c a t i o n  t o  proceed 

f u r t h e r  i n t o  an  i n v e s t i g a t i o n  of p r e s s u r e  e f f e c t s  on subsequent even t s  

i n  p r o t e i n  s y n t h e s i s .  Accordingly, a c t i v e  uptake of L-phenylalanine by 

whole c e l l s  of E. - -  c o l i  was s t u d i e d ,  a t  p r e s s u r e s  of 1 t o  600 atm. 

Recent s t u d i e s  have shown, none the l e s s ,  t h a t  p r e s s u r e  i n h i b i t s  c e l l -  

f r e e  p r o t e i n  s y n t h e s i s  dur ing  t h e  t r a n s l a t i o n  s t a g e s  ( 6 ) .  The b inding  of 

aminoacyl-tRNA t o  ribosomes, t h e  formation of t h e  pep t ide  bond, and t h e  

e longa t ion  of t h e  p e p t i d e  cha in  appear ,  i n  p a r t i c u l a r ,  t o  be a f f e c t e d .  

These d a t a  suggested two ways i n  which t h e  e f f e c t s  of p r e s s u r e  on t r a n s -  

l a t i o n  might b e  even more e x t e n s i v e  than  w a s  p rev ious ly  supposed. F i r s t l y ,  

t h e  o t h e r  s t a g e s  i n  t h e  s y n t h e t i c  process  might a l s o  b e  a f f e c t e d ,  and 

secondly ,  t h e  f i d e l i t y  of t r a n s l a t i o n  of t h e  g e n e t i c  code could b e  reduced. 

The products  of such ambiguous t r a n s l a t i o n  would l i k e l y  b e  p a r t i a l l y -  

f u n c t i o n a l  o r  non-funct ional  po lypept ides .  Th i s  could e x p l a i n ,  a t  l e a s t  

i n  p a r t ,  t h e  dec rease  i n  c e l l  v i a b i l i t y  known t o  occur under e l eva t ed  

p r e s s u r e s  (1,  35). 

I n  o rde r  t o  explore  t h e s e  p o s s i b i l i t i e s ,  va r ious  c e l l - f r e e  systems 
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for protein synthesis were prepared, for the study of individual steps. 

Pressure was applied to determine the extent to which each such process 

was inhibited, and to estimate the extent of pressure-induced translational 

ambiguity, if any. The processes so studied were the following: (1) 

synthesis of polypeptides from amino acids, (2) synthesis of polypeptides 

from aminoacyl-tRNA's, and (3) formation of aminoacyl-tRNA. The results 

of these studies suggested a concluding set of experiments in which the 

stability of aminoacyl-tRNA under pressure was investigated. 
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MATERIALS AND METHODS 

Cu l tu re s  and Media 

Stock c u l t u r e s  of Esche r i ch i a  c o l i  B / r  were maintained on Trypt icase-  

soy (BBL) agar  s l a n t s  a t  17C and were t r a n s f e r r e d  monthly. 

I n  a l l  c a ses ,  c e l l s  were grown i n  t h e  medium of L i t t a u e r  and Eisen- 

berg  (19) ,  having t h e  fo l lowing  composition: y e a s t  e x t r a c t  ( F i s h e r ) ,  1%; 

K2HP04, 2.8%; KH2P04, 1.7%; g lucose ,  1%; pH 6.8. 

Growth and P repa ra t ion  of C e l l s  f o r  Uptake S t u d i e s  

4 

A 30 m l  ove rn igh t  c u l t u r e  grown a t  20C was inocula ted  i n t o  300 m l  

of f r e s h  medium and grown a t  t h e  same temperature f o r  an  a d d i t i ~ n a l  two 

hours .  C e l l s  were ha rves t ed  by c e n t r i f u g a t i o n  a t  10,000 x g  f o r  10  min, 

resuspended i n  Buffer  A (0.22 M potassium phosphate ,  pH 6.8) and sedimented 

aga in .  A f t e r  one a d d i t i o n a l  wash, t h e  f i n a l  resuspens ion  was made i n  t h e  

same b u f f e r .  C e l l  concen t r a t ion  was determined d i r e c t l y  w i th  a P e t r o f f -  

Hausser counting chamber and a  f i n a l  d i l u t i o n  of 6.0 x lo5 c e l l s / m l  was 

prepared us ing  a d d i t i o n a l  b u f f e r .  Th i s  r e s u l t  was v e r i f i e d  by a  v i a b l e  

c e l l  count u s ing  t h e  spread p l a t e  technique.  

Growth and P r e p a r a t i o n  of B a c t e r i a  f o r  Cel l -Free E x t r a c t s  

Cells were grown a t  33C by i n o c u l a t i o n  of 11 l i t r e s  of f r e s h  medium 

w i t h  1 l i t r e  of an  overn ight  c u l t u r e .  The 12  l i t r e  c u l t u r e  was v igo rous ly  

s t i r r e d  and generously ae ra t ed  and was harves ted  i n  e a r l y  l og  phase by 
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continuous-flow c e n t r i f u g a t i o n .  C e l l s  were washed twice  i n  Buffer  B 

(0.01 M Tris-HC1, pH 7.5;  0.01 M 2; 0.006 M HSCH2CH20H) and 

s t o r e d  as a p e l l e t  a t  -20C f o r  a  per iod  not  exceeding t h r e e  days. 

A l l  b iochemicals  used i n  t h e  fo l lowing  procedures  were purchased 

from Sigma u n l e s s  o the rwi se  s p e c i f i e d ,  and a l l  procedures  were performed 

a t  4C un le s s  o therwise  ind ica t ed .  

P repa ra t ion  of Incubated S-30 E x t r a c t  

F re sh ly  thawed c e l l s  were d i s r u p t e d  by gr inding  w i t h  alumina by t h e  

method of Allende et a1 (3) and e x t r a c t e d  i n  Buffer  C (0.01M Tris-HC1, 

pH 7.8;  0.014 ?1 Mg (C2H302) 2 ;  0.06 M K C 1 ;  0.006 M HSCH2CH20H). The 
b 

homogenate was cen t r i fuged  a t  20,000 x  g  f o r  20 min and a n  incubated 

S-30 e x t r a c t  was prepared from t h e  S-20 supe rna t an t  by t h e  method of 

Nirenberg (25) .  DNase-treated S-20 supe rna t an t  was cen t r i fuged  tw ice  

a t  30,000 x  g  f o r  30 min. The upper f o u r - f i f t h s  of t h e  f i n a l  S-30 super- 

n a t a n t  was removed by a s p i r a t i o n  and incubated a t  37C w i t h  GTP, ATP, 

phosphoenolpyruvate, pyruvate  k i n a s e  and 20 amino a c i d s ,  t o  d e p l e t e  endo- 

genous mRNA. A f t e r  overn ight  d i a l y s i s  a g a i n s t  120 v o l  Buffer  C (wi th  

one change of b u f f e r  midway), t h e  e x t r a c t  was f rozen  i n  l i q u i d  n i t rogen .  

I s o l a t i o n  of Ribosomes and S-150 Superna tan t  

Ribosomes were i s o l a t e d  by c e n t r i f u g a t i o n  of f r e s h l y  prepared in-  

cubated S-30 e x t r a c t  a t  150,000 x  g  f o r  120 min and t h e  supe rna t an t  (S-150) 

was removed and f rozen  s e p a r a t e l y  a t  -20C. The ribosomes were resuspended 

i n  Buffer  D (0.1 M Tris-HC1, pH 7.8;  0.5 M NH4C1; 0.01 M MgC12; 0.006 M 



HSCH2CH20H) and then  sedimented and resuspended two a d d i t i o n a l  t imes  

b e f o r e  a  f i n a l  resuspens ion  i n  Buffer  C .  Ribosomes were s t o r e d  i n  l i q u i d  

n i t rogen .  

The concen t r a t ion  of p r o t e i n  i n  t h e  incubated S-30 e x t r a c t ,  t h e  

r ibosomal  suspens ion ,  a n d t h e  S-150 supe rna t an t  was determined i n  each 

c a s e  by t h e  method of Lowry e t  a 1  (20) ,  w i th  bovine serum albumin a s  

t h e  s t anda rd .  

P repa ra t ion  of Phenylalanyl-tRNA Synthe tase  

C e l l s  were d i s r u p t e d  a s  above and a  p a r t i a l l y  p u r i f i e d  p r e p a r a t i o n  

of phenylalanyl-tRNA s y n t h e t a s e  was made e s s e n t i a l l y  by t h e  method of 

S tu lbe rg  (30) .  Alumina-ground c e l l s  were resuspended i n  2 m l  Buffer  E 

(0.01 M Tris-HC1, pH 7.5;  0 .01 M Mg(C2H302) 2 ;  0.001 M HSCH2CH20H) per  

g of c e l l s  ( w e t  weight)  and cen t r i fuged  a t  20,000 x  g  f o r  20 min. The 

p e l l e t  was d iscarded  and t h e  supe rna t an t  was d i l u t e d  by f u r t h e r  a d d i t i o n  

of 1 .0  m l  of Buffer  E per  g  of c e l l s  ( o r i g i n a l  weight) .  The r e s u l t i n g  

suspension was cen t r i fuged  a t  14,600 x g  f o r  120 min and t h e  p e l l e t  w a s  

d i scarded .  The supe rna t an t  was cen t r i fuged  a t  105,000 x g f o r  120 min 

and t h e  p e l l e t  was d iscarded .  The S-105 supe rna t an t  was a d j u s t e d  t o  20% 

g l y c e r o l  (v/v) b e f o r e  s t o r a g e  a t  -30C. 

Al iquo t s  of f rozen  S-150 supe rna t an t  were thawed and t r e a t e d  i n  t h e  

fo l lowing  manner. Nucleic  a c i d s  were removed by dropwise a d d i t i o n  of 

0 .1  v o l  of 10% streptomycin s u l f a t e  w i t h  cons tan t  s t i r r i n g .  The suspension 

was cen t r i fuged  a t  30,000 x g  f o r  30 min and t h e  p r e c i p i t a t e  was d i sca rded .  

The supe rna t an t  was d i a lyzed  overn ight  a g a i n s t  100 v o l  of Buffer  F @.05 M 
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potassium phosphate ,  pH 7.5;  0 .01 M HSCH2CH20H; 0.001 M EDTA), w i t h  one 

change of bu f fe r  midway. 

A 41-51% ammonium s u l f a t e  f r a c t i o n  was prepared from t h e  d i a lyzed  

s t reptomycin s u l f a t e  f r a c t i o n  and t h e  f i n a l  p r e c i p i t a t e ,  d i s so lved  i n  

a  minimum volume of Buffer  F,was d i a lyzed  overn ight  a g a i n s t  t h e  same 

b u f f e r  i n  t h e  manner i n d i c a t e d  above. 

A 0.5 m l  a l i q u o t  of t h e  d i a lyzed  s o l u t i o n  (conta in ing  10 mg/ml p r o t e i n )  

was loaded on a  1 .6  x 20 cm column con ta in ing  DEAE-Sephadex (A-25) pre- 

v i o u s l y  e q u i l i b r a t e d  i n  Buffer  F ,  and t h e  sample was e l u t e d  w i t h  a  200 

m l  l i n e a r  g r a d i e n t  of i n c r e a s i n g  potassium phosphate concen t r a t ion  (0.05 

M t o  0.25 M) and decreas ing  pH (7.5 t o  6.5) conta in ing  0.01 M HSCH CH OH 
2 2  

and 0.001 M EDTA. A l l  chromatographic f r a c t i o n s  were ad jus t ed  t o  20% ' 

g l y c e r o l  (v/v)  and 10 umoles of HSCH CH OH were added per  m l  be fo re  s t o r a g e  2  2  

a t  4C. Act ive  f r a c t i o n s  were pooled and d i a lyzed  a g a i n s t  Buffer  G (0.05 

M potassium phosphate,  pH 7.0; 0.01 M HSCH2CH20H; 0.001 M EDTAj. The 

d i a lyzed  s o l u t i o n  was ad jus t ed  t o  75% (NH ) SO by slow a d d i t i o n  of t h e  
4 2  4 

c r y s t a l l i n e  s a l t .  Af t e r  c e n t r i f u g a t i o n  a t  30,000 x  g  f o r  30 min, t h e  

p r e c i p i t a t e  was d i s so lved  i n  a  minimum volume of Buffer  H (0.05 M potassium 

phosphate ,  pH 7.0; 0 .01 M HSCH CH OH), and d i a lyzed  a g a i n s t  t h e  same b u f f e r .  
2  2  

The d i a lyzed  s o l u t i o n  was then  s t o r e d  a t  4C a s  t h e  source  of phenylalanyl-  

tRNA syn the t a se .  P r o t e i n  concen t r a t ion  was determined by measurement of 

absorbance a t  280 nrn and r e f e r e n c e  t o  a  s tandard  curve f o r  bovine serum 

albumin. 

Assay f o r  Uptake of Phenyla lan ine  i n t o  Whole C e l l s  Under P r e s s u r e  

Uptake of 14~-phenyla lan ine  was determined by a  mod i f i ca t ion  of t h e  

method of Paul  and Mor i ta  (26). ~ - ~ h e n ~ l a l a n i n e - ~ ~ ~  (U) (Amersham/Searle, 
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492 mC/mM) was added t o  a  f i n a l  concen t r a t ion  of 0.02 ~ ~ / m l  and 0.0074 

pg/ml t o  t h e  suspension ofwashed c e l l s .  Dup l i ca t e  5 m l  samples were 

drawn i n t o  s t e r i l e  p l a s t i c  s y r i n g e s ,  p re s su r i zed  i n  a n  appa ra tus  s i m i l a r  

t o  t h a t  descr ibed  by ZoBell and Oppenheimer ( 3 6 ) ,  and incubated under 

p r e s s u r e  f o r  60 min a t  20C. A t  t h e  end of t h i s  pe r iod ,  samples were 

t r a n s f e r r e d  i n t o  25 m l  Erlenmeyer f l a s k s  s toppered wi th  rubber  serum 

caps ,  by i n j e c t i o n  through t h e  rubber  septum. Each f l a s k  contained 0.2 

m l  2N H SO t o  f i x  t h e  c e l l s  and r e l e a s e  C02, and each serum cap was 
2 4 

equipped w l t h  a  p l a s t i c  bucket con ta in ing  a  p i e c e  of f l u t e d  Whatman No. 

1 f i l t e r  paper (25 mm x 50 mm). S h o r t l y  a f t e r  a d d i t i o n  of t h e  sample, 

t h e  f i l t e r  paper was soaked w i t h  0 .2  m l  phenethylamine in t roduced  through 

t h e  cap by means of a  sy r inge .  The f l a s k s  were incubated w i t h  r e c i p r o c a l  

shaking f o r  60 min i n  a  water  b a t h  a t  20C. The f i l t e r  papers  were removed 

and t r a n s i e r r e d  wi thoui  de l ay  i o  1 2  m i  o i  a Loiue~ie-based s c i ~ i t i l l a t i u i r  . 

f l u i d  (LSF-1) con ta in ing  2,5-diphenyloxazole (0.4%) and 1,4-bis-(5- 

phenyloxa~ol~l-2)-benzene (0.01%). V i a l  con ten t s  were f i l t e r e d  a c r o s s  

HA M i l l i p o r e  f i l t e r s  (0.45 pore  s i z e ,  25 mm diameter)  and t h e  f i l t e r s  

were washed w i t h  two 10  m l  a l i q u o t s  of Buffer  A ,  d r i e d  a t  60-65C f o r  20 

min and then  immersed i n  12  m l  of LSF-1. 

Con t ro l  samples were prepared by f i x i n g  t h e  c e l l s  w i th  2 m l  2N H2S04 

p r i o r  t o  a d d i t i o n  of l a b e l l e d  phenylalanine.  These were t r e a t e d  t h e r e a f t e r  

i n  a manner i d e n t i c a l  t o  t h a t  f o r  t h e  experimental  samples,  w i th  t h e  

except ion  t h a t  f u r t h e r  a d d i t i o n  of H SO was not  r equ i r ed .  Although 
2 4 

t h e  r a d i o a c t i v i t y  observed i n  t h e s e  samples i nd ica t ed  a  low l e v e l  

of non-metabolic uptake ( l e s s  than  3% of t h e  va lue  f o r  a c t i v e  uptake) ,  
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t h e  experimental  d a t a  were co r r ec t ed  accord ingly .  

Assay f o r  Cell-Free Polypept ide  Syn thes i s  from Amino Acid 

14 
Inco rpora t ion  of C-phenylalanine o r  14c-leucine was measured by 

a  mod i f i ca t ion  of t h e  method of Nirenberg (25).  The composition of t h e  

r e a c t i o n  mixture  (0.87 m l  i n  volume) was t h e  fo l lowing  ( i n  micromoles 

per  m l  u n l e s s  o therwise  s p e c i f i e d ) :  Tris-HC1, pH 7 .8 ,  100; Mg(C H 0 ) 2 3 2 2 '  

1 3  ; K C 1 ,  55 ; HSCH2CH20H, 5.8 ; e i t h e r  ~ - ~ h e n ~ l a l a n i n e - l ~ ~  (U) o r  L-Leucine- 

14c (U) (both Amersham/Searle, 10  m~/mM) , 0.058; a  mixture  of n ine t een  

12c-amino a c i d s ,  omi t t i ng  t h e  amino a c i d  p r e s e n t  i n  t h e  r a d i o a c t i v e  form, 
A 

0.058 of each amino a c i d ;  ATP, 0.29; GTP, 0.0086; PEP, 2.2; pyruvate  

k i n a s e ,  5 .0  pg; po ly  U ,  20 pg; incubated  S-30 p r o t e i n ,  2.0 mg.. 

React ion tubes  were kep t  on i c e  and poly U was added l a s t  t o  i n i t i a t e  

t h e  r e a c t i o n .  A l l  experiments  were performed a t  20C u n l e s s  o the rwi se  

s p e c i f i e d  us ing  a  uniform 20 min incuba t ion  pe r iod .  Reac t ions  were 

te rmina ted  by t r a n s f e r r i n g  t h e  mixtures  t o  3 m l  i c e  co ld  10% TCA (con ta in ing  

4 mg/ml of t h e  un labe l l ed  amino a c i d  corresponding t o  t h e  one p r e s e n t  i n  

t h e  r a d i o a c t i v e  form) and then  hea ted  a t  90-95C f o r  25 min t o  hydrolyze 

aminoacyl-tRNA. Af t e r  30 min on i c e ,  t h e  p r e c i p i t a t e s  were c o l l e c t e d  on 

Whatman GF/C g l a s s  f i b r e  f i l t e r s .  These were washed w i t h  f i v e  a l i q u o t s  

of i c e  cold 5% TCA, d r i e d  a t  60-65C f o r  1 5  min, and then  immersed i n  5 m l  

of LSF-2, a  commercially prepared xylene-based s c i n t i l l a t i o n  f l u i d  

(Aquasol, New England Nuclear) .  
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Assay f o r  Cel l -Free Polypept ide  Syn thes i s  from Aminoacyl-tRNA 

The r e a c t i o n  mixture  ( t o t a l  volume 0.87 ml) contained t h e  fo l lowing  

( i n  micromoles pe r  m l  u n l e s s  o therwise  s p e c i f i e d ) :  Tris-HC1, pH 7.7,  100; 

MgC12, 12 ;  K C 1 ,  80; m4C1, 80; HSCH2CH20H, 12 ;  GTP, 0.1; e i t h e r  L - ~ h e n y l -  

14 
a h n i n e -  C (U) -tRNA (New England Nuclear ,  0.171 p ~ / m g )  o r  L - ~ e u c ~ l - ~ ~ ~  

(U)-tRNA (New England Nuclear ,  0.355 pC/mg), 50 pg; poly  U ,  5.0 pg; S-150 

supe rna t an t  p r o t e i n ,  50 pg; ribosomes, 100 pg. 

React ion mixtures  were t r e a t e d  e x a c t l y  a s  were those  i n  t h e  a s say  

f o r  i nco rpora t ion  of amino a c i d ,  w i t h  t h e  except ion  t h a t  i n  t h i s  c a s e  

f i l t e r s  were immersed i n  15  m l  of LSF-1. 
# 

Assay f o r  Formation of Aminoacvl-tPcNA 

Formation of aminoacyl-tRNA was measured by a mod i f i ca t ion  of t h e  

method of S tu lbe rg  (30) .  The r e a c t i o n  mixture  (0.87 ml) conta ined  t h e  

fo l lowing  ( i n  micromoles pe r  m l  u n l e s s  o therwise  noted) :  Tris-HC1, pH 

8.0,  100; Mg(C2H302)2, 10; K C 1 ,  5;  ATP, 2; HSCH2CH20H, 2; e i t h e r  L-Phenyl- 

a lanine-14c (U) o r  ~ - ~ e u c i n e - ~ ~  (U) (both AmersharnlSearle, 10  mClmM), 

10;  E.  - -  c o l i  B t r a n s f e r  RNA (Calbiochem, Grade B), 1 .0  mg; enzyme p r o t e i n ,  

1 0  pg* 

Mixtures  were kep t  on i c e  and t h e  r e a c t i o n  was i n i t i a t e d  by a d d i t i o n  

of t h e  enzyme. A f t e r  5  rnin incuba t ion  a t  20C, r e a c t i o n s  were terminated 

by t r a n s f e r r i n g  tube  con ten t s  t o  3 m l  i c e  cold 10% TCA con ta in ing  4 mg/ml 

un labe l l ed  amino a c i d  i n  t h e  manner desc r ibed  above. These mixtures  were 

kep t  on i c e  f o r  10-20 min b e f o r e  p r e c i p i t a t e s  were c o l l e c t e d  on Whatman 
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GF/C f i l t e r s .  These were washed w i t h  3 a l i q u o t s  of i c e  co ld  5% TCA, 

d r i e d  a t  60-65C f o r  15  min, and then  h n e r s e d  i n  5  m l  of LSF-2. 

Assav f o r  S t a b i l i t v  of Aminoacvl-tRNA 

The r e a c t i o n  mixture  (0.87 ml) had t h e  fo l lowing  composition ( i n  

micromoles per  m l  u n l e s s  o therwise  no ted ) :  Tris-HC1, pH 8 .0 ,  100; 

Mg (C2H302) 2 ,  10; KC 1, 5  ; e i t h e r  L - ~ h e n ~ l a l a n ~ l - ~ ~ ~  (U) -tRNA (New England 

Nuclear ,  0.156 pC/mg) o r  L - ~ e u c ~ l - l ~ ~  (U)-tRNA (New England Nuclear ,  

12  12  
0.355 pC/mg), 50 pg; C-phenylalanine o r  C-leucine i n  an amount 

14 
equfva len t  t o  t he  amount of  r a d i o a c t i v e  amino a c i d  p re sen t  a s  C-aminoacyl- 

tRNA, u n l e s s  o therwise  noted.  h 

React ion mixtures  were kep t  on i c e  and arninoacyl-tRNA was added 

j u s t  p r i o r  t o  commencement of t h e  incuba t ion  per iod .  Samples were in-  

cubated a t  20C f o r  20 min u n l e s s  o therwise  s p e c i f i e d ,  and then  t r a n s f e r r e d  

t o  3 m l  i c e  co ld  10% TCA con ta in ing  un labe l l ed  amino a c i d  i n  the 'manner  

i n d i c a t e d  above. Af t e r  10-20 min on i c e ,  t h e s e  samples were t r e a t e d  i n  

14 e x a c t l y  t h e  same way a s  t hose  f o r  t h e  a s s a y  of formation of C-aminoacyl- 

tRNA . 

Assay f o r  Polypept ide  Syn thes i s ,  Aminoacyl-tRNA Formation, and S t a b i l i t y  
of Aminoacyl-tRNA Under P r e s s u r e  

Reac t ion  mixtures  were contained i n  6  x 1 5  mm stoppered c u l t u r e  

tubes  and were p re s su r i zed  i n  t h e  manner descr ibed  above. S ince  r e a c t i o n s  

could n e i t h e r  be i n i t i a t e d  nor te rmina ted  under p r e s s u r e ,  t h e  a p p r o p r i a t e  

c o r r e c t i o n s  f o r  i nco rpora t ion  of amino a c i d ,  f o r  i nco rpora t ion  of aminoacyl- 
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tRNA, for synthesis of aminoacyl-tRNA, or for the degradation of aminoacyl- 

tRNA which took place before and after pressurization, were made in each 

experiment . 
Radioactivity was determined in all instances with a Beckman LS-250 

spectrometer. Quench corrections were made by reference to an external 

standard. All data reported are the mean values of two to six replicates. 
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RESULTS AND DISCUSSION 

E f f e c t s  of P r e s s u r e  on Uptake of 1 4 c - ~ h e n y l a l a n i n e  

14  
The e f f e c t s  of h y d r o s t a t i c  p re s su re  on uptake of C-phenylalanine 

by E. c o l i  a r e  i l l u s t r a t e d  i n  Fig.  1, which shows t h a t  a  marked i n h i b i t i o n  - -  

of a c t i v e  t r a n s p o r t  occurred even a t  moderate p re s su re s  (100 t o  300 atm).  

Beyond 400 atm, t h e  uptake process  proceeded a t  a  minimal l e v e l  and was 

t o t a l l y  i n h i b i t e d  a t  600 atm. S ince  no r e s p i r a t i o n  of amino a c i d  took 

p l a c e  a t  any p r e s s u r e  ( a s  evidenced by t h e  absence of r a d i o a c t i v i t y  i n  

t h e  Whatman f i l t e r  samples) t h e s e  d a t a  a r e  based upon t h e  r a d i o a c t i v i t y  

incorpora ted  i n t o  and r e t a i n e d  by t h e  c e l l s  dur ing  t h e  incuba t ion  per iod .  
L 

Simi l a r  r e s u l t s  have been publ i shed  by Paul  and Mori ta  (26) ,  who 

demonstrated t h a t  uptake a c t i v i t y  i n  t h e  marine psychrophi le  MP-?8 a t  

500 atm was l e s s  t han  10% of t h e  v a l u e  observed a t  1 atm, f o r  fou r  amino 

a c i d s .  C o n f l i c t i n g  d a t a  have been r epor t ed  by Schwarz and Landau (29) , 

who claimed t h a t  no i n h i b i t i o n  of t r a n s p o r t  of amino a c i d s  o r  r educ t ion  

i n  c e l l u l a r  pe rmeab i l i t y  occurred a t  670 atm. However, i t  is d i f f i c u l t  

t o  view t h e i r  work a s  conclus ive ,  f o r  two reasons.  F i r s t l y ,  uptake was 

measured a t  on ly  one e l eva t ed  p re s su re .  Secondly, and much more impor t an t ly ,  

t h e i r  conclus ions  a r e  based upon obse rva t ions  i n  which r a d i o a c t i v e  s u b s t r a t e  

incorpora ted  i n t o  c e l l s  appa ren t ly  represented  no more than  0.00004% of t h e  

t o t a l  l a b e l l e d  m a t e r i a l  o r i g i n a l l y  added. 

Hence t h e  i n i t i a l  e f f e c t  of p r e s s u r e  on b a c t e r i a l  c e l l s  appears  t o  be  

an  i n h i b i t i o n  of t h e  t r a n s p o r t  of n u t r i e n t s  t o  t h e  i n t r a c e l l u l a r  environment. 

The e x t e n t  of i n h i b i t i o n  i s  such t h a t  t h e  r educ t ion  of macromolecular 

s y n t h e s i s  observed w i t h  i n c r e a s i n g  p r e s s u r e s  is l i k e l y  t h e  r e s u l t ,  a t  
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l e a s t  i n  p a r t ,  of dec reas ing  a v a i l a b i l i t y  of t h e  necessary  s u b s t r a t e s  

and p recu r so r s .  Nonethe less ,  t r a n s p o r t  i s  no t  i n h i b i t e d  completely u n t i l  

f a i r l y  s e v e r e  p re s su res  (600 atm and g r e a t e r )  a r e  appl ied .  Therefore  t h e  

s y n t h e t i c  processes  w i t h i n  t h e  c e l l  may cont inue  t o  func t ion ,  a l though a t  

reduced r a t e s .  P r e s s u r e  may e x e r t  an  e f f e c t  on t h e s e  independent of i t s  

i n f l u e n c e  on t r a n s p o r t .  Seve ra l  such e f f e c t s  on t h e  s y n t h e s i s  of p r o t e i n  

i n  c e l l - f r e e  systems a r e  d i scussed  below. 

E f f e c t s  of P re s su re  on Polypept ide  Syn thes i s  from Amino Acids 

The c h a r a c t e r i s t i c s  of t h i s  c e l l - f r e e  system f o r  p r o t e i n  s y n t h e s i s  

were i n v e s t i g a t e d  f i r s t ,  by monitor ing inco rpora t ion  of 14~-phenyla lanfne  

and inco rpora t ion  of 14c-leucine i n  s e p a r a t e  poly U-directed systems a t  

37C and 20C a t  1 a t m .  The r e s u l t s  of t h e s e  experiments a r e  shown i n  

F ig .  2  and Fig.  3 ,  r e s p e c t i v e l y .  Both amino a c i d s  were incorpora ted  a t  

bo th  tempera tures ,  a  r e s u l t  which was expected,  s i n c e  t h e  i n s e r t i o n  of 

l e u c i n e  i n  p l a c e  of phenyla lan ine  i n  poly U-directed polypept ide  s y n t h e s i s  

has  been i d e n t i f i e d  a s  t h e  most common example of ambiguity i n  c e l l - f r e e  

p r o t e i n  s y n t h e s i s  (31) .  Levels  of l e u c i n e  inco rpora t ion  a r e  obviously 

lower than  l e v e l s  of phenyla lan ine  inco rpora t ion ,  a l s o  an expected r e s u l t .  

Although t h e  r a t e  of i n c o r p o r a t i o n  a t  37C exceeds t h e  r a t e  a t  20C, t h e  

l a t t e r  temperature was s e l e c t e d  s o  t h a t  r e s u l t s  could b e  c o r r e l a t e d  more 

r e a d i l y  w i t h  c l o s e l y  r e l a t e d  s t u d i e s  a l r e a d y  completed i n  t h i s  l a b o r a t o r y  

(6 ) .  An incuba t ion  per iod  of 20 min was chosen t o  approximate t h e  i n i t i a l  

r a t e  of p r o t e i n  s y n t h e s i s .  

14  
The e f f e c t s  of p r e s s u r e  on fnco rpora t ion  of C-phenylalanine and 
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14c-leucine a r e  shown i n  F ig .  4. Appl ica t ion  of moderate p r e s s u r e s  (100 

t o  300 atm) e f f e c t e d  an immediate r educ t ion  i n  i nco rpora t ion  of phenyl- 

a l a n i n e , w i t h  no s y n t h e s i s  of poly phenyla lan ine  occurr ing  a t  600 atm o r  

g r e a t e r .  The e f f e c t s  of p r e s s u r e  on incorp 'orat ion of 14c-leucine i n d i c a t e d  

t h a t  p re s su re s  of 100-300 atm i n h i b i t e d  l e u c i n e  inco rpora t ion  even more 

e x t e n s i v e l y  than  phenyla lan ine  inco rpora t ion ,  such t h a t  no s y n t h e s i s  of 

poly l e u c i n e  could be  d e t e c t e d  a t  p r e s s u r e s  of 400 atm o r  g r e a t e r .  A t  

t h i s  p o i n t  i t  was decided t h a t  a  comparison between t h e  e f f e c t s  of p re s su re  

and those  of temperature should be  made. The r e s u l t s  of t h e  temperature 

experlment (Fig. 5) ind ica t ed  t h a t  an i n c r e a s e  i n  temperature from 20C 

t o  37C r e s u l t e d  i n  a marked s t i m u l a t i o n  of phenylalanine inco rpora t ion ;  

bu t  on ly  a  moderate s t i m u l a t i o n  of l e u c i n e  inco rpora t ion .  Conversely, i t  

might b e  s a i d  t h a t  a  r educ t ion  i n  temperature appeared t o  i n c r e a s e  t h e  

frequency of coding e r r o r s ,  a n  e f f e c t  which has  been observed p rev ious iy  

(8, 31) .  Temperature and p r e s s u r e  d a t a  a r e  summarized i n  F ig .  6 ,  where 

t h e  graph of t h e  r a t i o  of 1eucine:phenylalanine incorpora ted  under in-  

c r e a s i n g  p r e s s u r e  can  be  compared w i t h  t h e  graph of t h e  same r a t i o  f o r  

i n c r e a s i n g  temperature.  The observed s i m i l a r i t y  seems t o  i n d i c a t e  t h a t  

a l though h y d r o s t a t i c  p r e s s u r e  p rog res s ive ly  i n h i b i t s  n e t  amino a c i d  

i n c o r p o r a t i o n ,  i t  may a l s o  func t ion  t o  reduce t h e  frequency of coding 

e r r o r s  (as  evidenced by a  r educ t ion  i n  t h e  r a t i o  of l e ~ c i n e : ~ h e n ~ l a l a n i n e ) ,  

i n  much t h e  same way t h a t  an  i n c r e a s e  i n  temperature does. 

P r e s s u r e  E f f e c t s  on Polypept ide  Syn thes i s  from Aminoacyl-tRNA 

Moderate p re s su re s  of 100 t o  300 atm exe r t ed  l i t t l e  i n h i b i t o r y ' e f f e c t  



on t h e  rncorpora t ion  of phenylalanyl-tRNA (Fig.  7 ) .  A t  400 atm, however, 

i n c o r p o r a t i o n  was sha rp ly  reduced and was t o t a l l y  i n h i b i t e d  a t  600 atm 

o r  g r e a t e r .  These r e s u l t s  a r e  3n c o n t r a s t  w i t h  t hose  from t h e  amino a c i d  

system, and t h e  d i f f e r e n c e s  a r e  summarized i n  Table I. The amino a c i d  

system responded immediately t o  t h e  a p p l i c a t i o n  of p r e s s u r e ,  through a  

sha rp  r educ t ion  i n  i nco rpora t ion .  The aminoacyl-tRNA system appears  t o  

have been more r e s i s t a n t  i n  t h e  same i n i t i a l  range of p r e s s u r e s ,  a l though 

both  systems even tua l ly  d i sp l ayed  minimum v a l u e s  a t  400 and 500 atm which 

were q u i t e  s i m i l a r .  These r e s u l t s  suggested t h a t  t h e  f i n a l  s t e p s  i n  

p r o t e i n  s y n t h e s i s ,  namely t h e  b inding  of aminoacyl-tRNA t o  t h e  ribosome 

and t h e  subsequent f o r m a t i o n o f t h e  pep t ide  bond a r e ,  i n  f a c t ,  more pressure-  

r e s i s t a n t  than  i s  t h e  f i r s t  s t e p ,  namely t h e  a c t i v a t i o n  of amino a c i d  t o  

form aminoacyl-tRNA. T h i s  appeared t o  be  t h e  case ,  s i n c e  amino k i d  

i n c o r p o r a t i s n  under prcssurz prcceeded more r e a d i l y  w h e n  the amino ac id  

u n i t s  were presented  t o  t h e  system i n  t h e  form of aminoacyl-tRNA, r a t h e r  

than  i n  t h e  unac t iva t ed  form. Consequently,  t h i s  p o s s i b i l i t y  was explored 

f u r t h e r  i n  t h e  next  s e c t i o n  of t h i s  work, by t e s t i n g  t h e  e f f e c t s  of 

p r e s s u r e  on t h e  a c t i v i t y  of an  aminoacyl-tRNA syn the t a se  i n  v i t r o .  

No evidence of coding ambiguity could be  de t ec t ed  i n  t h i s  experiment 

(F ig .  7)  s i n c e  i t  was not  p o s s i b l e  t o  d e t e c t  poly U-directed i n s e r t i o n  of 

l e u c i n e  i n t o  polypept ide  from leucyl-tRNA i n  p l ace  of phenylalanine from 

phenylalanyl-tRNA. Such was t h e  c a s e  a t  1 atm, and incubat ion  under 

e l eva t ed  p r e s s u r e s  produced t h e  same r e s u l t s .  

P r e s s u r e  E f f e c t s  on Formation of Aminoacyl-tRNA 

The e f f e c t s  of p re s su re  on t h e  formation of phenylalanyl-tRNA and 



leucyl-tRNA by a p a r t i a l l y  p u r i f i e d  p r e p a r a t i o n  of phenylalanyl-tRNA 

s y n t h e t a s e  were examined, and t h e  r e s u l t s  a r e  presented  i n  Fig.  8.  

P r e s s u r e  exer ted  a s t r o n g l y  i n h i b i t o r y  e f f e c t  on t h e  formation of 

phenylalanyl-tRNA: s y n t h e s i s  of t h i s  i n t e rmed ia t e  decreased r a p i d l y  w i t h  

a p p l i c a t i o n  of p r e s s u r e ,  and d i d  no t  t ake  p l ace  a t  800 atm o r  g r e a t e r .  

Therefore  t h e  d i f f e r e n c e s  p rev ious ly  observed between t h e  i n c o r p o r a t i o n  

of phenyla lan ine  i n t o  polypept ide  and t h e  inco rpora t ion  of phenylalanyl-  

tRNA may b e  expla ined ,  a t  l e a s t  t o  some e x t e n t ,  on t h e  b a s i s  of t h e  

s e n s i t i v i t y  of thean inoacy la t ionprocess  t o  p re s su re .  Polypept ide  

s y n t h e s i s  proceeds more r a p i d l y  from phenylalanyl-tRNA than  from 

phenyla lan ine  s i n c e  i n  t h e  former c a s e  t h e  i n h i b i t o r y  e f f e c t  of p r e s s u r e  
b 

on phenylalanyl-tRNA syn the t a se  i s  avoided. 

It i s  noted t h a t  t h e  oppos i t e  r e s u l t  was obtained by Schwarz and 

Landau (29),  us ing  an - i n  v ivo  -- system t o  a s say  f o r  formation of aminoacyl- 

tRNA. Cor re l a t ion  of t h e i r  r e s u l t s  w i t h  t h o s e  presented h e r e  i s  d i f f i c u l t ,  

f o r  t h e  fol lowing reasons .  T h e i r  experiments were done a t  37C, they worked 

w i t h  only  a  s i n g l e  e l eva t ed  p r e s s u r e  (670 atm) and aga in ,  ob ta ined  ve ry  

low incorpora ted  r a d i o a c t i v i t y .  These f a c t o r s  may account ,  a t  l e a s t  i n  

p a r t ,  f o r  t h e  d iscrepancy  between t h e  two s e t s  of da t a .  

The formation of smal l  amounts of leucyl-tRNA i n  t h e  presence of 

t h i s  enzyme p repa ra t ion  appears  t o  i n d i c a t e  t h a t  t h e  s p e c i f i c i t y  of t h e  

s y n t h e t a s e  r e a c t i o n  i s  such t h a t  t h e  formation of more than  one s p e c i e s  

of aminoacyl-tRNA i s  pe rmi t t ed ,  a t  l e a s t  i n  t h e  c e l l - f r e e  s t a t e .  Th i s  

phenomenon has  been r epor t ed  p rev ious ly  (5). (A l t e rna t e ly ,  i t  i s  p o s s i b l e  

t h a t  t h e  p r e p a r a t i o n  used h e r e  was contaminated wi th  small amounts of 

leucyl-tRNA s y n t h e t a s e ) .  I n  any e v e n t ,  p r e s s u r e  d i d  not  promote any f u r t h e r  
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non-specif ic  enzyme a c t i o n  ( a s  measured by a n  i n c r e a s e  i n  l e u c y l - t m ~  

format ion) .  On t h e  con t r a ry ,  t h e  a p p l i c a t i o n  of p re s su re  i n h i b i t e d  t h e  

formation of leucyl-tRNA even more e f f e c t i v e l y  than  i t  l i m i t e d  t h e  form- 

a t i o n  of phenplalanyl-tRNA, such t h a t  no leucyl-tRNA was syn thes i zed  a t  

p r e s s u r e s  of 400 atm o r  g r e a t e r .  

A t  p r e s su re s  i n  excess  of 800 atm, i t  was noted i n  some cases  t h a t  

t h e  amount of phenylalanyl-tRNA recovered was l e s s  than  t h e  amount expected 

t o  be  produced dur ing  t h e  pe r iods  preceding and fo l lowing  p r e s s u r i z a t i o n .  

Th i s  suggested t h a t  p re s su re  induces  d i s s o c i a t i o n  o r  degrada t ion  of 

aminoacyl-tRNA. Th i s  hypothes is  was t e s t e d  experimental ly  and t h e  r e s u l t s  

a r e  presented  i n  t h e  fo l lowing  s e c t i o n .  
b 

P r e s s u r e  E f f e c t s  on S t a b i l i t y  of Arninoacyl-tRNA 

It was e s t a b i i s h e d  through t h e  f v l l o ~ i i i g  experinents tha t  pressure 

reduces t h e  s t a b i l i t y  of 14~-aminoacyl-tRN~. This  was measured a s  t h e  

l o s s  of r a d i o a c t i v i t y  i n  t h e  aminoacyl-tRNA recovered from r e a c t i o n  

mixtures  a f t e r  p r e s s u r i z a t i o n ,  i n d i c a t i n g  a  d i s s o c i a t i o n  of t h e  l a b e l l e d  

amino a c i d  from t h e  tRNA molecule.  

I n  t h e  i n i t i a l  s tudy ,  d i s s o c i a t i o n  of  1 4 ~ - p h e n y l a l a n y l - t ~ ~ ~  and 

14  
C-leucyl-tRNA under p re s su re  of 600 atm was observed a s  a  f u n c t i o n  of 

t ime (Fig. 9 ) .  The r e s u l t s  i n d i c a t e d  t h a t  t h e  d i s s o c i a t i o n  of aminoacyl- 

tRNA i s  a p rog res s ive ,  time-dependent p roces s ,  r a t h e r  than  a  s i n g l e ,  

i n s t an t aneous  event  occu r r ing  upon t h e  a p p l i c a t i o n  of p re s su re .  On t h e  

b a s i s  of t h e s e  r e s u l t s ,  an  incuba t ion  per iod  of 20 min was s e l e c t e d  f o r  

t h e  fo l lowing  experiment i n  which t h e  pressure-dependent d i s s o c i a t i o n  

of aminoacyl-tRNA was examined. 
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The r e s u l t s  a r e  shown i n  Fig.  1 0 ,  where i t  is seen  t h a t  t h e  

s t a b i l i t y  of both phenylalanyl-tRNA and leucyl-tRNA decreases  a s  a  func t ion  

of i n c r e a s i n g  p re s su re .  Phenylalanyl-tRNA appeared t o  r each  a  minimum 

l e v e l  around 600 t o  700 atm, b u t  t h e  s t a b i l i t y  of leucyl-tRNA was e v i d e n t l y  

more s e n s i t i v e ,  a s  revea led  by a p rogres s ive  decrease  i n  recovery up t o  

1000 a t m .  

The degree t o  which t h i s  d i s s o c i a t i o n  i s  r e v e r s i b l e  was i n v e s t i g a t e d  

14 
by incuba t ing  C-phenylalanyl-tRNA under p r e s s u r e  i n  t h e  presence of 

s e v e r a l  concen t r a t ions  of 12~-phenyla lan ine ,  a s  i n d i c a t e d  i n  Table  11. 

I f  t h e  process  were r e v e r s i b l e ,  t hen  t h e  l a b e l l e d  and un labe l l ed  spec i e s  

would compete f o r  r e a s s o c i a t i o n  w i t h  t h e  tRNA upon d e p r e s s u r i z a t i o n .  bBy 

i n c r e a s i n g  t h e  concen t r a t ion  o f u n l a b e l l e d  amino a c i d ,  one could then  

presumably dec rease  t h e  y i e l d  of l a b e l l e d  aminoacyl-tRNA. Such'was prob- 

ably  m t  the  case, sirzce the reenvery of l a b e l l e d  aminoacyl-tRNA was 

e s s e n t i a l l y  c o n s t a n t ,  i r r e s p e c t i v e  of t h e  concen t r a t ion  of un labe l l ed  

phenyla lan ine  p r e s e n t .  The smal l  dec rease  i n  recovery observed when t h e  

1 2  
h ighe r  concen t r a t ions  of C-phenylalanine were added may i n d i c a t e  t h a t  

t h e  process  i s  r e v e r s i b l e ,  bu t  on ly  t o  a  ve ry  s l i g h t  e x t e n t .  

The d i s s o c i a t i o n  process  was i n v e s t i g a t e d  f u r t h e r  by s tudying  t h e  

e f f e c t s  of ATP and phenylalanyl-tRNA syn the t a se ,  a s  shown i n  Table 111. 

D i s s o c i a t i o n  of phenylalanyl-tRNA was i n  no way f a c i l i t a t e d  by t h e  

presence  of ATP, t h e  syn the t a se  enzyme, o r  t h e  two i n  combination. The 

h ighe r  r a t e  of recovery observed when ATP and enzyme were included i s  

l i k e l y  due t o  aminoacylat ion of tRNA occur r ing  i n  t h e  per iod  a f t e r  

p r e s s u r i z a t i o n  bu t  be fo re  t e rmina t ion  of t h e  r e a c t i o n .  
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The f i n d i n g  t h a t  aminoacyl-tRNA i s  u n s t a b l e  under p re s su re  has  

s e v e r a l  important  i m p l i c a t i o n s ,  bo th  f o r  t h e  p re sen t  work and f o r  prev ious  

obse rva t ions  on p r e s s u r e  e f f e c t s .  The reduced r a t e s  of amino a c i d  in-  

co rpo ra t ion ,  aminoacyl-tRNA inco rpora t ion  and formation of aminoacyl-tRNA 

known t o  occur under e l eva t ed  p re s su res  a r e  l i k e l y  due, a t  l e a s t  i n  some 

p a r t ,  t o  t h e  pressure-induced d i s s o c i a t i o n  of aminoacyl-tRNA. The 

d i f f e r e n c e s  i n  r a t e s  of i nco rpora t ion  and a c t i v i t y  of phenyla lan ine  and 

l e u c i n e  under p r e s s u r e  r e f l e c t  t h e  g r e a t e r  v u l n e r a b i l i t y  of leucyl-tRNA 

t o  t h i s  d i s s o c i a t i o n .  The i n s t a b i l i t y  of aminoacyl-tRNA under p r e s s u r e  

map a l s o  account  f o r ,  i n  some degree ,  t h e  r e s u l t s  of s t u d i e s  of b inding  

of aminoacyl-tRNA t o  ribosomes (6) .  The apparent  r educ t ion  i n  b ind ing ,  

i s  probably d u e , i n f a c t ,  t o  t h e  a d d i t i v e  e f f e c t s  of p r e s s u r e  on t h e  

b inding  process  and on t h e  s t a b i l i t y  of aminoacyl-tRNA i t s e l f .  



TABLE I 

14 A comparison of the incorporation of C-phenylalanine and the incorporation 
of 14~-phenylalanyl-tRN~ into polypeptide as a function of pressure. Results 
are expressed as a percentage of the incorporation at I atm, and are derived 
from the data of Fig. 4 and Fig. 7. 

PRESSURE 
( a d  

% Amino Acid 
Incorporated 

% Aminoacyl- tRNA 
Incorporaked 



TABLE II: 

14 
Recovery of C-aminoacyl-tRNA a f t e r  p r e s s u r i z a t i o n  a t  600 a t m  f o r  5 min 
a s  a  func t ion  of t h e  concen t r a t ion  of un labe l l ed  phenyla lan ine  p re sen t  i n  
t h e  r e a c t i o n  mixture.  Unlabel led amino a c i d  was added i n  a n  amount equ iva l en t  
t o  t h e  l a b e l l e d  amino a c i d  p r e s e n t ,  m u l t i p l i e d  by t h e  f a c t o r  shown below. 
The d a t a  a r e  expressed a s  a  percentage  of recovery r e l a t i v e  t o  a  c o n t r o l  
maintained a t  1 a t m .  

Concent ra t ion  of 
un labe l l ed  

phenyla lan ine  
( equ iva l en t s )  

% Recovery of C 

14~-aminoacyl-tRN~ 



TABLE 111 

Effect of ATP and ~henylalanyl-tRYA synthetase on dissociation of 
phenplalanyl-tKYA. ATP and the enzyme were added in the same con- 
centrateon as in the reaction mixture for the formation of phenyl- 
alanyl-tRNA. Incubation was for 5 min at 600 atm. The recovery of 
1 4 ~ - ~ h e n ~ l a l a n y l - t ~ ~ ~  from the pressurized mixture is reported as a 
percentage of the recovery from a control held at 1 atm. 

Reaction Mixture 
Components 

% Recovery of 
14c - aminoacyl-tRNA , 

No Additions 93 .6  

Synthetase 
Enzyme 

ATP f Synthetase 
Enzyme 



Figure 1 The effect of hydrostatic pressure on uptake 

14 
of C-phenylalanine by intact cells of 

Escherichia coli at 20C. 





F i g u r e  2 Inco rpo ra t i on  of 14~-phenyla lan ine  ( . ) and 

14 
C-leucine ( A  ) i n t o  po lypept ide  p e r  r e a c t i o n  

_ 9 -. L u u a ~ u P e  as a i u n c t i o n  of t i m e  a t  37C and i atm. 
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Figu re  3 Inco rpo ra t i on  of 14~-pheny la l an ine  ( ) and 

14  
C-leucine ( A ) i n t o  po lypept ide  pe r  r e a c t i o n  

mix ture  a s  a  f u n c t i o n  of t ime a t  20C and 1 atm. 
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14 
Figure 4 Incorporation of C-phenylalanine ( 0 ) and 

14 
C-leucine ( A ) into polypeptide per reaction 

mixture as a function of pressure from 1 to 

1000 atm. 
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Figure 5 Xncorporation of 14~-phenylalanine ( ) and 

14 
C-leucine ( A ) into polypeptide per reaction 

mixture as a function of temperature from 20C 

to 37C at 1 atm. 
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Figure 6 The ratio of 1eucine:phenylalanine incorporated 

as a function of temperature at 1 atm, and the 

ratio of 1eucine:phenylalanine incorporated as 

a function of pressure at 20C. (Data are derived 

from Fig. 4 and Fig. 6) . 





Figu re  7 Inco rpo ra t i on  of 1 4 ~ - p h e n y l a l a n y l - t ~ ~ ~  ( ) 

and 1 4 ~ - l e u c y l - t ~ ~  ( A ) i n t o  po lypept ide  

pe r  r e a c t i o n  mix ture  a s  a  f u n c t i o n  of p r e s s u r e  

fr~iii 1 to 1%6 a h .  
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Figure  8 Formation of 1 4 ~ - p h e n y l a l a n y l - t ~ ~  ( . ) 
and 1 4 ~ - l e u c y l - t R N ~  ( A ) by p a r t i a l l y  

p u r i f i e d  phenylalanyl-tRNA syn the t a se  a s  

a func t ion  of p re s su re  from 1 t o  1000 atm. 
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Figure 9 Dissocia t io-  of 1 4 ~ - p h e n y l a l a n y l - t ~ ~  ( . ) 
and 14~- leucyl - tRN~ ( A ) a s  a funct ion  of time 

a t  600 atm. Values under pressure  a r e  expressed 

a s  a  percentage of t h e  va lue  of t h e  c o n t r o l  

held a t  1 atm. 
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Figure 10 Dissociation of 14~-phenylalanyl-tRN~ ( ) 

and 14~-leucyl-tRN~ ( A ) as a function of 

pressure from 1 to 1000 atm. Values under 

pressure are expressed as a percentage of 

the value of a control held at 1 atm. 
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CONCLUSIONS 

The r e s u l t s  of t h e s e  s t u d i e s  i n d i c a t e  t h a t  t h e  known i n h i b i t o r y  

e f f e c t  of h y d r o s t a t i c  p r e s s u r e  on n e t  p r o t e i n  s y n t h e s i s  a p p l i e s  i n  some 

way t o  each  and every s t e p  i n  t h i s  process .  I n i t i a l l y ,  t h e  t r a n s p o r t  of 

amino a c i d s  i n t o  t h e  c e l l  is  s i g n i f i c a n t l y  reduced. The r a t e  a t  which 

t h i s  r e a c t i o n  proceeds determines t h e  r a t e  of flow of amino a c i d s  

through t h e  subsequent s t e p s  i n  p r o t e i n  s y n t h e s i s ,  and i n  t h a t  s ense ,  

l i m i t s  t h e  r a t e  of t h e  o v e r a l l  p rocess .  Never the less ,  t h e  even t s  which 

fo l low,  namely t h e  a c t i v a t i o n  of amino a c i d  t o  form aminoacyl-tRNA and 

t h e  inco rpora t ion  of aminoacyl-tRNA i n t o  polypept ide ,  a r e  l i k e w i s e  in-, 

h i b i t e d .  A t  moderately e l eva t ed  p re s su res  (100-300 atm),  aminoacylat ion 

appears  t o  be t h e  r a t e - l i m i t i n g  s t e p .  A t  g r e a t e r  p re s su re s  (400-600 atm) , 
-.. ---.. .-- -cc,,,.+,. 
pICPDULS SLALLLO cn binding  of aminoacyl-tRNA t o  t h e  ribosome and formation 

of t h e  p e p t i d e  bond (6) become man i fe s t ,  and p r o t e i n  s y n t h e s i s  ceases .  

Therefore ,  a t  t h e s e  p r e s s u r e s ,  t h e  s e n s i t i v e  element i n  t h e  s y n t h e t i c  

sequence i s  l i k e l y  t h e  ribosome. Recent s t u d i e s  (10,  11, 32) have in-  

d i c a t e d  t h a t  h y d r o s t a t i c  p re s su re s  up t o  1200 atm encountered by s e a  

u r c h i n  ribosomes dur ing  u l t r a c e n t r i f u g a t i o n  induced d i s s o c i a t i o n  of 75s 

p a r t i c l e s  i n t o  56s and 35s subun i t s .  I n  view of t h e  coope ra t ive  n a t u r e  

of r ibosomal  func t ion  (4,  1 4 ,  21) ,  such a  d i s r u p t i o n  would very  l i k e l y  

p rec lude  t h e  p o s s i b i l i t y  of any f u r t h e r  normal ribosomal ope ra t ion ,  and 

p r o t e i n  s y n t h e s i s  would cease.  

Hydros t a t i c  p re s su re  appears  t o  e f f e c t  a  decrease  i n  coding ambiguity 

i n  t h e  leucine-phenylalanine system i n  two ways. F i r s t l y ,  p r e s s u r e  suppresses  



t h e  apparent  non-specif ic  a c t i v i t y  of phenylalanyl-tRNA synthe tase ,  ,ith 

t h e  r e s u l t  t h a t  l e s s  leucyl-tRNA i s  formed. Secondly, p r e s s u r e  p re fe r -  

e n t i a l l y  decreases  t h e  s t a b i l i t y  of leucyl-tRNA, and may prevent  t h e  

inco rpora t ion  of t h e  amino a c i d  i n t o  p r o t e i n  i n  t h i s  way a l s o .  

F i n a l l y ,  a  t o t a l  understanding of t h e  i n h i b i t o r y  i n f l u e n c e  of 

h y d r o s t a t i c  p re s su re  on p r o t e i n  syn thes i s  i s  y e t  t o  be achieved. Given 

t h e  f a c t  t h a t  t h e  t r a n s l a t i o n  s t a g e  a lone  involves  t h e  o r d e r l y  i n t e r a c t i o n  

of more than  one hundred d i f f e r e n t  macromolecules (14) ,  i t  i s  not  

s u r p r i s i n g  t h a t  t h i s  i s  t h e  case .  But a s  t h e  e l u c i d a t i o n  of t h e  o v e r a l l  

mechanism of p r o t e i n  s y n t h e s i s  proceeds,  new techniques  and new r e s e a r c h  

a l t e r n a t i v e s  w i l l  become a v a i l a b l e .  By u t i l i z i n g  t h e s e ,  our  understanding 

of how p r e s s u r e  a f f e c t s  p r o t e i n  syn thes i s  and c e l l  v i a b i l i t y  w i l l  b e  

expanded, and u l t i m a t e l y ,  our  knowledge of how l i f e  processes  f u n c t i o n  

i n  t h e  deep s e a  w i l l  be  i nc reased .  
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