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Cells  can  respond to s ta rva t ion   for  a single amino 
acid with various  physiological  changes,  including in- 
hibition  of protein synthesis and stimulation  of protein 
degradation. I n  bacteria, these responses depend on 
the  accumulation  of  deacylated  tRNA,  and  can be mim- 
icked  by  inhibitors or mutations  affecting  aminoacyl- 
tRNA  synthetases.   We  now  have evidence for  the exist- 
ence of a similar relationship in cultured Chinese  ham- 
ster ovary  cells. Protein synthesis was measured   by  
incorporation  of  ~-[4,5-~H]leucine;  degradation by the 
release of acid-soluble radioactivity f rom cells labeled 
for 24 h with  ~-[l-‘~C]leucine.   During both measure- 
ments,   serum was absent and leucine was present at 
0.8 mM, at which  concentrat ion  more  than 95% of  the 
leucine  used  for synthesis i s  derived Erom the culture 
medium.  The  effect  of histidine starvation of increasing 
severity was studied at 33°C in wild type and two cell 
l ines  in  which  mutations  of  hist idyl-tRNA  synthetase 
result in increased requirements  of  histidine  for protein 
synthesis.  We  found a correlation  between the degree 
of  inhibition  of  protein synthesis and the  degree of 
stimulation  of protein degradation,  al though  mutants 
and wild type showed  very  different  dependence  of 
these two processes on histidine. The effects of histidine 
starvation were mimicked  by  histidinol, a competitive 
inhibitor  of the synthetase.  Maximum  stimulation  of 
degradation was obtained wi th  a degree  of  histidine 
starvation or ratios of  histidinol to histidine  resulting 
in   about  50% inhibition  of  synthesis. The maximum 
degradation rate obtained with histidine starvation 
could  not   be   fur ther  increased by   t rea tment  with his- 
tidinol.  Inhibition  of protein synthesis  by  cyclohexi- 
mide  did  not  st imulate  degradation. These results are 
consistent  with a functional  connection  between the 
aminoacylation  of  tRNA  and the regulation  of  protein 
degradation  in  mammalian  cells. 

Cells can  respond t o  starvation for nutrients with  a  variety 
of compensatory or  adaptive changes. The selective advantage 
of such regulatory changes in unicellular  organisms is obvious. 
In higher  organisms, however, tissue  specialization and  hor- 
monal regulation substitute for many of these direct  cellular 
responses by maintaining  nutrient  concentrations  constant in 
the body fluids. Nevertheless, mammalian cells seem  to  have 
retained the ability to respond  directly to  starvation for amino 
acids. 
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When such  starvation is produced in perfused organs 
(Woodside and  Mortimore, 1972) or in  isolated (Hogan  and 
Korner, 1968; Fulks et al., 1975; Hopgood et al., 1977; Seglen, 
1978; Scornik et al., 1978) or  cultured  (Hershko  and  Tomkins, 
1971; Stanners  and  Thompson, 1974; Goldberg and St. John, 
1976) cells, a number of changes can be observed. Some  are a 
direct consequence of the lack of amino acids,  for  example  a 
decreased rate of protein synthesis,  part of which is due  to  the 
reduction in levels of precursor. Other changes  reflect  regu- 
latory  adjustments of cellular  growth, for example  a decrease 
in the  rate of RNA synthesis  (Franze-Fernandez  and Pogo, 
1971; Hershko et al., 1971; Fan et al., 1973; Grummt  and 
Grummt, 1976) and a component of the  reduced  protein 
synthesis resulting from inhibition of initiation of mRNA 
translation  and leading to disaggregation of polyribosomes 
(Hogan  and  Korner, 1968; Pronczuk et al., 1970; van  Venrooij 
et al., 1972; Vaughan and  Hansen, 1973; Stanners  and  Thomp- 
son, 1974). Still  others  represent  attempts by the cells to 
compensate for the  starvation, notably an  accelerated  protein 
degradation  (Woodside and  Mortimore, 1972; Goldberg and 
St. John, 1976), which, by providing an endogenous source of 
amino acids, permits continuing synthesis of the most  vital 
proteins  and metabolites. 

The mechanism by which the cell recognizes the lack of an 
amino acid seems reasonably well understood in Escherichia 
coli. The response to  amino acid starvation  can be mimicked 
by mutations  or  inhibitors affecting the aminoacylation of 
tRNA  (Neidhardt et al., 1975; Chavancy and  Fournier, 1979), 
but not by the inhibition of protein synthesis per  se. One 
aspect of the response is the  accumulation of a  regula- 
tory nucleotide,  guanosine  3’-diphosphate,  5’-diphosphate 
(ppGpp’)  (Cashel  and  Gallant, 1969; reviewed by Cashel, 
1975), the production of which can be  observed in cell-free 
systems, and  depends  upon  the presence of a deacylated  tRNA 
(Haseltine  and Block, 1973). In  mammalian cells, ppGpp  has 
not to  our knowledge been found  (Silverman and  Atherly, 
1979), and  the  regdatory role of the  aminoacylation of tRNA 
has been  a subject of controversy. 

Inhibition of histidyl-tRNA  synthetase by histidinol,  a  po- 
tent competitive inhibitor  (Hansen et d . ,  1972), has been 
reported  to  result in decreased rates of rRNA  synthesis 
(Grummt  and  Grummt, 1976; Warrington et al., 1977) in 
mouse 37’6 cells, L cells, and  primary  cultures of Ehrlich 
ascites  tumor cells. In these  reports no attempt was made  to 
compare  the effects of histidinol  with those of other  inhibitors 
of protein  synthesis.  It is thus not clear  whether  this  decrease 
in rRNA  synthesis was related specifically to  the deacylation 

’ The abbreviations used are: ppGpp, guanosine 3’-diphosphate,5’- 
diphosphate; DMEM,  Dulbecco’s  modified  Eagle medium; FCS, fetal 
calf serum; rDMEM, reconstituted Ilulbecco’s modified  Eagle rne- 
dium; MEM, minimal essential medium; HBSS, Hank’s balanced salt 
solution; I’BS, phosphate-buffered saline; CHO, Chinese hamster 
ovarv. 
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of histidyl tRNA,  or  more generally, to  the inhibition of 
protein  synthesis, which is known also to  result in  slower 
synthesis of rRNA  (Franze-Fernandez  and  Fontanive-Sen- 
griesa, 1973; Grummt et al., 1976). The  distinction  is  even 
more difficult to  make in studies  on polyribosome  disaggre- 
gation  (Vaughan  and  Hansen, 1973; Warrington et al., 1977) 
where  inhibitors of protein  synthesis  other  than histidinol 
may directly  affect the very parameters  one wishes to  meas- 
ure.  Inhibitors of elongation,  for  example cycloheximide, 
would prevent disaggregation, whereas  those affecting initia- 
tion, such as pactamycin, would produce  it. 

In  this  respect, effects on  protein  degradation would be 
easier to  interpret:  whereas  amino acid starvation  stimulates 
degradation,  inhibitors of protein  synthesis  have, if anything, 
the opposite effect. The response to  amino acid withdrawal 
cannot  be  thus confused with  the consequences of slower 
protein synthesis. Nevertheless,  neither  treatment with histi- 
dinol (Baxter  and  Stanners, 1978) nor  inactivation of a syn- 
thetase  by  temperature-sensitive  mutations  (Stanners  and 
Thompson, 1974; Gunn, 1978; Clark et al., 1979) could be 
found to  stimulate  protein  degradation in  Chinese hamster 
ovary (CHO) cells. These results, and a  similar  lack of effect 
of histidinol on  protein  degradation in mouse hepatocytes 
(Scornik et al., 1978), suggested that in mammalian cells, the 
increase in protein  degradation  may  not  depend  on  the  ami- 
noacylation of tRNA.  Some  experiments in  isolated hepato- 
cytes  have even raised  the possibility that  there is no  relation 
at  all between  the utilization of amino acids  for protein  syn- 
thesis  and  the regulation of protein  degradation in mammalian 
cells. As a result,  attention  has  turned in other directions, 
such as regulation  by amino acid catabolism  and  ammonia 
generation (Seglen, 1978). 

The results  presented in this  paper lead to a different 
conclusion. For  the fist time, we have been able  to  demon- 
strate a role for the  aminoacylation of tRNA in mediating  the 
regulation of protein  degradation in mammalian cells by 
amino acids. First, we took  advantage of the  fact  that  temper- 
ature-sensitive  mutations in aminoacyl-tRNA  synthetases of- 
ten  result  not only in loss of activity a t  elevated, nonpermissive 
temperature (4O-4l0C), but  also in altered affinity  for the 
amino acid at  the permissive temperature (33-34°C) (Haars 
et al., 1976  Farber  and  Deutscher,  1976  Andrulis et al., 1978). 
We studied  the effect of histidine  starvation of increasing 
severity at 33°C on wild type  CHO cells and  on two cell lines 
in which mutations of histidyl-tRNA  synthetase  result in 
increased requirements of histidine for protein  synthesis  (Ash- 
man, 1978). In  each of these cell lines, there was a correlation 
between the degree of inhibition of protein  synthesis  and  that 
of stimulation of protein  degradation.  Second, we were able  to 
show that  under  appropriate conditions,  histidinol stimulates 
protein  degradation,  although a comparably  severe inhibition 
of protein  synthesis by  cycloheximide does  not.  These  results 
are consistent with the existence of a functional  connection 
between the  aminoacylation of tRNA  and  the  regulation of 
protein  degradation in mammalian cells. 

EXPERIMENTAL  PROCEDURES 

Cells and  Culture Procedures-We obtained wild type Chinese 
hamster  ovary  (CHO-K1) cells from  Dr. T. Y. Chang  of  this  depart- 
ment  and  from  the American Type  Culture Collection (ATCC CCL 
61).  A series of derivatives of CHO-Kl  with  temperature-sensitive 
lesions in  their  histidyl-tRNA  synthetase were  provided by Dr. C. 
Ashman (Harvard Medical School).  They  are  designated HZ-1, K4-1, 
K27-1, and D10-5. A derivative of D10-5 found to  have  reverted  to 
normal  growth at  the nonpermissive temperature, D10-5R3, was also 
provided.  Cell-free extracts of each of the  mutant lines have a specific 
reduction of histidyl-tRNA  synthetase activity both  at permissive 
(33°C) and especially a t  nonpermissive (39°C)  temperatures  (Ash- 
man, 1978). Complementation could be demonstrated a t  low frequen- 

cies in hybrids of HZ-1, K4-1, and KZ7-1 with each  other. D10-5, 
however, failed to  exhibit  complementation with any of the  other 
three  (Ashman, 1978). It  can  therefore  be concluded that  each  mutant 
has a different molecular  defect  leading to reduced histidyl-tRNA 
synthetase activity. 

Cells  were  routinely cultivated  attached  to plastic  tissue culture 
dishes (Falcon)  in growth  medium: DMEM (Gibco) supplemented 
with  proline (for which CHO cells are  auxotrophic), antibiotics, and 
10% FCS  (Gibco). Wild type cells  were grown at 37°C and  mutants  at 
33OC in a  humidified atmosphere of 5% COe in air. 

The medium  used in measurement of rates of protein  synthesis  and 
degradation was rDMEM. We prepared  it by adding concentrated 
solutions of the various  individual amino  acids  to  the  appropriate 
mixture of Earle's  balanced salts,  MEM vitamins, MEM  pyruvate, 
Fe(NOa):,, and  bicarbonate  to achieve the composition of DMEM, 
with the differences noted. The components of rDMEM were pur- 
chased from Gibco and from Sigma.  Growth  and cloning efficiency of 
cells in rDMEM was indistinguishable  from that  in  DMEM when 
both were similarly supplemented with  FCS. For degradation meas- 
urements, we found  that  the most consistent  results were obtained 
when  rDMEM was supplemented with additional nonessential amino 
acids: alanine, 1 mM; aspartic acid, 1 m M ;  asparagine, 0.1  mM; and 
glutamic  acid,  2 m ~ .  These were thenceforth  added  routinely  to 
experimental media. 

Protein Synthesis-To measure  protein  synthesis, we seeded  rep- 
licate 35-mm culture  dishes with  5 to 10 X IO4 cells each in 2 ml of 
growth  medium. Three  days  later, with about 5 X 10" cells firmly 
attached  to  the dishes,  groups of three  dishes at a time were  rinsed 
three  times with HBSS (Gibco),  and 2 ml of experimental  medium 
was added. After 30 min to allow intracellular  precursor pools and 
metabolic  processes to reach  the  steady  state  determined by the 
experimental medium,  ["Hlleucine, or occasionally  ['H]lysine,  was 
added (1.9 to 5 pCi/ml; 0.8 mM carrier)  and  incubation  continued for 
an additional  period,  usually 1 h.  (Incorporation was linear over at  
least  4 h.) The cultures were then  terminated by rinsing three  times 
with PBS  and twice  with 5% trichloroacetic acid  the second  trichlo- 
roacetic acid rinse  was  left in the dish a t  least 1  h a t  4°C. The 
precipitated  material was rinsed  several times in water  and dissolved 
in 0.2 N NaOH, 0.3% sarkosyl.  A 200-pI portion of this  solution was 
mixed with 50 pI of 1 N acetic acid and 5 ml of Scintiverse  (Fisher), 
and radioactivity was determined by liquid scintillation  counting.  A 
second 200-pI portion was assayed  for protein  content by the  method 
of Lowry et  al. (1951). Results  are  reported as mean  counts  per min 
per pg  of protein of triplicate  determinations. 

Protein  Degradation-To  measure  protein  degradation, we seeded 
cultures  and grew them for  3 days as above. For  the  last 18 to 24 h, 
['4C]leucine (or occasionally ["Cllysine) was added  to prelabel the 
proteins. In groups of three  or four, cultures were then rinsed  with 
HBSS,  incubated for 1 h in nonradioactlve  growth medium, rinsed 
again, and  incubated for a second  h in  fresh  growth  medium  to  chase 
labeled amino  acids  into relatively long-lived protein. The  cultures 
were  rinsed  again, and  experimental medium was added. After 30 min 
to  permit  adjustment of steady  state processes to new levels dictated 
by the  absence of serum  and  altered  concentrations of some  amino 
acids, the  cultures were  rinsed and a  fresh, 2-ml portion of experi- 
mental medium  was added. We found  that  the  time  required for the 
establishment of a new degradation  rate was independent of the 
magnitude of that  rate. New rates were attained within 30 min and 
maintained linearly for a t  least 2  h (data  not  shown). At the  end of 2 
h further  incubation, 1 ml of the  culture medium was sampled; 
proteins were precipitated with 10% trichloroacetic acid along  with 
carrier  rat liver homogenate  (1 g of liver/lO ml, 25 pl/tube); 0.5 ml of 
the resulting supernatant, containing  labeled amino  acids released 
from  the cells, was mixed with  Aquasol (New  England  Nuclear);  and 
radioactivity was determined by liquid  scintillation  counting. The 
remainder of the  culture medium  was  discarded, and radioactivity 
retained  in cell protein was determined by the following procedure: 
cells  were dissolved in 0.2 N NaOH, 0.306 Sarkosyl  (ICN). A portion 
of this solution  was then mixed with carrier liver homogenate  and 
precipitated  with 10% hot trichloroacetic  acid W'C, 30 min). Lipids 
were extracted  from  the pellet  with alcohol/ether/chloroform (21:1), 
the pellet  was dissolved by heating in Protosol, and radioactivity  was 
determined  after  addition of Econofluor (New  England  Nuclear). 
Protein  degradation  rates were determined by dividing the  acid- 
soluble  radioactivity  released to  the medium by the  total radioactivity 
(that released  plus that  retained in protein), yielding a degradation 
rate which could be expressed as per  cent/h. 

Determination of Histidyl-tRNA  Synthetase Activity-The pro- 
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cedure of de Fernandez  et al. (1970) was adapted.  Exponentially 
growing cultures were harvested by trypsinization  and the cells pel- 
leted  and  resuspended  three  times in PBS.  Cell  pellets  were stored 
frozen. Extracts of at least 0.5 g of cells  were  prepared by homogeni- 
zation  in  an  equal  volume of TKMM buffer,  containing 2% Triton X- 
100. The  extracts were  centrifuged 14 min at 27,000 x g, the pellets 
were  rinsed  with 0.5 volume of TKMM buffer, and the supernatants 
were  pooled,  and  dialyzed  for 45 min  against  each of two  changes of 
100 volumes of TKMM  buffer. Neither  mutant nor wild type  extracts 
lost  excessive  activity  during  dialysis  or subsequent  storage at -10°C. 

Extracts were  assayed at 33°C for their  ability  to  catalyze  the 
addition of [I4C]histidine  to  yeast  transfer RNA (Sigma, Lot 19C- 
0449). The  reaction  mixture  contained, in 50 p l ,  35 A/ml of tRNA, 20 
p g / d  of cycloheximide, 1 mM Mg2+.ATP, and  varying amounts of 
[I4C]histidine at a constant specific activity of 22.5 Ci/mol. The 
amount of extract was adjusted  to be in the region of linear  response. 
The  reaction was initiated by addition of the  radioactive  histidine; 
after 4 min (during which the reaction  was linear) it was terminated 
by addition of 1 ml of  ice-cold 0.2 M KOAc,  pH 5.5, containing 1 mM 
carrier  histidine  and 0.5 mg/ml of carrier RNA (Nutritional Biochem- 
icals).  Unincubated  samples  served as blanks.  Protein was extracted 
by mixing these  solutions  with  an  equal  volume of phenol saturated 
with 0.2 M KOAc  buffer. The aqueous  layer was recovered, a second 
portion of 0.2 M KOAc was  mixed  with the  phenol,  and the two 
portions  were  pooled.  RNA  was precipitated by adding 2 volumes of 
ethanol  and  placing at -10°C  overnight. The precipitate was washed 
twice  in  fresh  portions of 75% ethanol, 25% 0.2 M KOAc  buffer, and 
then  aminoacyl-tRNA  bonds  were  hydrolyzed by addition of 0.5 ml of 
0.5 M NaHCOR  containing 1 mM histidine  and  incubation  for 3 h at 
37°C. Addition of 0.5 ml of 1 M perchloric  acid  caused the RNA to 
precipitate,  and the entire supernatant, containing the released la- 
beled histidine, was  mixed  with  Scintiverse  and counted. 

Materials-Radioisotopes  were  purchased  from New England Nu- 
clear, amino  acids  from  Sigma, and other chemicals,  except as noted, 
from  Fisher. 

RESULTS AND DISCUSSION 

The  experiments  presented in this  paper were  designed to 
test  the  hypothesis  that  stimulation of protein  degradation by 
amino acid starvation in mammalian cells is related  to  the 
aminoacylation of the  tRNAs. We chose  CHO cells for this 
study because of the availability of a  collection of lines with 
temperature-sensitive  defects  in  their  aminoacyl-tRNA  syn- 
thetases. Of these, we focused on lines  with variant histidyl- 
tRNA  synthetase because they are particularly  abundant,  and 
because CHO cells are known to be  very  sensitive to histidinol 
(Baxter  and  Stanners, 1978; Lofgren and  Thompson, 1979),  a 
potent competitive inhibitor of this enzyme (Hansen  et al., 
1972; Vaughan and  Hansen, 1973). We could thus  compare 
the effects of mutation  and  inhibitor  on  the  same enzyme. 

Response of CHO Cells to Amino  Acid  Starvation-In 
these experiments,  protein synthesis  was  measured by incor- 
poration of radioactive  leucine  for up  to 2 h;  degradation by 
the release of acid-soluble radioactivity from cells previously 
labeled  for 18 to 24 h with  radioactive leucine. The validity of 
both  measurements  depends  on  the  extent  to which  leucine 
produced  in the cells by protein  degradation is reutilized for 
protein  synthesis. Such reutilization would give measurements 
that systematically underestimated  the  true  rate of the two 
processes: in degradation,  it would diminish the release of 
labeled  amino  acid to the acid-soluble  fraction; in  synthesis, 
the nonradioactive  endogenous amino acid destined for reu- 
tilization would compete  with  added  radioactivity, reducing 
the specific activity of the  precursor pool. 

Fortunately,  the medium  in  which we normally grow the 
cells, Dulbecco’s medium, contains sufficient  leucine (0.8 mM) 
to expand the precursor pool to  the  point  that  little reutiliza- 
tion occurs. This we estimated from measurements of incor- 
poration of leucine, present in the  medium at different  con- 
centrations,  but at  constant specific radioactivity. The  results 
of such  an  experiment, performed either in the presence or 
absence of histidine, were then examined in a  double-recip- 

rocal  plot (Fig. 1). Extrapolation of the plot to  its  intersection 
with the  ordinate defines the reciprocal of the  incorporation 
at  infinitely  large external  concentrations of the  precursor 
amino acid, where endogenous sources become negligible 
(Scornik, 1974). As shown in the  experiment of Fig. 1, incor- 
poration at  0.8 mM leucine is more  than 95% of the  extrapo- 
lated value; that  is  to say, reincorporation of endogenous 
leucine is less than 5%. Thus,  at  the  concentration of leucine 
in  the  medium,  measurements of synthesis  and  degradation 
are within 5% of the  true values. 

Protein  degradation  can be stimulated by withdrawal of 
either  serum  or  amino acids. Both effects are  additive (Fig. 2) 
and  thus  independent of each  other.  In all the  experiments 
serum was necessarily present  during cell growth,  but we 
chose to withdraw it during  measurements of the effects of 
amino acids on  the cell. We  did this for  two  reasons. (a)  Serum 
could be  a source of amino acids, even  after extensive dialysis, 
because of either  amino  acids  bound  to  serum  protein,  prote- 
olytic activity  in  the  serum,  or pinocytosis and digestion of 
serum  proteins by cells (Piez et al., 1960; Eagle and Piez, 
1960). ( b )  Removal of either  serum  or  amino  acids  arrests cell 
growth (Pardee  et al., 1978); in the  absence of serum we could 
study  the  effects of amino acids  in cells already  quiescent 
without  the complications  arising from  changes  in  growth 
conditions. 

The effects on  protein  synthesis  and  degradation of removal 
of each  essential  amino acid, or all amino acids but  the  carrier, 
from medium lacking serum  are summarized  in Table I. 
Starvation for any individual amino acid had at least  some 
effect on  degradation,  but  it was in no case as pronounced as 
that of removal of all amino acids. No  correlation was apparent 
between the effect of removal of any given amino acid on 
synthesis  and  on degradation:  removal of histidine  inhibited 
synthesis  as  much  as  any  amino acid, but was not  as effective 

030- 
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FIG. 1. Dependence of leucine incorporation  on  extracellu- 
lar leucine concentration. Protein  synthesis was measured  in  wild 
type  cells as described  under  “Experimental  Procedures.”  Experimen- 
tal  media  were  rDMEM  containing all amino  acids  or  containing  all 
but  histidine. The concentration of leucine was varied  from 0.03 to 
2.0 mM, all concentrations  supporting maximum rates of protein 
synthesis (data not shown).  Radiolabeled  leucine was  added in an 
amount to yield a constant  final  specific  activity  in  all  cultures (5 Ci/ 
mol).  The  reciprocal of the counts per min per pg of protein deter- 
mined  for  each  dish is plotted as a function of the reciprocal of leucine 
concentration  (Scornik, 1974). The concentration of leucine  in Dul- 
becco’s  medium (and rDMEM) is  indicated  by the arrow. 
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FIG. 2. Independence of the influences of withdrawal of se- 

rum and  amino acids on  the  rate of protein  degradation. Protein 
degradation  was  measured  in  wild  type  cells as described  under 
“Experimental  Procedures.”  Experimental  media  were  rDMEM  with 
all  amino  acids,  with (0) or without (A) 10% dialyzed fetal calf serum, 
and  rDMEM  lacking all amino  acids  but carrier  leucine  with (0) or 
without (0) 10% dialyzed fetal calf  serum. The medium  in all dishes 
was  sampled at the beginning of the degradation  period,  and the 
measured  radioactivity  was subtracted from that of medium  samples 
taken  from the same dish either 1 or 2 h later. This background 
radioactivity  was  less than 3% of the measured  values. 

a stimulant of degradation  as  starvation for some of the  other 
amino acids, for example tryptophan  or leucine. We chose to 
focus our studies  on histidine,  however,  because of the avail- 
ability of both a  sizable  collection of variants with  defects in 
histidyl-tRNA  synthetase,  and a potent  competitive  inhibitor, 
histidinol. Starvation  for  histidine usually stimulated  protein 
degradation by 20 to 40%. By  measuring  this variable  in 
quadruplicate,  the  standard  error of the  mean was  ordinarily 
less than 5%. The response to histidine  starvation was esti- 
mated in each of the  experiments  presented below. Experi- 
ments in  which the response  was smaller  than 20%, or  the 
error larger than lo%, were not considered. 

Effect of Histidine  Starvation on Wild  Type  and  Mutant 
Cells-A profound defect  in  the  activity of an  aminoacyl- 
tRNA  synthetase  is  incompatible  with cell growth for this 
reason,  variants can  be selected only if they express such 
defect at  high temperature (40-41°C) but  exhibit relatively 
normal  activity at lower temperatures  (usually 30-33OC) 
(Neidhardt et  al., 1975; Thompson  and  Baker, 1973). But even 
if active at the permissive temperature,  the enzyme may be 
abnormal in other ways, often  showing  a lower affinity  for the 
corresponding amino acid (Haars et  al., 1976; Farber  and 
Deutscher, 1976; Andrulis et  al., 1978). We sought  to use this 
abnormal  behavior at   the permissive temperature  to  establish 
a  connection between  the utilization of histidine for protein 
synthesis  and  the effect of the  amino acid on protein  degra- 
dation. 

We obtained four  different CHO cell lines with known 
temperature-sensitive  defects  in  the  histidyl-tRNA  synthetase 
(Ashman, 1978) and  tested  the  requirement for histidine of 
their  protein  synthesis at 33°C. Two of these  variants, H2-1 
and K4-1, were found  to  require  concentrations  an  order of 
magnitude  higher  than  the wild type for  maximum rates of 
protein  synthesis (Fig. 3). We next compared  the effect of 

histidine concentration  on  the  rate of protein  degradation. 
The  results were striking (Fig. 4). The two cell lines  requiring 
higher levels of histidine  for maximum protein  synthesis, 
required correspondingly higher  concentrations of the  amino 
acid for maximum inhibition of protein  degradation  (note  the 
expanded  abscissae of Panels A and D). In  both cell lines and 
wild type, stimulation of protein  degradation occurred  in the 
presence of relatively subtle  changes in synthesis.  The effect 
was maximum as  protein  synthesis decreased by 50% (Fig. 5). 

It should  be  recalled that inhibition of protein  synthesis 
during histidine starvation  is  not a direct  measure of synthe- 
tase  activity.  In  the fwst place,  a depletion of histidyl-tRNA 
will affect the  rate of elongation  directly  only  when  ribosomes 
encounter  the corresponding  codon in the  mRNA.  Thus, if the 
frequency of this codon is, say, 1 in 20, a depletion of histidyl- 
tRNA sufficient to  cause  an 80% decrease in the  rate  at which 
new histidine  molecules are  added  to  nascent polypeptide 
chains, would cause  the overall rate of elongation (other  things 
being equal)  to  drop by  only 20%. (If addition of each  amino 
acid takes 0.1 s, except  for  histidine,  which takes 0.5 s, the 
assembly of all 20 will increase to 2.4 s, rather  than 2 s). A 

TABLE I 
Response ofprotein synthesis and degradation in CHO cells  to 

deprivation of single essential amino acids 
Rates of protein  synthesis  and  protein  degradation  were deter- 

mined in wild  type  cells  as  described  under “Experimental  Proce- 
dures.’’  Experimental  media  were  rDMEM  lacking the single  amino 
acids  indicated  in the first column. For convenience, the media  were 
tested for their  effects on synthesis in  two  groups (A and B) and  for 
their  effects on degradation  in three groups (C, D, and E). In  both 
cases,  radiolabeled  leucine  was  used  as the tracer for all  cultures 
except  for the groups  in  which  leucine  omission  was tested those 
groups (A, C) received  radiolabeled  lysine.  Controls  with  no  amino 
acid  deficiency  and  controls  lacking  all  amino  acids  but the  carrier for 
the radiolabel (0.8 mM) were tested in  each  group. The means of 
triplicate  (for  synthesis) or quadruplicate  (for  degradation)  determi- 
nations  for  each  experiment are expressed  as  per  cent  of the control 
with no amino  acid  deficiency.  Duplicate  experiments  were  performed 
on each  group.  The  mean  absolute  values of the control  for  each 
exDeriment (fS.D.) are eiven  for  reference. 

Amino acid Condition“ of protein tion of protein  deg- 
Relative  rate  Condi-  Relative  rate 

synthesis  radation omitted 

None 
Arginine 
Cysteine 
HISTIDINE 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Proline” 
Threonine 
Tryptophan 
Tyrosine 
Valine 
All but  lysine 
All but leucine 

B 
A 
B 
A 
A 
B 
B 
B 
A 
B 
A 
B 
A 
A 
B 

100 100 
66,40 E 164, 190 

51, 52 E 148,  136 
96,  77 D 132,  170 
68,64 C 258,304 
60,47 E 172, 160 
49, 39 E 179, 167 
a5,70 D 173, 176 
54, 50 E 148,  147 
70, 61 D 152, 172 
53,4a C 197,  197 
65,  46 E 148,147 
4a,41 D 164, 165 
53.40 C 290, 332 
55,43 D 

E 
217, 302 
206, 222 

88, 75 C 193, 168 

‘’ A, measured as incorporation of [,”H]lysine  relative  to  control 
values of 56.8 f 1.45 and 54.1 f 1.32 cpm/pg/h in the two  experiments 
(mean  fS.D.1; €3, measured as incorporation of [:’H]leucine  relative 
to  control  values of 25.0 f 1.39 and 20.8 f 0.81 cpm/pg/h in the two 
experiments  (mean +S.D.); C, measured  as  release of [‘tllysine 
relative to control  values of 0.69 f 0.06 and 0.66 f O.W’%/h in the two 
experiments  (mean 2S.D.); D,  measured as release of [’4C]leucine 
relative  to  control  values of 1.62 f 0.08 and 0.78 f 0.03%/h in the two 
experiments  (mean 2S.D.); E,  measured  as  release of [“C]leucine 
relative  to  control  values of 1.29 f 0.03 and 1.19 f 0.05%/h in the two 
experiments  (mean +S.D.). 

CHO cells  require  proline, so we add it to Dulbecco’s. 
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FIG. 3. Dependence of relative  rate of protein synthesis on 
histidine concentration  in wild type CHO and  mutants with 
defective histidyl-tRNA synthetase activity. Rates of protein 
synthesis were determined as described  under  “Experimental  Proce- 
dures.’’  Experimental medium was rDMEM  without  serum and con- 
taining histidine at the indicated  concentrations.  Each point repre- 
sents the mean cpm/pg of protein/h of three  determinations, as a per 
cent of the mean value determined at 0.2 mM histidine, the concen- 
tration normally present.  This control value is given below, along 
with the designation of the various cell  lines:  wild  type (0): 108.2 and 
84.7 cpm/pg/h (two experiments); D10-5R3 (m): 47.8 cpm/pg/h; D10- 
5 (A): 43.4 cpm/pg/h; K27-1 (V): 48.0 cpm/pg/h; H2-1 (0): 25.4 cpm/ 
pg/h; K4-1 (A): 15.2 cpm/pg/h. 

second  factor to consider is that removal of amino  acids  causes 
not only a slower rate of elongation, but also  a regulatory 
response affecting the  initiation of mRNA  translation  and 
resulting  in  disaggregation of polyribosomes (Hogan  and  Kor- 
ner, 1968; Pronczuk et al., 1970; van Venrooij et al., 1972; 
Vaughan and  Hansen, 1973; Stanners  and  Thompson, 1974; 
Warrington et al., 1977). Furthermore, increased requirement 
of histidine for protein  synthesis could result from defects 
unrelated  to  the  synthetase,  notably  an  impaired  ability of the 
cells to  concentrate histidine. 

In  the  present case we have  not  systematically examined all 
these factors. It  has, however, been  demonstrated  that  these 
mutants  have specific loss of histidyl-tRNA  synthetase  activ- 
ity in  extracts assayed in vitro, even at  33°C (Ashman, 1978). 
The increased dependence of protein  synthesis in intact  mu- 
tant cells on  histidine is consistent  with  their having a synthe- 
tase with higher  than  normal K,,, for  histidine. We confirmed 
this prediction  in  cell-free extracts of the two mutant lines 
(Fig. 6 ) .  Under conditions of excess acceptor  tRNA  and lim- 
iting concentrations of enzyme, the  reaction at 33°C was  linear 
for the period  measured. The  actual  results (Fig. 6A) were 
adjusted  on  an  arbitrary scale to give the  same V,,, and  then 
represented in a double-reciprocal  plot  (Fig. 6B) .  For  each 
extract,  the plot is linear, and  the  extrapolated  apparent K, 
for both  mutants is higher than for the wild type.  Further- 
more, of the two mutants,  the  one with the higher K ,  (K4-1)  
also shows the  greater  dependence upon histidine in vivo. If 
we had  made  our  observation  on only  a single cell line, it 
could still be argued  that  additional, unknown mutant  defects 
may have been the  important ones. It would be  surprising, 
though, if this were the case  with both  variants.  Therefore,  in 
these cells, the increased requirement of histidine for protein 
synthesis  must  have  been a  consequence of the  defect in the 
histidyl-tRNA synthetase. Because  a  higher concentration of 
the  amino acid was also required for  maximum  inhibition of 
protein  degradation, we conclude that a  connection  exists 
between the utilization of histidine for protein  synthesis  and 
the effect of the  amino acid on  degradation. 

Effects of Histidinol a n d  Cycloheximide-The stimulation 
of protein degradation by amino acid starvation is not, how- 

ever,  a  consequence of the inhibition of protein  synthesis per 
se. It  has been  shown repeatedly  that  inhibitors of protein 
synthesis, such  as cycloheximide, do  not  have  such  an effect 
(Goldberg and  St.  John, 1976; Mortimore  and Neely, 1975). 
We c o n f i i e d  this observation  in wild type cells under  our 
conditions (Table  IIA). On the  other  hand, interfering with 
the  synthesis of histidyl tRNA  with  the  competitive  inhibitor 
histidinol (in  the presence of adequate  concentrations of his- 
tidine) did stimulate  protein  degradation  to  the  same  or  larger 
extent  than histidine starvation  (Table 11, B and  C).  The 
effect of histidinol on  degradation  can  best be demonstrated 
under  the following conditions: 

(a) Histidine  should be present at  concentrations sufficient 
to  permit minimum degradation in the  absence of the inhibi- 
tor. As shown  in Table  IIB, when  histidine was absent,  addi- 
tion of histidinol had a more  drastic  inhibitory effect on 
protein  synthesis, but gave no  further  stimulation of degra- 
dation  than  either removal of histidine  alone  or  addition of 
histidinol  in the presence of normal  concentrations of histi- 
dine. Stimulation of degradation in the  latter cases, it  seems, 
was already maximum and could not be  increased any  further 
by hktidinol. 

( b )  Histidinol/histidine ratios should  be such as to  produce 
moderate inhibition of protein  synthesis.  Extreme  inhibition 
of protein  synthesis  is known to  interfere with the effects of 
amino acid starvation  on  protein  degradation  (Mortimore  and 
Ward, 1976; Goldberg and St. John, 1976). This is illustrated 
in the  experiment of Table IIA, where inhibition of protein 
synthesis by  increasing concentrations of cycloheximide  pro- 
gressively reduced  the response of the cells to removal of all 
amino acids. I t  will be  noticed (Table  IIB)  that  stimulation by 
histidinol  in the presence of 0.2 m~ histidine reached 153% of 
the  unstimulated control; as the  concentration of histidine 
became lower, and  the inhibition of protein  synthesis  more 
drastic, the  stimulated  rate of degradation decreased to 135%. 
If one were to  compare  this value  with that in cells lacking 
both  histidine  and histidinol, the  inhibitor would appear  to 
have no stimulatory effect. 

( c )  The effect of hlstidinol can  be  shown only  in cells which 
are responsive to histidine starvation.  This response  was not 
always present.  For  reasons unknown,  removal of histidine 
sometimes failed to  stimulate  protein  degradation  under  our 
experimental conditions. As explained at  the beginning of this 
section, experiments with such unresponsive cells were not 
included in  this paper. It should  be mentioned, however, that 
on six occasions  when we added histidinol to  such  unrespon- 
sive cells (both  mutant  and wild type),  the  inhibitor failed to 
stimulate protein  degradation.  We have  reported before that 
histidinol had  no effect on  degradation by  isolated hepatocytes 
(Scornik et al., 1978); these cells do  not  ever respond to 
histidine starvation  (or, for that  matter,  to removal of any 
other single amino  acid),  although  they  do respond vigorously 
to removal of all amino acids. We do  not know enough about 
the recognition of amino acids by the regulatory mechanism 
to offer at  this  time even  a tentative explanation, but if the 
effect of histidinol is to mimic histidine  starvation,  it is not 
surprising that cells that  are unresponsive to  the  one  treat- 
ment should  also  fail to respond to  the  other. 

To summarize, the  effect of histidinol on  protein  degrada- 
tion  can  be clearly shown in cells responsive to  histidine 
starvation, in the presence of histidine, and with ratios of 
inhibitor to  amino acid  resulting in a moderate  decrease  in 
protein synthesis. Its  effects  and  that of removal of histidine 
are  not additive. 

General  Considerations-The  results  presented in this  pa- 
per establish (a) that  there is a correlation between  utilization 
of histidine for  protein  synthesis  and  its recognition by the 



Protein  Degradation  and  Aminoacylation of  tRNA 

wild type H2- I K4- I 
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Concentration of Histidine (mM)  
FIG. 4. Dependence of relative rates of protein synthesis and 

degradation on histidine concentration in wild type, H2-1, and 
K4-1. Rates of protein  synthesis (Panels D to F) and  protein degra- 
dation (Panels A to C )  were determined as described under  “Exper- 
imental Procedures.” Experimental media  were rDMEM without 
serum  and containing  histidine at the indicated  concentrations. Note 
that  the scale of the abscissa for wild type is expanded 10-fold over 
the two mutants, dotted lines in Panels B, C, E, and F represent  the 
wild type response for purposes of comparison. In  each  panel  the 
various  kinds of symbols represent  independent  experiments. One 
experiment  each  in Panels E and F also appears in Fig. 3. For  protein 
synthesis, mean  values of triplicate  determinations are given as a per 
cent of the  mean value determined at 0.2 mM histidine. The values 
taken as 100% were as follows: wild type (D): 91.7 cpm/pg  protein/h; 

20 

Incorporotlon of I3H] leucine 
(percent of maximum) 

Frc. 5. Relationships between inhibition of protein synthe- 
sis and stimulation of protein degradation by histidine star- 
vation. For  every  histidine  concentration  in Fig. 4 for which both 
synthesis  and  degradation  data were available,  these  data were ex- 
pressed as the  dependence of enhanced  degradation  on  inhibited 
synthesis.  In cases where  more  than  one  determination  had been 
made,  the  mean was  used. The different symbols  represent different 
cell lines: wild type (A, U); H2-1 (0); and K4-1 ( W .  Since wild type 
protein  synthesis  cannot  be  suppressed below 50% by histidine  star- 
vation, data  in  this region are lacking. 
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H2-1 ( E ) :  29.7,  25.4, and 24.7 cpm/pg pr0tein.h; K4-1 (F): 14.8 and 
15.2 cpm/pg protein.  h.  For  protein  degradation,  each point represents 
the  mean of quadruplicate  determinations, expressed as  the  per  cent 
increase in degradation rate  compared  to  cultures containing 0.2 mM 
histidine,  where 100% is defined as  the maximum degradation  rate 
seen  in  any  series of histidine concentrations. Values taken as 0% and 
100% were as follows: wild type (A):  1.75; 2.09 %/h; H2-1 ( B ) :  1.70 and 
1.65; 2.62 and 2.43 %/h; K4-1 (C):  1.73, 1.93, and 2.10; 2.15, 2.43, and 
3.24 %/h.  For  mutant K4-1 (Panel C ) ,  extreme  starvation resulted in 
a  decrease in the  degradation response. The position  of the  degrada- 
tion  maximum and  the  extent of the  subsequent decline  was somewhat 
variable. We  therefore pooled measurements  from  the  three experi- 
ments, and  report  here  the  mean  per  cent increase,  with standard 
errors  represented by the bars. All curves were fit by eye. 

cell in the regulation of protein degradation, in wild type cells 
and  variant cell lines; ( b )  that inhibition of protein synthesis 
does not of itself stimulate  degradation (if anything,  it  inter- 
feres  with the  stimulation); ( c )  that inhibition of the  amino- 
acylation of the corresponding tRNA by histidinol (under  the 
appropriate conditions)  mimics the effect of histidine  starva- 
tion; and ( d )  that  the effects of histidinol and  histidine  star- 
vation are  not  additive,  either of them reaching  a  maximum 
when protein  synthesis decreases by half. All these  results  are 
consistent  with the  hypothesis  that  aminoacylation of tRNA, 
or a  consequence of it  (other  than inhibition of protein  syn- 
thesis), is connected  functionally  with the regulation of protein 
degradation. The present  paper offers no clue as  to  whether 
the regulatory  signal depends  on  the level of aminoacyl tRNA, 
the accumulation of the  deacylated species, or some aspect of 
the  aminoacyl-tRNA  synthetase itself. 

Having arrived at  this conclusion, we must consider  again 
the  fact  that  extreme inhibition of protein  synthesis  interferes 
with the  stimulation of protein  degradation by amino acid 
starvation.  This  phenomenon,  repeatedly found in mamma- 
lian cells and in bacteria,  has been taken  to suggest the 
existence of different pathways for stimulated  and  unstimu- 
lated  degradation (Goldberg and St. John, 1976). An alterna- 
tive explanation  agrees  better with our results. Under condi- 
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tions of amino acid starvation, when the  rate of aminoacyla- 
tion of tRNAs is slowed down, inhibition of protein synthesis 
may  decrease the  rate of utilization of aminoacyl tRNAs, 
permitting them  to  accumulate (or  preventing the buildup of 
the deacylated  species). Such  an explanation has been pro- 
posed in bacteria, in relation to  the regulation of RNA syn- 
thesis  (Cashel, 1975; Kaplan et al., 1973) and protein  degra- 
dation (Goldberg, 1971) and in CHO cells (Gunn, 1978). 

Stanners  and  Thompson (1974), Gunn (1978), and Clark et 
al. (1979) reported  that in mutants with temperature-sensitive 
defects in an aminoacyl-tRNA synthetase, protein  degrada- 
tion at  the nonpennissive temperature was not appreciably 
faster than  in  the wild type cells at  that  temperature,  although 
charged  tRNA levels were substantially reduced. These  re- 
ports do not  contradict our conclusions: a similar situation 
was found in E.  coli (Rafaeli-Eshkol et al., 1974) but  the 
interpretation was obscured by the effect of the high temper- 
ature itself; either  the regulatory  mechanism is affected or  the 
rate of degradation,  markedly stimulated by the increased 
temperature, is already at maximum and  cannot be further 
stimulated by amino acid starvation.  Studying  the  mutants a t  
intermediate, less extreme  temperatures, St. John  and col- 
leagues were able  to elicit a  differential effect (1978). 

Thus,  the recognition of amino acids in the regulation of 

0 0 05 0.10 0 15 0 20 0 0 05 0.10 0 15 0 20 
Concentration of Histidlne i m M )  

B 301 

m l  /@mol histidine 
FIG. 6. Histidyl-tRNA synthetase activity in cell extracts. 

Extracts of wild type (O), H2-1 (A), and K4-1 (0) were prepared, 
dialyzed, and assayed as described under  “Experimental  Procedures”. 
A, each symbol represents  the radioactivity determined in an individ- 
ual assay,  corrected for the nonspecific radioactivity in an unincu- 
bated  assay mixture as described under  “Experimental  Procedures.” 
B, the reciprocals of the  data were plotted as a  function of the 
reciprocal of the histidine concentration, f m t  constraining them  to 
intersect  the  ordinate a t  a  value of 1, an  acceptable  procedure in view 
of the unknown  differences among  the  amounts of enzyme protein  in 
the  three  series of assays. The  apparent K, for each  extract is given 
above the arrou marking  the position of intersection of the plot  with 
the abscissa. 

TABLE I1 
Effects of cycloheximide and histidinol on protein synthesis and 

degradation 
Rates of protein  synthesis  and  protein  degradation were deter- 

mined in wild type cells as described under  “Experimental  Proce- 
dures.” Experimental media  were rDMEM containing all amino  acids 
(+AA) or lacking  all but leucine  (-AA). In Part B, experimental 
media (+AA)  contained variable concentrations of histidine. In  ad- 
dition, experimental  media  contained cycloheximide or histidinol at 
the indicated  concentration. The means of triplicate  determinations 
are  reported for synthesis  (error: 4.1 to 9.5%) and of quadruplicate 
determinations for  degradation  (error: 1.9 to 4.9%). 

Cycloheximide (pg/ml) 

protein  degradation (and, we imagine, of other cell functions 
as well) in bacteria and mammalian cells bear striking  simi- 
larities. There is, however, an  important difference: ppGpp, 
the concentration of which correlates well in E. coli  with the 
stringent response  (Cashel, 1975), has  not been  found in 
mammalian cells (Silverman and Atherly, 1979). It may be 
that in mammalian cells a  different effector is involved. It is 
also conceivable that in bacteria  ppGpp  mediates some, but 
not all the changes  characteristic of the  stringent response. If 
this were the case, the mechanisms  responsible for the  stim- 
ulation of protein  degradation in  bacteria  and mammalian 
cells could be even more closely related. 
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