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The  coat  protein  of  the  small RNA virus MS2 shows 
charge  heterogeneity in  vivo. In  most strains there is 
a basic satellite of  the native protein. We have  shown 
that this basic satellite is greatly diminished  or  absent 
in strains with  the  streptomycin-resistant allele, rpsL, 
a mutation  which  leads  to  increased  translational  ac- 
curacy.  Further,  the satellite is present  in cells where 
the  coat  protein is encoded  by  duplex  DNA.  Tryptic 
digests of  the satellite show  that  it  contains  new lysine- 
containing  peptides  which  appear  to be the  same as 
those  found  in derivatives of  coat  protein  which  have 
a lysine for  asparagine  substitution.  Sequencing  of  the 
NHz-terminal 19 amino  acids of the satellite protein 
shows that  the  asparagine codon  AAU at amino  acid 
12 is misread  approximately 8 times more frequently 
than  the AAC at  amino  acid 3. We conclude  that  the 
satellite species is the  result  of  basal level lysine for 
asparagine  substitution.  These  substitutions  are most 
likely caused  by  preferential  misreading of  AAU co- 
dons at a frequency  of  approximately 5 x 10-fold 
higher  than  the average error  frequency. 

The  recent explosion of DNA  sequence data from extremely 
diverse organisms  indicates  that,  although  the genetic code is 
universal  (or  nearly so, see Ref. I),  organisms  have  profound 
biases  in codon  use in  degenerate codon  families  (see Ref. 2). 
Several  hypotheses  have  been  put forward to explain  this. 
These include protection  against  mutation  to  deleterious co- 
dons (3), dinucleotide  preferences  (4)  or avoidances (5),  and 
optimized translational efficiency (6-8). For  the chromosomal 
genes of Escherichia coli it  is quite  clear  that  in genes  which 
are highly expressed, i.e. many  protein  monomers  per cell, 
there  is a strong  preference for codons which are  read by the 
most  abundant isoaccepting tRNA (7, 9). However it  is  not 
clear if this  is  related  to  the  cause of codon bias  or  is  an effect 
of it,  since  tRNA  synthesis may  be  regulated  by  codon demand 
(see Ref. 10). 

However there  are  also  strong codon preferences  among 
synonymous  codons which are  read by the  same  tRNA  such 
as  the  histidine,  asparagine,  and lysine  codons of E. coli. 
These  codons may  be  used preferentially because they  opti- 
mize codon-anticodon  interactions  (see Refs. 7 and 8). Some 
E.  coli chromosomal genes do  not show this  pattern of codon 
usage. These genes are usually  poorly  expressed. 
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accordance  with 18 U.S.C. Section 1734 solely to indicate this fact. 

We  have been interested  in  studying  errors  in  translation 
which  occur i n  uiuo. It  has been demonstrated  that very  high 
levels of mistranslation  (greater  than 0.1 error/cognate codon) 
occurs when cells are  starved for asparagine  or  histidine (see 
Refs. 11 and 12). The observed mistranslation seems to be a 
result of misreading of the  third position of the codon (13, 
14).  Because the  substituted  amino acids  differ in charge and 
the  resulting  mistranslated  protein  is  stable  (15),  this  type of 
mistranslation is relatively  easy to  quantify.  Starvation for 
other  amino acids  does not always  lead to  such high levels of 
mistranslation  (see Refs. 14 and 15). Interestingly  there  is a 
very strong  preferential codon  use in  the  asparagine  and 
histidine  codons of highly  expressed E. coli genes  (see “Dis- 
cussion’’). 

Using E. coli infected  with  the RNA virus  MS2  to  study 
mistranslation  during  asparagine  starvation  (14), we found 
that  the  coat  protein shows  charge  heterogeneity in  unstarved 
cells. This charge heterogeneity  results in the  appearance of 
a single,  more  basic satellite of the  coat  protein.  This  satellite 
can be explained  as  being  the  result of basal level misreading 
of asparagine codons. However, the required mistranslation 
frequency per  asparagine codon (1 to 2 X would be  5 to 
10  times  the frequency of basal level amino acid substitutions 
calculated  for  other  systems (16-18). The charge  heterogene- 
ity could also be explained by post-translational modification, 
a high level of misacylation or  mutation of the MS2 genomic 
RNA. In  this  paper we show that  the heterogeneity is  the 
result of basal level codon  misreading. We discuss this  finding 
in  relation  to codon usage pattern  and  its possible significance 
to  other  studies of basal level mistranslation. 

EXPERIMENTAL  PROCEDURES 

Bacterial  Strains,  Virus,  and Plasmids-The bacterial strains used 
in this study are  all derivatives of E. coli K-12. The genotype of each 
strain is shown in  Table I. A single lysate of the bacteriophage MS2 
was used throughout  the course of these studies. The plasmid 
pPLaACR26  confers  kanamycin  resistance and carries  a cDNA copy 
of the  entire coding region of MS2 which is under the  transcriptional 
control of the bacteriophage X promoter PL (19). The plasmid 
pRK248At2 confers  tetracycline  resistance and encodes a tempera- 
ture-sensitive X repressor  protein  (20). 

Media-The minimal medium used was buffered with 4-mOrphO- 
linepropanesulfonic acid (21) and supplemented with glucose, thia- 
min,  and required amino acids. The medium was slightly modified to 
increase the CaC12 concentration when the  culture was to be infected 
with MS2 (14). The rich medium used was L-broth (22). Strains 
carrying the plasmids  pPLaACR26 and pRK248At2 were routinely 
grown in medium containing kanamycin at  50 pg/ml and tetracycline 
at  10 pg/ml. 

Growth  and  Labeling of Strains Infected with MS2-Cultures to be 
infected with MS2 were grown aerobically in minimal medium at 
37 “C in Erlenmeyer  flasks and with  rotary  shaking. Growth was 
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TABLE I 
Bacterial  strains 

Strain  Genotype  Source  or  reference 

JK1 asnA31, asnR32, thi-I. relA, spoT 14 
JKlOO asnA31,  asnR32, thi-I. relA, 13 

dK120 as JKlOO except fuc’, relA’ 13 
JK242 as JK1 except rpsL125 14 
JK306 as JKlOO except rpsLI2.5 Lab collection 
JK336 JKlOO/pRK248At2, pPLaACR26 Transformation 
JK358  JK306/pRK248At2,  pPLaACR26 Transformation 
JK380  JK120/pRK248At2,  pPLaACR26 Transformation 

SPOT, fuc, IysA 

monitored by absorbance a t  420 nm. At a cell density  ofapproximately 
3 X 10’ cells/ml, 10 ml of the  culture were  infected  with MS2 a t  a 
multiplicity of infection of 10. At 5-min  postinfection, rifampicin was 
added to give a final  concentration of 200 pg/ml. In  some  experiments 
the  culture was starved for asparagine a t  10-min  postinfection by 
filtration  and resuspension in medium  lacking asparagine (13).  A 
portion of the infected culture was  labeled  with either [“‘SSjmethionine 
or [14C]lysine as previously  described (14).  The labeling  was  from 20- 
to 40-min postinfection  with  unstarved cells and 30 to 70 min  with 
starved cells. 

Induction 0fStrain.s Carrying Plasmids-Cultures of cells contain- 
ing pPLaACR26  and  pRK248At2 were grown overnight a t  28 ‘C in 
medium containing  antibiotics.  These cells  were diluted 10-fold into 
L-broth  without  antibiotics  and were incubated a t  28 “C  until  the cell 
density was approximately 2 X loR cells/ml (2-3 generations  after 
dilution).  At  that  point half the  culture was transferred  to 42 “C  to 
induce X PL. Incubation was continued for  30  min a t  42 “C. The 
cultures were then quickly  chilled. 

Electrophoresis-Extracts  for electrophoresis were prepared  (23) 
and  two-dimensional  electrophoresis was carried  out by the  nonequi- 
librium pH  gradient  electrophoresis  method of O’Farrell et al. (24) 
for basic proteins. The first  dimension was run for 3.5 h a t  400 V. 
The  second dimension  was a sodium dodecyl sulfate  containing 12% 
or 15% polyacrylamide  slab.  Gels containing radioactive proteins 
were stained with  Coomassie brilliant blue  R, dried,  and  autoradi- 
ograms  made  (23).  Proteins from  unlabeled cultures were visualized 
using the silver-based  color staining  method of Sammons  et al. (2.5). 
Color-stained gels were filmed under  incandescent light  with tung- 
sten-biased color film. 

Recooery and Analysis of Labeled Coat Protein-Autoradiograms of 
gels containing  [“Cllysine-labeled  coat  protein were aligned  with the 
dried  polyacrylamide  gels and  areas  containing  the  protein were 
excised. The gel fragments were washed  extensively  with 15% (v/v) 
methanol  to remove stain  and sodium dodecyl sulfate. The fragments 
were then lyophilized. The gel fragments were rehydrated in 50 mM 
NaHC03,  pH 7.8. The  protein in the  fragments was then digested in 
situ at  37 ‘C  by the  addition of N-tosyl-L-phenylalanyl  chloromethyl 
ketone-treated  trypsin  to 40 pg/ml followed by an equal amount  after 
4  h of incubation. After  a total of 8 h of incubation,  the liquid was 
then removed and lyophilized. Alternatively, in  some  experiments, 
protein was electroeluted (75 V for 12 h) from the gel pieces into a 
dialysis bag. The protein was then dialyzed against distilled water 
and  dried. The protein was then  treated with trypsin  as above. 

The lyophilized material was dissolved in 0.2 M pyridine  acetate 
buffer, pH 3.1, and  the  peptides  separated  on a column of Aminex 50 
W-X4  (0.9 X 40 cm). The peptides were eluted by a  500-ml gradient 
of 0.2 M pyridine  acetate,  pH 3.1, to 2.0 M pyridine  acetate,  pH 5.0, 
at  50  “C  (26).  Fractions were collected and dried. Scintillation fluid 
was added  and  the  samples were counted.  In  order to more easily 
compare  experiments  having  different  total  counts,  the  percentage of 
total  counts in each  fraction was calculated  and  plotted. 

Reverse Phase Chromatography of the  Peptides  in  Peaks A and R- 
Coat  protein  satellite labeled  with [“Cjlysine was electroeluted,  di- 
gested  with trypsin,  and  peaks A and B (see Fig. 3) isolated as 
described  above. Positions of the  peaks were determined by counting 
the radioactivity in 5% of each  fraction. The fractions of peaks A and 
B were pooled and  dried.  The  peptides of each peak  were separated 
on  a Waters  HPLC  system  using a  C18  column. The mobile phase 
used was  a linear  gradient of 100% 5 mM ammonium  acetate,  pH 6, 
to  30% 5 mM ammonium  acetate, 70% acetonitrile over  90 min.  The 
positions of the  peptides were determined by counting  the radioactiv- 
ity in each  fraction. 

Sequencing  Protein-Automated Edman  degradation of the  protein 

in  the basic satellite  spot was  performed using a  Beckman 89OC 
sequencer, modified by the  addition of a  vacuum cold trap,  and using 
0.1 M Quadrol Beckman program (number 121078) and Beckman 
reagents.  The  protein was added  in 67% acetic acid. Polybrene (3 mg; 
Aldrich)  was added  to  prevent loss during  degradation.  The product 
of each cycle was  placed in a scintillation vial and dried. The radio- 
activity in each cycle  was counted  in a scintillation  counter. 

Chemicals-Reagent grade chemicals were purchased from Fisher 
or Sigma.  Chemicals for electrophoresis  are  as given in O’Farrell (23). 
Trypsin was purchased from Worthington.  Pyridine was redistilled 
before use. Aminex 5OW-X4 was purchased from Bio-Rad. Film and 
developing solutions were from  Kodak. 

RESULTS 

Charge  Heterogeneity of Coat Protein  in MS2-infected 
Cells-One  of the four  genes of the RNA bacteriophage MS2 
encodes the  catalytic  subunit of the phage replicase. The 
replicase is not  inhibited by the  antibiotic rifampicin. There- 
fore if infected  cells are  treated with  rifampicin,  phage RNA 
continues  to be synthesized  and phage-encoded proteins  are 
produced. Late in infection such cells produce  primarily MS2 
coat  protein (14). Fig. 1A shows an  autoradiogram of a portion 
of a two-dimensional gel containing [:”S]methionine-labeled 
protein  synthesized in the presence of rifampicin 20 min after 
infection of strain JK1. There is a  clearly visible basic satellite 
spot which contains 2% of the  counts found in normal  coat 
protein.  This  pattern  is  also observed in other rem strains of 
E. coli (results  not  shown). 

Fig. 1B shows an  autoradiogram from  a similar  experiment, 
but using an rpsL strain (JK242) congenic to JK1. The 
satellite  is  not visible. The level of reduction of the  satellite 
is difficult to  quantitate in such  experiments because there is 
typically  some streaking of the  coat protein. In all experiments 

FIG. 1. Autoradiograms of two-dimensional  gels  containing 
coat  protein  made  in  MS2-infected,  rifampicin-treated  cells. 
Cells were grown,  infected, treated with  rifampicin, and labeled as 
described under  “Experimental Procedures.”  Each panel shows  only 
that  portion of the  autoradiogram showing coat protein. The more 
acidic portion of the gel is toward the right. A shows  coat protein 
from JK1 (rpsL’). R shows  coat  protein from 3K242 (rpsL). 
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with strains carrying the rpsL 125 allele, the relative level of 
the basic satellite was reduced a minimum of 2-fold. Thus  the 
charge heterogeneity of coat  protein observed in such experi- 
ments is reduced or abolished in E. coli mutants with ribo- 
somes which read the message with  greater fidelity than those 
of wild type strains (27). This would indicate that most or all 
of the heterogeneity is a  result of misreading, not misacyla- 
tion. 

Charge Heterogeneity of Coat Protein in Cells with the Coat 
Protein Gene on a Plasmid-Although the above results  quite 
clearly indicate the satellite is caused by codon misreading, 
the experimental  conditions used do not allow one  to  extrap- 
olate easily to  the normal in vivo condition. Each cell is 
synthesizing essentially a single protein. Rifampicin could 
have effects other  than  its role in stopping the initiation of 
RNA synthesis. Further  the gene examined is part of an RNA 
genome. For  these  reasons we performed experiments utilizing 
a plasmid which carries the MS2 coding region under the 
control of XPL. 

When the promoter P L  is induced by shifting the  strains 
carrying pRK248At2 and pPLaACR26 to 42 “C, the MS2 coat 
protein becomes the major protein species synthesized (19). 
However other proteins are synthesized and  at 30-min post- 
induction,  coat protein synthesis is about 10% of total protein 
synthesis. 

Fig. 2A shows a  portion of a gel containing total protein 
from a  culture of JK336 harvested 30 min after induction. 
The arrow marks  coat  protein. The satellite spot is clearly 
visible. Fig.  2B shows a  similar gel but from an experiment 
using JK358,  a  streptomycin-resistant derivative. No satellite 
is visible, indicating that,  as in the experiments with infected 
cells, the satellite is the product of codon misreading. A similar 
experiment was performed with a  streptomycin-sensitive 
(rpsL+)  stringent  strain  (reM+). These cells also show a 
satellite  spot (results  not shown). 

Peptide Analysis of Mistranslated Coat Protein-The above 
experiments clearly indicate that  the basic satellite is the 
result of codon misreading. These  results, however, do not 
allow one to make any meaningful estimates of the error 
frequency. There  are a large number of amino acid substitu- 
tions which could result from a single base misreading which 
would  give a more basic protein. Although some of these are 
unlikely (see Ref. 28), many are not.  Therefore we analyzed 
the  mistranslated protein by peptide analysis. 

We have already shown that  starvation for asparagine 
greatly increases the mistranslation frequency in bacterial 
and mammalian cells (11, 13). Further  the mistranslated 
protein made during these conditions is more basic because it 
contains lysine for asparagine substitutions (14). The MS2 
coat  protein message is mistranslated at  very high levels 
during  asparagine starvation (approximately 0.3 substitu- 
tions/asparagine codon). Mistranslated derivatives of coat 
protein having one extra lysine, comprising the +1 spot  on 
the gel, co-migrate  with the  extra satellite spot (14). 

Peptides from labeled coat protein were isolated from gels 
as described under  “Experimental Procedures.” The peptides 
were then run  under  conditions where 9 of the 11 native 
tryptic peptides are resolved. Fig. 3N shows the  pattern ob- 
tained with [14C]lysine-labeled native coat protein. The native 
lysine-containing  peptides are identified using the nomencla- 
ture of Konigsberg et al. (26). The lysine-containing peptide 
T10 is not soluble under  these conditions. The peptide T7/ 
T9  is a partial digestion product. The peptides were identified 
by co-migration with chemical amounts of native coat protein 
and subsequent  amino acid analysis.’ The +I panel of Fig. 3 

T. C. Johnston  and P. T. Borgia, unpublished results. 
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FIG. 2. Silver-stained two-dimensional gels containing coat 
protein made from plasmid-encoded genes. Cells containing the 
plasmids pRK248At and pPLaACR26 were  grown and induced as 
described under “Experimental Procedures.” The cells were harvested 
30-min postinduction and two-dimensional gels  of total protein 
were run and stained as described under  “Experimental Procedures.” 
The panels show only that portion of the gels containing coat protein. 
The gels are  oriented with the more acidic proteins to  the right and 
in each case the heavily stained protein marked with an arrow is coat 
protein. A shows JK336 (rpsL+) and B shows JK358 (rpsL). 

shows the  pattern obtained with [‘4C]lysine-labeled coat pro- 
tein made during  asparagine  starvation. We have previously 
shown that  the +1 spot  results from a single lysine for 
asparagine substitution  (14). Two new peaks  appear in  the 
chromatogram. These peaks, A and B, are always found in 
digestions of the +1 protein and are also present  in digestion 
of coat  protein derivatives with as many as seven substitu- 
tions. The unidentified peak at  fraction 10 is probably a 
partial digestion product and is not always present  in the +1 
digest. The satellite spot  (EBS) shows essentially the same 
pattern  as seen with the +1 spot from starved cells. There  are 
two new lysine-labeled peaks at  the same elution position as 
A and B. 

The peptides, whether from native or mistranslated coat 
protein, are not recovered in equimolar amounts  in  this sys- 
tem. However, the relative peak heights  are extremely repro- 
ducible. All experimental evidence indicates that during as- 
paragine starvation  the most prevalent  error is a lysine for 
asparagine  substitution (13, 14).  Further,  this error occurs at  
such a high frequency (0.3 error/codon) that if the +1 spot 
contained  protein species with any other basal level error, it 
would not be detected. The fact that  the satellite peptide map 
is so similar  to the +1 map would argue that  the same type of 
error is occurring, a lysine for asparagine  substitution. No 
soluble native peptide which terminates with lysine contains 
an asparagine. Therefore the fact that no  native lysine-labeled 
peptide is significantly reduced in the peptide map of the +1 
or the satellite  spot is also consistent with this type of substi- 
tution. 
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FRACTION NUMBER 
FIG. 3. Chromatograms of soluble lysine-containing tryptic peptides of MS2 coat protein. Strain JKl 

was grown, infected with MS2, labeled with [WIlysine, and harvested as described under “Experimental Proce- 
dures.” Radioactive protein was identified on two-dimensional gels, digested with trypsin, and analyzed by column 
chromatography also as described under “Experimental Procedures.” Fractions of 2 ml were collected and counted 
by liquid scintillation counting. Counts were converted to percentage of total counts recovered. N is a chromatogram 
of the lysine-labeled tryptic peptides from native coat protein. The nomenclature used is that of Konigsberg et al. 
(26). +1 shows the lysine-labeled tryptic peptides from the coat protein derivatives made during asparagine 
starvation which have 1 lysine for asparagine substitution (14). Peaks A and B are unidentified new peptides which 
result from the substitution. EBS shows the profile of lysine-labeled peptides from the extra basic satellite of coat 
protein found in unstarved cells. 
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CYCLE NUMBER 
FIG. 4. Edman degradation cycles of radioactive protein 

from the basic satellite spot. Strain JKl was infected with MS2, 
treated with rifampicin, labeled with [3H]lysine and [‘Clvaline from 
20 to 40 min, and the basic satellite spot was purified on two- 
dimensional gels as described under “Experimental Procedures.” Ap- 
oroximatelv 80.000 cnm of 3H and 100.000 cpm of ‘“C from the basic 
satellite spot and 160 nmol of cold coat protein were subjected to 
automated Edman degradation. 0, [‘“Clvaline in each cycle; 0, [3H] 
lysine. Backgrounds are not subtracted. 

Peaks A and B each contain at least two peptides. These 
peptides are resolved by reverse phase chromatography (re- 
sults not shown); preliminary amino acid composition studies 
are consistent with their being the product of lysine for 
asparagine substitutions at AAU codons.’ However, proof that 
this is so necessitates sequencing mistranslated protein. 

Sequence of the NH2-terminal Portion of the Basic Satellite 
Protein-The first 19 amino acids of native coat protein 
contain 2 asparagines, positions 3 and 12. These are encoded 
by an AAC and an AAU, respectively (29). Satellite protein 
labeled with [3H]lysine and [‘*C]valine was electroeluted from 
gels and subjected to automated, sequential Edman degrada- 
tion. The results are shown in Fig. 4. As can be seen there is 
lysine incorporated at position 12 and, to a lesser extent, at 
position 3. The recovery of valine at positions 8, 10, and 18 
allows one to correct the values for repetitive yield. With this 
correction and the subtraction of background, there is 7.2 

’ T. C. Johnston, unpublished results. 

times more lysine at position 12 (encoded by AAU) than at 
position 3 (encoded by AAC). Since each species of protein in 
the satellite spot can contain only 1 lysine for asparagine 
substitution and the relative amount of [‘Y!]lysine to [3H] 
valine in the sample is known, one can calculate the fraction 
of molecules in the satellite spot which contain such errors. 
Approximately 7% of the molecules in the satellite contain a 
lysine at position 12. Since the satellite spot in this experi- 
ment was approximately 2% of the total coat protein, the 
substitution frequency at that particular codon is 1.5 x 10-3. 
Similar calculations yield a substitution frequency of 1.8 X 
10m4 for position 3. 

DISCUSSION 

The coat protein of the small RNA bacteriophage MS2 
shows charge heterogeneity when synthesized in vivo. In 
addition to the predominant “native” species there is a more 
basic species which can be resolved by isoelectric focusing. 
This basic satellite is synthesized from both the RNA genome 
(Fig. 1A) and message transcribed from a DNA copy (Fig. 
2A). In both cases the relative proportion of the satellite can 
be greatly reduced by using a streptomycin-resistant host 
(Figs. 1B and 2B). This indicates that the satellite results 
from in vivo misreading of a codon or codons in the coat 
protein message. When [‘4C]lysine-labeled satellite is digested 
with trypsin at least four new “non-native” peptides are 
produced (peaks A and B). The chromatographic fingerprint 
of the satellite peptides is virtually indistinguishable from 
that of a coat protein species with the same charge, +l, 
synthesized in asparagine-starved cells. The satellite then, 
like this +l species, is almost certainly the result of a lysine 
for asparagine substitution. This result is confirmed by the 
sequencing of the NH;! terminus of the satellite. 

The amount of protein in this satellite is l-3% of the total 
coat protein in relA strains (Figs. 1 and 2) and less than that 
in relA+ (results not shown; see also Ref. 30). If misreading 
of the 10 asparagine codons in MS2 were random then one 
can calculate (31) that the mistranslation frequency per as- 
paragine codon would be approximately 2 x 10m3 (for satellite 
2% of total coat protein). This is almost an order of magnitude 
above frequencies calculated for valine for isoleucine substi- 
tutions (16, 17) and cysteine for arginine substitutions (18). 
Furthermore, if this were the average error frequency at all 
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asparagine  codons  in E. coli then  most  proteins would show 
one  or  two basic satellite  spots  when  separated  on isoelectric 
focusing gels. This  is  quite obviously not so for most E. coli 
proteins identified by the  two-dimensional gel system of 
O’Farrell (see Refs. 13, 30, and 32). However the  asparagine 
codon  usage pattern  in  the  coat  protein message is very 
different  from  that  in  many E. coli messages. 

Table I1 shows the codon usage patterns  in  the  MS2  coat 
protein gene and  strongly  and weakly expressed E. coli chro- 
mosomal genes. Only the CAN and AAN codon  families are 
shown.  For  the  purposes of this  table,  strongly expressed 
genes are  those whose protein  product  exists  in more than 
1000 copies/cell and weakly expressed  genes are  those where 
evidence exists  that fewer than 100 copies of protein  are  found 
per cell. Interestingly,  although  the MS2 coat  protein gene is 
very highly expressed, approximately lo6 monomers/infected 
cell, the  asparagine codon  usage  does not show the  strong  bias 
of such  chromosomal genes.  Because the  protein  products of 
the  strongly  expressed genes are  abundant,  many have  been 
identified  using  the  two-dimensional gel system (31). Very 
few, if any, of these  abundant  proteins  have basic satellite 
spots.  Since  several of these  proteins  contain over 10 aspara- 
gine  residues and a satellite  spot  containing 1% of the  total 
protein would be  observable, the average  lysine  for asparagine 
substitution frequency must be <3 X For  the AAC codon 
a t  amino acid  3 of coat  protein we found a  frequency of 1.8 X 

The only gene product  from a weakly expressed  gene 
which has been identified  is  the araC product  (53).  This 
protein,  the  arabinose  repressor, does  show  a  basic satellite 
spot.  The araC gene has  14  asparagine residues; 10 are  en- 
coded by AAU. One can  explain  the  charge  heterogeneity of 
the  arabinose repressor and  that of coat  protein,  and also the 
lack of such  heterogeneity  in  proteins  from highly expressed 
chromosomal genes by hypothesizing that AAU codons are 
more error  prone  than  the AAC codons. In  coat  protein, if all 
the  heterogeneity was  caused by misreading at the four AAU 
codons the  error frequency at  those codons would be 5 x 
A similar frequency would yield a basic satellite of the  arabi- 
nose repressor  containing  5% of the  protein,  approximately 
the  amount observed.  However the  mistranslation frequency 
we measured for AAU was only  approximately 2 X There 
are several  possible explanations for this. One is  that  the low 
number of counts  and  the relatively  high background led to 
an  underestimate of the lysine at  position 12. This  explana- 
tion  seems unlikely to  account for the  entire difference how- 
ever. A  more likely explanation  is  that  there  is a  difference  in 
the  misreading frequency based  on codon context  and  that 

TABLE rI 
Codon usage in the CAN and AAN families 

No. in E. coli genes 

Amino acid Codon coat  protein 
No, in MS2 encoding 

gene Abundant k:z 
protein“ proteinb 

Histidine CAU 0 15 
CAC 

35 
0 81 24 

Glutamine CAA 1 39 56 
GAG 5 209 67 

Asparagine AAU 4  28  54 
AAC 6 201 45 

Lysine AAA 5 323 64 
AAG 1 103 24 

“~PP  (331,  ompA  (341, p a  4 ,  C, D, E, F, H (see Refs. 35 and 36), 
recA (37),  rPl4, J, K, L (381, rpoB (39), rpmB,  G  (40), rpsA (41), rpsJ, 
L (9,421,  rpsT (431, ssb (44), tuf A, B (45, 46). 

(471, araC (48L dnaG  (49), galR (50), lacl (51), lexA (52), 
trmD  (G. Bjork,  personal communication). 

some AAU codons have a misreading  frequency above 5 x 
w 3 .  Proof of this will require measurements at all the  aspar- 
agine codons. 

We  do  not believe that  this high mistranslation frequency 
is confined  only to AAU codons.  We  originally reported  that, 
during  histidine  starvation,  elongation  factor G is mis- 
translated  at a higher  frequency than elongation factor Tu  
(11). Although not  yet completely  sequenced, the gene for 
elongation factor G (9) clearly has a higher ratio of CAU to 
CAC than  do  the genes  for elongation  factor Tu  (45,  46). 
Indeed elongation factor G often shows acidic charge hetero- 
geneity on  two-dimensional gels as if a histidine codon had 
been misread  as a less  basic amino acid (13), the  same type 
of error  as  is  found in histidine  starvation (11, 12).  In  depth 
analysis  has  not been performed using histidine codons  since 
our model protein,  coat  protein,  contains  no  histidine residues 
and  histidine  is a  relatively rare  amino acid. 

Since  certain  codons for a given amino acid  may be mis- 
translated a t  a higher  frequency than  other codons,  calcula- 
tion of average mistranslation frequencies can be  very  mis- 
leading. I t  is not clear how many  other  codons may be misread 
at  high  frequencies or  in which organisms.  Although not 
universally true  (54),  many highly expressed  genes in  other 
organisms have a clear preference  for AAC over AAU (2,55). 
It  is possible that  this preference exists because of selection 
pressure  to avoid  a  high  frequency of errors.  It is not clear 
why weakly expressed  genes do not show the  same preference. 
It  has been  argued that  this  is because of lack of selection 
pressure  (56). However some codon preferences are nearly 
identical  in  strongly  and weakly expressed E. coli chromo- 
somal genes; this  is  true  in  the lysine  codons AAA and AAG 
(see Table 11). I t  is even conceivable that  there  is some 
biological advantage  in having  some proteins  with a  higher 
than average  frequency of some specific errors.  It will be 
necessary to  identify  other  error-prone codons however before 
any meaningful analysis  can be done on  this problem. 

Orgel originally  proposed that  error feedback  caused by 
mistranslated  proteins could lead to  error  catastrophe (57, 
58), one model of aging. It  seems clear from our work that 
experimenh  attempting  to prove or disprove this  hypothesis 
must be based  on  actual  measurements of error frequencies 
in  particular  proteins.  Further  it suggests that  it is possible 
that  the  target  proteins for error  catastrophe may not be 
abundant  proteins. 
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