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Summary 

The amount of 140 individual proteins of E. toll B/ 
r was measured during balanced growth in five 
dtfferent media. The abundance of each protein 
was determined from Its absolute amount in 14C- 
glucose-minimal medium and a measurement of 
its relative amount at each growth rate using a 
double labeling technique. Separation of the pro- 
teins was carried out by two-dimensional gel 
electrophoresis. 

This catalog of proteins, combined with 50 ad- 
ditional rlbosomal proteins already studied, com- 
prises about 5% of the coding capacity of the 
genome, but accounts for two thirds of the cell’s 
protein mass. 

The behavior of most of these proteins could be 
described by a relatively small number of pat- 
terns. 102 of the 140 proteins exhibited nearly 
linear variations with growth rate. The remaining 
38 proteins exhibited levels which seemed to 
depend more on the chemical nature of the me- 
dium than on growth rate. 

Proteins, including the ribosomal proteins, that 
increase in amount with increasing growth rate 
account for 20% of total cell protein by weight 
during growth on acetate, 32% on glucose-mlni- 
mal medium and 55% on glucose-rich medium. 
Proteins with invariant levels In the various media 
comprise about 4% of the cell’s total protein. 

Introduction 

Studies of the regulation of protein synthesis have 
mostly been focused on specific enzymes where 
the enzymatic activity has been used as an assay 
for the amount of protein. Other studies have been 
possible only in the few cases where some physical 
property of the protein in question is distinctive. In 
this way, the regulation of the very large subunits 
of the E. coli RNA polymerase (Matzura, Hansen 
and Zeuthen, 1973) and of the small basic ribo- 
somal proteins has been studied, in the latter case 
by the electrophoresis technique developed by 
Kaltschmidt and Wittmann (1970). 

For lack of a suitable method, attention could 
not be given to the overall pattern of protein regu- 
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lation in the cell. Earlier attempts to survey the 
cell’s protein profile (Raunio and Savimo, 1965; 
Moses and Wild, 1969) lacked sufficient resolving 
power to reach the level of individual proteins. The 
first real opportunity to attempt a global depiction 
of the cell’s pattern of protein synthesis has been 
provided by the O’Farrell (1975) technique for re- 
solving complex protein mixtures on two-dimen- 
sional polyacrylamide gels. 

This report presents the results of an ongoing 
analysis of the proteins of E. coli B/r using the 
O’Farrell technique. We have measured the 
amounts of a large number of proteins, some 
identified, but most unknown, during steady state 
growth in five defined media. Our goal has been to 
define groups of proteins that might share regula- 
tory responses, if such groups exist, and also to 
learn how the activity of one protein might affect 
the biosynthesis of other proteins. Such knowledge 
is essential for discriminating among different 
models of regulation, and for designing proper in 
vitro experiments that can elucidate the detailed 
molecular mechanism of the regulation of each 
protein. Eventually one wants to understand how a 
given growth medium leads to the singular growth 
rate of E. coli cells in that medium. 

Results 

The proteins chosen for study were selected as 
recognizable spots in the two-dimensional array of 
total cell protein on O’Farrell gels prepared from 
cells grown in the five different media. This selec- 
tion implies, in most cases, that the protein is 
abundant (>0.05% of total protein) at least at one 
growth rate. An example of the spot pattern can be 
found in Figure 1 in the Appendix describing the 
system of protein nomenclature used. 

We have described the pattern of regulation of 
the majority of the cell’s protein mass under differ- 
ent steady state growth conditions. This was done 
by determining the absolute amount of each of 140 
proteins in one medium, followed by a determina- 
tion of the relative amount of the protein at each 
growth rate. To avoid error caused by a different 
amino acid composition of the proteins, we meas- 
ured the absolute amount of each protein in cells 
grown in minimal medium with uniformly labeled 
“C-glucose. The protein spots on these gels were 
cut out in their entirety, and their radioactivity was 
measured and normalized to the radioactivity in 
EF-G. The fraction of total protein represented by 
each protein (cr’) was calculated using the assump- 
tions that one EF-G molecule is present per ribo- 
some (Gordon, 1970), that the fraction of total 
protein which is ribosomal proteins is 0.137 [deter- 
mined in this strain in glucose medium by Dennis 
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and Bremer (1974)] and that the recovery of each 
protein is similar to that of EF-G. Recovery of EF-G 
was previously determined to be about 0.94 (Neid- 
hardt et al., 1977). The (Y’ measured is equivalent 
in these steady state cultures to the OL defined by 
Schleiff (1967) if one assumes that no significant 
turnover or selective loss of these proteins is oc- 
curing. The (Y’ for each protein in glucose medium 
is given in Table 1. 

The assumption that recovery of each spot is as 
high as that of EF-G might not be true for all 
proteins, and therefore these estimates should be 
taken as minimum values. That the recovery of 
proteins in general is satisfactory is supported by 
the observation that most of the proteins in the 
lysis mixture, exclusive of ribosomal proteins, ac- 
tually enter the gel and appear as resolved spots 
(data not shown), and that the amount of protein in 
each spot relative. to that of other spots remains 
constant from one gel to another. 

The measurement under different growth condi- 
tions of the relative amounts of proteins was carried 
out in two sets of experiments. In one set, portions 
of a reference culture (glucose medium) labeled 
with 14C-leucine were mixed prior to sonic treat- 
ment with each of the four cultures grown at 
different growth rates in the other media contain- 
ing 3H-leucine. Gels were prepared from each cell 
mixture, and the 3H/14C ratio of the total proteins 
and of each spot was measured. Labeling with the 
same amino acid has the advantage that each spot 
in the mixture of 3H- and “C-labeled cells prepared 
on the same glucose medium should theoretically 
have a 3H/14C ratio identical to that of total protein. 
For the majority of proteins, this criterion was met 
within experimental error. Exceptions were found 
in spots 821.6, E106, F24.5, G31.6, G42.5, G49.2 
and G74.0, indicating either that the two glucose 
cultures were not truly equivalent, or that problems 
existed with the processing and/or counting of 
these proteins. In the other set of experiments, the 
reference culture (glucose medium) was labeled 
with a mixture of 3H-leucine plus 3H-isoleucine 
and mixed prior to sonic treatment with cells grow- 
ing at each of the various growth rates labeled with 
35S0,. The 3H/35S ratio in total protein and in each 
spot was determined. In this set of experiments, it 
was possible on the autoradiograms of the gels to 
detect spots which are prominent only in one of the 
nonreference growth conditions, but virtually ab- 
sent in the glucose reference culture. The fastest 
growth rate at wMch labeling with 35S0, can be 
easily carried out is in the fully supplemented 
medium lacking methionine and cysteine, giving a 
maximal growth rate of 1.5 hr-’ instead of 2.0 hr-I. 

The purity of a protein spot was tested by meas- 
uring the ratio of (met + cys) to (leu + ile) for each 

growth condition by labeling cells in separate cul- 
tures of the same medium with YjO, and 3H (leu- 
tine and isoleucine) and then mixing the cells. This 
ratio, characteristic for each protein, ranged from 
0.3-2 times the ratio in total protein. If a spot is 
composed of two or more proteins, this ratio will 
vary with growth rate if the proteins are regulated 
differently and have different isotope ratios. About 
ten relatively minor spots showed such variations, 
and the data for them are not presented. 

Excellent agreement was found in the relative 
amount of each protein measured by the two label- 
ing methods, except for eight spots that were 
probably misidentified and therefore have not been 
included. The reproducibility of double determina- 
tions was usually well within 10%. The level of each 
protein relative to the level in glucose medium is 
given in Table 1 for 140 proteins. Where the identity 
of the protein has been established, this is also 
shown in the table. The detailed criteria of identity 
are presented in the Appendix. The results ob- 
tained for A13.0 (L7), 813.0 (L12) and C14.8 (S6) 
are in excellent agreement with earlier results 
(Deusser, 1972; Dennis, 1974). 

The identifying numbers for each protein listed 
in Table 1 provide the apparent molecular weight 
(x 10-3) of each protein as measured by its migra- 
tion in the SDS-acrylamide gel (see Appendix). The 
number of molecules of each protein per genome 
in cells growing in glucose medium is shown in 
Table 1 together with the method of arriving at 
these estimations. The data of Table 1 were also 
used to construct graphs of the levels of each 
individual protein as a function of the growth rate 
(not shown). To organize this mass of data, we first 
assembled the proteins in groups showing similar 
regulation. Three groups exhibit a monotonic vari- 
ation with growth rate. Group la (33 proteins) 
decreases in level, group lb (16 proteins) is con- 
stant and group Ic (54 proteins) increases in level 
with increasing growth rate. The remaining pro- 
teins are classified as showing either a maximum 
(group Ila, 32 proteins) or a minimum (group Ilb, 5 
proteins) level at one of the intermediate growth 
rates. These groups of proteins, given in Table 1, 
can of course be subdivided further, as is dis- 
cussed below. The weight fractions of all proteins 
at each growth rate were calculated, and the 
summed QI’ for each group is shown in Figure 1 as 
a function of the growth rate. 

Discussion 

The total (Y’ for all proteins measured in this study 
ranged from 0.53 in acetate to 0.46 in rich-medium. 
Adding the (Y’ of unrecovered ribosomal proteins, 
which have isoelectric points outside the pH range 
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Table 1. Amount of Various Proteins in E. coli NC3 in Different Media 

Protein 
Number 

Weight Fraction Number of Level in Each Medium Relative to the Level in Glucose 
of Total Protein Molecules per Mediuw 
in Glucose Genome in 

Protein Regulation Medium Glucose Acetate Glycerol Rich-Met Rich 
ldentificationb Grouv (a’ x 103) Mediumd (k = 0.36) (k = 0.77) (k = 1.50) (k = 1.96) 

A13.0 
813.0 
814.6 
821.6 
826.3 
040.7 
846.7 
850.3 
856.5 
856.3 
061.0 
865.0 
866.0 
862.5 
883.0 
B66.0 
B69.0 
C14.6 
c15.3 
c15.4 
C27.0 
c30.7 
C31.6 
c34.3 
c39.3 
c40.3 
c44.0 
C44.6 
C46.7 
c55.0 
C56.0 
C56.5 
C60.7 
C61.0 
C62.5 
C62.7 
c70.0 
C76.0 
Cl37 
D15.2 
D31.5 
D32.5 
D40.7 
D44.5 
D56.5 
D74.0 
064.0 
D67.5 
D94.0 
D99.0 
DlOO 
D102 
0157 
E25.4 
E36.5 
E39.6 
E42.0 
E43.6 
E56.0 
E77.5 
E79.0 

L7 IC 

L12 Ic 
IC 

lc 
Ila 

a Ic 
la 
Ic 

A IC 
Ila 
Ic 

Sl Ic 
IC 
la 
la 
la 
lb 

S6 IC 
IC 
lb 
Ila 

EF-T, Ic 

lb 
la 
lb 
Ila 
Ila 
Ilb 
IC 

Ila 
Ila 
Ic 
IC 
Ic 
Ic 
Ic 
Ic 
Ila 
Ic 
Ilb 
Ila 
la 
Ila 

LysS Ic 
Ic 

EF-G Ic 
lb 

PheS, 6 Ic 
la 

LeuS Ic 
la 

B IC 

Ila 
Ila 
la 

EF-TU Ic 
Ila 

ArgS Ic 
GlyS Ic 

Ilb 

2.93 
4.57 
0.66 
0.90 
4.63 
3.66 
5.64 
6.15 

13.5 
3.11 
1.25 

15.1 
9.33 
0.26 
0.95 
1.45 
0.95 
0.95 
1.24 
1.69 
1.93 
1.31 
3.49 
2.63 
1.12 
5.50 
2.61 
4.41 
1.44 
1.36 
0.64 
0.47 
1.39 
1.66 
1.60 
2.57 
0.98 
3.07 
2.76 
1 .Ol 
0.97 
1.39 
4.55 
6.94 
1.07 
3.26 

16.6 
0.13 
2.05 
2.85 
1 .I6 
0.61 
5.02 
1.02 
7.90 
1.66 

55.5 
3.17 
0.82 
1.85 

9,920 
15,470 

2,050 
1,820 
8,080 
3,960 
5,310 
5,380 

10,510 
2,350 

900 
10,220 

6,220 
150 
500 
720 
470 

2,820 
3,570 
5,400 
3,140 
1,880 
4,660 
3,370 
1,250 
6,000 
2,610 
4,350 
1,300 
1,100 

500 
350 

1,010 
1,360 
1,270 
1,800 

600 
1,730 

890 
2,920 
1,380 
1,880 
4,920 
6,860 

800 
1,950 
8,700 

60 
960 

1,270 
520 
350 

1,410 
1,770 
9,030 
1,660 

58,140 
3.180 

620 
940 
660 

0.87 0.99 
0.24 0.75 
0.77 1.04 
0.61 0.86 
0.87 1.13 
0.76 0.96 
1.15 1.19 
0.57 0.90 
0.94 1 .OO 
0.33 1.30 
0.59 0.67 
0.58 0.64 
0.87 0.89 
2.86 1.95 
2.45 2.21 
1.11 1 .oo 
1.05 0.87 
0.58 0.64 
0.57 0.94 
0.91 1 .oo 
0.93 1.07 
0.69 0.65 

1.11 
1.88 
1.05 

1.02 
0.72 
1.14 
1.18 
0.48 
1.20 
1.33 

- 
- 

1.60 
0.35 
1.44 
0.94 
1.57 
1.22 

- 

1.14 
1 .oo 
0.91 
1.05 
1.65 
1.28 
1.03 

1.74 
1.51 

- 

- 

- 

1.18 

- 
- 

0.39 
1.62 

1.04 
1.42 
0.92 
0.62 
0.61 
39.0 
0.45 
0.53 
0.63 
0.47 
0.83 
0.69 
0.83 
0.61 
0.79 
0.59 
0.53 
1.17 
0.77 
5.90 
0.58 
0.58 
0.51 
0.60 
0.92 
0.54 
8.45 
0.61 
5.10 
0.78 
0.88 
0.83 
6.72 
0.71 
0.60 
0.57 
0.64 
1.28 

1.06 
1.17 
1.14 
0.71 
0.80 
0.83 
0.60 
0.63 
0.90 
0.69 
0.89 
0.94 
0.73 
0.75 
1 .Ol 
0.91 
0.78 
1.07 
0.92 
1.94 
1.35 
0.77 
0.66 
0.88 
1.07 
0.94 
1.80 
0.93 
1.81 
0.91 
0.45 
0.73 
2.90 
0.97 
0.93 
0.64 
1.07 
1.25 

0.52 
0.87 

2.03 
1.39 
1.87 
0.87 
0.95 
1.67 
1.47 
1.04 
2.09 
2.23 
1.29 
0.74 
1.50 

0.91 
- 

0.94 
0.81 
0.91 
- 
- 

- 

- 

- 
- 

0.37 

- 
- 

0.46 
- 

1.40 
0.69 
0.23 

- 
1.43 
1.07 
1.12 
0.64 
1.36 
0.78 
1.43 

1.38 
1.52 
1.70 

1.10 
0.37 
- 

0.21 
0.53 

1.48 
0.10 
0.08 
- 

1.53 
0.83 
1.28 
1.24 

1.87 
1.68 

1.58 1.66 2.97 
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Table 1 -Continued 

Weight Fraction Number of Level in Each Medium Relativetothe Level in Glucose 
of Total Protein Molecules per MediumL 
inGlucose Genomein 

Protein Protein Regulation Medium Glucose Acetate Glycerol Rich-Met Rich 
Number" ldentificationb Group (a' x 103) Mediumd (k = 0.38) (k = 0.77) (k = 1.50) (k = 1.98) 

El08 
El33 
El40 
F14.3 
F14.7 
F24.5 
F28.7 
F28.8 
F29.7 
F30.2 
F32.3 
F32.5 
F38.9 
F37.8 
F38.0 
F39.9 
F41.8 
F48.1 
F50.3 
F54.0 
F54.4 
F55.3 
F58.0 
F58.2 
F58.5 
F80.3 
F83.4 
F63.8 
F84.5 
F66.0 
F82.5 
F84.0 
F84.1 
F88.0 
F99.0 
F107 
F178 
G25.3 
G27.2 
G30.5 
G31.8 
G32.8 
G38.0 
638.7 
G40.3 
G41.2 
G41.3 
G41.4 
G42.0 
G42.5 
G43.2 
G43.5 
G43.8 
G49.2 
G50.5 
G51.0 
G51.1 
G54.0 
G54.6 
G54.7 
G57.0 
G81.0 
G62.8 

ValS 

GIuS,P 

IleS 

PheS,a 

GlnS 

Ic 1.39 580 0.58 0.82 
Ila 4.52 1,500 0.72 0.88 
Ila 2.70 850 0.80 0.89 
la 2.34 7,200 1.34 1.26 
la 3.13 9,370 1.24 1.23 
lb 20.5 38,820 1.03 0.90 
Ic 1.19 1,820 0.45 0.93 
Ila 3.54 5,410 0.59 0.74 
IC 1.19 1,780 0.63 0.98 
IC 2.68 3,900 0.72 0.92 
la 2.53 3,450 3.98 2.01 
Ila 5.58 7,530 0.47 0.92 
lb 0.69 820 0.84 0.98 
lb 0.61 710 0.85 0.98 
Ila 9.49 10,990 0.56 0.77 
Ila 2.02 2,230 1.15 1.50 
Ic 1.40 1,470 0.64 0.80 
Ic 0.96 880 0.85 1.00 
la 1.73 1,510 4.32 2.02 
Ic 0.82 500 0.83 0.92 
Ila 3.50 2,830 0.77 0.87 
la 0.29 230 44.3 1.58 
la 1.21 950 5.53 3.30 
Ic 2.38 1,850 0.55 0.74 
Ic 1.36 1,020 0.78 0.96 
la 1.10 800 5.86 1.95 
Ic 0.40 280 1.03 1.05 
la 1.82 1,280 1.27 1.09 
Ila 3.18 2,160 0.88 1.00 
IC 1.75 1,170 0.48 0.81 
la 0.48 280 3.83 2.42 
Ila 4.39 2,300 0.42 0.79 
la 0.88 480 1.27 1.05 
Ila 56.7 28,350 0.36 0.75 
Ic 8.54 3,800 0.62 0.80 
IC 2.45 1,010 0.71 0.85 
lb 0.99 240 1.06 0.94 
lb 1.76 3,060 1.00 1.03 
la 0.89 1,440 12.78 7.50 
lb 0.99 1,430 1.16 1.10 
Ilb 0.25 350 2.05 0.80 
Ila 5.38 7,190 1.14 0.95 
IC 1.07 1.310 0.53 0.87 
lb 0.56 640 0.78 0.88 
Ha 1.84 1,790 0.56 0.72 
lb 1.90 2,030 0.81 1.12 
IC 1.09 1,160 0.77 1.04 
Ila 2.07 2,200 0.51 0.77 
IC 1.83 1,920 0.80 0.94 
la 1.53 1,580 1.26 0.92 
Ila 6.75 8,880 0.41 0.55 
Ila 1.24 1,250 0.75 1.71 
Ha 7.97 8,010 0.80 0.60 
Ila 4.41 3,940 0.71 1.21 
Ilb 4.80 4,010 1.96 1.24 
la 6.90 5,950 1.22 1.26 
Ha 0.64 550 1.09 1.26 
la 3.28 2,670 2.00 1.47 
la 0.65 520 3.75 2.12 
IC 2.29 1,840 0.35 0.76 
la 0.55 420 1.49 1.70 
IC 1.14 820 0.70 0.99 
la 0.50 350 1.20 0.96 

1.32 
0.33 
0.21 
0.88 
1.01 
- 
- 

0.40 
1.07 
1.05 
0.38 
0.88 

- 
- 

- 
- 

0.88 
1.28 
0.15 
0.58 
1.07 
- 

1.02 
0.54 
- 

1.12 
1.29 
- 

0.78 
0.35 
0.79 
0.48 
2.34 
1.19 
1.02 
- 

0.70 
- 

1.23 
- 
- 

0.67 

- 

0.24 
0.47 
- 

0.88 
0.14 
1.37 
0.77 
- 
- 
- 

1.28 
1.00 
- 

1.52 
0.19 
0.41 

i79 
1.03 
0.35 

1.50 
0.19 
0.37 
0.93 
0.85 
0.31 
0.31 
1.29 
1.57 
0.14 
- 

0.17 

- 

2.13 
- 

0.21 
1.40 
0.98 
0.92 
1.13 
0.39 
0.18 
0.83 
0.02 
2.87 
1.14 
- 

1.14 
- 

1.15 
1.23 
0.14 
1.05 
0.74 
0.36 
1.09 
5.04 
0.20 
1.88 
0.05 
0.15 
0.63 
0.25 
0.08 
1.41 
0.87 
0.39 
0.27 
0.30 
1.58 
0.99 
1.31 
0.76 
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Table 1 -Continued 

Weight Fraction Number of Level in Each Medium Relative to the Level in Glucose 
of Total Protein Molecules per Medium’ 
in Glucose Genome in 

Protein Protein Regulation Medium Glucose Acetate Glycerol Rich-Met Rich 
Number ldentificationb Group’ (a’ x 103) Medium” (k = 0.38) (k = 0.77) (k = 1.50) (k = 1.98) 

G63.0 Ic 0.64 450 0.65 0.96 - 1.35 
G65.0 ThrS Ic 0.66 560 0.72 0.65 - 1.67 
670.0 IC 0.71 450 0.56 1.31 - 1.26 
G71.5 lb 0.55 340 0.73 1 .oo - 0.90 
G72.5 la 0.27 160 0.96 0.63 - 0.65 
G74.0 la 3.25 1,930 2.54 1.72 - 0.72 
G76.0 la 0.17 100 9.05 1.30 0.65 - 

G78.0 Ic 0.85 480 0.58 0.98 - 1.03 
G93.0 la 2.18 1,030 1.52 1.33 0.95 0.74 
G97.0 la 1.99 900 4.45 1.06 0.86 0.30 
G117 IC 1.75 660 0.78 0.92 1.07 - 

G127 lb 0.25 90 0.83 0.86 0.93 
H35.0 Ila 2.98 3,750 0.55 0.80 - 0.30 
H47.4 la 1.12 1,040 4.37 1.66 - 0.07 
H52.7 IC 1.69 1,410 0.35 0.60 1.84 2.41 
H54.6 la 0.65 520 4.07 2.35 0.67 0.82 

B Proteins are numbered as described in the Appendix. Letter prefixes refer to the position of the protein in the axis parallel to the 
isoelectric focusing dimension (A-H: acid to base). Numbers refer to the apparent molecular weight of the protein as determined by the 
distance moved in the SDS electrophoresis dimension (66.5; molecular weight 56,500). 
b Abbreviations used: (S) aminoacyl tRNA synthetase; (a) 39,000 molecular weight subunit of RNA polymerase; (6) 155,000 molecular 
weight subunit of RNA polymerase; (L7. L12. Sl, S6) ribosomal polypeptides; (EF-Ts. EF-G, EF-Tu) elongation factors; (A) A protein 
(Subramanian et al., 1976). 
c The proteins have been grouped according to the way in which their relative levels change in cells grown in different media. As the 
growth rates increase, the relative levels of la proteins decrease, lb proteins do not change, Ic proteins increase, Ila have a maximum and 
Ilb have a minimum. 
d The number of polypeptide molecules per genome equivalent DNA for cells growing in glucose-minimal medium was calculated as 

follows: & x 110 daltons per amino acid x 4 x loo amino acids per genome. To calculate the number of molecules per genome for 

growth in the two rich media, multiply the above product by the relative level of the protein. Since the amino acids per genome are 
different at generation times greater than 40 min, 2.3 x 10’ and 3.5 x IV must be substituted for acetate and glycerol media, respectively. 
c Proteins for which a value is shown for glucose-rich medium lacking methionine (Rich-Met) and not for glucose-rich medium (Rich) are 
those which were measured only in the experiments using VI and %. Proteins for which a value is shown for Rich and not for Rich-Met 
were measured only in the experiments using 5H and I%. Where a value is shown for both of these media, the same protein was measured 
by each method, and in these cases, the values for acetate- and glycerol-minimal media are averages of the results in the two sets of 
experiments. 
r Elongation factor Ts forms a double spot, C30.7 and C31.6. Separate a’ values were measured in glucose medium, but the relative levels 
in different media were measured on the combined spots. 

of the ampholytes used here, gives (Y’ values rang- 
ing 0.57-0.68 (Figure 1). The regulation of the 
major part of the cell’s protein mass has therefore 
been characterized at these growth rates. 

A broad range of gene expression is represented 
among the 140 proteins. The protein which was 
found to be the most abundant is EF-Tu, which in 
rich medium is synthesized at a rate of about 49 
molecules per genome per second. As found pre- 
viously (Furano, 1975; Pedersen et al., 1976a), this 
is about 5 times as fast as the rate of synthesis of 
ribosomal proteins. EF-TU is the product of two 
genes, tufA and tufB (Jaskunas et al., 1975). Esti- 
mates of the relative expression from the two genes 
(Pedersen et al., 1976a, 1976b) show that the tufA 
gene is the most active gene in E. coli, synthesizing 
about 34 molecules per genome per second in the 
rich medium. Ribosomal proteins Sl and S6, and 
EF-G are found to be made at about 10 molecules 
per genome per second, and ribosomal protein (L7 

+ L12) is synthesized at 2-3 times that rate, making 
the rplL gene the second most active gene. A 
single gene is responsible for this synthesis, since 
one mutation gives an electrophoretic mobility 
change of both L7 and L12 species (Watson et al., 
1975). No previous measurement of the total 
amount of Sl, which might behave as an initiation 
factor (Dahlberg and Dahlberg, 1975), has been 
made. At steady state growth conditions, it behaves 
as a ribosomal protein, but during amino acid 
starvation in re/A strains, it is regulated differently 
from typical ribosomal proteins (Reeh, Pedersen 
and Friesen, 1976). The A protein (Subramanian, 
Haase and Giessen, 1976) 856.5, which in station- 
ary phase cells is found in association with ribo- 
somes, is also made at a rate close to that of 
ribosomal proteins. It has strong and unusual reg- 
ulation, quite different from ribosomal proteins 
under non-steady state growth conditions (Reeh et 
al., 1976). Besides the ribosomal proteins and 



Cell 
104 

n l 

Growtlt?ate , k (hit) 
2.0 

Figure 1. Variation of Protein Amounts in Different Regulatory 
Groups as a Function of Growth Rate in E. coli NC3 

The ordinate values are the sum of the weight fractions (a; 
calculated from the data of Table 1) of the individual proteins in 
each regulation group in cells grown in each medium. For each 
group, only one value Is given for rich medium. Values have been 
extrapolated from rich-methionlne medium where only this value 
has been determined. The resulting error is negligible since these 
proteins constitute only about 10% by weight of the total. To 
group Ic have been added the weight amounts (13%) of ribosomal 
proteins (Dennis and Bremer. 1974) corrected for the ribosomal 
protein directly measured in this study (S,, S,, 4 copies per 
ribosome of L7/L12). mgroup la (33 proteins); (0) group lb (16 
proteins): (A) group Ic (105 proteins); (+) group Ila (32 proteins); 
(v) group Ilb (5 proteins); (x) total recovered protein. 

translation factors, high synthesis rates are found 
also for protein F24.5 (16 molecules per genome 
per second), for F88.0 (8 molecules per genome 
per second) and for C48.7 (3 molecules per genome 
per second) in one or another of the five media. 
The weakest promotor of the proteins investigated 
is that of protein G127, which is made at a rate of 1 
per 3.7 min. 

Since the range of (Y’ is about 100 fold in each of 
the regulatory groups, promotors of varying 
strength can be subject to any of the regulatory 
patterns by which we have organized our data. 

The regulation of the cell’s proteins was studied 
to investigate the possibility that large numbers of 
proteins might be regulated by a common molecu- 
lar mechanism-for example, by the concentration 
of an effector molecule. Do we see any evidence 
for this? A glance at the regulation of individual 
proteins within each group shows that at least 
some groups are quite heterogeneous, and in all 

groups there are some proteins regulated differ- 
ently from the bulk of the proteins within the group. 
Within group la, however, a hyperbola-shaped sub- 
group can be seen; group lb by definition is a 
homogeneous group, with 16 proteins exhibiting 
the same shape of regulation curve; and within 
group Ic, there is evident one subgroup, Ic-1, with 
regulation like ribosomal proteins, and another 
subgroup, lc-2, which shows a shallower slope of 
relative level as a function of growth rate than do 
ribosomal proteins. Groups Ila and Ilb seem to be 
heterogeneous, and clear subgroups might be- 
come evident as more proteins are characterized. 

Some genes might be devoid of any specific 
regulation mechanism. Their expression should 
then vary passively by competition for-for exam- 
ple-a transcription component, the availability of 
which should depend upon the transcription from 
the actively regulated genes (Maalse, 1969). From 
the point of view of economy, one would expect 
the most active controls to be evolved for the most 
abundant proteins. The data in Table 1 agree with 
this expectation. Conversely, genes without active 
regulation should be found among those with the 
lowest levels of expression. Examining the (Y’ val- 
ues at all growth rates (calculated from Table 1) 
shows that 14 proteins in one or more media have 
Q’ values lower than 0.3 x 10-3. Among these 14, 
nine proteins (67%) are in group la, which contains 
only 20% of the number of proteins investigated. 
Of these nine proteins, eight have a regulation 
curve closely resembling a hyperbola. (Deviation 
from the theoretical curve, l/k, might be caused by 
variations in gene dosage.) This clearly is an over- 
representation of group la among the weakest 
promotors. The regulatory pattern of group la is 
what would be observed if these weak promotors 
were unregulated and were saturated with all com- 
ponents of the cell’s transcription apparatus within 
the span of growth rates studied here. One regula- 
tory mechanism in common for some proteins 
within group la might therefore by the absence of 
active regulation. 

Within group lb, a unique regulation is found for 
protein F24.5 under amino acid starvation (Reeh et 
al., 1976). Protein F24.5 is the SSP protein of Reeh 
et al. (1976), which constitutes the dominant part 
of the residual protein synthesis in re/A+ strains 
under severe amino acid starvation. Thus the con- 
stant level of group lb proteins during exponential 
growth is not brought about by a single common 
regulatory mechanism. 

Within group Ic, the subgroup Ic-I, regulated as 
ribosomal proteins, might have a common regula- 
tory mechamism. Under special cases such as 
amino acid starvation (Blumenthal et al., 1976a; 
Reeh et al., 1976), however, at least Sl, EF-G, and 
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valyl and arginyl-tRNA synthetases are regulated 
differently from the ribosomal proteins, which un- 
der this condition are regulated as a homogeneous 
group (Dennis and Nomura, 1974). Some of the 
proteins in group lc-2-for example, RNA polymer- 
ase subunit (Y, EF-TU and isoleucyl-tRNA synthe- 
tase-are regulated differently from each other 
during amino acid starvation (Blumenthal et al., 
1976a; Reeh et al., 1976). 

In summary, we have found little evidence that 
the proteins within a group share a common regu- 
latory mechanism; these may exist, but if so their 
effect is obscured by specific control mechanisms. 

Few of the 140 proteins studied here have been 
identified, but it will be useful to comment on the 
nature of the proteins in each group. 

Group la 
No proteins in this group have been identified. 
Catabolic enzymes, including p-galactosidase 
(Wanner, Kodaira and Neidhardt, 1977), which are 
subject to CAMP control exhibit the behavior of this 
group. Enzymes of oxidative metabolism, including 
Krebs cycle enzymes and cytochromes, should 
also exhibit this pattern (Magasanik, 1961). Some 
proteins specific for acetate utilization are also 
temporarily placed in this group, but are repressed 
in other carbon sources giving a slower growth 
rate (S. Pedersen, unpublished observation). 

Group lb 
No proteins of this group have been identified in 
this study, but the UV5 promotor of the lac operon 
results in the synthesis of p-galactosidase in this 
pattern (Wanner et al., 1977), and the transcription 
factors p (Blumenthal, Reeh and Pedersen, 1976b) 
and u (Iwakura and Ishihama, 1976) also appear 
relatively constant in level. 

Group Ic 
This group, together with about 50 unrecovered 
ribosomal proteins, contains 105 proteins. Most 
are already identified as ribosomal proteins, elonga- 
tion factors, aminoacyl tRNA synthetases and sub- 
units of RNA polymerase. It seems probable that 
many of the remaining proteins in this group are 
also concerned with translation and transcription, 
and perhaps replication. The increase of group Ic 
occurs at the expense of proteins of one regulation 
group (la) from acetate to glucose-minimal medium 
and at the expense of-proteins of another regula- 
tion group (Ha) from glucose-minimal to rich me- 
dium. 

Group Ila 
These enzymes are most probably concerned with 
the biosynthesis of amino acids, nucleotides and 

other building blocks of protoplasm. None has 
been identified, but the striking effect of rich me- 
dium on enzymes of this sort is a common obser- 
vation (Camakaris and Pittard, 1971; Rose and 
Yanofsky, 1972; Cortese et al., 1974; Stephens, 
Artz and Ames, 1975). Some of these proteins, 
particularly F88.0, are extremely abundant (28,000 
molecules per genome in glucose). Protein F88.0 
is synthesized at about the same rate per second in 
glucose and in rich medium minus methionine, 
and that rate might very well represent the maximal 
activity of its promotor, leading to a relative de- 
crease going from glucose to rich medium lacking 
methionine. Addition of methionine reduces that 
rate at least 50 fold, suggesting that F88.0 is a 
biosynthetic enzyme for methionine, although its 
extreme abundancy is a puzzle. 

Group Ilb 
This group constitutes a minor fraction of the cell’s 
protein. Protein C48.7 seems specific for acetate 
utilization, and shows a barely significant minimum 
level in glycerol medium. The remaining proteins 
constitute about 1% of total cell protein. 

Further work will include exploration of the hy- 
pothesis of the nature of the proteins in these 
groups, and will address the question of the nature 
of the controls on these proteins, giving particular 
attention to controls that might operate on all or 
most proteins of an individual group (Maalse, 1969; 
Rose and Yanofsky, 1972; Rickenberg, 1974; Ste- 
phens et al., 1975). 

Expertmental Procedures 

The E. coli B/r derivative NC3 (Neidhardt et al., 1977) was grown 
in five media which contained MOPS medium (Neidhardt, Sloth 
and Smith, 1974) supplemented with either acetate 0.4%. glycerol 
0.4%. glucose 0.4%, rich-methionine medium and rich medium. 
Rich medium contained 20 amino acids. four purines and pyrimi- 
dines, and five vitamins as previously described (Neidhardt et al., 
1977). Cells were grown aerobically with rotary shaking at 37%. 
Growth was monitored at 420 nm, and growth rates are expressed 
as the specific growth rate constant k = In P/mass doubling time 
(hr). For the five media listed above, the value of k was 0.36,0.77, 
1.03, 1.50 and 1.96 hr-‘, respectively. 

Cultures were labeled for two to three generations in media 
containing either l*C-gIucose, Vt-Ieucine, “C-Ieucine. +l-iso- 
leucine + “H-leucine or 36S0,. Details of the labeling methods 
have been described (Neidhardt et al., 1977). The preparation Of 
cell extracts, electrophoresis, staining and counting procedures 
have been described (Pedersen et al., 1976a: Neidhardt et al.. 
1977). 

Identification of proteins and the nomenclature of spots on 
these gels are described in the Appendix. 
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Appendix: A Nomenclature for E. coli Proteins 
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Considerable information about large numbers of 
the major proteins of E. coli will be generated by 
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many laboratories using the two-dimensional gel 
electrophoresis technique of O’Farrell (1975). To 
organize and communicate these data, it is useful 
to have a code identifying each protein as it ap- 
pears in this separation system. We have been 
using such a code, and we describe it here. 

In our code, a protein is designated by the two 
properties, isoelectric point and molecular weight, 
by which proteins are separated in the O’Farrell 
technique. Another useful feature is that the no- 
menclature is based on the positions of internal 
markers. Proteins that are synthesized under all 
growth conditions and are easily recognized in the 
spot pattern of the gels make excellent markers, 
and we therefore chose to use certain proteins 
involved in translation and transcription for this 
purpose. 

The autoradiogram of the gel is positioned with 
the acidic proteins to the right and with the direc- 
tion of development of the second dimension 
pointed downward. A set of lines perpendicular to 
the border between the stacking and running gel is 
now drawn on the autoradiogram. The lines divide 

the gel into zones named A, B . . . , I, the A zone 
being the most acidic. An example is shown in 
Figure 1 (right panel). The line defining the A/B 
border is drawn between ribosomal proteins L7 
and L12, the B/C line through the center of RNA 
polymerase subunit (Y, the C/D line through the 
center of the EF-Ts spot, the DIE line through the 
center of the EF-G spot, the E/F line through the 
center of the EF-TU spot, the F/G line through the 
center of the isoleucyl-tRNA synthetase spot, and 
the G/H line through the center of an unidentified 
protein spot indicated in Figure 1. Additional pro- 
teins can be resolved using an ampholine mixture 
of pH 3-10 (2%) as shown in Figure 1 (left panel) 
instead of the used mixture of pH 3-10 (0.4%) plus 
pH 5-7 (1.6%). Among these proteins is ribosomal 
protein S2. We suggest that the H/I line be drawn, 
as indicated, through S2, but we have not yet used 
this additional zone. 

Several proteins have been identified in this gel 
system (see below). The molecular weight of these 
proteins, as determined by other investigators, is 
plotted in Figure 2 as a function of their migration 

Figure 1. Two-Dimensional Gels of Extracts from E. coli B/r Strain NC3 Grown in Glucose-Minimal Medium and Labeled with Fg- 
Methionine 

(Left) gel using 2% pH 3-10 ampholine mixture in the first dimension. (Right) gel using 0.4% pH 3-10 + 1.6% pH 5-7 ampholine mixture in 
the first dimension. The vertical lines define the zones with different isoelectric points. The solid circles indicate the protein spots used for 
defining the zones; the dotted circles indicate the protein spots identified so far. 
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MIGRAT,ON RELATIVE TO FRONT 

Figure 2. Migration of Several Identified Proteins in the Second 
Dimension as a Function of Their Molecular Weight 

Closed circles, open circles and crosses represent molecular 
weights determined by the amino acid sequence, a partial se- 
quence and by other means, respectively. With decreasing molec- 
ular weight (MW), the proteins are as follows: ,9 subunit of RNA 
polymerase: MW 155,000 daltons (Burgess, 1969); B-galactosid- 
ase: MW 116.246 (Fowler and Zabin, 1977). 135,000 (Zabin and 
Fowler. 1970); isoleucyl-tFtNA synthetase: MW 114,000 (Arndt and 
Berg, 1970). 110,000, 105,000 (Berthelot and Yaniv, 1970); valyl 
tRNA synthetase: MW 100,000, 105,000 (Berthelot and Yaniv, 
1970); elongation factor G: MW 63.000, 60.000, 72,000 (Kaziro et 
al., 1969; Leder et al., 1969; Lengyel, 1974); arginyl-tRNA synthe- 
tase: MW 74.000. 72.000 (Hirschfield and Bloemers, 1969); ribo- 
somal protein Sl: MW 65,000 (Wittmann, 1974); elongation factor 
Tu: MW 47,000, 44,000. 39,006 (Lucas-Lenard, 1971; Lengyel, 
1974; Wittinghofer and Leberman, 1976; Laursen et al., 1977; 
Nakamura et al., 1977); (I subunit of RNA polymerase: MW 39,000 
(Burgess, 1969), 36,512 (Ovchinnikov et al., 1977); elongation 
factor Ts: MW 34,000 (Lengyel, 1974). 31,500 (Wittinghofer and 
Leberman, 1976); ribosomal protein S6: MW 15,600 (Wittman, 
1974). 15,706 (Hitz et al., 1977). For some proteins, like S6, there 
is excellent agreement with the molecular weight determined by 
SDS gel electrophoresis (Wittmann, 1974) and by the primary 
structure of the protein (Hitz et al., 1977). For other proteins-for 
example. p-galactosidase (Fowler and Zabin, 1977). the LI subunit 
of RNA polymerase (Ovchinnikov et al., 1977) and several ribo- 
somal proteins (sequences reviewed by Wittmann-Liebold et al., 
1977)-the apparent molecular weight in SDS gels is up to 30% 
higher than the one calculated from the primary sequence. The 
groups working on the primary structure of EF-TU estimate the 
molecular weight to be 44,000 (Laursen et al.. 1977) and 47,000 
daltons (Nakamura et al., 1977), so it seems that the apparent 
molecular weight determined by SDS gel electrophoresis under- 
estimates the molecular weight of Ef-Tu by some 5-10%. Given 
such small, and for many purposes insignificant, variations be- 
tween apparent molecular weight in SDS and true molecular 
weight, we believe that the line given in Figure 2 is sufficient for 
defining the molecular weight solely for this nomenclature pur- 
pose. 

relative to that of the front. All distances are mea- 
sured from the border between the stacking and 
running gel of the second dimension. The best line 
through these marker proteins (Figure 2) is used to 
define the apparent molecular weight of each pro- 

tein. The code designation of a given spot consists 
of a letter, indicating the zone of its isoelectric 
point, and three numbers, inr” *sting the apparent 
molecular weight of the pro. 1 x 10e3. Protein 
C57.3, therefore, is a protein with an isoelectric 
point between that of the (Y subunit of RNA polym- 
erase and EF-Ts, and with an apparent molecular 
weight of 57,300 daltons. The uncertainty of the 
molecular weight determination probably makes 
the third numeral meaningless, but it is useful to 
indicate the relative positions of proteins which 
have similar molecular weights. 

Protein spots that are centered on one of the 
zonal division lines are assigned the letter desig- 
nating the more acidic of the two zones. Should 
two proteins in the same zone appear to have 
exactly the same molecular weight, we suggest the 
use of the suffixes a, b, c . . . in order of their 
relative intensity on autoradiograms made from 
extracts of cells grown in glucose-minimal medium 
containing YS-methionine. 

Figure 1 shows the location of identified pro- 
teins, including those used as markers; Table 1 
gives their code designations together with the 
basis for each identification. Different strains of E. 
coli (B/r, the B strain AS19, K12 and C) have very 
similar spot patterns. Most proteins, and especially 
the marker proteins, have virtually identical posi- 
tions on gels from these strains. 

We suggest that the nomenclature presented 
here be adopted to minimize the confusion of 
multiple, unrelated systems of nomenclature. Be- 
cause our system is based on the position of 
internal marker proteins, misidentifications and 
ambiguities among laboratories can be reduced. 
This coding procedure is simple and informative, 
and because reproducibility of the gels is high, this 
nomenclature can be used to focus attention on 
small areas of the gels for interlaboratory commu- 
nication. 

This system, however, is not the definitive no- 
menclature that should eventually be developed. 
As more experience is gained with the O’Farrell 
gels, many additional proteins will be identified, 
and technical improvements and simplifications 
will be introduced. The development of automated 
scanning and data processing of the protein spot 
patterns is proceeding in several laboratories. 
From this work will emerge a definition of the 
features desired in a final (international) system of 
nomenclature. At some point in the future, a stan- 
dard gel of the total protein of a particular cell can 
be prepared under defined and easily reproduced 
conditions, and at that time, every spot will be 
named according to an agreed upon coordinate 
system. 
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Table 1. Identification of Polypeptides. 

Migration with: 

Polypeptide 
(Code Designation) 

Purified 
Polypeptide 

One Polypeptide of Protein One Polypeptide of 
Mixture Phage-Coded Protein References 

Sl(B65.0) 
S2(H27.0) 

S6pC14.6, C14.9, D14.7P 

L7(A13.0) 
L12(613.0) 

EF-Tu(E42.0) 
EF-Ts(C30.7. C31 .6)c 
EF-G (D63.0) 
RNA Polymera& 

a Subunit (840.7) 
6 Subunit (D157) 
6 Subunit (1160) 

Stringent Factor (H76.0)’ 
6-Galactosidase (El 23)’ 
IF2B(F106) 
p Factor‘ 
A Protein (856.5) 
Ten Aminoacyl-tRNA 

+ 
+ 
+ 

Qg replicase; 30s 
ribosome 

30s ribosome MpolC9 

50s ribosome Adrift8 
50s ribosome Adrif& 

EF-T, 06 replicase 
EF-T. 06 replicase 

Adrift,, Adfus3 
AdpolC9 
Adfua3 

RNA polymerasa 
RNA polymerase 
RNA polymeraae 

IF2 

- 

Adfud 
Adrift8 
Adrif& 
AdpyrG 

Adilv 
- 

Wahba et al. (1974) 
Friesen et al. (1976a) 
Lindahl et al. (1975); 
Pedersen et al. (1976) 
Watson et al. (1975); 
O’Farrell (1975) 
O’Farrell (1975) 
Jaskunas et al. (1975); 
Pedersen et al. (1976) 
Friesen et al. (1976a) 
Jaskunas et al. (1975) 

Kirschbaum and Scaife (1974); 
Jaskunas et al. (1975); 
Frieaen et al. (1976a) 
Same 
Same 
Friesen et al. (1976b) 

Lengyel(l974) 
Blumenthal et al. (1976) 
Subramanian et al. (1976) 

Neidhardt et al. (1977) 

a Specific polypeptides were located by their migration with markers. The marker polypeptide was pure-one of the subunits of a pure 
protein or of a purified protein complex, or one of a mixture of a small number of proteins produced by ultraviolet-irradiated cells infected 
with A phage bearing small known portions of bacterial chromosome. 
b S6 is known to contain multiple forms shown to be interconvertible on the two-dimensional gel (S. R. Reeh and S. Pedersen, manuscript 
in preparation). A mutant containing only one form gave only protein spot 014.7 (Hitz et al., 1977). 
c The two spots are probably derived from each other in an artifactual process. Pulse-chase experiments do not show a precursor-product 
relation. 
d The (I subunit was distinguished from the other two subunits by its molecular weight. 6 and 6’ were distinguished on the basis of known 
pl (Fujiki and Zurek, 1975). The o subunit is not yet identified, but is one of several spots in the region of 890. 
e In addition, H76.0 has been shown to be electrophorectically altered in several re/A mutants (S. Pedersen. unpublished results). 
r &Galactosidase has been identified by the fact that protein spot El23 is inducible by IPTG and by the fact that it is present in the extract 
of a constitutive strain. 
g Termination factors p from E. coli K12 and E. coli B migrate with spot H51.3 and 146.6, respectively. Adilv was isolated and shown to 
transduce the rho gene (P. Jorgensen, unpublished results). 
h Ten aminoacyl-tRNA synthetases identified by migration with purified proteins (Neidhardt et al., 1977). The isoleucyl-tRNA synthetase 
identification was corroborated with AddapB2 (Friesen et al.. 1976c). 
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