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Summary. The E. coli chromosome contains two 
genes for elongation factor Tu, tufA (near the fusidic 
acid resistance marker) and tufB (near the rifampicin 
resistance marker). It has been discovered that the 
mutant E. coli K12 strain HAK88 bears a mutation 
in the tufB gene, which leads to the synthesis of a 
protein of increased acidity. To determine whether 
the mutation has altered the protein's function in 
peptide chain elongation, we have compared the re- 
activities of normal tufA EF-Tu and mutant tufB EF- 
Tu (purified together from HAK88) with the com- 
ponents of the AA-tRNA binding cycle. Normal tufA 
EF-Tu and mutant tufB EF-Tu are indistinguishable 
in their affinities for GDP,  EF-Ts, and phe-tRNA, 
and differ only slightly in their affinities for ribo- 
somes. Coupled with the results of a separate study 
showing the similarity of the normal tufA and tufB 
gene products, these experiments demonstrate that 
the mutation has not altered the function of tufB EF- 
Tu in peptide chain elongation. Contrary to the 
original report (Kuwano et al., 1974; d. Mol. Biol. 86, 
689-698) the HAK88 strains we have examined no 
longer possess a temperature-sensitive EF-Ts. The 
growth rates of HAK88 strains resemble the parent 
HAK8 strain in their lack of tRNA dependence but 
unlike HAK8 show varying degrees of temperature 
sensitivity. We conclude that HAK88 contains a 
physically altered but functionally intact tufB EF-Tu. 
The mutation in tufB should be valuable for studying 
in vivo the control of expression of the genes for EF- 
Tu. 

Introduction 

Elongation factor Tu (EF-Tu) promotes the binding 
of aminoacyl- tRNA (AA-tRNA) to ribosomes in re- 
sponse to the appropriate codon in messenger RNA 
(Lucas-Lenard and Lipmann, 1971; Lucas-Lenard 
and Beres, 1974; Miller and Weissbach, 1977). The 
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cycle of reactions by which EF-Tu binds AA-tRNA 
to ribosomes consists of four steps, which are sum- 
marized in the following equations: 

EF-Tu.  G D P  + EF-Ts ~ EF-Tu.  EF-Ts + G D P  

EF-Tu- EF-Ts + G TP  ~ E F - T u .  G T P  + EF-Ts 

EF-Tu • G T P  + AA-tRNA 

--+ AA-tRNA - EF-Tu • GTP  
AA-tRNA - EF-Tu- G TP  + ribosomes- m RN A  

AA-tRNA.  ribosomes, m RN A  + G D P  + Pi. 

As one of the host-donated components of bacte- 
riophage Qfl replicase, the protein also participates in 
phage-specific RNA synthesis (Blumenthal et al., 
1972). In addition, it has been reported that EF-Tu 
together with EF-Ts stimulates E. coIi RNA poly- 
merase under certain conditions (Travers, 1973). To 
understand how EF-Tu regulates these processes, it 
would be useful to examine the behavior of bacterial 
strains bearing a mutant EF-Tu and to characterize 
the functional defects in the altered protein. 

Until recently, no such strain had been reported. 
One of the difficulties in isolating EF-Tu mutants is 
explained by the discovery that the E. coli chromo- 
some contains at least two genes for EF=Tu (Jaskunas 
et al., 1975), the products of which are at present 
indistinguishable in their physical and functional pro- 
perties. Recently, however, using the technique of 
two-dimensional isoelectric focusing-SDS gel elec- 
trophoresis, Pedersen et al. (Pedersen et al., 1976a) 
discovered that the E. coli K12 mutant strain HAK88 
possesses an altered form of EF-Tu which differs in 
isoelectric point from normal EF-Tu and which has 
been shown to be the product of a mutation in the 
tufB gene. 1 

Since the HAK88 strain had originally been select- 
ed for its growth dependence upon exogeneous 
tRNA at elevated temperatures (Kuwano et al., 

1 tufA is the EF-Tu gene adjacent to the fus marker on the E. 
coli chromosome, and tufB is the EF-Tu gene near the r/f marker 
(Jaskunas et al., 1975) 
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1972), we thought there might be a difference in the 
reactivities of the normal and mutant EF-Tu's with 
AA-tRNA or some other component of the protein 
synthetic apparatus. The following report compares 
the normal tufA EF-Tu and mutant tufB EF-Tu in 
their reactions with EF-Ts, GDP, AA-tRNA and 
ribosomes. In addition, we examined some of the 
properties of the HAK88 strain itself and of HAK88 
EF-Ts, since the original strain was reported to have 
a temperature-sensitive EF-Ts (Kuwano et al., 1974). 

The comparison of mutant tufB EF-Tu to normal 
tufa EF-Tu does not tell us directly whether the 
mutation has altered the function of the tufB gene 
product; however, additional experiments (D.L. Mil- 
ler et al., accompanying paper) have shown that there 
are only minor differences in the reactivities of the 
normal tufA and tufB gene products in the AA- 
tRNA binding cycle. As a consequence, by compar- 
ing the functions of the normal and mutant species 
from HAK88, we can determine the effect of the 
mutation upon the functions of tufB EF-Tu. 

Experimental Procedures 

acids, 0.1raM L-tryptophan and 7~tg/ml thiamine. Cells were 
grown at 30 ° and had an approximate doubling time of 120 rain. 

Cells labeled with [35S]K2SO4 were grown as described above 
except that no casamino acids were added to the medium and 
unlabelled SO 4 was added to a level of 0.028 mM. Labeling was 
performed using [35S]K2SO4 at a final level of 50 gCi/ml. 

Some growth experiments were carried out using MOPS mini- 
mal agar plates of the composition described above for EF-Tu 
purification except that no casamino acids were added. Deacylated 
E. coli B tRNA was dissolved in MOPS minimal medium in 50% 
excess (to account for losses during filtration), filtered through a 
0.45 micron cellulose nitrate filter and then added to molten agar 
(equilibrated to approximately 55°). Inocula used for these experi- 
ments were calibrated so that approximately equal numbers of 
organisms were added to each plate. Relative growth was a sub- 
jective assessment of the growth at a given temperature relative to 
the amount of growth of the given culture at 28 ° C. The amount of 
growth at 28°C was defined as 4 +. 

A totally defined rich medium with the MOPS-buffering sys- 
tem was used for growth experiments in liquid medium. Glucose 
(0.4 %) was used as the carbon source and 20 L-amino acids, four 
nucleic acid bases and five vitamins were added to this as de- 
scribed (Neidhardt et al., 1977). Cultures were grown aerobically in 
Erlenmeyer flasks with rotary shaking. Growth rates were de- 
termined at culture densities between A420 0.1 and 3.0 by suitably 
diluting the cultures prior to absorbance measurements. Eight 
minutes prior to the shift, portions of the culture were transferred 
to new flasks, one containing tRNA (to a final concentration 
2 mg/ml) and one not. Temperature shifts were completed in less 
than 15 s. 

Materials 

Ultrogel AcA44 is a product of LKB. Guanylyl imidodiphosphate 
(GMPNP) and GDP were obtained from P.L. Laboratories, Inc. 
Sepharose 6B was purchased from Pharmacia, Inc. EF-Tu was 
prepared from normal E. coli B as well as from strain HAK88 by a 
previously described procedure (Miller and Weissbach, 1974). The 
purification procedure does not separate normal EF-Tu from 
altered EF-Tu although they can be resolved by preparative 
isoelectric focusing (P. Lemaux, unpublished data). EF-Ts was also 
purified by a published method (Hachmann et al., 1972). 
[35S]K2SO4 was purchased from New England Nuclear. Deacyl- 
ated E. coli B tRNA was purchased from Calbiochem. Salt-washed 
70S ribosomes were kindly supplied by Drs. Nathan Brot and Fred 
Chu. 

Methods 

EF- Tu Purification 

Approximately 30 35g of cells were suspended in 30~40mls of 
cold buffer containing: 120mM NH4C1; 10raM mgC12; 10mM 
Tris. HC1; pH 8.0; 10 mM/%mercaptoethanol. The cells were then 
disrupted in a French Pressure Cell at 1000psi. After removing the 
debris by centrifugation, the EF-Tu from the cell supernatant was 
purified as described previously (Miller and Weissbach, 1974). To 
prepare [35S]-labeled EF-Tu, approximately 20mg of cells labeled 
with [35S]K2804 were harvested by centrifugation and resuspen- 
ded in the cold buffer described above (plus 10 % glycerol). The 
cells were ruptured by sonication and then centrifuged to remove 
debris. The cell supernatant was passed through a 1 x 60 cm U1- 
trogel AcA44 column equilibrated with the buffer previously de- 
scribed and the fractions containing EF-Tu, to which 2mg of 
bovine albumin were added, were concentrated using an Amicon 
B-15 mini-concentrator. 

Bacterial Strains. An E. coli K12 (W3110) derivative, HAK88, was 
used for these studies. This strain is reported to have the following 
characteristics: trp-,  tel +, RNase I , EF-Ts ts and RNA perm (Gla- 
zier and Schlessinger, 1974). The source of the strain used for the 
purification and characterization was A.A. Travers via K. yon 
Meyenberg (HAK88-AT). Additional growth characterization was 
carried out on strains obtained recently from M. Kuwano 
(HAK88-MK) and D. Schlessinger (HAK88-DS). The HAK8 
strain used was also obtained from A.A. Travers via K. von 
Meyenberg. 

Bacterial Growth and Labeling 

The growth of the HAK88 culture for EF-Tu purification was 
carried out in a MOPS-buffered medium (Neidhardt et al., 1974) 
containing: 0.4% glucose, 1.32mM K2HPO4, 0.2% casamino 

Assay Procedures 

Isoelectric Focussing Procedures. The relative amounts of the two 
EF-Tu species were determined by photometric scanning of the 
protein bands separated by isoelectric focusing. Mixtures of nor- 
mal and mutant EF-Tu were resolved on 2.0x 10cm gels of 4% 
polyacrylamide made to give an effective isoelectric focusing range 
of pH 4.6 to 7.8, as described elsewhere (O'Farrell, 1975). The gels 
were extruded directly into a fixing solution (30% methanol, 
3.45 % sulfosalicyclic acid, 11,5 % trichloroacetic acid) for 30 mi- 
nutes and then transferred to a staining solution (0.12 % Coomassie 
Brilliant Blue, 25 % ethanol, 8 % glacial acetic acid) for 10 minutes 
at 55°C. The gels were destained in a 25 % ethanol-8 % glacial 
acetic acid solution for 3 h at 28 ° C and then refrigerated. The gels 
were scanned at 570nm using a Gilford spectrophotometer equip- 
ped with a linear transport. The scanning speed was 0.5 cm/min 
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and the 0.05mm slit was masked so that all of the light passed 
through the gels. Two-dimensional gels were run essentially by the 
method of O'Farrell (O'Farrell, 1975) with modifications pre- 
viously described (Pedersen et al., 1976b). 

Gel Filtration Procedures. The interaction between E. coli B EF-Ts 
and the mixture of normal and mutant EF-Tu from the HAK88 
strain was examined by gel filtration. Ef-Tu (1 nmole) and EF-Ts (4 
nmoles) were chromatographed on a 1.6 x 60cm column of U1- 
trogel AcA44 equilibrated with 10raM Tris-HC1, pH 8.0, 10mM 
MgC12, 10 mM mercaptoethanoI. The fractions containing the EF- 
Tu. EF-Ts complex were identified by cellulose nitrate filter assays 
for the binding of [3H]GDP to EF-Tu (Miller and Weissbach, 
1974). The relative amounts of the two EF-Tu species were de- 
termined by the isoelectric focusing procedure described in the 
previous paragraph. 

The relative affinities of EF-Ts and GDP for the two EF-Ts 
species were determined by chromatographing the same mixture of 
EF-Tu and EF-Ts described in the preceding paragraph under the 
same conditions, except that the buffer used to equilibrate the 
column contained either 5gM or 20~tM GDP. GDP tends to 
displace EF-Ts from EF-Tu and the proteins emerge later from the 
column, at the elution volumes of the separate components. There- 
fore, the elution profile of EF-Tu is controlled by the extent to 
which GDP competes with EF-Ts. 

To measure the binding of AA-tRNA to the normal and 
mutant EF-Tu, the conventional cellulose nitrate filter assay was 
used (Miller and Weissbach, 1974). In this assay, EF-Tu. GTP 
binds to the filter while AA-tRNA.EF-Tu. GTP passes through 
and is recovered in the filtrate. EF-Tu (140 pmol) was treated with 
20~tg pyruvate kinase for 5rain at 37°C in 0.2ml of a buffer 
composed of 50mM Tris-HCl, pH7.2; 10raM MgC12; 1raM 
DTT; 100raM NH4C1; l mM phosphoenolpyruvate; 20gM 
E3H]GTP. This was done in order to convert all of the EF-Tu to 
the EF-Tu. GTP complex. Then 180 pmol of phe-tRNA was added 
and after 3rain at 37°C the mixture was filtered through a cel- 
lulose nitrate filter. The amount of ternary complex formed was 
calculated from the difference in the amounts of filter-bound GTP 
in the absence and presence of phe-tRNA. The filtrate was con- 
centrated by lyophilization and was analyzed by two-dimensional 
isoelectric focusing-SDS gel electrophoresis. 

The ternary complex phe- tRNA-EF-Tu-GMP-PNP will 
bind to ribosomes programmed with poly(U). The reiative efficien- 
cies with which the normal and mutant EF-Tu bind to ribosomes 
were determined by treating E. coli B ribosomes bound to poly(U) 
with the partially purified EF-Tu from [35S]-labeled cells. The 
ternary complex was formed by incubating the [35S]EF-Tu 
(100pmol, 25,000cpm) with pyruvate kinase as described above, 
except that 50gM GMP-PNP was substituted for GTP. Then 
120pmol of phe-tRNA was added and the mixture was rein- 
eubated for 3 rain at 37 ° C. After cooling in ice and following the 
addition of 4 A260 ribosomes and 5 ggm poly(U), the mixture was 
passed through a 0.5 x 20cm column of Sepharose 6B (equilibrated 
with 50raM Tris HC1, pH7.4, 150mM NH4C1, 12ram MgCI2). 
The early fractions containing radioactive protein bound to ribo- 
somes were concentrated by lyophilization and analyzed by two- 
dimensional electrophoresis. 

Poly(U)-Dependent Polypeptide Synthesis Assays 

These assays were carried out as described (Gordon et al., 1971). 
Charged tRNA was made using deacylated E. coli B tRNA and 
[-14C] -phenylalanine (50gCi/ml in 0.01N HC1) according to the 
procedure of Gordon (Gordon, 1970). Ribosomes were prepared 
from E. coli CSH59 which was starved for uracil and treated with 
rifampicin to deplete endogenous mRNA. The ribosomes were 

salt-washed 7 times to deplete them of any residual EF-Tu or EF- 
G activity. (By omitting the appropriate purified factors, it was 
shown that these ribosomes lacked any significant EF-Ts, EF-Tu, 
or EF-G activity.) Purified EF-G and EF-Tu were kindly supplied 
by F. Young; EF-Ts was kindly supplied by S. Pedersen. 

Results 

Purification of the Normal and Mutant Proteins. The 
two EF-Tu gene products (tufA and tufB) from wild- 
type E. coli cannot be separated by the normal 
scheme used to purify EF-Tu to apparent homo- 
geneity, a scheme which includes DEAE Sephadex 
chromatography, gel filtration and ammonium sulfate 
extraction. The normal gene products are not re- 
solved by conventional isoelectric focusing either. 
Although isoelectric focusing in a sucrose gradient 
produces multiple bands of EF-Tu from wild-type E. 
coli B, the bands are apparently caused by some type 
of inhomogeneity such as partial deamidation or end 
group modification. Photometric scanning of an 
isoelectric focusing gel of EF-Tu from wild-type E. 
coli B, containing normal tufA and tufB gene pro- 
ducts, shows a broad band with a few minor, pri- 
marily more acidic, side bands (Fig. 1A). These side 
bands are not related to differences between the two 
genes since each protein, isolated from cells infected 
with a phage bearing the tufa or tufB gene, shows a 
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Fig. 1A and B. Photometric scans of stained isoetectric focusing 
gels. A EF-Tu from E. coli B. B EF-Tu from E. coli K12, HAK88 
strain 
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Fig. 2. Elution profiles of HAK88 EF-Tu. GDP, EF-Tu. EF-Ts, 
and EF-Tu+EF-Ts+GDP.  All three separations were performed 
on an AcA44 Ultrogel column as described in the text. EF-Tu 
activity was measured by [-3H]-GDP binding, e • 25 pgm EF- 
Tu. GDP; o o 501xgm EF-Tu+1001xgm EF-Ts; (~ (J 
50ggm EF-Tu+ 1001xgm EF-Ts, column equilibrated with 20 pM 
GDP 

similarly disperse band. We believe this broadening is 
caused by a modification of the protein, for example, 
by deamidation of glutamine or asparagine, most 
probably during purification. Whole cell extracts of 
wild-type E. coli B do not show multiple satellite 
spots for EF-Tu (Neidhardt et al., 1977) nor do 
extracts from HAK88 (Pedersen et al., 1976a). 

The two EF-Tu gene products from the HAK88 
mutant are also co-purified by the normal procedure; 
however, upon isoelectric focusing, the mutant EF-Tu 
is resolved as a more acidic band (Fig. 2B), which 
corroborates the preliminary purification data ob- 
tained by Pedersen et al. (Pedersen et al., 1976a). 

The ratio of mutant EF-Tu to normal EF-Tu in 
lysates of cells grown in glucose minimal medium, as 
determined by two-dimensional gel electrophoresis of 
35S-labeled cell lysates, is usually about 0.4 (Pedersen 
et al., 1976a). The ratio of the amounts of the two 
proteins after purification, determined by photomet- 
ric scanning of stained IEF gels, is about 1.2 
(tufB/tufA) (Table 1). This difference in the ratios in- 
dicates either a preferential purification of tufB gene 
product during the preparation or an enhanced af- 
finity of that protein for the stain. For whichever 
reason, the ratios seem fairly reproducible. An inde- 
pendent purification of the two EF-Tu's from 
HAK88 gave a similar ratio. Amounts of 1.0~tg, 
0.5~tg and 0.1 gg of protein (approximately 95% 
pure) were focused, stained and scanned and the ratio 

Table 1. Ratios of mutant to wild-type HAK88 EF-Tu in fractions 
from the three gel filtration experiments described in Figure 2 

Fraction Ratio, mutant 
EF-Tu/wild-type EF-Tu 

1. EF-Tu. GDP 1.2 
2. EF-Tu. EF-Ts 1.1 
3. EF-Tu+EF-Ts+GDP,  fract. 55 1.5 

EF-Tu+EF-Ts +GDP, fract. 57 2.2 

of tufB/tufA peaks was determined to be 1.2+_0.3 
(standard deviation). The photometric scan of the 
EF-Tu from HAK88 shows the mutant EF-Tu focus- 
ing at a more acidic pH than the wild-type EF-Tu 
(Fig. 1 B). If a difference of one charge separates the 
adjacent bands seen in the scan of this preparation 
then the mutant EF-Tu appears to differ from the 
wild-type protein by two charges. The preparation of 
EF-Tu used for these studies was estimated by two- 
dimensional electrophoresis to be approximately 
96 % pure. 

Interaction with EF-Ts. The strategy employed to 
compare the affinities of the normal tufA and mutant 
tufB proteins for EF-Ts involved combining a pu- 
rified mixture of the EF-Tu proteins with a specified 
amount of EF-Ts, passing the mixture through a gel 
filtration column which separated EF-Tu.EF-Ts 
from its components (Miller and Weissbach, 1969), 
(Fig. 2) and then analyzing the complex by gel 
isoelectric focusing. The relative amounts of the two 
EF-Tu proteins were determined by photometric 
scanning of the stained gels. As the results in Table 1, 
Exp. 2 show, the ratio of the amounts of the two gene 
products bound to EF-Ts is similar to the ratio found 
initially in EF-Tu. GDP (Table 1, Exp. 1) indicating 
that the wild-type and mutant EF-Tu bind to EF-Ts 
with similar affinities. 

Interaction with GDP. The affinities of the two gene 
products for GDP were compared by allowing GDP 
to compete with EF-Ts for binding to the two EF-Tu 
species during gel filtration chromatography (Fig. 2). 
At concentrations of GDP below 1 x 10-6M in the 
column buffer, the proteins emerged together as the 
EF-Tu. EF-Ts complex whereas at high concen- 
trations of GDP (above 2x 10-SM) the proteins 
emerged separately as EF-Tu. GDP and EF-Ts. At 
intermediate concentrations of GDP, the proteins 
emerged at an intermediate position as a rapidly 
equilibrating mixture of EF-Tu- EF-Ts, EF-Tu- GDP 
and EF-Ts. When 2 x 1 0 - S M  GDP was used (Ta- 
ble 1, Exp. 3), in the intermediate fraction containing 
both complexes (fraction 55), the ratio of the mutant 
to wild-type EF-Tu was the same as in the original 
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Fig. 3. Time course of exchange of G D P  bound to E. coil B EF-Tu 
( o - - © )  and HAK88 EF-Tu (e e) catalyzed by EF-Ts. Forty 
pmol E F - T u - G D P  from each organism was incubated at 0 ° with 
20pM [3H] G D P  and l p m o l  of EF-Ts in 200pl of a buffer 
composed of 50mM Tris HCI (pH 7.5), 10raM MgC12, l m M  
DTT. The extent of exchange was measured by the cellulose nitrate 
filter assay 

preparation within experimental error. In the EF- 
Tu. GDP fraction (fraction 57) the ratio is slightly 
higher, indicating that compared to wild-type EF-Tu, 
the mutant EF-Tu may bind GDP relatively more 
tightly than it binds EF-Ts. This result is less reliable 
than the other measurements quoted in Table 1 be- 
cause the amount of EF-Tu in fraction 57 is low; 
consequently, we do not consider this apparent dif- 
ference significant. 

We learned something about relative rates of EF- 
Ts-catalyzed exchange of GDP with the two EF-Tu 
proteins by comparing the exchange profiles of nor- 
mal E. coli EF-Tu with HAK88 EF-Tu. Figure3 
shows that the rates of exchange of the proteins from 
the two organisms are similar throughout the course 
of the reaction. From this we conclude that the 
mutant protein does not form an inhibitory complex 
with EF-Ts, and EF-Ts displaces GDP from the 
mutant EF-Tu efficiently. 

Interaction with AA-tRNA. Since the mutant tufB 
protein comprises 60% of the total GDP binding 
activity in the HAK88 mutant EF-Tu, we can mea- 
sure directly the affinity of the mutant protein for 
AA-tRNA in the mixture. Table2 compares the re- 
activity of EF-Tu from HAK88 with that of EF-Tu 
from E. coli B, using the cellulose nitrate filter assay. 
Since about 65 % of the EF-Tu from each organism 
binds phe-tRNA, we conclude that the mutant EF- 
Tu must react extensively with AA-tRNA. Even if all 
of normal EF-Tu (40 % of the mixture) had reacted 
with phe-tRNA, nearly one-half of the mutant EF-Tu 
must also have reacted for the total reactivity to be 
65 %. Actually, we expect that less than 100 % of the 
normal EF-Tu reacted; and thus proportionately 
more of the mutant EF-Tu bound phe-tRNA. We 
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Table 2. Reactivity of EF-Tu from E. coli B of HAK88 with phe- 
tRNA 

Organism Amount  bound to filter, pmol. 

- phe- tRNA + phe- tRNA 

%EF-Tu in 
ternary complex 

E. coli B 141 51 64 
HAK88 145 51 65 

About 140pmol of EF-Tu from either organism was incubated 
with [3H]-GTP, PEP and pyruvate kinase to convert EF-Tu G D P  
to EF-Tu.  GTP, as described in the text. EF-Tu-GTP  was then 
incubated with 180pmol of phe-tRNA, and the mixtures were 
filtered through Millipore HA filters. Identical mixtures without 
phe- tRNA were simultaneously filtered. The percent EF-Tu in- 
corporated into the ternary complex was calculated as the fraction 
of EF-Tu released from the filter by the addition of phe- tRNA 

confirmed this conclusion by isoelectric focusing anal- 
ysis of the phe-tRNA.EF-Tu. GTP complex in the 
filtrate from this assay. As expected, both normal and 
mutant gene products were present in similar amounts 
in the ternary complex formed from HAK88 EF-Tu. 

Under the conditions of the experiment, (the con- 
centrations of EF-Tu and AA-tRNA were similar) 
the EF-Tu species were not competing for a limited 
amount of AA-tRNA; therefore, we do not know by 
how much the two species differ in their affinities for 
AA-tRNA. We do know that both species bind AA- 
tRNA tightly with dissociation constants below 
llaM, the concentration of phe-tRNA used in the 
experiment. 

Interaction with Ribosomes. The ternary complex phe- 
tRNA.EF-Tu- GMP- PNP containing both EF-Tu 
species, as described in the previous section, was 
added to ribosomes and poly(U) and then the mix- 
ture was passed through a Sepharose 6B column, 
which cleanly separates ribosome-bound AA- 
tRNA.EF-Tu.  G M P . P N P  from the free complex. 
Analysis of the mixture (Table 3) shows that the wild- 
type protein binds to ribosomes with approximately 
twice the affinity of the mutant protein. Since these 
experiments were performed with a limiting quantity 
of active ribosomes, this value should represent the 
ratio of the affinity constants of the two proteins for 
the ribosomes. 

Activity in Peptide Chain Elongation. Because EF-Tu 
is partially denaturated by isoelectric focusing (D.L. 
Miller, unpublished data), we were unable to measure 
any kinetic properties of the separated proteins. Nev- 
ertheless, the data in Table 4 show that the mixture of 
HAK88 EF-Tu's is as active as a comparable amount 
of EF-Tu from HAK8 in the peptide chain elon- 
gation assay. Additionally, these data show that the 
mutant EF-Tu is non-inhibitory to the reaction. 
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Table 3. Ratios of mutant (tufB) EF-Tu to wild-type (tufA) EF-Tu 
in the complex with phe-tRNA and ribosomes 

Complex Ratio, mutant 
EF-Tu/wild-type EF-Tu 

1. EF-Tu. GDP 0.84_+0.00 a 
2. phe-tRNA • EF-Tu. GMP-PNP 0.47-t- 0.03 a 

ribosomes poly U 

The complexes were formed from [35S] methionine-labeled 
HAK88 EF-Tu, and they were isolated as described in the text. 
Following 2-D isoelectric-focusing/SDS-electrophoresis, the 
radioactivity in each of the spots containing mutant and wild-type 
EF-Tu was determined. The ratio of EF-Tu. GDP species found in 
the partially purified protein mixture differs from that of the 
purified EF-Tu used in the preceding experiments 

a These values represent the average of two separate determi- 
nations + the experimental deviation 

Table 4. Activity of EF-Tu from HAK88 in polyphenylalanine 
synthesis 

Mixture CPM polyphenylalanine 

Complete mixture 2200 
- HAK88 EF-Tu 114 
-HAK88  EF-Tu+HAK8 EF-Tu t715 

100 

8O 

1,- 

> 60 

U 

4 o  
e ~  

e ~  

N 

A 

2 ° - , i , t , 1 , 1 ,  I 
0 4 8 12 

B 

, I , I , I , I , I 
16 20 0 4 8 12 16 20 

INCUBATION TIME (minutes) 

Fig. 4A and B. Thermal inactivation of EF-Tu from E. coli B and 
HAK88. EF-Tu purified from either E. coli B (e e) or HAK88 
(o o) was incubated at 51 ° at a concentration of 2200 pmol.ml 
in the buffer composed of 50mM Tris HC1, pH 7.5, 10mM MgC12, 
10mM DTT periodically 10gl aliquots were assayed for un- 
catalyzed EF-Tu. GDP exchange at 37 ° (A) or EF-Ts catalyzed 
exchange at 0 ° (B). Brackets in Figure 4B indicate the standard 
error of two independent determinations 

EF-Tu (2 pmol) from each bacterial strain was incubated with EF- 
Ts, EF ribosomes, poly U and phe-tRNA, and polyphenylalanine 
formation was assayed as described 

Thermal Stability of the Factors. Since the studies of 
the interactions of EF-Tu with EF-Ts and G D P  were 
performed at 4 ° C and the studies of ternary complex 
formation and ribosome binding were conducted at 
37°C, it was possible that we could have missed 
detecting an alteration that decreased the stability of 
the tufB gene product at higher temperatures. Accord- 
ingly, we measured the rate of inactivation of GDP-  
binding at 51°C in the HAK88 EF-Tu mixture and 
compared it to the rate of inactivation of normal EF- 
Tu from E. coli B. If the mutant EF-Tu had an 
increased thermal sensitivity, the initial rate of de- 
naturation of the EF-Tu mixture from HAK88 
should have been higher than that of the normal 
mixture. The amounts of wild-type and mutant EF- 
Tu in our purified mixtures were nearly equal (as 
determined by photometric scanning of stained gels), 
consequently, even a modest difference in the rates of 
denaturation should be apparent. As Figure 4A 
shows, the loss of GDP-binding activity in the 
mutant-containing EF-Tu mixture strongly resembles 

t h e  denaturation characteristics of EF-Tu from E. 
coli B. Both the wild-type and mutant-wild-type mix- 
ture of EF-Tu failed to obey simply first order ki- 
netics of denaturation because the species that de- 
naturated was free EF-Tu. As denaturation pro- 

ceeded, the fraction of free EF-Tu decreased as the 
free G D P  released by denaturation increased. Other 
experiments not shown here confirmed that both the 
wild-type and mutant EF-Tu proteins are maximally 
active throughout the normal 2 5 ~ 5 ° C  temperature 
range for the organism. 

Figure 4B shows the loss of activity of EF-Tu as a 
substrate for EF-Ts in the EF-Ts-catalyzed exchange 
of EF-Tu.  G T P  with free GDP.  The more rapid loss 
of activity in the HAK88 strain indicates a decreased 
thermal stability in the mutant EF-Tu;  however, this 
difference is too small to affect the growth of the 
organism at the normal growth temperature. 

Characteristics of EF-Ts from HAK88. Originally the 
HAK88 strain was characterized as having a 
temperature-sensitive mutation in EF-Ts (Kuwano et 
al., 1974); consequently we sought to duplicate the 
previous results to determine whether the mutation in 
EF-Tu was correlated in any way to this reported 
defect in EF-Ts. Contrary to the original report, we 
were unable to demonstrate any dysfunction in EF- 
Ts from our culture of HAK88. In particular, EF-Ts 
from the original HAK88 strain was reported to be 
inactivated at 50°C with a half-life of about three 
minutes. In contrast the EF-Ts from our culture of 
HAK88 has a half-life of about 20 min at 55 ° C (data 
not shown). This rate of inactivation closely re- 
sembles that of the EF-Ts from wild-type E. coli B. In 
an EF-Ts-dependent poly(U)-directed protein syn- 
thesis system, we were also unable to show any 
differential heat inactivation of the EF-Ts in post 
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ribosomal supernatants from HAK88 relative to 
those from an E. coli B strain (data not shown). 

Growth Characteristics of HAK88  Strains. Because 
the HAK88 strain from which we isolated the elon- 
gation factors differed from the original isolate in 
not showing temperature-sensitivity of EF-Ts, we 
sought to determine if another characteristic of the 
original strain, tRNA-dependence at elevated tem- 
peratures, was present in existing strains of E. coli 
HAK88. This comparison was accomplished using 
HAK88 strains kindly supplied by M. Kuwano 
(HAK88-MK), D. Schlessinger (HAK88-DS) and A. 
Travers (HAK88-AT) and following as carefully as 
possible the original protocol of Kuwano et al. (Ku- 
wano et al., 1972). The results in Table 5 show that 
neither HAK88-AT, the strain used in this study, nor 
the other two could be shown to demonstrate a 
dependence for exogenous E. coli B tRNA at the 
elevated temperature. This result is the same as that 
obtained from the parent strain, HAK8, which is 
known to be permeable to tRNA (but is not 
temperature-sensitive) (Yamamoto et al., 1971). In 
each case where growth was reported, isolated col- 
onies were seen in large numbers, ruling out growth 
due solely to cross-feeding. Differences among 
HAK88-MK, HAK88-DS and HAK88-AT were seen 
with respect to their temperature-sensitivity. HAK88- 
AT appeared to be exquisitely sensitive to high tem- 
peratures while HAK88-DS was less so. HAK-88- 
MK was intermediate in sensitivity. In order to fur- 

Table 5. Growth of HAK88-MK, HAK88-DS and HAK8-AT on 
solid minimal medium in the presence and absence of E. coli B 
tRNA. Numbers in parentheses represent results from a repeat of 
the experiment 

Strain Temperature Condition Relative Relative 
Growth Growth 
after 48 h after 96 h 

HAK88-MK 28 ° - t R N A  4 +  4 +  
+ tRNA 4 + 4 + 

42 ° - t R N A  1+ 1+ (2+) 
+ t R N A  2 +  2 +  (2+) 

HAK88-DS 28 ° - t R N A  4 +  4 +  
+ t R N A  4 +  4 +  

42 ° - tRNA 4 + 4 + 
+ t R N A  4 +  4 +  

HAK88-AT 28 ° - t R N A  4 +  4 +  
+ t R N A  4 +  4 +  

42 ° - tRNA 0 0 (0 
+ t R N A  0 0 (1 +)  

HAK8-AT 28 ° - tRNA 4 + 4 + 
+ tRNA 4 + 4 + 

42 ° - tRNA 4 + 4 + 
+ tRNA 4 + 4 + 
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Fig. 5. Effect of temperature shift on the growth rates of HAK88- 
MK, HAK88-DS and HAK88-AT. A flask containing 20mls of 
MOPS-rich medium was inoculated with a limited glucose culture 
and incubated at 30°C. The solid lines represent the culture 
remaining at 30 ° C. The vertical arrow indicates the time of the 
shift to 42°C. The dotted line ( . . . . .  ) after the shift represents a 
culture to which no additions were made. The dashed line ( - ) 
after the shift represents a culture to which 2mg/ml E. coli B 
tRNA was added 8 min before the shift. In every case at T =  1005 
the upper point of the doublet represents the ( -  tRNA) condition 
while the lower point represents the ( + t R N A )  condition. The 
parallel slashed lines represent a discontinuity in the time scale. All 
cultures began with 6 x 106 cells/ml and monitoring began at zero 
time (abscissa). (o - - o - - o )  HAK88-MK, ( A - - A - - A )  HAK88- 
DS, ( n - - u  u) HAK88-AT. Doubling times were: 68min (k 
=0.612), HAK88-MK; 60min (k=0.693), HAK88-DS; 71 min (k 
=0.586), HAK88-AT 

ther characterize the temperature-sensitivity data and 
to corroborate the data on tRNA-dependence, 
growth experiments in liquid medium, employing 
additions or not of tRNA prior to temperature shifts, 
were carried out. The results of this experiment are 
shown in Figure 5. These experiments, plus identical 
ones carried out in minimal medium (data not 
shown) showed that: (a) HAK88-MK, HAK88-DS 
and HAK88-AT grew in minimal and rich medium 
at the growth rates reported by Kuwano et al. (Ku- 
wano et al., 1972) for the original isolate and (b) all 
three cultures showed a slowing or cessation of 
growth upon transfer to 42°C and (c) this effect was 
unaffected by the presence or absence of E. coli B 
tRNA (added prior to the shift). 

Discussion 

From the preceding results we conclude that, except 
for all small difference in its affinity for ribosomes, 
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the mutant tufB gene product strongly resembles the 
wild-type tufA gene product in its interactions with 
components of the protein synthetic apparatus. The 
lower affinity of the mutant tufB protein for ribo- 
somes is not caused by the mutation, since the nor- 
mal tufB protein also binds to ribosomes only half as 
well as the tufA protein (D.L. Miller et al., accom- 
panying paper). 

Our inability to measure the rates of the reactions 
with the separate proteins prohibits us from ac- 
curately comparing the catalytic efficiencies of the 
proteins; however, it would be surprising if such an 
analysis altered the conclusion that the proteins func- 
tion similarly. The results in Figure 3 show that the 
mixture of EF-Tu species from HAK88 exchange 
GDP as efficiently as E. coli B EF-Tu-GDP.  Fur- 
thermore, knowing that the mutant protein does bind 
to ribosomes extensively, we conclude that the mu- 
tant protein must also hydrolyze GTP and be re- 
leased from ribosomes. Otherwise, it would block 
peptide chain elongation and inhibit the growth of 
the bacteria; however, HAK88 was shown to grow at 
the same growth rate (120 min) in minimal medium at 
30°C as the parent HAK8 strain (P. Lemaux, un- 
published resultsl known not to contain the mutant 
tufB gene. As additional support for the contention 
that the mutant EF-Tu is non-inhibitory and reacts 
normally with ribosomes, we have demonstrated that 
the mixture of EF-Tu species from HAK88 promoted 
poly(U)-directed polyphenylalanine synthesis as ef- 
ficiently as a similar quantity of EF-Tu from the 
HAK8 parent strain. 

This report has described the similarities between 
the wild-type tufa gene product and the mutant tufB 
gene product. In a separate study (D.L. Miller et al., 
accompanying paper), it was found that the wild- 
type tufa and tufB gene products also do not differ 
substantially in any of the reactions in peptide chain 
elongation. Therefore. we conclude that the mutation 
in the tufB gene has not altered the protein signifi- 
cantly in its reactions in peptide chain elongation. 

EF-Tu has been implicated in other cellular pro- 
cesses besides peptide chain elongation. It has been 
identified as a component of bacteriophage Qfi re- 
plicase (Blumenthal et al., 1972), and it has been 
found to stimulate E. coli ribosomal RNA synthesis 
in vitro (Travers, 1973). In addition, the protein has 
been shown to be associated in some way with the 
cytoplasmic membrane (Jacobson and Rosenbusch, 
1976) and to have certain actin-like properties (Beck 
et al., 1977). Recent results suggest that mutant  and 
wild-type EF-Tu are found associated in equivalent 
amounts with the cytoplasmic membrane (Blumen- 
thal, R., Jacobson, G., and Rosenbusch, J., manu- 
script in preparation). It is possible that the mutant 
protein differs from the wild-type protein in one of its 

other functions. Although the mutant protein may 
not function normally in any of these roles this 
inability is not reflected by altered growth of the 
mutant strains. They seem to grow normally (equiva- 
lent to the parent strain) at low temperatures in 
minimal and rich medium. We cannot rule out that 
altered synthesis of the mutant protein or something 
under its control influences the altered growth at 
elevated temperatures. In this regard it should be 
noted, however, that, although HAK88 from three 
sources contained approximately equal ratios of mu- 
tant to wild-type EF-Tu in steady state, they varied 
considerably in their sensitivity to temperature shifts 
to higher temperatures. 

HAK88-AT which we examined in detail here 
differed from Kuwano's original strain in that it 
appeared to have an EF-Ts which was not 
temperature-sensitive under the conditions used here. 
Friesen et al. recently mapped the chromosomal lo- 
cation of EF-Ts and attempted to show that strain 
HAK88 had a temperature-sensitive locus linked to 
dapD, a gene closely linked to EF-Ts (Friesen et al., 
1976). They were unable to accomplish this. Qfi re- 
plicase made from one of the currently existing 
HAK88 strains also does not show temperature- 
sensitivity as was reported for the original isolate 
~Hori et al.. 1974) (T. Blumenthal, unpublished re- 
sults}. Additionally neither HAK88-MK, HAK88-DS 
nor HAK88-AT could be shown to require exog- 
enous tRNA for growth at elevated temperatures 
even though care was taken to duplicate the con- 
ditions in the original experiments. HAK88-MK, 
HAK88-DS and HAK88-AT were similar to the 
original isolate in being inhibited in growth to some 
degree upon shifting to 42°C. This temperature- 
sensitivity was evidently unaltered by the presence or 
absence of exogenous tRNA. The temperature- 
sensitivity of these organisms does not seem to be 
due to the mutation in EF-Tu since (a) we were 
unable to demonstrate any temperature-sensitivity of 
the mutant EF-Tu in vitro and (b) transductants of E. 
coli JF376 containing the altered tufB gene show no 
growth temperature-sensitivity (Pedersen et al., 
1976a). Two dimensional gels of the three cultures 
grown at elevated temperatures in the presence and 
absence of tRNA were compared visually and no 
differences in their protein patterns among the cul- 
tures or between the plus and minus tRNA con- 
ditions could be found (data not shown). 

The original data showing that HAK88 possessed 
a temperature-sensitive EF-Ts is strong. By adding 
wild-type EF-Ts the authors were able to restore the 
ability of heat-inactivated EF-Tu.EF-Ts to bind 
GDP and to form the ternary complex (Kuwano et 
al., 1974). These observations and others make re- 
mote the possibility that altered EF-Tu could explain 
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their results. Therefore, we can only speculate as to 
the manner in which the present "copies" of HAK88 
derived from the original strain. Perhaps the tufB 
mutation now present in the strain may have arisen 
as a compensatory mutation to the original EF-Ts ts 
mutation and at some later time the EF-Ts gene 
reverted to temperature-resistance. 

For the purpose of investigating the control of gene 
expression in E. coIi, the EF-Tu mutation will serve 
as a valuable probe for monitoring the differential 
translation of the tufa and tufB genes. From the 
similarity of the properties of the two EF-Tu gene 
products we suspect that they would be subject to the 
same regulatory processes. In a recent study by Reeh 
et al., (Reeh, et al., 1976) the authors chose to make 
use of the tufB mutation in order to study the re- 
gulatory pattern of the two proteins. In general, it 
appeared that both gene products are regulated 
identically in relaxed cells with some differences in 
stringent cells. This difference could be a true re- 
flection of differences between normal tufa and tufB 
or it could be due to the tufB mutation. It is interest- 
ing to note the effect of a temperature shift alone on 
the rate of synthesis of these proteins. While the 
relative rate of synthesis of the normal tufa gene is 
unaffected by a shift from 30°C to 40.5°C, tufB 
synthesis is elevated almost two-fold. Although this 
too may be a reflection of the mutation, there is some 
indication that normal EF-Tu (composed of the tufA 
and tufB gene products) is elevated in a comparable 
temperature shift to the extent predicted by these 
results and promoter  efficiencies of tufa and tufB 
(Lemaux, P.G., S.L. Herendeen, P.L. Bloch and F.C. 
Neidhardt, manuscript in preparation). In addition to 
its use in studying the regulation of the two genes, the 
mutant EF-Tu should also serve as an excellent mar- 
ker for examining the function of the two normal 
gene products in other reactions of EF-Tu. 
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