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ABSTRACT 

Part I 

Substantial intragenic complementation was found between amber 

(am) and temperature-sensitive (ts) gene 30 mutants of phage T^. This 

observation implies that the product of gene 30> polynucleotide ligase, 

is composed of more than one subunit, and that the polypeptide fragments 

produced by the am mutant are able to interact with and partially re

store function of the protein produced by the gene 30 ts mutant. 

Evidence is presented that there is no significant contribution to 

burst size in complementation tests from wild-type recombinants formed 

during the mixed infection. It was also noted that recombination fre

quencies from crosses between ts and am mutations in gene 30 increased 

as the temperature was raised. This observation is consistent with 

previous findings that ligase mutations increase recombination. In 

several mixed infections involving am and ts mutants defective in gene 

k2 (dCMP hydroxymethylase), burst sizes were less in the mixed infection 

than in the infection with the ts mutant alone. Comparable reductions 

in dCMP hydroxymethylase activity were demonstrated in vitro by mixing 

extracts of wild-type infected cells and am mutant infected cells. 

These results suggest that polypeptide fragments produced by the am 

mutant may also interact to reduce function. In vitro complementation 

also was demonstrated between a ts and am mutant extract. 

xi 
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Part II 

It is shown here that in phage Tl»-infected E. coli, SuA strongly 

suppresses amber mutations and weakly suppresses temperature-sens itive 

and opal mutations. Suppression of the inhibitory effect of chlor

amphenicol on phage T4 growth by the SuA allele was also shown. Amber 

mutants of phage T7 were also observed to be suppressed by SuA. These 

results indicate that the SuA allele in addition to suppressing 

polarity in E. coli also increases translational ambiguity in TV and 

T7-infected cells, especially for the amber codon. 



PART I 

INTRAGENIC COMPLEMENTATION BETWEEN AMBER AND TEMPERATURE 

SENSITIVE GENE 30 AND k2 MUTANTS OF BACTERIOPHAGE ik 

1 



CHAPTER 1 

INTRODUCTION 

Gene 30 ot phage Tk has been shown by Fareed and Richardson 

(1967) to be the structural gene for polynucleotide llgase. We have 

observed substantial intragenic complementation in vivo between gene 30 

am and ts mutants, indicating that the ligase is composed of several 

subunits. The results further imply that the polypeptide fragments pro

duced by am mutants are able to interact specifically with and partially 

restore function of defective ligase molecules. Intragenic complemen

tation was not observed with am mutants in previous studies with phage 

T4 (Bernstein, Edgar, and Denhardt 1965) probably because genes with 

stoichiometric, rather than catalytic, functions were tested. Catalytic-

ally functioning proteins have the advantage in intragenic complementation 

studies that small increases in activity are reflected in substantial 

increases in burst size (Snustad 1968). 

Intragenic complementation tests were also carried out in vivo 

and in vitro with mutants defective in gene k2, which specifies dCMP 

hydroxymethylase (Wiberg and Buchanan 196k). Both positive and negative 

complementation were observed. For a given am and ts combination, 

similar results were obtained whether the test was performed in vivo 

(by mixed infection) or in vitro (by mixing extracts of infected 

cells). These findings imply that the hydroxymethylase is composed of 

more than one subunit, and that the polypeptide fragments produced by 

2 
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an am mutant can interact to restore or reduce the function of a 

complete protein. The results here further imply that the hydroxy-

methylase has a dual role in DNA replication. 



CHAPTER 2 

MATERIALS AND METHODS 

Phage and Bacterial Strains 

The idiage and bacterial strains used in these investigations 

were obtained from the California Institute of Technology stock col

lection, presently under the care of W. Wood. The bacterial strains 

were Escherichia coli B/5 and S/6, -which lack an amber suppressor, and 

E. coli CR63, vhich contains the amber suppressor Sul. The phage 

amber (am) and temperature-sensitive (ts) mutants used are indicated in 

Figures 1 and 6 vhich show the order of mutant sites in genes 30 and 

k2, respectively. 

Media 

Hershey broth, EHA top agar and bottom layer agar were prepared 

as described by Steinberg and Edgar (1962). Approximately 40 ml of 

bottom layer agar were used in 100x15mm petri dishes. These plates 

were never employed for plaque assays after three days. In all burst 

size determinations Hershey broth was the liquid medium used. In all 

experiments where comparisons were made between different burst sizes 

or recombination frequencies, the infections were carried out in aliquots 

of the same batch of media and under the same culture conditions. 

If 
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Preparation of Stocks 

Stocks of ts and am mutants were prepared at 25°C on E. coli 

S/6 and CR63, respectively, by a plate lysate method. Individual phage 

cultures were plated out at low titer under permissive conditions. 

Single plaques were picked and resuspended in 2 ml of H-broth. A 0.01-

ml aliquot was plated out under permissive conditions and the plates 

incubated for 10-1^ hr. At this time several drops of chloroform were 

put on each plate for five min to allow the vapor to kill and/or lyse 

the remaining bacteria. Five ml of H-broth were put on the plates for 

2-3 hr and then pipetted off and stored in a screw-cap tube with a few 

drops of chloroform. 

Terminology 

It was found convenient to denote in vivo complementation tests 

by a "+" sign (e.g., am + ts) and in vitro tests by an sign (e.g., 

am & ts). For crosses carried out to measure recombination, the con

ventional "x" sign was used (e.g., ara x ts). 

Growth Conditions 

In complementation tests involving ts + ts or ts + m mixed 

infections, E. coli B/5 was used as the host. Log phase bacteria were 

Q 
adjusted to approximately 4x10 /ml by microscopic count, and an aliquot 

plated to determine the titer of colony-forming bacteria. The culture 

was then equilibrated for 5 min at the desired temperature, and KCN 

(2 mM) added to prevent superinfection inhibition during the period of 

phage adsorption. After 2 1/2 min an equal volume of phage suspension 
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vas added to give an average multiplicity of infection (m.o.i.) of about 

13 phage per bacterium. In pairvise mixed infections the m.o.i. of each 

parental phage vas about 6.5» After 10 min the infected cells were 

diluted UxlO^-fold and assayed for infective centers. The proportion of 

unadsorbed phage vas determined by treating an aliquot vith chloroform 

to eliminate infected bacteria, and then plating out the remaining 

phage. The infected cultures vere grown at carefully controlled tem

peratures with aeration for 90 min at 30-U2°C, and for 120 min at 

temperatures below 30°C. Growth vas terminated with chloroform. The 

average burst size vas determined by taking the ratio of the progeny 

phage titer to the titer of infected bacteria. 

The adsorption of parental phage vas better than 97$ efficient 

in all determinations presented here. The contribution of unadsorbed 

phage to burst sizes greater than 10 per bacterium vas insignificant 

(less than 5$)» For burst sizes smaller than 10, vhere the contribution 

of unadsorbed phage becomes significant, the unadsorbed phage vere sub

tracted from the final phage yield. In some experiments anti-T^ serum 

vas added at a dilution sufficient to inactivate greater than 99$ of 

unadsorbed phage. The treated culture vas diluted prior to lysis of 

the infected bacteria so that the serum vould not interfere with 

measurement of progeny phage. 

Preparation of Deoxycytidylate Hydroxymethylase Extracts, 
Deoxycytidylate Hydroxymethylase Assay, 
and in Vitro Complementation Procedure 

E. coli B vas the host used. The infection phage employed in 

these assays vere vild-type phage TU and mutants defective in gene k2 
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(tsA53* tsA79, amE93 and amNG^98). The growth medium described by 

Fraser and Jerrell (1953) was used throughout. 

Assays for dCMP hydroxymethylase were performed in the laboratory 

of C. K. Mathews. E. coli B was grown at 37°C to about 3x10® cells per 

ml. This corresponded to a KLett colorimeter reading of 80 units using 

a No. h20 filter. A 200 ml culture was infected with an m.o.i. of 

approximately 4 phage particles per bacterium. After 20 min of infec

tion, the cultures were centrifuged in a 250 ml bottle for 15 min at 

13,200 x g in a Sorvall RC-2 refrigerated centrifuge. The pellet was 

resuspended in 3 ml of Tris-HCl, pH 7•4- The resuspended pellet was 

kept on ice and sonicated for 1 l/2 min (three 30-sec intervals with 

intermittent chilling) using a Branson Sonifier (Branson Instruments 

Inc., Stamford, Connecticut, U.S.A.; model S 110) on a setting of 

The sonicated extract was centrifuged for 20 min at 27,000 x g in a 

Sorvall RC-2 centrifuge. The protein concentration was determined from 

the supernatant by the biuret method (Layne, Colowick, and Kaplan 1957). 

The crude extract was used to assay for dCMP hydroxymethylase activity 

as described by Pizer and Cohen (1962). The only modification of their 

dCMP hydroxymethylase assay was that 1.0 ml of the eluate ('which con

tained dCMP hydroxymethylase) was counted in 10 ml of Aquasol in a 

Beckman Scintillation Counter. Basically the assay involves incubation 

of the extract, dCMP, tetrahydrofolate, and /^C/ formaldehyde. The 

enzyme catalyzes synthesis of 5-hydroxymethyl-dCMP, with the hydroxy-

methyl group derived from the formaldehyde. Enzyme activity is deter

mined from radioactivity in hydroxymethyl-dCMP isolated from the reaction 

mixture, by elution through a Dowex-50 column using 0.01 N formic acid. 



CHAPTER 3 

RESULTS 

Recombinational Map of Gene 30 (DNA Ligase) 

The 3 ts and 11 am ligase mutants studied here were first 

ordered in a genetic map on the basis of two factor crosses performed 

at 25°C on E. coli CR63 (Figure l). It is known that recombination 

frequencies are increased under conditions in which ligase activity is 

diminished (Bernstein 1968). Therefore the permissive conditions used 

in these crosses were chosen to keep such effects to a minimum. With 

tsB20, results (not presented here) suggest that generally no sig

nificant increase in recombination occurs between 25°C and 28°C. 

Although the rough consistency of map distances in Figure 1 tends to 

give credibility to the map, possible effects of ligase deficiency in 

individual determinations may have caused significant distortion in 

the map. 

Complementation between Gene 30 Mutants 

Complementation tests were carried out at various temperatures 

on E. coli B/5. The burst sizes obtained for three mixed infections 

and the corresponding single infections are shown in Figures 2(a), 2(b), 

and 2(c). In Figure 2(a) the burst sizes found in the tsB20 + tsA80 

mixed infections are compared to the burst sizes obtained in single 

infections with either tsB20 or tsA80. The burst sizes in the mixed 

8 



Figure 1. Recombinational Map of Gene 30 

The map was constructed on the basis of two factor crosses on E. coli CR63 at 26.6°C. The 
designations of the ts and am mutations are given above the bold line. A group of markers located 
very close to each other is indicated by an and shown on a separate scale. The recombination 
percentages between gene 30 mutants and mutants defective in neighboring genes are so large relative 
to the length of gene 30 that the orientation of mutational sites within gene 30 relative to the 
other genes is uncertain. The superscripts indicate the number of individual crosses entering into 
the determinations of the average map distances. 



GENE 31 GENE 30 GENE 54 
riB20 fsN7 amE605 

»mH21 . amC 104 \ / amNG83 «A80 amE909 amE1017 amN54 
u jl i n „ i !_j 2 1U--VA J 

7~ 11' *-0-12 1 4 '  % T4.4 
10.6 2.1' 2.5' J2 

2.4' 
5.5: 1.4' 

2X 

3^ 
£4; 

sjr 
4 4* 

i£i! 
5.4' 

5J 
16_0 

9_8 
11.2 125. 

14_4 

1L5 
202 

* 

• ^ N 

3*t .mii N04 jm NG480 

NDJ^ .mi NU «N EIVK/ 

| W/* Mfn" | H.iKl' a..." | 

Qf)64 
0 044 

Figvtre 1. Recombinational Map of Gene 30 



1000 

500 

100 

50 

&B20 + ts A80 CO 

D 0.5 

0.1 

.05 

.01 
40 38 36 

TEMPERATURE (°C) 

Figure 2. Intragenic Complementation "between Gene 30 Mutants 
E. coli B/5 

(a) tsB20 +• tsA80 o , tsB20 •, and tsASO O 



11 

1000 

500 

100 

50 

10 
fsB20 + am2Q 

5 
UJ 

CO 

0.5 

0.1 

.05 

.01 
28 30 32 34 36 38 40 

TEMPERATURE (°C) 

Figure 2—Continued. Intragenic Complementation between Gene 30 Mutants 
on E. coll B/5 

(b) tsB20 + am39 0, tsB20 • , and am39 O 



12 

1000 

500 

100 

50 

10 
ui 

5 ts A80 + am39 C/5 

0 

0.5 fsA80 

0.1 

.05 

40 

TEMPERATURE (°C) 

Figure 2—Continued. Intragenic Complementation between Gene 30 Mutants 
on E. coli B/5 

(c) tsA80 + am39 tsA80 •, and am39 O 



and single infections decline vlth temperature, consistent vith the 

temperature-sensitive phenotype of the mutants. At 38-4l°C the burst 

alzea in the mixed infections are substantially higher than in the 

single Infections. 

Figures 2(b) and 2(c) show the burst sizes obtained in the mixed 

infections tsB20 + am39 and tsA80 + am39, respectively, along with the 

corresponding single infections. In these cases am39 gave an insignifi

cant burst size at all temperatures, as expected from an am mutant in 

an Su" host. In all of the mixed infections carried out at 35°C and 

above, the burst sizes were substantially higher than in the corre

sponding single infections. These results indicate that tsB20 and 

tsA80 complement each other, and both complement am39 as well. 

Figure 3(a) shows the results of complementation tests between 

tsB20 and each of 9 different gene 30 am mutants. These tests were 

performed at 3&°C, a temperature •which was in the optimal range for 

detecting complementation in the experiments shown in Figure 2. In 

Figure 3(a) it is seen that burst size in the mixed infections is sub

stantially higher than in either of the corresponding single infections. 

The mean burst size in the 8 mixed infections was 5A, compared to the 

mean phage yield in the 10 single infections of O.29. 

Figure 3(b) shows the burst sizes obtained in mixed infections 

between tsA80 and 9 am mutants. Complementation was obtained in all 

cases, but it was generally weaker than in the tests with tsB20. The 

mean burst size in the 9 mixed infections was 1.2, compared to a mean 

phage yield in the 10 single infections of O.25. 
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Figure 3» Burst Sizes from Mixed Infections and the Corresponding 
Single Infections Carried Out at 38°C on E. coli B/5 

Am mutants are represented in the same sequence as they occur 
in the genetic map. (a) tsB20 +• am mixed infections O; am single 
infections A ; tsB20 single infection O. (b) tsA80 + am mixed 
infections O : am single infections A ; tsA80 single infection D. 

In (c) and (d) the final phage yields shown in (a) and (b), 
respectively, are replotted, but this time after subtraction of 
unadsorbed phage, (c) tsB20 + am 0, an A, tsB20 Q. (d) tsA80 + 
am 0, am A > tsA80 0. 
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Figures 3(c) and 3(d) show the phage yields obtained in tsB20 + 

am and tsA80 + am mixed infections, respectively, and in the correspond

ing single infections after unadsorbed phage vere subtracted from the 

final phage yields. The burst sizes in the mixed infections are not 

much altered by the correction for unadsorbed phage. However, the 

phage yields in the single infections are reduced to an average of 0.09 

phage per bacterium, or about 1/3 of the level before correction for 

unadsorbed phage. 

It appears that am mutants defective to either side of tsB20 

and tsA80 complement these ts mutants. At first, this would seem to 

imply that polypeptide fragments which do not include the region 

homologous to the site of the ts defect can complement the ts protein. 

However, reinitiation of protein synthesis may occur at an internal 

site in gene 30> as has been shown in the rllB cistron (Sarabhai and 

Brenner 1967)• this were so, polypeptides containing the region 

homologous to the ts region could be formed by all of the complementing 

am mutants. 

Negligible Ligase Activity Contributed 
by Wild-Type Recombinant Chromosomes 

In studying intragenic complementation based on small burst 

sizes, the question arises whether wild-type chromosomes formed by 

recombination in the restrictive host might not synthesize functional 

product and thus raise the burst size. Bernstein et al. (1965) reported 

instances vhere pairs of mutants defective in gene 3^> giving as much 

as 135f> recombination under permissive conditions, yielded no significant 

burst (<0.1 phage /bacterium) on mixed infection under restrictive 



conditions, indicating that recombinant chromosomes do not undergo 

translation to produce the wild-type product. 

To test 'whether wild-type recombinants are expressed in mixed 

infections of gene 30 mutants, complementation tests were carried out 

with amClOU + amE909 and amClOfr + amNG480. As shown in Table I, the 

final phage yield was made up mainly of unadsorbed phage •which con

tributed less than 0.6 phage/bacterium. After correction for these 

unadsorbed phage the yield of progeny proved to be negligible. Under 

permissive conditions these combinations of mutants gave h.% and 5.2$ 

recombination, respectively. These results suggest that in these am + 

am mixed infections wild-type recombinants are not expressed, or perhaps 

may not even be formed because of the ligase deficiency. 

In addition to the crosses shown in Table I, amC109 vas tested 

for complementation with nine other gene 30 am mutants. Also, amNG63 

was tested with five am mutants, and amE605 with two am mutants. Among 

these 16 am + am complementation tests, final phage yield (without cor

rection for unadsorbed phage) varied from 0.00 to 0.V7 phage per 

bacterium with a mean yield of 0.20. These yields are considerably 

below the burst sizes obtained in the 9 tsA80 + am mixed infections 

/Figure 3(a)7 t^iere the mean burst size is 5.^, and significantly below 

the yields in the 9 tsA80 + am mixed infections /Figure 3(b)7 where the 

mean burst size is 1.2. The mean yield of 0.20 was closer to the mean 

yields of 0.29 and 0.25 obtained in the single infections shown in 

Figures 3(a) and 3(b)* respectively. These low yields are probably due 

entirely to unadsorbed phage. 
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Table I. Complementation in am + am Mixed Infections 

Burst size* 

amClOU 

amE909 

amNGU80 

amClO^ x amE909 

amClO^ x amNG^8p 

T^D+ 

unadsorbed unadsorbed 
included subtracted 

no serum plus serum no serum plus serum 

O.36 

0.U0 

O.ll* 

0.57 

0-33 

102 

0.17 

O.lU 

10^ 

0.00 

0.05 

0.00 

0.00 

0.01 

102 

0.00 

0.00 

10U 

*Burst sizes were measured on E. coli B/5 at 38°^. 
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It can be concluded from the results of the am + am mixed 

infections that wild-type recombinant chromosomes do not synthesize a 

significant amount of functional ligase. It -would therefore also be 

expected that in the am + ts mixed infections (Figure 3) there is no 

significant contribution of ligase activity from wild-type recombinant 

chromosomes. That am+ recombinants do not express ligase activity may 

actually reflect an inability to form recombinant molecules -when func

tional ligase is absent. Anraku and Lehman (1969) have shown that 

covalent joining of the two parental contributions in a "joint molecule" 

does not occur in the absence of ligase. Thus it can be concluded that 

the phage yields in the am + ts mixed infections must be due to intra

genic complementation. That complementation is apparently unable to 

occur in the am + am mixed infections implies that a complete gene 30 

polypeptide is essential for the reaction. 

The Effect of Temperature on 
Recombination of Gene 30 Mutants 

It was noted that in crosses of tsB20 or tsA80 to am mutants, 

\)faen carried out on the restrictive Su" host B/5, the recombination 

frequency increased dramatically with temperature. In Figure k it can 

be seen that recombination frequencies for a given pair of mutants in

crease 4- to 15-fold over the range from 25-kl°C. Similar increases are 

observed for crosses involving either tsB20 or tsA80 with different am 

mutants /Figure Ma}7* Tke particular cross tsB20 x tsA80 was carried 

out at 37-38°C in E. coli CR63 as well as in 3/5> and similar stimula

tions of recombination were observed in both hosts. This indicates that 



100 

Ul 
iu 

j 
TEMPERATURE (°C) 

100 

K 10 

TEMPERATURE (*C) 

Figure h. Frequency of Recom'bination in Crosses of 
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the effect of reduced ligase activity on recombination is independent 

of the host employed. These observations are consistent with previous 

findings that a defective ligase stimulates recombination in crosses of 

rll mutants (Bernstein 1968; Berger, Warren, and Fry 1969; Krisch, Shah, 

and Berger 1971; and Krisch, Hamlett, and Berger 1972). Although the 

percent recombination increases with temperature, the absolute number of 

recombinants per infected cell diminishes, but not so rapidly as the 

burst size per cell (Figure 5)-

These results can be explained in terms of the model of Broker 

and Lehman (1971) iu which DNA ligase plays a role in both an early and 

late stage of recombination. According to this model, recombination 

events are initiated by nicks in the DNA backbone. These however tend 

to be repaired by the ligase. Therefore reduction of ligase activity 

would stimulate recombination among the intracellular pool of chromo

somes. On the other hand ligase appears to be essential both for DNA 

replication, to seal Okazaki fragments (Okazaki et al. 1968), and for 

the final joining step in recombination (Anraku and Lehman 1969). 

Therefore reduction of ligase activity should diminish the absolute 

numbers of total progeny as well as recombinants (Figure 5)-

In Vivo Complementation Studies with Gene k2 Mutants 

The recombinational map of gene k2 is shown in Figure 6. The 

map includes 5 ts and 13 am mutational sites. It can be seen that 

these 18 mutants all map within a small region, about 2 map units long. 

Figure 7 shows the effect of temperature on burst size for each of the 

5 ts mutants. 



21 

1000 100 

500 

100 

50 

£ 10 

5 
LU 
cc 

IU 
o. 
LU 1.0 

0.5 & 

0.1 0.1 

.05 .05 

.01 .01 
40 

TEMPERATURE (°C) 

Figure 5* Mixed Infections between ts and am Mutants in Gene 30 

Burst size in mixed infections between gene 30 mutants tsB20+ 
tsA80 (O) and tsASo + am39 (O). Number of recombinant progeny in 
mixed infections tsB20 + tsASo (O) and tsASo + a.m39 (Q) • Percent 
recombination in tsBSO x tsAfiO and tsAdQ x am39 (A)* 



Figure 6. Recombinational Map of Gene k2 

The map was constructed on the basis of two factor crosses performed on E. coli CR63 at 25°C. 
The designations of the t£ and am mutations are given above the bold line. Because of the long 
distances to neighboring genes, the orientation of gene k2 mutations with respect to these genes is 
uncertain. 
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The burst sizes obtained in the mixed infections betveen gene 

42 ts and am mutants, as veil as the burst sizes from the ts single 

infections, are shown in Table II. The burst size in the tsA53 single 

infection exceeded the burst sizes in the four different tsA53 + am 

mixed infections by 2.8- to 5-5-fold. Similar results were observed with 

tsLfrO lere the burst sizes in single infection exceeded the burst sizes 

in the mixed infections by 2.7- to 3-9-f°ld. These observations suggest 

that polypeptide fragments produced by the am mutants may interact with 

the partially functional proteins produced by the ts mutants to reduce 

function. With two other ts mutants, tsA6k and tsL66, no significant 

effect of the am mutant is apparent. In the case of tsA79 there 

appears to be some complementation. 

It is noteworthy that the two ts mutants (tsA53 and tsLto), 

tdiose burst sizes were most reduced by the presence of an am genome, 

were the ones which yielded the highest burst sizes on single infection 

at elevated temperature (Figure 7). This suggests that a ts protein is 

most sensitive to the deleterious effect of an interacting polypeptide 

fragment at marginally restrictive temperatures where the protein is 

still partially functioned. 

Ts + ts complementation tests were carried out among the five 

ts mutants listed in Table II in all pairwise combinations. The combi

nation giving the strongest complementation was tsL66 + tsA64 in which 

the burst size was 31 compared to 5 and 8 in the respective single 

infection controls. In the other tests there was no complementation or 

only a marginally positive response. The finding of a strong example 
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Table II. Burst Sizes* in Single and Mixed Infections of Gene k2 

Mutants 

Single 
infection Mixed infection 

amNG352 amE93 amNGU98 amE205 

tsA53 110 20 21 37 ko 

tsLto 63 23 26 16 21 

tsA6^ 10 8 6 12 8 

tsL66 10 12 16 10 13 

tsA79 5 10 13 15 5 

ts* 366 270 

Burst sizes were obtained upon infection of E. coli B/5 at 
35°C. The burst sizes from infections with each of the am 
mutants alone were negligible. 
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of intragenic complementation supports our suggestion from the am + ts 

data that dCMP hydroxymethylase is a multimeric protein. 

In Vitro Complementation and Dominance 
Studies with Gene k2 Mutants 

Experiments were carried out to determine Aether the comple

mentation observed in vivo could also be demonstrated in vitro, by 

mixing extracts of phage infected cells. The procedures used in this 

type of experiment are described in Chapter 2. 

In Figure 8(a) it is shovn that complementation occurs between 

tsA79 and amNG^98• It is evident that the increase over the expected ac

tivity (if no interaction had occurred between the two mutants; see 

legend to Figure 8 for method of calculation) coincides with the 

increase in burst size obtained in vivo (Table II). These results 

indicate intragenic complementation occurs between the amNGU98 fragment 

and the complete tsA79 polypeptide both in vivo and In vitro. 

In Figure 8(b) the negative complementation observed in vitro 

between tsA53 anc* amE93 coincides with the negative complementation 

(or dominance) observed la vivo (Table II). These results indicate 

that the amE93 fragment can interact in a negative way both In vivo 

and in vitro to reduce the partial functionality of the tsA53 

temperature-s ens itive protein. 

When extracts from am infected cells were mixed with extracts 

of wild-type infected cells, and dCMP hydroxymethylase activity measured 

/Figure 9(a)7> loss of wild-type function was observed. The amino 

terminal fragment formed by amNGU98 appears to have enough of the normal 
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Figure 8. Interaction between Extracts of Gene k2 am Mutant Infected Cells and 
Gene 42 ts Mutant Infected Cells 

Infections with either am or ts phage were carried out at 37°C; the extracts of the infected 
cells were then mixed in two combinations, (a) tsA79 & amNG498 (A) and (b) tsA53 & amE93 (#), at 
42°C under conditions described in Chapter 2. Increasing aliquots (0.02 to 0.1 ml) of the am mutant 
extract were added to 0.1 ml of the ts mutant extract, and dHMPase activity measured by the procedure 
described in Chapter 2. 

The levels of activity in the individual mutant extracts were also measured and expected 
values calculated, assuming no interaction, by summing individual activities in the extracts that 
were mixed together in each test. The calculated values for tsA79 & amNG498 are indicated by A 
(a) and for tsA53 & amE93 by O (b). The levels of dCMP hydroxymethylase obtained in each of the 
single infections are listed in Table III. 



1000 

i 100 

(a) T4D & amNG498 

0 0 4  0 0 8  0 1 2  
ml of am Extract 

0.16 

1000 | r 

(b) T4D & amE93 

0.0 0.04 0.08 0.12 
ml of am Extract 

0.16 

Figure 9- Interaction between Extracts of Gene 2 am Mutant Infected Cells and 
Wild-Type Phage Infected Cells 

Infections with either am or wild-type phage were carried out at 37°Cj the extracts of the 
infected cells were then mixed in two combinations, (a) amNG498 & wild-type (A) and (b) amE93 & 
wild-type (©), at k2°C under conditions described in Chapter 2. Increasing aliquots (0.04 to 0.16 
ml) of the am mutant extract were added to 0.1 ml of the wild-type extract, and dHMPase activity 
measured by the procedure described in Chapter 2. 

The levels of activity in the individual mutant extracts were also measured and expected 
values calculated, assuming no interaction, by summing the individual activities in the extracts that 
were mixed together in each test. The calculated values for amNG^-98 & wild-type are indicated by 
A (a) and for amE93 & wild-type by O (b). 
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configuration to interact with the homologous wild-type polypeptide, 

thereby reducing its activity about 10-fold. The polypeptide produced 

by amE93 does not cause as drastic an effect in reducing dCMP hydroxy-

methylase when mixed with wild-type. The results of this experiment 

are shown in Figure 9(b). 

In order to determine whether the dCMP hydroxymethylase was 

temperature-sensitive, extracts were prepared from cells infected at 

37°C and then the level of dCMP hydroxymethylase activity observed in 

extracts, and mixtures of extracts, from phage infected cells (Table 

III). The cLCMP hydroxymethylase activity of individual mutants was 

measured at 37°C and 42°C. The activities of extracts from mixed 

infections and mixtures of extracts from single infections were deter

mined at 1J2°C. It is observed in Table III that an extract of wild-

type infected cells (extract No. l) shows comparable levels of activity 

at 37°C and k2°C, indicating that the dCMP hydroxymethylase specified 

by wild-type phage is thermostable. 

An extract of cells infected by amE93 (extract No. 2) had about 

6&f> of the wild-type level of dCMP hydroxymethylase activity when assayed 

at 37°C, but only 12$ when assayed at 1»2°C. This indicates that a sub

stantial amount of a thermolabile dCMP hydroxymethylase is formed by 

amE93- That the mutant dCMP hydroxymethylase differs from the wild-type 

enzyme in its lower level and marked thermolability indicates that 

amE93 is defective in the structural gene for this enzyme. This 

conclusion is consistent with the observations of Wiberg and Buchanan 

(196U) that another gene k2 mutation, tsL13, produced altered dCMP 
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Table HL Deoxycytidylate Hydroxymethylase Activity in Extracts and 
in Mixed Extracts from Phage Infected Cells 

Extract or 
Extract Mixture 

No. Strains 

nmoles of <3HMP/20 min 
(also expressed as * 
of wild-type activity) 

37°C U2°C 

Expected 
Activity"* 

1 wild-type (WT) 119 108 
(12*) 2 amE93 71 (60*) 13 (12*) 

3 amNG498 36 (30*) 35 (32*) 
k tsA53 132 (ill*) 12 (11*) 
5 tsA79 160 (135*) 15 (1W 

6 WT + amE93* 80 (7W 
7 WT & amE93 97 (90*) 61 

8 tsA53 + amE93 17 
9 tsA53 & aroE93 9 13 

10 tsA53 + tsA79 20 
Ik 11 tsA53 & tsA79 10 Ik 

12 tsA79 + amNG^S 60 (56*) 
13 tsA79 & amNG49tf 89 (82*) 25 

1̂  amE93 & amNG^98 19 (18*) 2k 

*Deoxycytidylate hydroxymethylase (dHMPase) activity was measured as 
described in Chapter 2. E. coli B was infected at 37°C and dHMPase 
activity measured in extracts or mixtures of extracts which were 
prepared as described in Chapter 2. Activities were measured in 0.1 
volumes of the extracts. In mixtures, activity was measured after 
combining 0.05 ml of each extract. 

ml 

"^Expected activities were calculated by averaging the activities of the 
two component extracts in the mixture. 

*The symbol "+" indicates a mixed infection between the two phage types 
shown. The symbol is used \<hen cells were infected separately 
with the individual phage types, extracts of the infected cells pre
pared and then mixed in the combination shown. 
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hydroxymethylase, and that additional gene 42 am mutations produced 

zero or very reduced activity. Presumably the substantial activity 

still retained by amE93 at 37°C is due to residual functionality of the 

partial polypeptide chain synthesized by the am mutant. 

The observation that amE93 gave 60$ of the wild-type activity 

•when assayed at 37°C on an Su" host indicates that the conditional 

lethality of this mutant is not due to insufficient dCMP hydroxymethylase. 

This conclusion is consistent with previous results of Chiu and 

Greenberg (1968), who found that the gene k2 protein has a dual role 

in DNA replication. The temperature-sensitive gene b2 mutant tsL13 

had substantial dCMP hydroxymethylase activity when grown at k2°C 

where DNA synthesis is completely blocked. These results imply that 

the gene h2 protein has a dual role in DNA replication. In addition 

to possessing dCMP hydroxymethylase activity, the second role was 

speculated to involve interaction with another protein component to 

form a complex essential for DNA replication. It is this second function 

•which may be inactivated in amE93» and this may be responsible for the 

conditional lethal phenotype. 

Another am mutant, amNG^98 (extract No. 3), produced 30$ of 

the wild-type level of dCMP hydroxymethylase activity •when assayed at 

37°C and 32$ of the wild-type level at k2°C. The significant level of 

thermostable protein produced by this am mutant is also consistent with 

a dual function of gene k2 in which loss of the second essential 

function may be responsible for the conditional lethal phenotype of the 

mutant. 
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Since the amE93 mutation maps near the center of gene k2 

(Figure 6) and amNGU98 maps toward the right side, it would appear that 

the amino terminal 1/2 to 2/3 of the gene h2 polypeptide contains most 

of the information needed for dCMP hydroxymethylase activity. On the 

other hand, the second function of the gene k2 protein hypothesized by 

Chiu and Greenberg (1968) appears to require the intact carboxyl 

terminal portion of the gene k2 protein. 

The level of activity of the tsA53 extract (No. 3) declined from 

111$ of the wild-type extract at 37°C to 11$ at k2°C. Similarly, for 

tsA79 (No. lv) the level declined from 135$ to 11$. Thus both of the 

ts mutant extracts contained high levels of a thermolabile enzyme. 

Complementation tests were carried out both in vivo and in 

vitro with four pairs of T4 strains (Table III). Three pairs are gene 

k2 mutant combinations, and one is a mutant and wild-type combination. 

Evidence for a strong interaction was obtained in only one case. 

Substantial complementation was obtained both in vivo and in vitro 

with tsA79 and amNG^9§* The level of activity obtained in the mixed 

infection (56$ of the wild-type level) was substantially higher than 

that obtained in the tsA79 infection alone (l4$ of wild-type) or with 

amKG^9Q alone (32$ of wild-type). Even more striking, the level ob

tained on mixing the two extracts was 82$ of wild-type. The value 

expected if there had been no interaction between the individual extracts 

was 25 units of activity or 23$ of the wild-type level. TsA79 and 

amNG498 also showed intragenic complementation in vivo when progeny 

burst size was measured (Table II). 
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Dlhydrofolate Reductase 

As shotm in Figure 10, the level of dihydrofolate reductase 

activity in extracts of infected cells was measured (Mathevs and 

Sutherland 1965) to insure that successful infection had occurred -when 

mutant phage were used. There vas a significant increase in dihydro

folate reductase activity in all of the infected cells over that of the 

uninfected cells. These assays were performed in collaboration with 

C. K. Mathews, for whose help I am grateful. 

A Possible Hew Gene Defined by amE117 

A mutant, amEH7> which was included in the California Institute 

of Technology collection of gene k2 mutants, proved to complement 

strongly with other gene k2 am mutants, as well as with gene 4l and 

gene ^3 am mutants. AmE117 is located on the genetic map between genes 

Ifl and h2. J. Cornett (personal communication)"'' has shown that the 

mutant has dCMP hydroxymethylase activity, which is characteristically 

lacking in gene h2 mutants. These results suggest that amE117 may be 

defective in a new gene lying between genes 1+1 and k2. 

1. James Cornett, Department of Microbiology, College of 
Medicine, The University of Arizona (January, 1973)* 
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Figure 10. Dihydrofolate Reductase Activity in Uninfected and Infected 
Cells 

Dihydrofolate reductase activity, *&ich characteristically in
creases on phage infection, was measured to insure that successful 
infection had occurred -when mutant phage were used. The procedure 
followed was described by Mathews and Sutherland (1965). 



CHAPTER 1* 

DISCUSSION 

Fincham (1966) has summarized the accumulated evidence that 

intragenic complementation occurs by the interaction of defective homol

ogous polypeptides to form a hybrid multimer with partially restored 

function. In the present study it was shown that amber mutants, 

synthesizing only fragments of DNA ligase, are capable of intragenic 

complementation. We also presented evidence that amber fragments pro

duced by gene h2 mutants can interact with and either complement or 

reduce the activity of homologous complete proteins. 

The case in which it was most clearly demonstrated that the 

physical basis for complementation is formation of a hybrid multimer is 

the alkaline phosphatase system of E. coli. Complementation was demon

strated between alkaline phosphatase mutants both in vivo (Garen and 

Garen 1963) and also using purified protein _in vitro (Schlessinger and 

Levinthal 1963). Rothman and Byrne (1963) found that the wild-type 

alkaline phosphatase of E. coli is composed of two identical subunits 

of about 1*0,000 molecular weight each. Schlessinger and Levinthal (1963) 

dissociated the purified mutant dimers and found that when mixed and 

allowed to reassociate, the hybrid dimers which were formed had ten 

times more enzyme activity than either of the mutant dimers. Using 

starch gel electrophoresis they also were able to determine that some 

of the mutant enzymes had different mobilities than did the wild-type 

35 
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enzyme. When a complementing hybrid enzyme was formed between mutant 

enzymes having rapid mobility and slow mobility, the hybrid proved to 

have intermediate mobility. The hybrid complementing enzyme was also 

shown to be more heat labile than the wild-type enzyme. 

Another protein which has been well studied from the point of 

view of complementation is ̂-galactosidase, specified by the z gene of 

E. coli. In this system complementation has been demonstrated to occur 

in vivo, as well as in vitro by the interaction of purified mutant poly

peptides. Complementation occurs between z gene point mutants (Perrin 

1963) as well as between point mutants and deletion mutants (ullmann 

et al. 1965). These observations are similar to our own because in both 

cases polypeptide fragments (formed by amber mutants in our case or 

deletion mutants in their case) appear able to complement an homologous 

missense protein. 

Complementation employing operator proximal z gene deletions 

seems to involve specific complementing peptides, designated "CAD" 

peptides, formed by the mutants. It is thought that these peptides are 

produced by the misreading of certain ambiguous codons, interpreted as 

restart points (Ullmann et al. 1965). Operator distal z gene deletions 

form complementing polypeptides designated ec peptides. 

Manney (196k) reported that two super-suppressible mutants 

defective in the tryptophan synthetase (tr^) locus of Saccharomyce3 

cerevisiae were able to complement three tr^ missense mutants. Since 

the super-suppressible mutations were thought to be nonsense mutations, 

these results are apparently similar to ours. 
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It has been proposed (Kapuler and Bernstein 1963, Crick and 

Orgel 196U) that intragenic complementation occurs because sterically 

"good" regions in one protomer can partially correct adjacent sterically 

"bad" regions in a neighboring homologous protomer. This is often 

referred to as the "good corrects bad" hypothesis. An alternate expla

nation, -which is particularly applicable to complementation involving 

polypeptide fragments, has been suggested by Jackson and Yanofsky (1969a, 

1969b). This might be called the "displacement" hypothesis. It is 

suggested that a complete protomer with a steric deformity due to a 

missense defect might be corrected if the defective polypeptide section 

is displaced by the comparable section containing a normal sequence. 

No breakage or synthesis of peptide bonds during the displacement is 

assumed. 

Guest et al. (1967) demonstrated that the ocsubunit of trypto

phan synthetase of E. coli is composed of a single polypeptide, 267 

amino acid residues in length. Creighton and Yanofsky (1966) presented 

evidence that the monomeric protein does not form dimers in vivo. 

However Jackson and Yanofsky (1969a, 1969b) were able to demonstrate 

that two chains with missense mutations recovered substantial activ

ity if first exposed to 6 molar urea (which causes denaturation) and 

then allowed to renature. The dimers and higher order aggregates which 

were formed could be dissociated into their respective monomers at 51°C. 

They also demonstrated complementation between missense mutant ol protein 

and polypeptide fragments produced by cyanogen bromide treatment of the 

protein. Only those fragments which contained a wild-type sequence 
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corresponding to the defective sequence in the missense mutant were 

able to complement. As mentioned above Jackson and Yanofsky (1969a, 

1969b) interpreted these results in terms of a "displacement" hypothesis, 

rather than a "good corrects bad" hypothesis. No complementation be

tween at protein mutants was observed in vivo. This undoubtedly reflects 

the fact that in its natural state the ocprotein exists as a monomer 

rather than as a multimer. 

Our in vivo complementation findings with ligase mutants do not 

necessarily imply that a fragment must overlap the amino acid substi

tution in the homologous mutant protein in order to complement. It was 

shown here that am mutants to either side of the two ts mutants, tsB20 

or tsA80, are able to complement with these mutants, and that the degree 

of complementation does not depend on the position of the am mutations 

in the genetic map of gene 30. There is good evidence that map position 

of am mutants is a reliable indicator of the length of the N-terminal, 

polypeptide fragment made by the am mutant. For instance am fragments 

of E. coli |ff-galactosidase can be identified by specific anti-^f-galacto-

sidase serum, and it has been shown that the lengths of these fragments 

correlate with genetic map position of the am mutants in the z gene 

(Katz, Srdhara, and Zabin 1966; Fowler and Zabin 1966; Brown, Brown, and 

Zabin 1967; and Fowler and Zabin 1968). 

L. Gold (personal communication)^ determined the molecular 

weight of gene 30 ligase to be 68,000 daltons, and of gene k2 dCMP 

1. Lawrence Gold, The University of Colorado at Boulder 
(October, 1972). 



hydroxymethylase to be 25,000 daltons. These determinations were 

made under conditions in which multimers are dissociated, so that the 

molecular weights determined are for the monomer. Pizer and Cohen (1962) 

determined the molecular weight of phage T6 dCMP hydroxymethylase to be 

68,000 daltons under conditions in which multimers are not dissociated. 

Their estimate in phage T6 could be consistent with the molecular 

weight of phage T4 dCMP hydroxymethylase if in these T-even phage this 

enzyme is a multimeric protein consisting of 2-3 subunits. 

The lengths of gene 30 and k2, obtained by summing intervals 

between neighboring mutational sites are 8.5 and 2.3 map units, respec

tively. Stahl, Edgar, and Steinberg (196IO have presented a mapping 

function which allows conversion of map units into DNA chain length. 
O 

The lengths of gene 30 and k2 obtained in this way are 2.28x10 and 

•3 
0.50x10 nucleotide pairs, respectively. Assuming a triplet code, and 

an average amino acid molecular weight of 108 daltons (Reraaut and Fiers 

1972), the molecular weights of gene 30 and k2 proteins are calculated 

as 82,000 and 18,000 daltons, respectively. Celis, Smith, and Brenner 

(1973) find that 0.012 recombination units correspond to one amino acid 

residue in gene 23 protein. Using this relationship for calculating 

.the molecular weights of gene 30 ligase and gene k2 dCMP hydroxymethylase 

from our measured map lengths, values of 78,000 and 21,000, respective

ly, were obtained. The close agreement between the values measured by 

L. Gold (68,000 and 25,000) and the calculated values (82,000 or 78,000 

and 18,000 or 21,000) indicates that the mutant sites shown in the gene 

30 map could be used to estimate roughly the length of the polypeptide 
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fragments formed by the am mutants. Unfortunately the direction of 

translation in gene 30 is unknown. However, regardless of this direc

tion, the distributions of mutant sites in genes 30 and 1*2 indicate 

that fragments with widely different lengths are capable of interactions 

with homologous protein, leading in some cases to enhanced function 

(complementation) and in other cases to loss of function (negative 

complementation). 

Morrison and Zipser (1970) showed that the quantity of polypep

tide fragments occurring in extracts of different yS-galactosidase 

nonsense mutants varies from 1$ to 80$ of the wild-type level, possibly 

because some fragments are unstable in the cell. Although the degree 

of complementation in the present experiments was not wide, the levels 

of the fragments produced by the different am mutants may have contrib

uted to this variation. 

We have hypothesized that a complete homologous protein is not 

necessary to restore partial activity of a mutant protein. It appears 

that any interaction which helps to compensate for the malconformation 

in the mutant protein can partially restore function. This assumption 

is supported by the observation of Cowie et al. (1961) that there was 

an increase in enzymatic activity of ribosome-bound y3-galactosidase in 

the presence of anti-^-galactosidase serum. The soluble ̂ -galactosidase 

showed little activity in the presence of antiserum, implying that 

partial correction occurs only •vAien the enzyme is in the nascent state, 

as would be the case during translation on the ribosome. Rotman and 

Celada (1968) also demonstrated that point mutants in yg-galactosidase 



shoved an increase in activity, both in the ribosome-bound and soluble 

y5-galactosidase, in the presence of anti-^-galactosidase serum. 

Thus there appear to be three highly specific kinds of inter

action that can partially restore activity of a mutant protein. These 

are interaction with (l) an homologous complete protein, or (2) an 

homologous polypeptide fragment or (3) & specific antibody directed 

against the protein. 

The results obtained with gene k2 am mutants indicate that 

hybridization between partially functional protein and homologous 

fragments can lead to reduction of function (negative complementation). 

Other examples of negative complementation are summarized by Fincham 

(1966). That the fragment produced by an amber mutant can interact with 

an homologous protein and diminish its function has also been suggested 

by Bernstein and Fisher (1968) for the gene 37 tail fiber protein. 

Both positive and negative complementation were demonstrated 

in vitro using extracts of gene h2 mutant infected cells. Intragenic 

complementation occurring in vitro has not been previously demonstrated 

in phage T^, nor in any other virus system of which we are aware, al

though it has been shown in several bacterial and fungal systems. /See 

Fincham (1966) for a review .J In addition, negative complementation 

has also not previously been demonstrated in vitro in any organism of 

vhich we are aware, although there have been a number of instances of 

negative complementation reported in vivo. /See Fincham (1966) for a 

review./ 



Complementation specifically using am polypeptide fragments has 

been shown previously with ̂ -galactosidase (Ullmann et al. 1965) and 

with the tryptophan synthetase alpha subunit (Jackson and Yanofsky 

1969a, 1969b), but both systems have characteristics which might lead 

one to believe these results were unique to their respective systems, 

and could not be extrapolated to other proteins. With ̂ -galactosi&ase, 

complementation seems to involve discrete special polypeptides, 

designated o(and<&. In the tryptophan synthetase system complementa

tion was not shown to occur in vivo, but only In vitro, and then only 

under severe denaturing conditions (Jackson and Yanofsky 1969a, 1969b). 

We have demonstrated in two gene systems that am mutants can 

complement, that there can be both positive and negative complementa

tion, and that these phenomena can occur in vitro as well as in vivo. 

Thus our results imply that interactions of am fragments with their 

homologous complete polypeptides may well be expected for any protein 

\&ich functions in a multimeric aggregate. 

Specific aggregation of homologous proteins is thought to be 

determined by complementary charge and steric interaction between the 

surfaces of homologous proteins (Crick and Orgel 196^). With this in 

mind it is difficult to comprehend how incomplete polypeptides of vari

ous lengths could contain the necessary specificity to interact with the 

homologous complete protein, especially considering the complex environ

ment within the cell, where a heterogeneous variety of potentially 

competing polypeptides is also present. An attractive way out of this 

difficulty is to assume that the interactions between fragments and 



homologous complete polypeptides depend upon charge and steric recog

nition occurring •while the polypeptides are still being formed on the 

ribosomes. If this is so, fragments could interact with homologous 

proteins with the same specificity as uninterrupted polypeptides. The 

possibility that interactions occur during translation is in accord 

with the results of Zipser and Perrin (1963), which indicate that 

intragenic complementation occurs on the ribosome. 

However, we have shown that fragments will interact with 

homologous proteins in vitro, using extracts in which protein synthesis 

is not occurring. This leads to the perplexing conclusion that amber 

polypeptide fragments do have the necessary conformational specificity 

to interact with homologous polypeptides even after release from the 

ribosomes, and in the artificial environment of the cell extract. 

Perhaps in vivo complementation ordinarily occurs largely on the 

ribosome, whereas in vitro there is enough conformational specificity. 

in the folded fragment to allow some interaction as well. 



PART II 

THE SUPPRESSION OF AMBER, TEMPERATURE-SENSITIVE, AND 

OPAL MUTATIONS IN BACTERIOPHAGE BY THE SuA ALLELE OF E. COLI 



CHAPTER 5 

INTRODUCTION 

Beckvith (1963) and Scaife and Beckvith (1966) showed that the 

suppressor allele SuA does not suppress nonsense codons, but does relieve 

the polarity effect of UAG, UAA and possibly frameshift mutations in the 

lactose operon of Escherichia coli. Webster and Zinder (1969) shoved 

that when ribosomes reach a nonsense codon in m-RNA they are rapidly 

dislodged, thereby terminating translation. Morse and Yanofsky (19^9) 

proposed an uncoupling model in vhich the RNA polymerase continues to 

transcribe in the absence of translation until an initiating codon is 

reached -where translation may be reinitiated. Morse and Primakoff 

(1970) demonstrated in the tryptophan operon of E. coli that untranslated 

m-RNA occurred on the promotor distal side of the nonsense codon. This 

implies that the RNA polymerase transcribes beyond the nonsense codon, 

supporting the uncoupling model. In an attempt to explain the action 

of SuA in terms of this uncoupling model, Kuvano, Schlessinger, and 

Morse (1971) searched for and obtained evidence that SuA may be defective 

in an endonucleolytic ribonuclease (called endonuclease A). They 

postulated that the normal endonuclease degrades m-RNA unprotected by 

ribosomes -whereas in SuA the unprotected m-RNA is not degraded, thus 

facilitating ribosome reattachment and reinitiation distal to the 

nonsense codon. The evidence presented here indicates that SuA is 

5̂ 
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defective in a component vhich has a role in determining the accuracy 

of translation in phage T4- and phage T7-infected cells. 



CHAPTER 6 

MATERIALS AND METHODS 

Phage and Bacterial Strains 

All phage strains used in this study as well as E. coli strains 

CR63 and KB (containing the amber suppressor Sul) and B (lacking a sup

pressor for phage TU amber and opal mutants) were from the California 

Institute of Technology stock collection, presently under the care of 

W. Wood. E. coli CAJ68 (containing a UGA opal suppressor) was provided 

by D. Mount, University of Arizona. E. coli SuA XA7007» F~> A(lac-pro), 

Mai", Bj", Smr, \r and Su~ (Syl06), •which are isogenic except for the 

SuA region (Summers, personal communication), were a gift from W. 

Summers, Yale University. Summers (1971) used these strains to demon

strate that SuA allows m-RNA formation beyond an amber codon in phage 

T7-infected cells, whereas Su does not. He also showed at the protein 

level that SuA does not suppress the nonsense phenotype of the amber 

codon to missense. The presence of the indicated identifying markers in 

E. coli SuA XA7007 and Su Syl06 were confirmed here by E. Moody, The 

University of Arizona. The phage T7 strains used here were originally 

from the laboratory of W. Studier and were supplied to us by T. North 

at The University of Arizona. 

47 
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Media 

The specifications for Hershey broth, EHA-top agar and bottom 

layer agar were given by Steinberg and Edgar (1962). In all burst size 

assays of phages T1* and T7> Hershey broth was the liquid medium used. 

Preparation of Stocks 

All phage stocks were clonally derived from single plaques 

(Steinberg and Edgar 1962). 

Growth Conditions 

In all experiments where comparisons were made between different 

burst size determinations, the host cell cultures were infected with 

the phage mutants and wild-type under the same culture conditions. 

Phage burst sizes were determined by infecting a culture of the appro

priate E. coli host in log phase growth at a cell concentration of 
Q 

2x10 per ml. Phage suspensions were added to the cells to give an 

average multiplicity of infection of about 13 phage per bacterium in a 

total volume of one ml. The infected cultures were grown at carefully 

controlled temperatures and subjected to gentle rotary shaking for 11/2 

hr. Before the end of the eclipse period an aliquot was treated with 

chloroform and the titer of unadsorbed phage determined. The infections 

were terminated with chloroform. The average burst sizes were determined 

by taking the ratio of the progeny phage titer to the titer of infected 

bacteria. The adsorption of parental phage was better than 97$ efficient, 

so that the contributions from unadsorbed phage were insignificant 

(less than 5$) for the burst sizes greater than 10 per bacterium. For 

burst sizes smaller than 10 where the contribution of unadsorbed phage 
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becomes significant, the unadsorbed phage were subtracted from the final 

phage yield. 



CHAPTER 7 

RESULTS 

Suppression of T4 Amber Mutants 

The suppression of phage amber mutants (Table IV) was compared 

in four E. coli strains (CR63, SuA, Su" and B). It is evident that SuA 

is comparable to CR63 in the efficiency of its suppression of amber 

mutants whereas Su" is about as inefficient as B. In general, amber 

mutants defective in catalytic functions showed greater burst sizes on 

suppression by SuA than those defective in stoichiometric functions. 

Since catalytically acting proteins may allow normal burst sizes even 

when present in reduced amounts (Snustad 1968), it seems likely that 

suppression by SuA and CR63 does not restore wild-type levels of gene 

products, even in the case of catalytic functions. The efficiency of 

suppression by SuA of most of the amber mutants tested was high enough 

to allow these mutants to form plaques on plates when SuA was used as an 

indicator. When either the Su" strain obtained from Summers (Syl06) or 

the Su" strain obtained from Beckwith (XKJOlk) was used as an indicator, 

no plaques were formed. 

Suppression of T^ Temperature-Sensitive Mutants 

The suppression of phage temperature-sensitive (ts) mutants is 

compared in the SuA and Su" strains at various temperatures (Table V). 

The ts mutants defective in catalytic functions appear to be significantly 
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Table IV. Suppression of T1*- Amber Mutants by the SuA Allele, Expressed 
in Burst Size 

Phage infections were carried out at 26.6°C. After each amber 
mutant designation the gene in which the mutant is defective is 
indicated in parentheses. 

CR63 SUA su- E.c0iib 

Catalytic Functions 

Awa. of 2 Exp. Ava. of 2 Exp. Ava. of 3 Exp. Ava. of 3 Exp. 
AmNG83 (30) 46 77 0.01 0.003 
AmE1017 (30) 70 131 0.03 0.006 
AmNG362 (42) 21 20 0.06 0.04 
AmE03 (42) 32 22 0.0 0.01 
AmB22 (43) 86 339 0.01 0.02 
Am4301 (43) 83 189 0.06 0.01 
AniB3 (40) 14 112 0.1 0.01 
AmN0371 (48) 66 263 0.7 0.08 
AmNQlOe (47) 77 266 0.2 0.06 

Stoichiometric Function* 

Ava. of 2 Exp. Ava. of 2 Exp. Ava. of 3 Exp. Ava. of 3 Exp. 
AmNSO (20) 108 6 0.0 0.006 
AmB17 (23) 62 102 0.06 0.01 
AmB272 (23) 61 18 0.16 0.01 
AmN86 (24) 66 2 0.0 0.01 
AmB29 (24) 79 4 0.06 0.01 
AmA463 (32) 66 26 0.03 0.06 
AmEl (36) 10 7 0.03 0.01 
AmC16 (38) 63 6 0.06 0.03 
AmN62 (37) 61 162 0.01 0.06 
AmB2S0 (37) 37 1 0.6 0.08 
T4D 143 266 47 226 



Table V. Suppression of TU Temperature-Sensitive Mutants 
by the SuA Allele, Expressed in Burst Size 

After each temperature-sensitive mutant designation the gene in which the mutant 
is defective is indicated, as well as the E. coli host infected (either SuA or Su~). 

26.6° 28.0° 30.0° 34.0° 38.0° 39.6° 41.5° 42.0° 

Catalytic Function* 

Ava. of 2 Exp. Ava. of 3 Exp. 
T*L88 (43) SUA 200 336 290 407 93 55 14 2.1 
TsL88 (43) SU~ 226 370 36 29 0.02 0.087 

TiL91 (43) SUA 43 129 107 65 25 61 27 2.1 
T*L91 (43) SU- 126 179 26 8.4 0.5 0.506 

TiL109 (46) SUA 227 338 436 305 119 46 6.0 1.1 
TsL109 (46) SU- 199 378 21 8.1 0.5 0.622 

TtBIO (47 SUA 192 419 488 326 101 4.2 4.0 5.3 
TsB10 (47) SU" 79 16 2 0.8 0.1 0.531 

TiA52 (47) SUA 2S8 390 470 385 90 26 5.0 6.6 
T«A52 (47) SU~ 190 181 8 4.0 0.3 0.436 

Stoichiometric Function* 

Ava. of 2 Exp. Ava. of 3 Exp. 
TtL66 (23) SUA 147 370 567 388 51 1.7 0.04 1.0 
t1l66 (23) SU~ 177 477 50 6.6 0.006 0.001 

TtN29 (24) SUA 178 435 514 438 3.1 0.09 0.04 0.8 
T*N29 (24) SU~ 184 297 1.2 0.002 0.002 

T>A4 (37) SUA 196 301 887 534 131 142 158 24 
T»A4 (37) SU~ 54 235 35 27 18 34 

T(A31 (37) SUA 192 284 367 335 96 126 125 37 
T«A31 (37) SU- 117 123 43 61 31 56 

T4D SUA 151 185 380 262 138 160 389 121 
t4d su- 287 351 125 125 108 141 



suppressed by SuA at higher temperatures. This suggests that SuA 

increases the level of translational ambiguity, allowing a more accept

able amino acid to be partially substituted for the amino acid re

sponsible for the ts phenotype. 

Suppression of T4 Opal Mutants 

The suppression of the phage opal mutants by CAJ68, CR63, SuA 

and Su" is shown in Table VI. SuA appears to be a significantly more 

effective suppressing host than either Su" or B, but not nearly as ef

fective as CAJ68, •vtoich contains a specific opal suppressor. The low 

efficiency of suppression by SuA of opal mutants is similar to the low 

efficiency of suppression of ts mutants, in contrast to the high 

efficiency for amber mutants. 

Suppression of T7 Amber Mutants 

The burst sizes of phage T7 amber mutants in three E. coli 

strains (BB, SuA, and Su") are compared in Table VII. It is evident 

that E. coli SuA is comparable to E. coli BB (which contains an amber 

suppressor) in the efficiency of its suppression of T7 amber mutants. 

In contrast, suppression by E. coli Su" is at least an order of 

magnitude less efficient. Where E. coli Su" was used as a plating 

indicator, no plaques were obtained. When E. coli BB or SuA was used 

as a plating indicator, large distinct plaques were formed. E. coli 

SuA thus appears to suppress phages T7 and T^ amber mutants with about 

the same efficiency. 
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Table VI. Suppression of Opal Mutants by the SuA Allele, Expressed 
in Burst Size 

Phage infections vere carried out at 26.6°C. After each opal 
mutant designation the gene in vhich the mutant is defective is 
indicated in parentheses. 

CAJ33 CR03 SUA SU~ 
Catalytic Functions 

Av*. of 2 Exp. Ave. of 3 Exp. Ave. of 3 Exp. 
OpC1C3 (03) 265 160 2.1 0.0 
OpC123 (47) 391 133 6.5 0.1 
0?C1Q2 (42) 131 88 0.1 0.0 

Stoichiometric Functions 
Av«. of 2 Exp. Avo. of 3 Exp. Avo. of 3 Exp. 

OpC23 (37) 2C3 61 0.7 0.03 
OpCIOS (34) 331 91 3.0 0.0 
T4D 245 231 337 303 



Table VII. Suppression of T7 Amber Mutants by the SuA Allele, 
Expressed in Burst Size 

Phage infections were carried out at 30°C* After each amber 
mutant designation the gene in -which the mutant is defective is 
indicated in parentheses. 

am28 (5) 

am29 (3) 

T7+ 

E. coli BB 
ave. of 3 exp. 

1^1 

137 

lk2 

SuA 
ave. of 2 exp. 

178 

12k 

80 

Su" 
ave. of 2 exp. 

15* 

22* 

98 

*These apparent burst sizes are probably due to unadsorbed 
phage. 
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Suppression of the Chloramphenicol Induced 
Inhibition of Fhage T^D Growth 

Chloramphenicol was shown by Morse (1971) to induce an "artificial 

polarity" effect in E. coli -which was relieved by the SuA allele. In 

vild-type phage infected cells a Bimilar ixihibition by chlorampheni

col and relief by SuA. might be expected. Chloramphenicol blockage 

vould be expected to occur at random sites mimicking nonsense mutations. 

Since SuA suppresses amber mutations in and T7, one could expect 

suppression of chloramphenicol induced inhibition of Tto growth. 

In the experiments described in Table VIII, chloramphenicol 

(cam) was added at 1.5 rain after infection for 10 min and then diluted 

out so that phage growth could proceed. Recovery from the chlor

amphenicol effect was then measured in terms of burst size after com

pletion of the infectious cycle. As shown in Table VIII, burst sizes 

are 73 to 78# below normal in E. coli CR63, S/6, and Su". However in 

E. coli SuA the inhibition is only 30$• This suggests either that 

chloramphenicol is a less effective inhibitor of phage growth in the 

presence of SuA, or that recovery of the ability of phage to grow after 

chloramphenicol inhibition is more efficient in the presence of SuA. 



Table VIII. Suppression by the SuA Allele of the Chloramphenicol Induced 
Inhibition of Hi age T1© Growth 

Phage infections were carried out at 30°C using the growth conditions described in Chapter 6 .  
To 0.5 nil of bacteria at about 2x10° cells/ml, 0.5 ml of phage were added to give an m.o.i. of 13 
phage per bacterium. When the infection had proceeded for 1.5 rain, 100 pg of chloramphenicol (cam) 
in 0.1 ml was added. At 10 rain after infection, a 0.1 ml aliquot of the culture was diluted 4x10^-
fold and growth allowed to occur for 2 hr. At this time phage progeny were determined by plating on 
E. coli CR63 and the burst sizes calculated. 

CR63 S/6 Su~ SuA 
ave. of 3 exp. ave. of 3 exp. ave. of 3 exp. ave. of 3 exp. 

Tto (-cam) 272 170 116 130 

Tto (+cam) 60 ^3 31 90 

<f> inhibition 7% 73f> 3<# 



CHAPTER 8 

DISCUSSION 

These results suggest that SuA increases the level of trans-

lational ambiguity in T^-infected cells and allows an especially high 

level of misreading of the amber codon. It is speculated that the SuA 

allele specifies a mutant protein vAiich is an integral part of the 

ribosome and causes inaccurate codon recognition. The SuA mutation 

appears to be similar to ram, the ribosomal ambiguity mutation of E. coli 

(Gorini 1971)- The effect of the SuA allele on translational ambiguity 

observed in phage T^-infected cells is not observed in uninfected cells 

(Beckwith 1963, Scaife and Beckvith 1966, and Morse and Primakoff 1970). 

Although Summers (1971) did not observe enhancement of gene 1 

product •when measured in vitro, the results reported here indicate that 

SuA is an effective suppressor of phage T7 am mutations, -when burst 

size is the criterion of suppression. Snustad (1968) has shown that 

under conditions where essential enzymes are produced at a low level, 

phage yield may nevertheless be normal, because of the catalytic nature 

of enzyme function. Therefore direct assay of enzyme level is a less 

sensitive measure of suppression than burst size, and the results from 

the two laboratories are not necessarily contradictory. 

The differential effect 6f SuA in suppressing phage am mutations 

compared to E. coli am mutations may be explained by the observations 

of Smith and Haselkorn (1969) that proteins either induced or modified 
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by phage become associated with the E. coli ribosomes. Similar 

proteins may also be produced by phage T7« It may be that one or more 

of these proteins alter the ribosomes1 susceptibility to the effect of 

the host SuA allele. Assuming that the SuA allele acts at the level of 

the ribosomes, then the primary characteristic of the mutant, suppression 

of polarity, might be due to an increased tendency of the ribosomes to 

continue along the m-RNA after incurring a nonsense codon so as to be 

available at the next initiating codon. The continuation of the ribo

somes could also protect the m-RNA against the degradative action of 

ribonucleases. 

The interpretation here that SuA acts at the level of the 

ribosoine is an apparent contradiction of the interpretation of Kuwano, 

Schlessinger, and Morse (1971) that SuA specifies an altered endonucleo-

lytic ribonuclease, vfoich degrades unprotected m-RNA but is unessential 

for cell viability. This latter interpretation is based on the more 

extensive release of m-RNA fragments in vitro by a crude extract of Su" 

compared to a similar extract of SuA. This release is presumably 

brought about through the action of endonuclease A. 

Although polarity effects of phage T^ amber mutations have been 

shown to occur (Stahl and Murray 1966), these effects are generally much 

weaker than with E» coli amber mutations. This observation supports 

our inference that after T^t- infection, the host ribosomes are function

ally modified, as well as physically modified (Smith and Haselkorn 1969). 

Hsu and Weiss (19&9) an<* Schedl, Singer, and Conway (1970) have also 

presented evidence that ribosomes extracted from uninfected cells are 

more active than ribosomes extracted from TU infected cells in vitro 
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irfhen used in translating m-RNA from E. coli or MS2. This further sug

gests that TU proteins may alter ribosomal template specificity. The 

T1!- and T7 modification may relieve the tendency of ribosomes to dis

sociate at a nonsense codon, thus causing polarity to be weak. When the 

SuA mutation is also present, response to the amber codon may be further 

weakened, allowing significant read-through to occur. 

Morse (1971) presented evidence that chloramphenicol induces 

an "artificial polarity" effect on distal m-RNA in the E. coli trypto

phan operon, and that this polarity effect is relieved by the SuA 

allele. Chloramphenicol is thought to block the transfer of the 

amino acid from amino acyl-t-RNA to the growing polypeptide chain. The 

results shown in Table VIII indicate that SuA also suppresses chlor

amphenicol effects on phage growth. These results imply that the SuA 

mutation is defective in a ribosomal protein. 

Perhaps SuA specifies a protein component of the ribosomal screen 

postulated by Gorini (1971). A ribosome with such an altered protein, 

especially when also modified by a phage T4 or T7 protein, may be unable 

to undergo efficiently the confonnational changes required on recognition 

of m-RNA codons vfaich ordinarily allow it to accept the appropriate 

t-RNAs. This would lead to an increase in the general level of trans-

lational ambiguity. The postulated SuA ribosomal protein may also aid 

in the coupling of translation and transcription, which has been sug

gested by Imamoto, Kano, and Tani (1970) as an explanation for polarity 

effects of nonsense codons. 

The SuA mutation was found to map near the met region (Beckwith 

1963) using an Hfr cross, and to be closely linked to ilv (Morse and 
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Primakoff 197°) using PI transduction. This places SuA at about 72 

•inutes on the standard E. coli genetic map. The only two genes known 

to code for rlbosomal proteins, rain (Rossett and Gorini 1969) and 

8tr-R (Ozaki, Mitzushima, and Nomura 1969) map at about 6k minutes on 

the E. coll map. Thus if the SuA gene codes for a ribosomal protein, 

as is speculated here, it is at a distinct location from the other 

two genes with this type of function. 

In conclusion, our observations suggest that the SuA allele 

produces an altered rlbosomal protein which enhances mistranslation of 

the genetic code, and that this effect depends on T1* and Tf induced 

modifications of the ribosome. The wild-type form of the SuA ribosomal 

protein may be necessary both for accurate translation and the dis-

lodgement of the ribosome from the m-RNA after reading a nonsense codon. 
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