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A large number of high-level and low-level constitutive mutations in the or&? 
gene of E~cherichkz COG were shown by deletion mapping to lie almost exclusively 
in two regions of the araC gene. Recombination data show that the high-level 
constitutive mutations are located within two very small regions, each probably 
less than ten base-pairs, while the low-level constitutive mutations are spread 
over two broader areas, each centered at the same two regions. All constitutive 
mutations isolated in either the presence or absence of D-fUCOSC, an analog of 
I,-arabinose which antagonizes induction by arabinose, are altered from the 
wild type in their response to this analog. A nonsense mutation that maps in 
one of the constitutive regions can be suppressed to wild type, “low-level” con- 
stitutive, or “high-level” constitutive phenotypes, depending on the amino acid 
inserted at the site of the mutation. This demonstrates that changing a single 
amino acid can cause dramatic alterations in the regulatory properties of the 
araC activator protein. 

1. Introduction 

Studies of mutational alteration of activity contribute toward understanding the 
structure and function of proteins. While mutations abolishing the activity of a 
protein can lie anywhere in the gene, mutations altering specificity may be restrickd 
in their locations. Mutations in the lox repressor altering either binding to luc operator 
DN-4 (i-“) or to inducer (is) are each confined to a relatively limited number of sites 
in the i gene, suggesting that these mutations occur in the regions of the protein which 
determine the binding sites for operator and inducer, respectively (Adler et al., 
1972; Pfahl, 1972; Pfahl et al., 1974). 

In this paper we present an analysis of mutations to constitutivity in the activator 
protein of the L-arabinose operon of Escherichia coli, the product of the araC gene. 
Induction of the L-arabinose operon, which in a wild-type cell is dependent on the 
presence of both arabinose and the product of the araC gene, is prevented by the 
L-arabinose analog n-fucose (Englesberg et al., 1965; Irr I% Englesberg, 1970; Sheppard 
& Englesberg, 1967). Mutants resistant to the fucose antagonism can be isolated; 
such mutants are frequently found to be constitutive, having high levels of enzymes 
even in the absence of arabinose. Fucose-resistant mutants having less than a nor- 
mally induced level of enzymes in the absence of inducer have also been reported 
(Englesberg et al., 1965; Beverin et al., 1971; Greenblatt & Schleif, 1971; Doyle ef al., 
1972). 
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Spontaneous mutations to constitutivity occur at a frequency of approximately 
10-a, at least lOO-fold lower than the frequency of point mutations abolishing the 
activity of the araC activator. This low mutation rate implies that only a small 
fraction of all possible mutations in the gene lead to constitutivity, and hence that 
there are only a limited number of sites where mutations to constitutivity occur. 
Englesberg et al. (1965) examined the recombination of a number of araC constitutive 
(CO) mutants with five point mutations in the C gene, and concluded that the majority 
of Cc mutations were grouped around two of the C- point mutations. Beverin et al. 

(1971) mapped seven Co mutations with respect to three partial deletions of the G 
gene and concluded that there were at least three regions where the mutations 
mapped. Since a study of mutations that affect the regulatory properties of the araC 
activator protein could aid in the elucidation of its mechanism of action, we have 
examined in detail mutations to constitutitity in araC. Using a number of techniques 
to determine the location and nature of mutations to constitutivity, we found that : 
(1) mutations to constitutivity occur in only a very limited number of regions of the 
araC gene, (2) the two regions where the vast majority of high-level constitutive 
mutations occur are both very small, encompassing less than ten base-pairs, (3) low- 
level constitutive mutations are spread over a broader area in these same two regions, 
and (4) a change of only one amino acid at a specific site in the araC protein can 
confer either a wild-type or a variety of constitutive phenotypes on the resultant 
araC product. 

2. Materials and Methods 
(a) C%micab and me&a 

YT broth, minimal salts medium for plates, and M9 minimal medium have been de- 
scribed by Schleif (1969). Ml0 medium is M9 medium supplemented with 5 x 10m5 M-Mm&, 
to which were added 0.2% sugar, 0.001% thiamine, and 0.01% amino acids, as noted. 
D-fucose, n-arabinose, adonitol (ribitol), Bl and amino acids were obtained from Sigma. 
Penicillin G (K+) was obtained from Squibb. Diethyl sulfate was obtained from Aldrich. 

(b) Bacterial straim 

All strains used were derived from E. co.% K12. See Table 1. 

(i) Conduct~m of suppreaser &rains 
Strain NMN127, possessing 3 nonsense mutations, was obtained by mating NMN125 

with NMN126. Strain NMN130 was constructed by selection of an Ara- derivative of 
NMN127 on minimal medium containing arabinose, glycerol and ribitol (Katz, 1970; 
Schleif, 1972), followed by Pl transduction to Ara + Thr- from strain NMN122. NMN132 
was constructed by transduction of NMNl30 to Thr+ Ara- Leu- using Pl grown on 
RFS882. The suppressor mutations were then transduced into NMN132 by selection on 
minimal plates containing glucose, B 1, and leucine. 

(ii) Iaolattin of constitutive mutationa 
Table 2 lists the constitutive mutations and their methods of isolation. 

(1) Isolation in the presence of fucose. F’araC6902-C6926 and C692846961 were derived 
from RFS740. Purified colonies of RFS740 were picked and grown overnight to stationary 
phase in YT broth, and approximately 2 x log cells were spread on minimal/arabinose/ 
glucose plates (Englesberg et al., 1965) containing 0.1% n-arabinose and 0.2% D-fucose. 
After 2 days’ incubation at 35’C!, 0 to 50 colonies per culture appeared. “High-level” 
constitutive strains (C6902-C6920 and C6928-C6957) were screened on minimal plates 
containing 0.2% glycerol and 0.46% ribitol. The high level of ribulokinase present in a 
high-level constitutive strain phosphorylates the ribitol to yield ribitolphosphate, which is 
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TABLE 1 

Bacterial strains used 

strain no. Genotype Comments 

cGsc2b97 
CGSC2698 

CGSC2699 

C(:SC4487 

CGSC4619 

CSH4 

JTL28 
NMNl18 

NMNl19 

NMN 122 
NMNl26 
NMN 126 
NMN127 

NMN130 
NMN132 

NMN134 
NMN136 
NMN136 
NMN137 
NMN138 
PX4 

RFS726 

RFS740 

RFS882 

R,FSF’240 

RFSF’273 

RFSF’280 

Hfr phaA5 rel-1 tonA eupF34 TzR 
Hfr phoA4 Tel-1 tonA22ul eupD32 T,a 

Hfr phoA4 rel-1 tonA supE33 T,a 

Hfr phoA4 rel-1 tonA sup-51 T,a 

Hfr phoA6 Tel-1 tonA supG46 T,a 

F- trp la& stf-A thi 

F- leu thr lac74 &x28 
F’ thr+ ara+ leu+/ara-498 leu498 

lac74 thi tonA 
F’ thr+ ara+ leu + lam-498 leu498 

lac74 thi tonA str 
F- leu thr lad4 tonA str tsx28 
F- trp la& 8t)?l thi tonA 
Hfr metB argE thi rij 
F- trp la& argE rif thi 8trA tonA 

F- argE trp 1acZ thr tonA rif thi s&A 

F- argE trp 1acZ leu aTaC882 rif thi 
8trA tonA 

Like NMN132, supG46 
Like NMN132, aup.Zi’34 
Like NMN132, eupD32 
Like NMN132, wpE33 
Like NMN132, sup-51 
Hfr metB argE thi 

F- ara-498 leu-498 lac74 thi 

F’ thr+ ara+ leu+ lara-498 leu-498 
lac74 thi 

F - leu- 73 A (gal att bio uvr B) lac 74 str 
lam830 araC882 

F’ thr+ araC240 0591 leu+/ara-498 
leu-498 thi lac74 

F’ thr+ araC273 D591 leu+/ara-498 
leu-498 thi lac74 

F’ thr+ araC280 0591 leu+/ara-498 
leu-498 thi lac74 

su3 +. Strain H12R8a of A. Garen 
sulf. Strain 26Rle of A. Garen 

(Geren et al., 1966) 
su2f. Strain S26Rld of A. Garen 

(Gwen et al., 1966) 
su6+. Strain 526, Su6+ of A. Garen 

(Chan & Garen, 1969) 
suS+. Strain Ullrld of A. Garen 

(Gallucci & Garen, 1966) 
Amber mutations in trp and 1acZ 

(Miller, 1972) 
Lis & Schleif (1973) 
From RFS740 

From NMNI 18 

From JTL28 
From CSH4 
From PX4 
Progeny of cross between NMNl26 

x NMN126 
From 127 
From NMN130, contains partial dele- 

tion of araC from RFS882 
Contains su6+ of CGSC4619 
Contains su3 + of CGSC2697 
Contains sul+ of CGSC2698 
Contains su2+ of CGSC2699 
Contains su6 + of CGSC4487 
argE is amber (strain CSH70 of 

Miller, 1972) 
Deletion of leu and at least araC, B 

and A ; R V lac deletion 
KLFl episome in RFS726 (Schleif, 

1972) 
Deletion of most of araC (Schleif, 

1972) 
Nonsense mutations in araC and D 

(Schleif, 1972) 
Nonsense mutations in aruG’ and D 

(Schleif, 1974) 
Nonsense mutations in araC and D 

(Schleif, 1972) 

All st’rains used were E. wli K12. Strains whose numbers beginning with CGSC were obtained 
from the E. coli Genetic Stock Center, New Haven, Corm. 
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bacteriostatic (Katz, 1970). Preliminary candidates were verified by assay of L-arabinose 
isomer&se. “Low-level” Cc strains (C6921-C6926, C6958-C6961) were screened for the 
ability to grow on minimal medium containing 0.2% glycerol and 0.45% ribitol, but not on 
minimal medium containing 0.2% glycerol, O*45o/0 ribitol, 0.1% arabinose and 0.2% fucose. 
Arabinose isomerase assays were used to verify the conclusions of the screening on plates. 
Low-level Cc strains are not growth-inhibited on minimal medium containing glycerol and 
ribitol, but are fucose-resistant and therefore are fully induced in the presence of arabinose 
and fucose. Thus these as well as high-level Cc strains will not grow on minimal medium 
containing glycerol, ribitol, arabinose and fucose. High-level constitutive strains F’ara- 
C6969-C6976 were isolated after mutagenesis of NMN118 with 2-ethyl sulfate: 0.1 ml of 
cells from an overnight culture was diluted into 5 ml of Ml0 medium and 3 drops of 
diethyl sulfate were added. After 15 min incubation at 35”C, 0.05 ml was diluted into 
5 ml of YT broth, grown overnight, then plated on minimal/arabinose/fucose medium as 
before. Diethyl sulfate mutagenesis caused approximately loo-fold increase in the number 
of fucose-resistant colonies compared to the number obtained spontaneously. To prevent 
isolation of siblings, no more than one high-level and one low-level constitutive mutant was 
taken from the same culture. 

(2) Isolation of high-level Cc mutations without fucose. F’araC6927 was isolated from RFS740 
and F’C6962 was isolated from NMN 118. Cells were grown in Ml0 medium containing Bl 
and glycerol at 37’C to a density of 1 x lOs/ml; ribitol was added to a final concentration of 
0*45%, and the cells were grown for an additional 30 min. Penicillin G (2000 to 6000 
units/ml), was added and the culture was incubated for a further 15 to 3 h, until the 
turbidity of the culture stopped decreasing. Surviving cells were then concentrated by 
centrifugation, washed once with MlO, resuspended in fresh medium, and grown. This 
cycle was repeated twice more ; cells were then plated out on YT plates. The colonies that 
exhibited ribitol sensitivity following replication onto plates containing glycerol and 
ribitol were grown for enzymatic assay of arabinose isomeraae. Two out of 20 cultures 
treated in this way yielded constitutive mutants. 

F’araC6962&‘6968 was obtained in a similar fashion except that cultures of NMNll9, 
a streptomycin-resistant derivative of NMNll8, were first mutagenizedwith diethyl sulfate. 
Streptomycin (0.01%) was present in the medium during growth. 

(iii) Mapping of comtitutive mutations 

The constitutive mutations, all isolated on episomes, were mapped with a large number 
of deletions extending into the araC gene (Schleif, 1972). If an episomal constitutive muta- 
tion is mated into a strain carrying at least that part of the wild-type araC gene allelic to 
the Cc mutation, recombination can occur, removing the Cc mutation from the active 
araC gene on the episome and substituting the C+ allele. The chromosomal araC gene is 
not functional in these experiments because part of it is deleted, so that the only active 
araC gene in the cell changes from Cc to C +. The small fraction of cells in a population 
accomplishing such a recombination were detected on plates allowing growth of AraC+ 
cells and not allowing growth of AraCc cells. If the deletion on the chromosome extends 
past the location of the Cc mutation on the episome, then a functional C+ gene cannot be 
obtained by recombination. The sensitivity to ribitol of cells possessing high levels of 
ribulokinase allows this selection. High-level constitutive strains will not grow on minimal 
glycerol medium containing ribitol. Low-level constitutive strains are not growth-inhibited 
on minimal glycerol ribitol medium, but are fucose-resistant and thus are fully induced 
in the presence of arabinose plus fucose ; therefore, these, as well as high-level constitutive 
strains, will not grow on minimal medium containing glycerol, ribitol, arabinose and 
fucose. Thus, by scoring for growth on the appropriate medium following matings with 
strains deleted of portions of the araC gene, the genetic locations of Cc mutations were 
determined. 

Cells were grown and mated in polypropylene blocks as previously described (Schleif, 
1972). After 3 to 6 h mating at 35”C, samples of the mating mixture were spotted onto 
minimal plates containing Bl and glycerol and either 0.45% ribitol, for the mapping of 
high-level Cc mutations, or 0.1 ‘$Jo arabinose, 0.2% fucose and 0.46% ribitol for the mapping 
of low-level Cc mutations. The mating mixtures were also spotted onto minimal plates 
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containing glucose and streptomycin as a control to ensure that lack of growth on medium 
containing ribitol wae not from failure to transfer the episome into the female deletion 
strain. Crosses were scored after 36 to 48 h. 

(iv) Recombination studies 

Constitutive mutations were introduced onto the chromosome of strain NMN122 by 
Pl transduction to Leu + , followed by screening for cotransduction of constitutivity. 
Diploids were then constructed by mating the episomal C? mutations into the female 
oonstitutive strains. After purification of progeny, diploids were grown to stationary 
phase in YT broth, concentrated by centrifugation, resuspended in Ml0 medium, and 
plated at various dilutions on minimal plates containing Bl, glycerol and either 0.45% 
ribitol, for high-level/high-level diploids, or 1.3% ribitol, O*1o/0 arabinose and 0.2% fucose 
for low-level/low-level or low-level/high-level diploids. Constitutive strains are unable to 
grow, due to accumulation of ribitol phosphate synthesized by phosphorylation of ribitol 
by ribulokinase. If 2 Cc mutations are not at the same site, they should be able to recom- 
bine to yield a C + gene. Since C + is dominant to Cc (Englesberg et al., 1966), such a recom- 
binant will be phenotypically C + . This recombinant can be detected amongst a large 
population of Cc mutants utilizing the ribitol sensitivity of constitutive strains. Homo- 
zygous diploids were found to produce ribitol-resistant colonies at a frequency of approxi- 
mately 10 - s. These could result from mutation to either B - or C -, followed by recombina- 
tion and homozygote formation, reversion of either Cc mutation to C + , or mutations to 
ribitol resistance occurring outside the arabinose operon. 

(c) Enzyme assays 

Assays of L-arabinose isomersee were performed as previously described (Schleif, 1972). 

3. Results 

(a) Isolation of Cc mbtations 

Induct.ion of the ara operon in a cell possessing a wild-type araC gene is prevented 
by the L-arabinose analog D-fUCOSe. These cells will not grow on a minimal plate 
containing L-arabinose as the sole carbon source if D-fucose is present. Very rare 
mutations in the araC gene can occur, allowing cells to grow on these plates; such 
mutants, resistant to the fucose antagonism, have widely variable levels of the ara 
enzymes in the absence of arabinose plus fucose. High-level constitutives are defined 
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FIG. 1. The L-arabinose operon of E. co&, its genetic map and associated biochemical reactions 
(Englesberg, 1971). 
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as those mutants possessing, in the absence of arabinose, the levels of ara enzymes 
normally present following induction by arabinose. Mutants which are fully resistant 
to fucose but possess less than half the normally induced levels of enzymes in the 
absence of any inducer are defined as low-level constitutives. 

Two selective methods were used to isolate constitutive mutations. The first was 
based on the fucose sensitivity of wild-type cells. The second was based on the 
ribitol sensitivity of high-level constitutive strains. The latter was developed to test 
whether the mutations isolated by their fucose resistance are a subset of all possible 
ara constitutive mutants. Cells possessing high levels of ribulokinase (Fig. 1) do not 
grow in the presence of ribitol (Katz, 1970), presumably due to the resulting accumu- 
lation of bacteriostatic ribitolphosphate. Rare high-level Cc mutants in an AraC+ 
culture can therefore be isolated by first inhibiting the growth of Cc cells by addition 
of ribitol, then killing the growing C+ cells by penicillin. Since only cells with high 
levels of ribulokinase are growth-inhibited by ribitol, only high-level Cc mutations will 
be isolated with this method. 

TABLE 2 

Cc nazctations used 

Mutation numbers Level of 
constitutivity Method of selection 

C6902-C6920, C6928-03957 High 

C6921-C6926, C6958-C6961 Low 

C6927, C6962 High 

C6969-C6976 High 

C6963-C6968 High 

Spont&neously on mininml/arabinose/fucose 

SpOnt8neOW3ly on mkkmbl/8r8bino~/fUCOse 

Spontaneously by ribitol/penicillin 

Diethyl sulfate-induced on minimal/ara- 
binose/fucose 

Diethyl mlfate-induced by ribitol/penicillin 

For details of isolation see Materials and Methods. Map positions of constitutive mutations are 
shown in Fig. 2. 

Table 2 lists the constitutive mutations and their methods of isolation. All ten high- 
level Cc strains isolated on the basis of ribitol sensitivity without the use of D-fUCOSe 

as a selection against wild-type cells were found to be fucose-resistant. As has been 
previously noted, low-level constitutive mutants, while fucose-resistant and fully 
induced in the presence of either arabinose alone or arabinose plus fucose, are in- 
duced to various extents by fucose alone (Beverin et al., 1971; Doyle et al., 1972; 
Greenblatt & Schleif, 1971). 

(b) Deletion mapping of high and low-level cmtitutive mutations 

As the distance separating point mutations decreases, the ordering of mutations 
using recombination frequencies becomes inaccurate due to multiple crossovers in 
localized regions (Amati t Meselson, 1965; Sadler & Smith, 1971). Deletion mapping 
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becomes a better technique for fiue structure mapping since experimentally one 
merely tests whether or not a functional gene can be reconstructed (Benzer, 1961). 
The availability of a large number of independent deletions ending in the araC gene 
(Schleif, 1972) allowed this technique to be used with high resolution. 

The constitutive mutations, all located on episomes, were mapped after transfer of 
the episomes into a large number of strains containing independent deletions ending 
in the araC gene. The rationale for this is described in Materials and Methods. The 
constitutive mutations were found to map almost exclusively in two clusters in the G 
gene (Fig. 2), one at the end of the gene adjacent to the regulatory region, the other 
approximately one-third the length of the C gene from the operator. High and low- 
level Cc mutations, both spontaneous and diethyl sulfate-induced, are found in each 
region, although the operator proximal region contains largely high-level Cc mutations 
and the other region contains predominantly low-level Cc mutations. 

cc: 2,3, I5 , 21, 22, 
24, 25 , 26, 27, 
33,40, 55.59, 
60,61, 66, 67, 

cc. 4,5,6,7,9,10,11 J2,’ 
13 , I4 , 16 , 17 , 18 , 19 ,20,23, 
28,29,30 ,31,32,34,35,36 

68, 70 ( 74 ( 75, 

Y 
F’273 F’280 ICC : Et,46 1 

lllll I III III1 I IIllllll I I I I I III I 
936 889 1187 917 1171 928 927 1003 

C Gene Regulatory B Gene 
region 

FIG. 2. Deletion map of aruC constitutive mutations. Each hashmark represents a set of dele- 
tions which are separated from the adjacent sets of deletions by either point mutations (Schleif, 
1972) or endpoint of portions of the arabinose operon carried on Aparu transducing pheges 
(Schleif & Lis, 1976). F’240, F’273 and F’280 are aruC nonsense mutations (Schleif, 1972). 
ConstituCve mutation number q on the map corresponds to mutat,ion amC69zy in the text. 
The various methods used to isolate the Co mutations are described in Materials and Methods and 
listed in ‘Table 3. 

(c) Reumabitiions between Cc mutations 

(i) Reconzbination of high-level constitutive mutations with high-level constitutive mutations 

Recombination between Cc mutations mapping in the same region was investigated 
in an at,tempt to place limits on the size of the regions: constitutive mutations not at 
the sam.e site should be able to recombine to form a C+ aIlele. Since a C+ is normally 
dominant to Cc (Englesberg et al., 1966), the phenotype of such a recombinant will be 
C + . It should be noted that the deletion mapping technique described in the previous 
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section does not require the dominance of C + to Cc. However, the recombination 
studies described here do require that Co be recessive to C + . All the Cc mutations we 
have tested, namely those used in the recombination studies, were recessive to C+. 
Recombinant C + cells can be selected for in the Cc population by the ribitol sensitivity 
of constitutive strains (Katz, 1970). Recombination was examined in diploid strains 
containing a Cc mutation on the chromosome and a second Cc mutation on the episome. 
The following Cc mutations were transduced onto the chromosome of a female strain : 
C6915, C6920, C6927 and C6928. Altogether, 28 different diploids were constructed, 
each carrying one of each of the above mutations and one of the following FCC 
mutations: C6902, C6904, C6915, C6920, C6927, C6928 and C6907. 

This recombination mapping method was tested in two ways. First, diploids con- 
taining two Cc mutations, one from each of the two main regions of constitutivity, 
were tested for the recombination which should occur by plating on minimal medium 
containing glycerol and ribitol. All such diploids gave rise to C + recombinant colonies 
at a frequency of approximately 10m5. A homozygous diploid containing two identical 
Cc mutations should not be able to recombine to form a C + allele. Nonetheless homo- 
zygous diploids containing two identical Cc mutations from either region were found 
to yield ribitol-resistant colonies, but at a frequency of 10-a. These result from 
phenomena other than recombination, as described in Materials and Methods. Their 
frequency constitutes the lower limit of resolution in the recombination tests. Thus, 
two Cc mutations, one from each of the two main constitutive regions in the C gene, 
yield recombinants at a frequency IOOO-fold higher than the background. As a further 
test, recombination with a constitutive mutation located between the two main regions 
of constitutivity was studied. P’araC6908, which maps between the two main regions 
of constitutivity, was found to recombine with C6915 and C6927 at a frequency of 
approximately 10m5, and to recombine with the closer C6920 and C6928 at a frequency 
of approximately 10e6. 

Recombination between two non-identical Cc mutations from the same region was 
examined to determine whether the constitutive mutations which could not be 
separated by deletion mapping could be shown to be separable by recombination. In 
all cases tested, no recombination greater than the lo-* background could be detected. 
Thus, while recombination between Cc mutations mapping in different regions of the 
C gene is readily detected, no recombination is seen between high-level Cc mutations 
which map in the same region of the gene, implying that the size of each region is 
very small. 

(ii) Recombination of low-level constitutive mutations with high-level and Eow-level 
constitutive mutations 

While no recombination between two high-level constitutive mutations mapping 
in the same region can be detected, recombination between low-level constitutive 
mutations with either high-level or other low-level constitutive mutations mapping in 
the same region can be observed. Two female strains were constructed, one with low- 
level Cc mutation C6923, the other with low-level Cc mutation C6960; diploids were 
constructed by addition of an episome containing one of the following high-level or 
low-level constitutive mutations: C6915 and C6920 (high-level), and C6923, C6925 and 
C6960 (low-level). C + recombinants were detected on plates containing glycerol, ribitol, 
arabinose, and fucose, as described in Materials and Methods. The background 



ard.7 CONSTITUTIVE SITES 193 

frequency of ribitol-resistant colonies seen in an iaogenic diploid containing the same 
constitutive mutation on both the chromosome and episome was approximately 10T8. 
C6923 recombines with C6915, C6920, C6927 and C6960 at a frequency of 10b5. 
C6960 recombines with C6915 and C6927 at a frequency of 10q6, and recombines 
with C6920 and C6925 at a frequency of 10m5. In contrast to recombination between 
two high-level constitutive mutations, a low-level Cc mutation will recombine with 
both high and low-level Cc mutations which map in the same region, implying that 
the sites where low-level constitutive mutations can occur are distinct from those 
for high-level constitutive mutations and encompass a larger region. 

(iii) Curia-Delbriick fluctzlations in recombination 
Recombination between two Cc mutations could occur at any time during the 30 

generations of growth prior to being plated on selective medium. Differences in the 
time of this recombination would produce large fluctuations in the number of C+ 
recombinants ultimately found, making the determination of recombination fre- 
quencies irreproducible. This situation is analogous to that investigated by Luria & 
Delbriick (1943) for fluctuations in the numbers of colonies resistant to phage Tl. 
A measure of the magnitude of the fluctuation problem is given by the ratio of the 
standard deviation in the observed number of recombinant colonies in many cultures 
to the average number of recombinanta. If the ratio is large, as it was for the case 
studied by Luria $ Delbriick, then fluctuations will cause wide variations from 
culture to culture in the observed number of colonies; if this ratio is small, fluctuations 
will not be a problem. The ratio can either be calculated from the data obtained on 
many cultures, or predicted from data obtained on a few cultures by the formula 
SD/r = @/ln[NCa] (equation 12 of Luria t Delbriick, 1943) where: SD is the 
standard deviation, r is the observed average number of colonies per culture, C is the 
number of cultures, a is the recombination frequency, N is the number of cells in each 
culture. 

In our case, lOa cells yield loo0 recombinants for a recombination frequency of 
10 -5, and the ratio of the standard deviation to the measured number of recombinanta 
in the culture is SD/r = l/ln[103] = O-14. Thus for recombination frequencies as high 
as our case, the standard deviation is much smaller than the number of observed 
recombinants, and Luria-Delbriick-type fluctuations are not large. 

(d) Suppression of an araC nonsense mutation to wnstitutivity 

AraC- nonsense mutations can be used to create aberrant araC proteins; specific 
amino acids can be inserted at the sites of the nonsense mutations by utilizing a 
variety of characterized suppressor mutations. Two complexities arise in this type of 
experiment : first, the varied efhciency with which the different suppressors insert an 
amino acid and second, suppressors can add amino acids to the carboxyl terminus of 
proteins by suppression of the normal chain termination signal (Lu & Rich, 1971). 
For our study of constitutive mutations it was first necessary to show that a wild type 
and a constitutive araC gene in each of the suppressor strains had the same regulatory 
properties as they do in non-suppressing strains. Table 3 shows this to be the case. 

The ability of suppressing strains to substitute a variety of amino acids at known 
locations allowed experiments to further test the origins and nature of constitutive 
mutations. First, by the study of several nonsense mutations in the araC gene, it was 
found as expected, that alteration of amino acids did not usually lead to constitutivity. 

13 
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TABLE 3 

Effects of arabinose and fucose on F’AraC+ and F’AraC” in various suppressor 
strains on levels of L-arabinose isowberase 

Strain 

None 

Addition 
Arabinoso 

+ 
Arabinose Fucose fucose 

F’Arac+/su- 91 24,563 121 638 
F’Amc+/su1 63 28,760 85 613 
F’AraC+/SuZ 99 29,080 111 549 
F’AraC + /Su3 120 17,430 88 656 
F’AraC + /Sub 91 27,720 80 560 
F’AraC + /Su6 246 40,980 153 534 
F’ArsSY/Su- 26,080 45,660 96,500 48,350 
F’AraP/Sul 23,030 26,700 80,340 24,990 
F’AraCY/SuZ 24,960 23,650 91,640 33,930 
F’AraC=/Su% 114,440 106,760 198,740 146,100 
F’AraC”/Sub 15,980 43,380 68,010 24,350 
F’AraCC/SuS 35,330 85,710 185,330 90,280 

F’AraC + , wild-type KLFl episome; F’AraP, F’araC6920; Su-, NMN132; Sul, NMN136; 
Su2, NMN137; Su3, NMN135; Sub, NMN134; SUB, NMN138. Cells were grown in 10 ml MlO/B,/ 
glycerol/arginine/tryptophan in bO-ml Erlenmeyer flasks at 37°C to a density of 1 x 10s. Arabinose 
and fucose were present at 0.2% and 0.3%, respectively, as indicated. Toluene-treated cells were 
assayed for L-arabinose isomer- as desoribed in Materials and Methods. Data are presented as 
monomers isomerase per cell. All assays were performed at least twice; the standard deviation in 
most cases is less than 10%. and in all cases is less than 20%. 

TABLE 4 

Effects of arabinose and fucose on F’273 and F’280 in various suppressor strains 
on levels of L-arabinose iscmerase 

Strain 

None 

Addition 
Arabinose 

+ 
Arabinose Fucose fucose 

F’273/Su- 58 99 168 184 
F’273/Sul 156 16,380 164 559 
F’273/Su2 155 4825 126 199 
F’273/Su3 136 21,763 151 668 
F’273/Sub 121 1413 198 469 
F’273/Su6 206 40,350 153 650 
F’280/Su - 54 76 199 208 
F’280/Sul 80 21,940 43 86 
F’280/Su2 69 19,710 81 270 
F’280/Su3 256 22,650 375 1913 
F’280/Sub 66 4275 123 415 
F’280/Su6 163 19,550 153 450 

Episomal AraC- nonsense mutants in the various suppressor strains were grown and assayed 
as described in the legend to Table 3. 
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Table 4 shows such data from experiments with two C- nonsense mutations, F’273 
and F’280, both lying outside the two main regions where constitutive mutations 
occur in the C gene. In none of the suppressor strains is either nonsense mutation 
suppressed to constitutivity; several of these strains were not normally inducible by 
arabinose, most likely due to an inability of the inserted amino acid to fully restore 
araC activity. 

Fortunately, one araC nonsense mutation, F’240, was available in the operator 
proximal region of the C gene where a large number of constitutive mutations map. 
Table 5 shows that different araC protein activities can be produced by varying the 
amino acid inserted into this nonsense codon site. The insertion of serine leads to a 
“normal” C + wild-type phenotype-arabinose-inducible and fucose-sensitive. However, 
the insertion of either glutamine, tyrosine or leucine leads to a high-level constitutive 
phenotype; in the absence of arabinose or fucose the cells possess fully induced levels 
of L-arabinose isomerase. The effects of arabinose and fucose on the three strains are 
different, however: while the insertion of glutamine and tyrosine enables further 
induction by both arabinose and fucose, the insertion of leucine allows further 
induction only by arabinose. The insertion of lysine causes a novel phenotype: in the 
absence of inducer the strain appears as a “low-level” Cc, with a basal level approxi- 
mat,ely 20-fold higher than a normal C + . Arabinose induces to the normal level; 
fucose, however, antagonizes arabinose induction, and reduces the elevated basal 
level. Thus “wild type” or a variety of “constitutive” phenotypes result, clemonstra- 
ting that this site has a crucial role in determining the regulatory properties of the 
araC activator protein. 

TABLE 5 

Effects of arabinose and fucose on P’240 in various suppressor strains on levels 
of L-arabinose isomeruse 

F’240 iu Amino acid 
strain inserted None 

Addition 

Arabinose Fucose 
Arabinose 

+ 
fucose 

SLl- - 81 144 146 124 
Sill Swine 105 23,600 80 636 
su2 Glutamine 15,162 28,990 30,280 23,260 
8113 Tyrosine 19,880 39,660 58,900 39,150 
SUS Lysine 1850 22,140 769 2963 
Su6 Leucine 20,500 66,040 14,460 22,130 

F’240 in the various suppressor strains was grown and assayed aa described in the legend to 
Table 3. 

4. Discussion 

Our results indicate that mutations to constitutivity can occur in only a limited 
number of regions in the araC gene. The 75 independently isolated constitutive 
mutations map almost exclusively in two small regions of the gene; one region lies 
very near the operator proximal end of the C gene, while the other region is approxi- 
mately one-third the length of the C gene from the operator encl. Most of the constitu- 
tive mutations were isolated on the basis of resistance to D-fucose, an analog of 
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L-arabinose that in a wild-type cell prevents induction; spontaneous high-level Cc 
mutations, spontaneous low-level Cc mutations, and mutagen-induced high-level Cc 
mutations were isolated. Constitutive mutations isolated on the basis of their fucose 
resistance might be only a subset of all possible constitutive mutations. Therefore, a, 
second method for isolation of constitutive mutations was developed. This was based 
on the ribitol sensitivity of cells possessing a high level of ribulokinase. Each of the 
isolation methods yields constitutive mutations which map in either region; high-level 
Cc mutations map predominantely at the operator proximal region and low-level Cc 
mutations map predominantely in the middle region. 

All ten Cc mutations isolated on the basis of ribitol sensitivity without fucose were 
found to be fucose-resistant. Messer (1974) has also isolated an araC constitutive 
mutation using a selection procedure not based on fucose resistance. This Cc mutation, 
like the ones we isolated without fucose, turned out to be fucose-resistant. Thus, 
while mutations producing fucose resistance do not always confer high-level con- 
stitutivity, mutations to high-level constitutivity have always been found to confer 
fucose resistance. 

Isolation of mutations producing constitutive promoters for the structural genes 
might have been expected during the isolation of constitutive strains using ribitol 
sensitivity. However, a cell possessing such a mutation would be fucose-sensitive, since 
fucose antagonizes the araC protein-dependent induction of the arabinose permease 
(Englesberg et al., 1965). None of our constitutive strains isolated on the basis of 
ribitol sensitivity exhibited such fucose sensitivity, so that these constitutive muta- 
tions are most likely not due to a promoter mutation. This is not surprising, since 
such promoter mutations (IO) occur even more infrequently than Cc mutations and 
their isolation requires more stringent selective techniques (Englesberg et al., 1969; 
Gielow et al., 1971). 

Recombination between various constitutive mutations was examined to determine 
whether constitutive mutations which map at the same region could recombine to 
form a C+ gene. Recombination between two high-level Co mutations mapping in the 
same region could not be detected above the background ( 10W8) in the recombination 
test. However, a diploid consisting of one high-level Cc mutation from each of the 
two main regions of constitutivity recombines at a frequency of approximately 10V5, 
lOOO-fold higher than the background. This data provides sufficient information to 
permit an estimation of the sizes of each of the regions in which high-level constitutive 
mutations occur. 

Analysis of a fine-structure deletion map of the arabinose operon showed that the 
frequency of deletions ending in an interval was roughly proportional to the size of 
the interval (Schleif, 1972). Later mapping in the arabinose operon by physical 
methods confirmed this (Schleif & Lis, 1975). The distance between the two regions 
containing high-level constitutive mutations can thus be estimated at 300 bases. 
Using the 300 base-pair separation between the regions as a recombination standard, 
the size of each of the regions can be estimated. Since the recombination frequency 
between these two regions was lOOO-fold above the reversion background and since 
recombination within each of these regions was not detectable above the background, 
we could conclude that the size of each region is less than one-1000th of 300 bases. 
This reasoning is based on the assumption that recombination frequency is propor- 
tional to the distance separating two markers. However, this assumption is not fully 
correct in at least two ways. First, for distances less than several base-pairs, the 
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recombination frequency falls off more rapidly than expected by linear extrapolation 
from recombination between more widely separated markers (Yanofsky et al., 1964, 
1967 ; Yanofsky & Horn, 1972). Second, in some cases marker-specific effects introduce 
appreciable distortions in the linear relation between distance and recombination 
frequency (Drapeau e.t al., 1968). In the light of these effects, we consider ten base- 
pairs to be a realistic estimation for the maximum size for each of the two regions in 
which high-level constitutive mutations occur. 

In contrast to high-level constitutive mutations, the low-level constitutive mutations 
are clearly separable from each other and from high-level Cc mutations mapping in 
the same region. The high values of recombination frequencies observed between a 
low-level constitutive mutation and high-level and low-level constitutive mutations 
in the same region, 10q6 to 10m5, approach those seen between high-level constitutive 
mapping in the two different regions. These results indicate that the sites where low- 
level constitutive mutations can occur encompass a larger region than those for high 
level constitutives, i.e. mutations to low-level constitutivity have a less stringent 
requirement for their exact location. 

Due to their close structural similarities, arabinose and fucose have been postulated 
to bind to the same site on the araC protein (Beverin et al., 1971; Doyle et al., 1972). 
Since mutations to fucose resistance alter the inducer specificity to prevent antag- 
onism by fueose of arabinose induction, they could change the structure of the 
arabinose binding site. If this were true, mutations to fucose resistance might be 
confined to one or a few localized regions of the araC gene, those forming the arabinose 
binding site on the arc& activator protein. We found that constitutive mutations are 
localized almost exclusively in two distinct regions of the C gene. If these regions 
comprise the arabinose binding site, they should be close to each other in the teritary 
structure of the protein. The araC activator protein would then be similar to several 
other proteins whose ligand binding specificities are altered by changes in a few 
widely separated amino acid positions. A well-characterized example is immuno- 
globulin. The hypervariable regions of immunoglobulin occur at two or three widely 
spaced regions in the primary sequence of the L and H chains of the protein (Wu & 
Kabat, 1970). These regions have been shown by aflinity labeling to lie at the antigen 
binding site (Singer et al., 1971) and are in close spatial proximity in the three- 
dimensional structure of the protein (Poljak et al., 1973,1974). 

The experiments on suppression of arc& nonsense mutations show the effects on 
the regulatory properties of the araC activator protein caused by the insertion of a 
variety of amino acids at the sites of several nonsense mutat,ions in the araC gene. 
Except for suppression of F’240, a nonsense mutation lying in one of the regions where 
constitutive mutations occur, variation in the amino acid had no effect on the regu- 
latory properties of the araC protein. However, four distinguishable regulatory 
phenotypes are produced in nonsense mutation F’240 by the insertion of different 
amino acids by nonsense suppressing strains (Table 5). Insertion of serine at this site 
produces a wild-type C phenotype: low basal level, arabinose-inducible, fucose- 
sensitive. When either glutamine, tyrosine or leucine are inserted at this site in the 
araC protein, the cells have the phenotype of a high-level constitutive with near 
fully-induced levels of arabinose isomerase in the absence of arabinose. However, the 
responses of the three strains to fucose are not identical. When lysine is inserted the 
cell has the unusual phenotype of being “low-level” constitutive in the absence of 
arabinose with approximately a 20-fold elevated basal level. This is further induced 
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by arabinose to the normal fully induced level. This strain, however, is fucose-sensitive. 
A low-level fucose-sensitive constitutive mutant of this type would have eluded 
isolation by the methods used in this work to select constitutive mutants. Since F’240 
is inducible by arabinose in all five suppressor strains, it is unlikely that the differ- 
ences in the non-induced levels are due to differences in the efiiciencies of the suppres- 
sor mutations used. Most likely the different constitutive phenotypes of F’240 result 
directly from an altered conformation of araC activator protein produced by the 
substituted amino acids. Suppression of nonsense mutations in the araC gene which 
lie outside the two main regions of constitutivity does not produce a constitutive 
phenotype (Table 4). An araC+ gene in the various suppressor strains in all cases has 
the C+ phenotype: a low basal level, arabinose-inducible and fucose-sensitive. This 
rules out the possibility that the constitutive phenotypes of F’240 could be due to 
alteration of either the araC or araA products due to the addition in the suppressor 
strains of an additional amino acid onto the normal carboxy terminal of the protein. 

Such analysis of the effects of substituting known amino acids at specific sites in 
a protein can be valuable in determining the particular features in a protein which 
confer its structural and functional properties. For example, Weber et al. (1972), by 
analyzing the effects of various suppressors on a particular nonsense mutation in the 
lad gene, were able to eliminate at least one of the interactions postulated by Adler 
et al. (1972) to occur between luc repressor and lac operator DNA. Detailed studies 
of the effects of various amino acid substitutions in the araC activator protein may 
similarly provide important clues into its structure and biological mechanism of action. 
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